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THIS PROJECT SHOWED THAT 

BACKFLOW-SENSING WATER 

METERS ARE CURRENTLY THE BEST 

AVAILABLE TECHNOLOGY FOR 

DETECTING RESIDENTIAL 

BACKFLOW.

Determining vulnerability 
      and occurrence 
      of residential backflow

D
istribution system pipes are the final barrier in the multiple-
barrier approach for providing safe drinking water. Maintain-
ing the integrity of the distribution system is of utmost impor-
tance in protecting public health. A cross-connection is any 
unprotected actual or potential connection or structural 

arrangement between a potable water system and any other system through 
which it is possible to introduce substances other than the potable water with 
which the system is supplied (FCCCHR, 1993). Thus, it is a basic tenet of 
water distribution system design and operation that cross-connections and 
backflow present risks to public health.

OCCURRENCE OF CROSS-CONNECTIONS IS WIDESPREAD
Cross-connections have traditionally been thought of as physical connec-

tions to distribution system piping, but intrusions of water into the distri-
bution system from leaking joints and pipes can also be considered a spe-
cific type of cross-connection. If a physical cross-connection exists, as long 
as the pressure in the distribution system is lower than the pressure exerted 
by the pollutant or contaminant (i.e. liquid, gas, or solid) outside of the 
system, then backflow—the undesirable reversal of flow into the distribu-
tion system—will occur. The pressure differential that causes backflow may 
occur because the pressure in the distribution system drops and becomes 
subatmospheric (backsiphonage), or may occur if the pressure of liquid 
external to the system increases (backpressure).

This work was derived from the research report Determining Vulnerability and Occurrence of 
Residential Backflow with the permission of the Water Research Foundation. The full report 
is free and available to Foundation subscribers by calling 303-347-6121 or logging on to
www.waterresearchfoundation.org.
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Currently there is no federal over-
sight of cross-connection control 
programs; this regulatory burden 
falls to state and local agencies. The 
US Environmental Protection Agency 
(USEPA) and the Water Research 
Foundation are jointly investigating 
the occurrence and public health sig-
nificance of cross-connections as part 
of the Research and Information Col-
lection Program (RICP). (The USE-
PA’s Total Coliform Distribution 
System Advisory Committee recom-
mended formation of the RICP to 
identify priorities for research and 
information collection on seven high-
priority distribution system issues. In 
September 2009 USEPA and the 
foundation signed a memorandum of 
understanding forming RICP.)

Despite the known risks to public 
health from cross-connections and 
backflow, the occurrence of cross-
connections in distribution systems is 
widespread. In a survey of more than 
700 North American distribution sys-
tems (Lee et al, 2003), all reported 
evidence of cross-connections. The 
survey found that 65% had cross-
connections that were susceptible to 
backflow via backsiphonage (indirect 
cross-connections), whereas  the other 
35% of the systems had cross-con-
nections that were susceptible to 
backflow that could be induced via 
backsiphonage and backpressure 
(direct cross-connections).

Recommended Standards for Water 
Works (WSCGL, 2007) states that 
drinking water distribution systems 
should maintain a working pressure 
of at least 20 psi in all locations 
(including high elevations) under all 
flow conditions, including fire flow 
events. At this pressure, the risk of 
backflow is low. Although this 
requirement is met under normal 
operation, events that produce abrupt 
changes in flow conditions may cause 
locations within a distribution system 
to experience low (< 20 psi) or nega-
tive pressures for brief periods of time 
(transient surges), which increases the 
risk of backflow. Pumps turning off, 
sudden changes in demand (e.g., a 
fire hydrant opening and closing) and 

changes in valve position are all 
examples of events that can alter flow 
conditions within the distribution 
system to produce low- or negative-
pressure surges. Increased susceptibil-
ity to low or negative pressures is 
considered an indication of increased 
susceptibility to backflow.

Fleming and colleagues (2006) 
used surge modeling of 18 distribu-
tion systems to examine the effect of 
distribution system characteristics 
on pressure transients. Unlike ex -
tended period simulation surge mod-
els that are run with time increments 
of an hour, these surge models were 
operated with much smaller time 
scales to identify pressure transients 
that may occur under specific 
hydraulic conditions, including 
pump shutdowns, main breaks, and 
power outages. The characteristics 
that were examined included system 

size, system operating pressure, sur-
face water versus groundwater 
source, presence of distribution stor-
age facilities, distribution system 
configuration/topography, pump 
capacity and downstream velocities, 
surge relief, and system reliability 
(water main failures).

Small system size. The results 
shown in Fleming et al (2006) sug-
gest that in the absence of surge 
mitigation, smaller systems may be 
more susceptible to low or negative 
pressures. Five of six (83%) systems 
with average system delivery of < 10 
mgd experienced negative pressures 
in more than 35% of the system 
when a complete loss of pumping 
power occurred. In contrast, six of 
eight systems (75%) with average 
system delivery > 10 mgd experi-
enced negative pressure in less than 
20% of the system. The presence of 
fewer floating storage facilities and 

operation at lower steady-state pres-
sures were potential contributing 
factors to the increased susceptibility 
of the smaller systems.

