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Abstract. Various investigations encompassing microbial characterization of external sources of contami-
nation (soil and trenchwater surrounding water mains, flooded air-valve vaults), field pressure monitoring,
and hydraulic and transient analyses were conducted in the same distribution system where two epidemio-
logical studies showing an increase in gastrointestinal iliness for people drinking tap water were conducted
in the 1990’s. Interesting results include the detection of microorganisms indicators of fecal contamination
in all external sources investigated but at a higher frequency in the water from flooded air-valve vaults, and
the recording of 18 negative pressure events in the distribution system during a 17-month monitoring period.
Transient analysis of this large and complex distribution system was challenging and highlighted the need to
consider field pressure data in the process.

1 Introduction events, parameters such as the frequency and the magnitude
of negative pressure events, the level of microbial contam-
For the last few years, the topic of microbial intrusion in dis- ination from various sources or pathways, and the volumes
tribution systems has been investigated by the NSERC Inof contaminated water intruded into the system are needed.
dustrial Chair on Drinking Water at Ecole Polytechnique de While it is possible to conduct field characterization to es-
Montreal. Since 2004, our team and various collaboratordimate some of these parameters in full-scale distribution
have been awarded three successive research projects fundggstems, some other inputs such as intrusion volumes may
by the Canadian Water Network, during which various in- only be assessed using hydraulic, especially transient analy-
vestigations encompassing microbial characterization of exsis, modeling.
'[ema| sources Of Contamination, f|e|d preSSUre monitoring, Previous Studies have Shown that IOW or negative pressure
hydraulic and transient analyses, and risk assessment modelyents are not uncommon in distribution systems (Kirmeyer
ing were conducted or are still in progress. et al., 2001; LeChevallier et al., 2004; Gullick et al., 2004,
One of the main concerns related to the occurrence of tran2005; Hooper et al., 2006) and that the soil and water sur-
sient negative pressure events in distribution systems is theounding water mains may contain fecal contamination and
potential for contamination associated with the intrusion ofviruses (Karim et al., 2003). Aging drinking water infrastruc-
contaminated water through pipe leaks or other types of oriture certainly provides some potential pathway for contami-
fices. In order to assess the public health significance of suchant intrusion. A grade of D- has been awarded to US drink-
ing water infrastructures (ASCE, 2009). Water losses be-
tween 8 to 24% of the water supplied (unaccounted for water)

Correspondence tdv. C. Besner have been estimated for developed countries based on 1991
BY (mcbesner@polymtl.ca) data (WHO, 2001) and higher values are now commonly
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reported. The fraction of water strictly lost through pipe 2.3 Pressure monitoring

leaks is not always available but in Canada, it is estimated ] o )
that up to 30% of the total water entering supply-line sys_Contlnuous; pressure monitoring was conducted for a period

tems is lost to leaking pipes (Environment Canada, 2010). ©f 17 months (June 2006 to November 2007) at TBecent

It has been hypothesized (NRC, 2006), that intrusionS|te$ in the distribution system, for a total of 4104 days of

events could be related to the increase in gastrointestinal i"!ogger data recorded (Besner et al,, 2010). High-speed pres-

. .~ sure transient data loggers (range: minus 11 m to 14448 (
nesses _obse_rved by_Payment et aI_. (1991, 19.97) in their M?o 200 psi)) were installed at the outlet of the WTP and on fire
epidemiological studies of a Canadian population consumin

L . . gn drants in the system to allow for the detection of transient
tap water from a distribution system meeting all water qualit Y Y

Yy ; ;

) . . .7 low and negative pressures. These were recording between
regulations. Because of the apparent vulnerability of this dls-1 t0 4 press?ure valloues per second, a resolution tha?is typical
tribution system, this utility was selected as our main study ’

. i . i : .~ “for studies characterizing the occurrence of low or negative
site. The goal of this paper is to provide a brief overview : L .
. . .~ pressure events in full-scale distribution systems (Kirmeyer
of the work conducted and to summarize the major findings

. o . o YTetal., 2001; Friedman et al., 2004; Gullick et al., 2004; Flem-
of our 5-year investigation. Various publications are avail-

able for more details: Besner et al. (2007, 2008, 2010) andng Pft al_., 2006; Hoqper etal, 20_06)' Wh|Ie_ other types of
application such as inverse transient analysis, used for leak
Ebacher et al. (2010).