Low operating pressures. Steady-
state operating pressure was an 
important factor contributing to vul-
nerability to low- and negative-pres-
sure transients in five distribution 
systems. These systems were not par-
ticularly vulnerable to negative-pres-
sure transients, but when negative-
pressure transients were observed, 
they tended to occur in locations with 
operating pressures < 60 psi.

Surface water versus groundwater 
source. With complete loss of pump-
ing power and in the absence of 
surge mitigation, four of five (80%) 
groundwater systems drew negative 
pressure in more than 30% of their 
distribution system, and three of 
seven (43%) systems fed by surface 

water drew negative pressure in 
more than 30% of their system. Sys-
tems fed by both surface water and 
groundwater sources experienced 
negative pressure in less than 20% 
of the distribution system.

Absence of distribution storage 
facilities. In the Fleming et al (2006) 
project, the impact (in terms of neg-
ative pressure) of complete pumping 
failure was examined. In general, it 
was found that as the number of 
floating storage facilities increased, 
the susceptibility to experiencing 
negative pressures was decreased if 
the entire system lost power.

Variations in distribution system con-
figuration/topography. In Fleming et al 
(2006), distribution system locations 
that were not within 1 mile of float-
ing storage facilities were more sus-
ceptible to low or negative pressures. 
If these areas were not well “grid-
ded,” i.e., connected with pipe loops 

Currently there is no federal oversight of cross-connection 

control programs; this regulatory burden falls to state

and local agencies.
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or elevated more than 40–50 feet 
above their surroundings, then this 
susceptibility was further increased. 
However, distribution systems with 
variations in elevation of more than 
150 feet were predicted to experience 
the smallest percentage of negative 
pressure nodes when complete loss of 
pumping power was simulated, prob-
ably because of the presence of more 
floating storage facilities.

Absence of surge relief. For sys-
tems that can generate potential 
surge issues from pumps, the risk of 
backflow is greater if mitigating 
surge-relief devices are not present. 
Installing appropriately sized air 
vacuum valves reduced negative 
pressures by as much as 40% in 
some systems. Hydropneumatic 
tanks provided the most dramatic 
reductions in negative pressures. 

For most of the systems examined 
in the study, if the pipe downstream 
of the pump station was 24 inches or 
smaller, the installation of one 
1,000-gallon hydropneumatic tank 
was sufficient to prevent negative 
pressures when a power outage 
occurred. Systems with larger pipes 
required larger hydropneumatic tanks 
to prevent negative pressures from 
occurring if power was lost at the 
pump station. Pump bypass piping 
installed at booster stations was also 
effective in preventing transients when 
power loss occurred at the stations.

Higher pump capacity and down-
stream velocities. The presence of 
pump stations introduced the most 
vulnerability to low or negative pres-
sures. Results from Fleming et al 
(2006) indicate that when power 
failures to pumping stations oc -
curred, more locations experienced 
low or negative pressures as the 
change in water velocity increased.

Power losses at pump stations 
with downstream velocities < 1.5 fps 
generally did not result in negative 
pressures in most of the systems 
examined. Conversely, in the absence 
of surge mitigations, the shutdown 
of pump stations with downstream 
velocities > 3 fps almost always cre-
ated negative pressures in the areas 
surrounding the stations.

Reduced system reliability—fre-
quent and severe water main failures. 
The flow of water through structural 
failure of a water pipe can result in 
acute loss of system pressure. 
Although some pipes may be vulner-
able to small corrosion holes that 
cause leaks without significant pres-
sure loss, pipe fractures and blow-
outs can cause backflow conditions. 
For systems with significant eleva-
tion differences, a main break in a 

low point of the system can cause 
severe pressure drops (and possibly 
negative pressure) at higher loca-
tions. Computer modeling can be 
useful in understanding the extent of 
a main break on the degree of pres-
sure loss and backflow.

Repair of main breaks can also 
cause backflow. Maintenance crews 
often shut off supply to the affected 
leaking area in order to minimize 
damage, control the repair work 
area, and reduce water loss. In this 
case the customers affected are gen-
erally limited to those connected to 
the water main between the valves 
that have been shut off. Depending 
on the system, however, a vital sup-
ply line shutdown can affect pressure 
for downstream users.

VULNERABILITIES ASSESSED
The first step in this project was to 

assess the vulnerabilities of distribu-
tion systems. This was done in two 

ways—one focused on using data 
from past backflow events to create 
a “risk matrix” to forecast risks to 
other systems; the other used surge 
modeling to locate spots in the mod-
eled distribution systems that may 
encounter low- (< 20 psi) or nega-
tive-pressure transients that could 
increase backflow risk.

Risk matrix. The risk matrix was 
developed based on the assumption 
that if certain characteristics of the 
system could be correlated to a 
higher number of backflow inci-
dents, then these characteristics 
might be considered as predictors of 
the risk level for backflow.

There was difficulty in gathering 
all of the desired data because most 
backflow incidents are not docu-
mented clearly, as reported in 
Impacts of Cross-Connections in 
North American Water Supplies (Lee 
et al, 2003). Data from this study 
were gathered and analyzed for hun-
dreds of backflow incidents between 
1920 and 2000. Much of the data 
simply indicated the type of incident 
and the date. Data specific to the 
physical characteristics of the distri-
bution system were not available in 
these cases.

An additional data set of 732 
backflow incidents that had been 
collected from water suppliers and 
other administrative authorities as 
well as newspaper articles was com-
piled by the research team. Approx-
imately 20% of these backflow inci-
dents were associated with residential 
customers. Using these data, which 
could clearly be correlated to physi-
cal characteristics of a distribution 
system, it was determined that cer-
tain factors increased the risk of a 
backflow incident occurring.

A separate survey of 188 homes 
by the University of Southern Cali-
fornia Foundation for Cross Con-
nection Control and Hydraulic 
Research (FCCCHR, 2004) found 
that 95.7% of the homes had direct 
or indirect cross-connections to 
health hazards. Of greatest concern 
was that 9.6% of the homes sur-
veyed had direct cross-connections 

It is a basic tenet of water distribution system design

and operation that cross-connections and backflow 

present risks to public health.
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to health hazards. In most cases, 
these cross-connections were the 
result of improperly plumbed toilet 
fixtures or specific toilet fixtures 
that could create a backpressure 
situation and force hazardous water 
from the toilet tank into the drink-
ing water supply. On the basis of 
these instances, backflow of water 
from residential water lines could be 
a significant public health risk. The 
survey found that for residences the 
following types of unprotected cross-
connections were prevalent: irriga-
tion systems, toilets, garden hoses, 
and heating and cooling systems.

Specific indicators of risk. There are 
some specific identifiable characteris-
tics of a distribution system that can 
be correlated to the historical number 
of backflow incidents. The main char-
acteristics that could be correlated 
from the data included nominal sys-
tem pressure, elevation differences, 
daily pressure fluctuations, and addi-
tional factors, including the presence/
absence of a cross-connection train-
ing program for utility personnel and 
the time of the year. 

BACKFLOW MONITORING 
TECHNOLOGIES REVIEWED

Many different technologies are 
available for utilities to measure 
backflow in their distribution sys-
tems. For the purpose of this project, 
these have been classified as direct 
hydraulic monitors (water meters), 
indirect hydraulic monitors (leak 
detectors or pressure monitors), and 
indirect water quality monitors. As 
part of this project, product reviews 
were performed for various systems. 
The purpose of the reviews was to 
identify available products suitable 
for pilot- and field-scale testing. 

On the basis of product reviews, 
one commercially available water 
meter1 was identified for testing. 
Three types of water quality monitors 
were also identified for testing in the 
pilot phase of the project. There are 
dozens of sensor types (e.g., pH, dis-
solved oxygen, chlorine) and numer-
ous platforms commercially available. 
For the purpose of this project, the 

three main types of monitors were 
classified as panels (multiple sensors 
with a common power supply and 
data connection operating at atmo-
spheric pressure), probes (single or 
multiple electrochemical or optical 
sensors on a single head with a com-
mon power supply and data connec-
tion operating on a sidestream), and 
sondes (single or multiple electro-
chemical or optical sensors on a single 
head with a common power supply 
directly inserted into a pipe and oper-
ating at distribution pressure). For the 
pilot-testing five monitors were used. 
These included one sonde,2 two 

probes,3,4 one multiparameter panel,5 
and one on-line total organic carbon 
(TOC) monitor.6

CAN SMALL CHANGES
IN QUALITY BE DETECTED? 

Water quality monitors. The goal 
of the pilot-testing was to examine 
whether small changes in water 
quality could be measured by com-
mercially available sensors. The 
experiments were set up to examine 
the sensitivity of the various sensor 
platforms, not individual manufac-
turer’s instruments; thus compari-
sons of different TOC, pH, or con-
ductivity sensors are not given in 
this article. Rather, the focus will be 
on general descriptions of how the 
different sensors responded to 
generic situations that might be 
experienced under real-world con-
ditions. For the pilot-testing, exam-
ples of each of the three types of 
monitors (panel, probe, and sonde) 
were installed to help identify 
advantages and disadvantages of 
the different approaches. All of 
these sensor combinations were 
based on commonly used individual 
sensors. Specific sensors were cho-

sen based on their availability, per-
ceived ability to detect the water 
quality effects of a wide range of 
contaminants, and cost.

Pilot-testing of the water quality 
sensors consisted of pumping water 
around a 200-foot long, 4-inch-
diameter polyvinyl chloride pipe 
loop at 60 psi. The water was 
pumped at approximately 60 gpm, 
resulting in a linear velocity of 
approximately 1.5 fps. Water was 
collected from a ¾-inch corporation 
stop in an 8-inch-diameter section 
of pipe and flowed to four water 
quality monitors. Another water 

quality monitor was installed 
directly into the 8-inch section of 
pipe through a 2-inch corporation 
stop. Two types of tests were con-
ducted—baseline tests and contam-
inant spiking tests.