detection and system parameter calibration, requires higher
frequency of pressure information (kHz resolution), the cur-
rent measuring frequency of 1 to 4 Hz is considered adequate

2 Methodology for the application presented here, where the main interest
is to detect the occurrence of negative pressure. In the con-
2.1 Description of study site text of the estimation of intrusion volumes into a full-scale

distribution system, it is hypothesized that shorter duration
The selected distribution system supplies water to approxi{<25 ms) transient events, that would not have been captured
mately 380 000 consumers from three water treatment plantiere, would have a very low impact in terms of potential vol-
(WTPs) serving specific network areas. The average dailjume entering the system.
demand for the entire system is 210 009dnand the total Because of freezing conditions during wintertime, fire hy-
pipe length is approximately 1600 km. Cast-iron and duc-drants could not be used and a reduced number of pressure
tile iron pipes represent 76% of the total pipe length, andsensors were in place in the distribution system 2). Oth-
pre-stressed concrete and PVC represent approximately 10%rwise, there was between 9 to 12 sensors simultaneously
each. recording pressure in the system.
Only one specific network area (mostly supplied from a
single_ treatn‘!er_n plant) was select(_ed for this study. Howeverz_ 4 Transient analysis
there is no distinct pressure zone in the system such that the
boundaries of each WTP zones of influence may move acTransient analysis was performed using a commercially
cording to consumer demands. Apart from the clearwells andavailable software (MWH Soft, Arcadia, CA). This tran-
high-pressure pumps at the WTPs, there is no storage tank gfient analysis framework is based on the Wave Character-
pump station in the distribution system. istic Method (WCM) and includes the Discrete Vapor Cavity
Model (DVCM) to simulate cavitation. Three low pressure
events at the WTP, caused by power failures (short power in-
2.2 Microbial characterization of potential sources terruptions) and resulting in the sudden shutdown of pumps,
of contamination were modeled. The methodology is briefly presented here
but more details are provided in Ebacher et al. (2010).
The following sources of contamination were investigated as In order to reduce the model complexity and the compu-
they can contribute to microbial intrusion in drinking water tational cost, a preliminary step for the transient pressure
mains: (i) soil surrounding water mains, (ii) (ground)water model construction included the skeletonization of the ex-
(or trench water) surrounding water mains, and (iii) watertended period simulation (EPS) model from the water utility.
from flooded air-vacuum valve vaults. The collected samples=rom an original size of 29213 nodes and 32 266 links, the
were assayed for microbial indicators of fecal contaminationmodel was reduced to 15965 nodes and 19 044 pipes, while
(Escherichia coli Clostridium perfringensenterococgiso-  the total length of piping and the total demand remained un-
matic and male-specific coliphages), total coliforms and aerchanged. The only type of skeletonization operation con-
obic endospores. A number of samples were assayed faducted consisted in eliminating the interior nodes of all series
human enteric viruses (culturable), enteroviruses Bad- pipes with the same attributes (e.g., diameter and material),
teroidalesfecal bacteria. Details of the detection methods if the elevation diference between the pipes end nodes was
are available in Besner et al. (2008, 2010). smaller than 2 m. This 2 m elevationfidirence was selected
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as it is the minimum elevation fiierence that could be ap-

plied that would result in a skeletonized model with less than !

20000 pipes, the maximum number of links allowed in the
commercial transient analysis software used.

Typical wave velocity values were assigned to cast-iron ff
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mains (1060 n's), ductile iron mains (1200fs), concrete .\\
mains (600ns), PVC mains (300fs) and steel mains  "\*
(1200 n¥s). Although specific wave speed values are un-
known, this approximation was considered more accurateF_ 1 Flooded ai | it
than using a single wave speed value for thiedént pipe lgure 1. Flooded airvacum valve valt.
materials included in the model. In order to simulate each
recorded low pressure event, transient conditions were cre- . .
. . . Table 1. Percentage of positive samples collected from potential
ated by simulating pump closures at the WTP using a change .
. contamination sources.
in the pump speed. The pump closure was set to start at
t_: 30s after the start of the s_|mulat|on_and the S|_mulat|on Microorganism Soil Trench  Waterin
time was set to 300 s considering that: (i) the duration of the Water AV Vaults