Baseline tests. For the baseline 
tests, long-term trends in water qual-
ity were observed. The purpose of 
this testing was to determine opera-
tion, maintenance, and calibration 
requirements of the monitors. Param-
eters evaluated included pH, tem-
perature, chlorine residual, turbidity, 
oxidation–reduction potential (ORP), 
conductivity, and TOC. In general, 
the systems operated well and accord-
ing to manufacturers’ specifications. 
Pressure, ORP, pH, and conductivity 
monitors showed little drift over 
periods exceeding one month. Results 
from the membrane-type chlorine 
probe, however, appeared more 
erratic. Previous experience with 
these membrane-type sensors has 
shown that they are susceptible to 
drift and require frequent calibration 
checks to ensure accuracy. No drift 
was experienced with the DPD-type 
chlorine sensor. The optical turbidity 
sensor on the in-pipe sonde also 

Despite the known risks to public health from cross-

connections and backflow, the occurrence of cross-

connections in distribution systems is widespread.
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lacked the sensitivity necessary to 
measure small changes. The reported 
accuracy of the sensor is ±0.5 ntu; 
therefore, turbidities < 0.5 ntu were 
reported as 0, and turbidities > 0.5 
ntu were reported as 1 ntu (or 
greater). This limits this sensor’s use 
to measuring large water quality 
changes, and it may not detect 
smaller changes that may be caused 
by backflow or intrusion.

Spiking tests. In the spiking tests, 
surrogate contaminants were intro-
duced to the pipeline through a 
simulated service line connection. 
The tests consisted of introducing 
several “contaminants” with varying 
concentrations at a flow rate of 2 L/
min to help evaluate instrument sen-
sitivity and responsiveness.

General. During the spiking tests, 
the differences between sondes 
(direct insertion) and probes or pan-
els (using sidestream) became appar-
ent. The primary difference between 
these types of platforms is the 
response time. In-pipe sondes 
responded almost immediately to 
changes in water quality. The 
observed response was limited only 
by the communications (baud rate, 
data transfer frequency, and data 
capture frequency) between the 
sondes and the remote terminal unit/
computer. For sidestream systems, in 
addition to the communications, 
there were also issues involved with 
hydraulic detention times in the side-
stream and reaction/analysis time 
(ranging up to 5 minutes) in the 
monitors themselves. On the basis of 
results from the spiking tests, it was 
estimated that the lag time between 
the main water flow reaching the 
sidestream branch and data being 
registered at the computer was 
delayed by almost 20 minutes. In-
pipe sondes responded fastest to the 
changes in water quality because 
there was no lag time associated 
with a sidestream. Additionally, 
because they had electrochemical 
and optical sensors, no waste stream 
was associated with the sondes. 
However, there were a limited num-
ber of sonde manufacturers and a 
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FIGURE 2   Tannic acid spike 

ORP—oxidation–reduction potential, QA/QC—quality assurance/quality control,
TOC—total organic carbon
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limited number of available sensors. 
Maintenance of the panel and probes 
instruments was easy and straight-
forward. Maintenance of the sonde 
instrument required more training 
and care because the instrument had 
to be removed from the pressurized 
pipe carefully for safety reasons.

Sodium bisulfite. Results from the 
sodium bisulfite spiking tests are 
shown in Figure 1. Only readings 
from monitors that measured chlo-
rine and ORP are shown here. As 
shown in this figure, there was no 
appreciable change in the ORP 
responses for either monitor. There 
was, however, a significant differ-
ence in response between the elec-
trochemical chlorine sensor (probe) 
and the chemical/colorimetric DPD 
sensor (panel). Compared with the 
quality assurance/quality control 
(QA/QC) measurements made using 
DPD and a colorimeter, it appeared 
as if the electrochemical probe was 
inaccurate (although the changes in 
chlorine residuals during the spikes 
were noted). This is in contrast to 
the panel system that appeared to be 
accurate during both the baseline 
measurements and the spikes.

Tannic acid. Results from the tan-
nic acid spiking tests are shown in 
Figure 2. Analysis of the results from 
the monitors indicated that the 
expected sensors (TOC, chlorine, 
ORP) were responsive to even small 
increases in TOC. As shown, there 
is a clear disparity in measurements 
among the different instruments 
used (including the QA/QC method). 
However, all of the instruments met 
calibration check requirements. 
Because the instruments use differ-
ent types of detectors, it can be pos-
tulated that inherent differences in 
the methods contributed to variabil-
ity in TOC levels. Rather than focus-
ing on the individual values, it may 
be meaningful to evaluate trends in 
the measurements. As shown in Fig-
ure 2, both on-line instruments 
responded to the spiked organic 
matter. In addition, the spikes were 
detected by changes in ORP and 
chlorine residual.

Lime. A combination of lime (CaO 
saturated in water) and ferrous sul-
fate solutions was spiked into the 
water. This combination was used to 
simulate groundwater intrusion 

through a leaking pipe. The lime dose 
was varied, but the ferrous iron 
[Fe(II)] dose was maintained at 1 
mg/L. The stock solutions was made 
using dechlorinated water to prevent 
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oxidation of the Fe(II) and subse-
quent precipitation. Results from the 
lime spiking tests are shown in Figure 
3 for the in-pipe sonde. As shown, the 
recorded responses included pH, con-
ductivity, and ORP.

In general, the conductivity probes 
on the monitors showed little 
response except at the highest lime 
doses. The monitors showed little 
response to lowest lime dose except 
for the pH and ORP electrodes on 
the in-pipe sonde, which showed 
small but noticeable positive 
responses. For the higher dose, all of 
the monitors showed obvious 
responses to the changes in pH and 
ORP. The multiparameter probe also 
responded to the change in the chlo-
rine residual (the chlorine residual 
monitor that was part of the multi-
parameter panel was inoperative 
during this test).

Nutrient broth. Three dilutions of 
a standard bacterial nutrient broth 
were spiked into the water. This nutri-
ent broth is commonly used to grow 
aerobic bacteria and does not contain 
selective compounds that could be 
inhibitory of bacterial growth. Exam-

ples of bacteria that will grow in this 
broth include Escherichia coli, Bacil-
lus genera, and heterotrophs.

The first solution used 1 litre of the 
1X broth diluted into 12 gallons of 
water. The second test used 0.5 litres 
of the 1X broth diluted into 12 gal-
lons of water. For the third test, undi-
luted nutrient broth was used. The 
same 2-L/min spike flow into 65 gpm 
of main flow was used for all three 
tests. The most concentrated spike 
(test 3) had a calculated dilution fac-
tor of 123 (65 gpm/2 L/min); the 
most diluted spike had a calculated 
dilution factor of > 10,000. Tests 1 
and 2 were used to simulate a highly 
purified bacterial suspension intro-
duced into the distribution system. 
The third test using undiluted media 
was designed to simulate a small vol-
ume of wastewater intrusion to the 
distribution system.

Figure 4 shows the results of the 
spiking tests. ORP seemed to be the 
most sensitive parameter because all 
of the monitors equipped with an 
ORP sensor were able to detect even 
the lowest level spike (test 2). Con-
ductivity and pH were less affected 

by the spike, and changes in these 
parameters were detected only in 
the highest-concentration spike. 
Changes in free chlorine and TOC 
were also clearly observable for all 
three spike concentrations.

Summary of monitor responses. 
Results from the spiking tests are 
summarized in Table 1. The results 
indicated that free chlorine and 
ORP had the greatest responses to 
the spiked compounds; TOC was 
very responsive to organic matter; 
conductivity was somewhat respon-
sive to inorganic compounds. Tur-
bidity and pH showed only mar-
ginal responses to the spiked com-
pounds. From this analysis, it can 
be concluded that a suite of sensors 
would be required to detect a large 
range of compounds.

Backflow-sensing water meters. The 
goal of this task was to determine 
operational characteristics of the 
backflow-sensing water meters under 
real conditions. The backflow-sensing 
water meter that was selected con-
forms to standard C700 (AWWA, 
2009). For this meter, the backflow-
sensing capability works in the same 

 Spiking Test

 Monitor Sensor Sodium Bisulfite Tannic Acid Lime Nutrient Broth

 In-pipe sonde pH NR NR High Low

  ORP Low High High High

  Turbidity NR NR NR NR

  Conductivity NR NR Low-medium Low

 Multiparameter probe pH NR NR High Low

   ORP Medium High High Medium-high

  Conductivity NR NR Low-medium NR

  Free chlorine High High High High

 Multiparameter panel pH NR NR High NR

   ORP Medium High High High

  Turbidity NR NR Low Low

  Conductivity NR NR Low-medium NR

  Free chlorine High Medium High High

  TOC NR High NR High

 TOC Panel TOC NR High NR High

Source: Schneider et al, 2010. ©2010 Water Research Foundation. Reprinted with permission. 

NR—no perceivable response, ORP—oxidation–reduction potential, TOC—total organic carbon

TABLE 1 Summary of water quality monitor sensor responses
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manner as forward-flow sensing, 
through the positive displacement of 
a nutating disc with a magnetic read. 
A backflow condition is determined 
by electronically comparing consecu-
tive volumetric measurements over a 
15-minute interval; if a measurement 
is less than the previous measurement 
by 1 gallon or more, the meter elec-
tronically registers a backflow event 
and a flag is recorded.