modeled pump shutdown event was approximately 2—3 min

i 0, 0, 0,

(time to reach back normal pressure) anc_J, (ii) the distance ?gg%g,ﬁgggzpores 617?,/2/0 138;)/0 10%?,/:)
between the water treatment plant (location of pump) and Eg. ol 7% 0% 67%
the end of the distribution system is approximately 20km. A C. Perfringens 29%  20% 60%

pressure-sensitive demand formulation was used for all surge Enterococci NA NA 97%

analyses. Coliphages 0% 0% 10%

The intrusion module of the transient analysis software Human enteric viruses (cell culture) 0% 0% 0%
. T . .~ Enterovirus (CC-gRT-PCR) NA NA 0%
was used to estimate the potential intrusion volumes at dis- gacteroidaleggeneral marker) NA NA 73%
tribution system nodes based on a specified rate of leakage, Bacteroidaleghuman marker) NA NA 9%

in order to simulate intrusion through pipe leaks. Intru-
sion through submerged air-vacuum valves located in floodedC-qRT-PCR: Cell culture quantitative reverse transcription
vaults was modeled by using one-way feed tanks, where th@olymerase chain reaction

water is only allowed to flow from the tank into the system. AV: Air valve

The software uses the orifice equation to compute the intruNA: Not assayed

sion flow into an orifice:

2
Qi= =2 \20(Hoa—Fin) @

whereQi = intrusion flow;Cqy = codficient of dischargep
= orifice diameterpg = gravitational acceleratiortey = ex-
ternal head on pipe; anldiy; = internal line pressure. For

intrusion USing a Ieakage rate, the intrusion flow at a node |% total of 55 Samp|es were collected from the external con-
computed when the external head value (head of water abovgymination sources investigated: 15 soil samples and 10 wa-
pipe — which is fixed by the user) is above the internal pipeter samples from 15 pipe trenches at repair sites (Besner
pressure value. The leakage factor is used to set the size @k al., 2008), and 30 water samples from 45 inspected air-
the orifice. A leakage value of 20% was simulated alongyalve vaults (Besner et al., 2010). While aerobic endospores
with an exit (or external) head of 1.4m (2 psi). When com- and total coliforms were frequently detected in all sources,
puting intrusion volumes through pipe leaks, it was assumedhe frequency of detection of fecal indicator microorganisms
that none of the air-vacuum valves were submerged and thesgas higher in the water samples collected from the air-valve
were modeled as surge protection devices. In the model, agaults than in the sgihallow groundwater surrounding wa-
their actual sizes were unknown, the air-vacuum valves werger mains (Table 1)E. coli, C. perfringens, enterococeind
sized using the AWWA rule of thumb, which recommends Bacteroidaledecal bacteria were detected in more than 60%
a 25mm inlet size per 300 mm of pipe diameter (AWWA, of the samples analyzed from the vaults. However, no cul-
2004). Resulting inlet diameters of 25, 50, and 75 mm weretyrable human enteric viruses were detected in the soil and
obtained. For simulating intrusion through submerged air-yrench water samples analyzed. Water samples from the
vacuum valves, all air-vacuum valves located in the networkyaults were also negative for viruses by both culture and
studied arear(= 30) were assumed to be submerged undermolecular detection methods (19 samples out of 30 were as-
0.5m of water in the vault. A flooded vault is illustrated in sayed).

Fig. 1.

3 Results

3.1 Microbial indicators of fecal contamination from
potential contamination sources
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The stagnant water found in the air-valve vaults could orig-3.3 Transient analysis and estimation of intrusion
inate from two potential sources: infiltrated groundwater due volumes
to the vault (and water main) being located below the water _ _ )
table or street runffollowing wet weather events. However, Transient modeling was used to simulate three low pressure
the relative contribution from these sources cannot easily b&Vents recorded at the WTP, caused by a sudden shutdown of
established. It is unlikely that some of the flooded vaults PUmps due to power failure (Ebacher et al., 2010). Pressure
located at high elevation were located below the water taPredictions were obtained for these 3 events and were com-
ble. TheBacteroidalesfecal indicator results showed that Pared to field pressure measurements at 9 to 12 locations in
the source of the microbial contamination in the vaults wasthe system. Intrusion volumes were estimated for only one
mostly from animals (e.g. cats, dogs, mice, rats, birds, and®f these events.
other wildlife), which would indicate that street ruicould Comparison of predicted versus measured pressure pro-
be a major source of contamination in those vaults. files at numerous sites showed that the transient model was

The lower frequency of detection of indicators of fecal able to simulate downsurges fairly well as long as the pres-
contamination in the soil and trench water samples could be&ure remained positive. However, for sites experiencing neg-
explained by the distance between the sewer lines and thative pressures, the amplitude of the modeled pressure drops
drinking water mains. Although this distance is not known, Was larger than that of the recorded pressure drops, indicat-
the sewer mains were not visible at any of the excavationnd a greater energy dissipation in the real distribution sys-
sites but one. tem. At some monitoring locations, water column separa-

In order to determine the level of contamination associ-tion was even predicted but this was clearly not observed
ated with each specific source (when microorganisms ardn the field. Measured data showed that the cavitation head
present), data for each microorganism were compared td/as never reached at the monitoring locations, withl m
those observed in local river water and wastewater (Paymenf,~7-3 Psi) as the lowest pressure recorded at all sites. Model
2003) and to soil and trench water from six US water Sys_adjustments had to be provided as the overestimation of the
tems (Karim et al., 2003). It was found that the level of fecal downsurges amplitude is inconvenient and development of
contamination in the soil, trench water and water from air- cavitation greatly modifies the shape of the pressure profile
valve vaults, was more typical of levels found in untreatedOnce it develops. Because numerous parameters, such as the

surface (river) water than wastewater (see Besner et al., 201Bresence of air in pipes, the allocation of demands (this distri-
for more details). bution system is unmetered), the current interior pipe diame-

ter, and the wave velocities are unknown, trying to calibrate
a transient model with field data may rapidly get fastidious
and complicated.
During the 17-month of pressure monitoring in the distri- Adjustments were made to various model parameters in
bution system, a total of 18 negative pressure events wererder to improve the model response. It was found that mod-
recorded (Besner et al., 2010). Fourteen of these events weltying the wave speed in cast-iron mains to 50% of its typical
isolated events (recorded at single locations in the systemyalue (1060 n/s) provided the greatest agreement with the
while 4 events were recorded at more than one site. Theseeasured field data. Ebacher et al. (2010) provide a detailed
latter events were all caused by a sudden shutdown of pumpdiscussion of the uncertain parameters of the model, the po-
at the WTP due to power failure. Typically, after the rapid tential causes of greater energy dissipation observed in the
pressure drop (from 63 to 3.5 m (89 to 5 psi) — on one event)field, and expose the reasons behind the use of reduced wave
it took from 2 to 3 min for the WTP pressure to reach back its speed in cast-iron mains to improve the model response. The
original operating value. This type of event resulted in neg-wave speed reduction is used to mimic energy dissipation
ative pressures in the distribution system lasting from 30 tomechanisms that are not included in the model and is an ar-
60 s at multiple monitoring sites, all located at higher groundtifice that is commonly applied (Wylie, 1992; Boyd et al.,
elevation (the system does not have floating storage tanks).2004; Friedman et al., 2004; Gullick et al., 2005), and is re-

The other main cause of negative pressure in this distribuferred to as the modified MOC in Escarameia et al. (2005).
tion system was the closure of a transmission main (Besnefhe reduction of wave speed for model calibration may be
et al., 2007) which resulted in the supply of some parts ofcrude and has several limitations, however, it still provides an
the studied area by afferent WTP. Major hydraulic distur- effective mechanism for dissipating the excess model energy.
bances such as reversals in flow directions andriegative ~ As an example, Fig. 2 provides an illustration of recorded and
pressures were experienced. Approximately 15000 cussimulated pressure profiles (with both typical and reduced
tomers were put under a preventive boil-water order duringwave speeds) at one monitoring site in the distribution sys-
the repair work. tem.

The lowest pressure recorded during the 17-month of high- As it can be expected, the number of nodes experienc-
speed pressure monitoring in the distribution system wasng negative pressure is reduced when a reduction of wave
=5.1m 7.3 psi). speed in cast-iron mains is applied, having an impact on the

3.2 Negative pressure events

Drink. Water Eng. Sci., 3, 101-106, 2010 www.drink-water-eng-sci.net/3/101/2010/
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Table 2. Estimated intrusion volumes into the distribution system for two wave speed values in cast-iron mains.