Data from previously installed 
backflow-sensing water meters were 
collected in two distribution systems 
(PA-2 and WV-1). Backflow-sensing 
water meters were placed on two 
other distributions systems (PA-1 
and NJ-1), and data were collected 
for several months. Three systems 
were equipped with a mobile auto-
mated meter reading (AMR) system 
to collect data from the water meters, 
and the fourth used a fixed network 
advanced metering infrastructure 
(AMI) system. Backflow-sensing 
water meters were placed on residen-
tial service connections only. Across 
the systems, the proportion of water 
meters with backflow-sensing capa-
bility ranged from 1 to 100%. The 
purpose of this task was to examine 
occurrence rates of backflow that 
might exist at a typical household.

System NJ-1. Modeling evalua-
tions were used to place backflow-
sensing water meters in system NJ-1 
near pumps that might trigger back-
flow when they were powered on or 
off. Previous modeling efforts (Flem-
ing et al, 2006) identified several 
locations in the systems that are sus-
ceptible to temporary low- or nega-
tive-pressure fluctuations. A total of 
151 water meters were installed at 
homes near these locations; these 
account for 1% of customer meters. 
As shown in Table 2, a total of 1,466 
meter reads were recorded during 
the testing period. Of these, 22 
instances of low backflow (1–10 gal-
lons/15 minutes) were recorded 
(incidence rate of 1.5%), without 
any instances of high backflow (> 10 
gal/15 min). Interestingly, two houses 
recorded a backflow event during 
multiple months (one for eight 

months and one for six months). 
During this period, backflow events 
were recorded at eight houses for an 
overall occurrence rate of 5.4%.

System PA-1. In this system, a 
concerted effort was made to reduce 
leakage in a system with varying 
pressures and many old mains. 
Unlike a mobile AMR system that 
holds the data for many days 
(whether the information is collected 
or not), this system was designed to 
transmit backflow alarms immedi-
ately after they register on the back-
flow-sensing water meters (after a 
15-minute cycle). The effort to col-

lect smart meter data from a fixed-
network AMI system is best 
described in Water Research Foun-
dation project 4000 (unpublished). 
In theory, the system was designed 
to report any change in the direction 
of flow immediately, so that the 
operator would also know when 
backflow events began and stopped. 
The fixed-network backflow alarm 
system in system PA-1 would also 
allow operators to see whether there 
were multiple incidents of backflow 
as well as when a particular event 
took place. The 63 backflow-sensing 
water meters deployed in this 

 Unique Premises

  Meters Positive* Positive Positive Positive
 Month Read—n n % n %

 September 2007 142 4 2.8 4 2.8

 November 2007 143 3 2.1 3 2.1

 December 2007 147 2 1.4 0 0

 February 2008 151 2 1.3 0 0

 March 2008 149 2 1.3 0 0

 April 2008 150 2 1.3 0 0

 May 2008 151 1 0.7 0 0

 July 2008 146 3 2.1 1 0.7

 August 2008  144 2 1.4 0 0

 September 2008 143 1 0.7 0 0

  Total 1,466 22 1.5 8 5.4

Source: Schneider et al, 2010. © 2010 Water Research Foundation. Reprinted with permission.

n—number

*“Positive” refers to a meter with a recorded backflow.

TABLE 2 System NJ-1 backflow occurrence data

 Unique Premises

  Meters Positive* Positive Positive Positive
 Month Read—n n % n %

 April 2008 63 5 7.94 5 7.94

 May 2008 63 4 6.35 1 1.59

 June 2008 63 4 6.35 4 6.35

 July 2008  63 4 6.35 0 0.00

 August 2008 63 4 6.35 1 1.59

  Total 315 21 6.67 11 17.46

Source:Schneider et al, 2010. © 2010 Water Research Foundation. Reprinted with permission.

n—number

*“Positive” refers to a meter with a recorded backflow.

TABLE 3 System PA-1 backflow occurrence data
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5,000-customer system were largely 
placed in areas thought to be vulner-
able to backflow—areas of the sys-
tem at higher elevations, dead-end 
mains, and mains with a history of 
leakage. Backflow was expected at 
higher elevations where pressures are 
lower. Additionally, high leak or fire 
hydrant flow at lower elevations has 
the potential to cause backflow. The 
data in Table 3 show that 11 back-
flow events were identified from six 
locations between April and August 
2008 by the alarm mechanism. These 
events are shown in the photograph 
on page 60. Each backflow event 

had a 2-minute interval between 
backflow start and stop, which could 
be the minimum duration allowed by 
the system. Some events captured 
some portion of the backflow event 
by checking the regular meter read-
ing before the event, but others did 
not. At this point there is no way to 
provide a reading just before the 
backflow event to know that the 
quantity has been measured. Never-
theless, some locations with mini-
mum use or in which the normal 
(four-times-a-day) reading occurred 
close to the backflow event did 
quantify some level of backflow.

System PA-2. This system had a 
long-term replacement program in 
which old water meters were replaced 
with the backflow-sensing water 
meters. This system’s operations tar-
geted some installations to specific 
locations to detect instances in which 
customers had tampered with the 
meters (by turning them around) in 
order to reduce the reported water use. 
The use recorded on one water meter 
confirmed customer tampering as the 
source of backflow and helped identify 
incorrect installations at new homes. 
Approximately 17% of customers 
were covered by the backflow-sensing 
water meters during monitoring.