Pathway 100% Wave Speed 50% Wave Speed
Intrusion sites ~ Total Intrusion  Intrusion sites  Total Intrusion
Volume (L) Volume (L)
Pipe Leaks Only 1057 nodes 79 604 nodes 44
(% of leakage= 20%; External head 1.4 m)
Submerged Air-Vacuum Valves (simultaneous 8 AVVs 190 2 AVVs 20
intrusion through pipe leaks is considered)
(External heaé 0.5 m)
AVVs: Air-vacuum valves
Telog 1 4 Conclusions

40

35
This paper summarizes an integrated set of studies conducted
in the same distribution system where Payment et al. (1991,
1997) conducted their epidemiological studies. Field investi-
gations including the characterization of potential sources of
contamination, pressure monitoring, and hydraulic and tran-

30

25

20

Pressure (m)

Typical wave speeds

—Reduced wave speed sient analyses were conducted.
5 —=-Min recorded pressures . ) . . )

“+Max recorded pressures Bacterial indicators of fecal contamination were recovered
° 150 200 250 abo more frequently in the water from flooded air-valve vaults

Time (s) than in the soil or water from pipe trenches. Because of
-10 the potentially large diameter of air-vacuum valve orifices,

_ _ ~_ such result suggests that this intrusion pathway is a critical
Figure 2.. Comparlson of pressures rgcordeq at one distribution ne when negative pressure occurs in this distribution sys-
system site with pressures modelled with typical wave speeds ar'gem. Results of the long-term pressure monitoring showed
with a reduced wave velocity in cast-iron pipes (four pressure value

per second were measured by the pressure recorders but only t Qat this distribution Sys;c]e]m was mff?]Ct Suscngble to nega-
minimum and maximum pressures over 15s intervals were save(fi've pressure events. While most of the recorded events were

(» anda). isolated, four transient events were associated with sudden
pump shutdowns at the water treatment plafieaing more
than one measurement sites in the distribution system. The

estimation of the potential volume of intruded water into the @bsence of floating storage makes this distribution system

system (Table 2). It has to be noted that the software convulnerable to lovinegative pressures at high elevations.
siders the same external pressure head over all pipes in the The extensive pressure monitoring results were used to de-
system, which is likely to provide some overestimation of velop a surge model that would accurately estimate transient
the volume of water that could be intruded when a transientpressure variations, in order to predict reasonable intrusion
pressure event takes place in a real system. In this distrivolumes and ultimately evaluate the risk that loagative

bution system, vulnerable areas for negative pressure occupressure events pose to public health. Transient analysis of a

rence are located at higher elevations and it is known thatarge and complex distribution system was found to be chal-

pipes in these areas are not likely to be located below thdenging with discrepancies between the energy dissipation
water table. simulated with the model and observed from field data. Our
Total intrusion volumes through a small number of sub- results show that one must be careful with the results ob-
merged valves were found to be greater or similar to intrusiontained from transient simulations when no field data is avail-
volumes through a very large number of pipe leaks. This is aable for verification. Other authors (Mclnnis and Karney,
disturbing result as the microbial characterization showed al995; Friedman et al., 2004; Fleming et al., 2006) have also
higher frequency of detection of various fecal indicator mi- noted an overestimation of the computed downsurges.
croorganisms in the water from the vaults. Although the level Current work involves the development of a quantitative
of fecal contamination was more typical of that found in river microbial risk assessment approach to evaluate the risk that
water than in wastewater, this could still represent a signifi-intrusion events associated with such negative pressures may
cant risk for customers located directly downstream of suchhave on public health. Our experience indicates that inputs
locations. that are fed into a risk analysis model should be carefully

www.drink-water-eng-sci.net/3/101/2010/ Drink. Water Eng. Sci., 3, 101-106, 2010
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analyzed, stressing the importance of collecting field dataFriedman, M., Radder, L., Harrison, S., Howie, D., Britton, M.,

and not performing such an analysis on the sole basis of mod- Boyd, G., Wang, H., Gullick, R., LeChevallier, M., Wood, D.,
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