Backflow occurrence data for this 
system are shown in Table 4. Of the 
394 measured backflow occurrences 
shown in this table, 328 (83.2%) 
were associated with backflow events 
of < 10 gallons/15 minutes. The 
remaining 66 (16.8%), were associ-
ated with higher volumes (> 10 gal-
lons/15 minutes). Of the 66 water 
meters reporting high levels of back-
flow, 14 of these reported high levels 
at least twice and warranted further 
investigation by utility staff.

Of the 141 water meters reporting 
backflow events in April and May 
2008, 44 were associated with back-
flow events of > 10 gallons/15 min-
utes. A high number of these have 
been shown to be correlated with main 
breaks. The photograph on page 61 
shows a map of locations with meters 
indicating backflow events during 
April 2008. In this photo, the flags 
with an “L” indicate meters reporting 
low levels of backflow (1–10 gal-
lons/15 minutes) and the flags with H 
indicate meters reporting high levels of 
backflow (> 10 gallons/15 minutes). It 
has been verified that a severe water 
main break did occur in the area dur-
ing April 2008.

Not all indications of reverse flow 
are backflow events. There have 
been isolated cases in which it ap -
pears evident that customers are 
periodically reversing the water 
meter during a billing period in 
order to reduce their water bill. 
These locations are candidates for 

TABLE 4 System PA-2 backflow occurrence data

 Unique Premises

  Meters Positive* Positive Positive Positive
 Month Read—n n % n %

 April 2008 3,718 50 1.34 50 1.34

 May 2008 3,714 91 2.45 42 1.13

 June 2008 2,302 27 1.17 16 0.70

 July 2008 2,245 13 0.53 3 0.12

 August 2008 5,217 104 1.99 84 1.61

 September 2008 5,268 41 0.78 30 0.57

 October 2008 5,835 68 1.17 28 0.48

  Total 28,499 394 1.38 253 4.34

Source: Schneider et al, 2010. © 2010 Water Research Foundation. Reprinted with permission

n—number

*“Positive” refers to a meter with a recorded backflow.

Eleven backflow events (indicated by flags) were identified by backflow alarm systems

installed in this distribution system, which had many old mains and was subject

to varying pressures.
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the updated meters that have data 
logging capabilities in order to doc-
ument when this is taking place.

System WV-1. In this system, 
backflow-sensing water meters were 
installed as a part of an AMR pro-
gram, designed to increase the effi-
ciency of obtaining meter reads. 
Backflow data were collected by 
drive-by AMR. Every metered cus-
tomer (100%) is covered by a back-
flow-sensing water meter. Initial 
meter data from this water system 
provided by the meter vendor cov-
ered a 35-day period during a single 
drive-by for their AMR system 
(August 2005) as shown in Figure 5. 
The data clearly show clusters of 
backflow events with both low vol-
umes (1 gallon in 15 minutes desig-
nated by an L) and several high vol-
ume incidents (10 gallons in 15 
minutes designated by an H). The 
cause of most of the backflow events 
was determined to be a major pipe 
break coupled with the isolation of 
system water tanks. Modeling sug-
gested that there were probably 
additional system issues (e.g., drained 
storage tanks) involved that were not 
identified as part of this project. 
Table 5 shows backflow occurrence 
data collected for several months.

Overall assessment. What is sig-
nificant about the extent of the 
backflow events relative to the main 
breaks both in the case of PA-2 and 
WV-1 is that the main breaks cause 
backflow outside the localized area 
that is associated with shutdowns 
to repair the pipes. In PA-2, the 
operations staff reported that the 
main breaks were significant frac-
tures of brittle asbestos–cement 
pipe with significant leakage flow. 
Appropriately, the utility had 
already put a higher priority on 
replacing the asbestos–cement pipes 
than it had on replacing older cast-
iron pipes with similar breaks but 
less pressure and therefore less 
water loss. The impact of back-
flow—which is not commonly fac-
tored in—was added as a prioritiza-
tion factor to the main replacement 
decision-making process.
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FIGURE 5   WV-1 backflow data map from August 2005 
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A high number of backflow events in this distribution system were correlated to main breaks. 

Flags with an “L” indicate meters reporting low levels of backflow (1–10 gallons/15 minutes),

and the flags with an “H” indicate meters reporting high levels of backflow (> 10 gallons/

15 minutes). It was verified that a severe water main break occurred in the area during April 2008. 
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When the water meter data from 
the sites are combined (Table 6), it 
can be seen that backflow events 
occurred in approximately 1.6% of 
all meter reads and in 5% of the 
homes in which backflow-sensing 
meters had been installed.

A NUMBER OF FACTORS 
INFLUENCE SITE SELECTION
FOR MONITORS

Backflow-sensing water meters 
cost slightly more than standard 
AMR-compatible water meters 
(approximately $15–$20 each, 
depending on whether the meter is 
in a pit or inside a structure). Back-
flow sensing is not the only feature 
of this type of “intelligent” meter. 
These meters are also capable of 
storing multiple days of water use 
and detecting continuous flow, an 
indication of a leak in premise 
plumbing. If utilities focused on 
backflow want to reduce this addi-
tional cost, they can use several 

strategies with respect to placement 
of the meters. The first is to ran-
domly scatter the backflow-sensing 
water meters in order to look for 
hydraulic problems on the assump-
tion that adjoining houses will prob-
ably trigger the same alarm if there 
is a system problem. The second 
approach is to place the meters in 
locations with an increased suscep-
tibility to low- or negative-pressure 
surges based on computer modeling. 
Customer services where pressures 
may be increased over normal distri-
bution system pressure should also 
be prioritized. The most comprehen-
sive approach would be to place 
backflow-sensing meters on all ser-
vices. This could be done if a utility’s 
main concern is maintaining system 
security against intentional or unin-
tentional backflow (likely created by 
a higher pressure coming from the 
customer side), or if the utility wants 
to change to a completely automated 
meter reading program. 

CONCLUSIONS
Backflow of water into distribu-

tion systems is a real issue for the 
water industry and probably more 
widespread than currently thought. 
Field testing has shown that back-
flow events occurred at a rate of 
1.6% of services each month, with 
5% of any given homes affected 
each year. Because of the enormous 
number of residential service con-
nections in the United States, it is 
not practical to install backflow 
prevention assemblies on every res-
idential customer service connec-
tion, especially considering the eco-
nomic and administrative hurdles 
of field testing and reporting each 
assembly on a yearly basis. Cross-
connection control programs should 
assess the degree of hazard pre-
sented by a customer’s service con-
nections (including residential cus-
tomers), then require the installation 
of backflow protection where nec-
essary. These programs may only 
require field-testable backflow pre-
vention assemblies for those resi-
dences with actual hazards, such as 
lawn irrigation or fire suppression 
systems. The use of backflow pre-
venters such as nontestable double 
check valves on residences may be 
considered. However, the authors 
believe these may give utilities a 
false sense of security, given an 
annual  fai lure rate of  8.7% 
(Duranceau et al, 1998). If back-
flow prevention assemblies cannot 
be tested, they should be assumed 
to be nonfunctioning.

Currently, on-line water quality 
monitors are not suitable for deter-
mining the public health effects of 
backflow events, not because they are 
not sensitive enough to detect small 
changes in quality, but because nor-
mal wide-ranging variations in back-
ground distribution water quality 
overwhelm the ability of current data-
processing technology to discern qual-
ity changes caused by backflow from 
those caused by normal variability. 
Considering the high initial cost and 
operations and maintenance re -
quirements, the authors believe that 

     Unique Homes
  Monthly Total Reads With With Positive*
 System Reads—n Meters Read Backflow—% Reads—%

 NJ-1 10 1,466 1.5 5.4

 PA-1 5 315 6.7 17.5

 PA-2 7 28,499 1.4 4.3

 WV-1 3 12,453 2.1 5.7

  Total  42,733 1.6 5.0

Source: Schneider et al, 2010. © 2010 Water Research Foundation. Reprinted with permission

n—number

*“Positive” refers to a meter with a recorded backflow.

TABLE 6 Combined backflow-sensing meter data

TABLE 5 System WV-1 backflow occurrence data

 Unique Premises

  Meters Positive* Positive Positive Positive
 Month Read—n n % n %

 August 2006 3,923 199 5.1 199 5.1

 June 2008 4,265 40 0.9 38 0.9

 July 2008 4,265 23 0.5 9 0.2

  Total 12,453 262 2.1 246 2.0

Source: Schneider et al, 2010. © 2010 Water Research Foundation. Reprinted with permission

n—number

*“Positive” refers to a meter with a recorded backflow.
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on-line monitors are not the most 
cost-effective means of reducing risk 
from backflow. 

On the basis of these analyses, the 
authors believe that the use of back-
flow-sensing water meters is the best 
available technology for determining 
residential backflow occurrence. 
Next-generation water meters can 
also include instantaneous notifica-
tion (when used as part of AMI or 
fixed-network AMR) or time-stamp 
and volumetric indicators when used 
as part of a drive-by AMR system. 
The marginal increase in cost of the 
backflow-sensing capability over 
normal meters is small enough ($15–
$20) to justify their purchase. 

Although this project used only a 
single manufacturer’s water meter, 
since the start of this project, back-
flow-sensing water meters have been 
developed by other water meter 
manufacturers. This will allow util-
ities to competitively bid for this 
technology. In addition to the ben-
efit of backflow detection, these 
smart meters can also provide utili-
ties with increased efficiency over 
manually read meters, indicators of 
customer tampering and/or water 
theft, and initial indications of a 
distribution system security breach 
from intentional backflows.

When combined with an effective 
pressure management program to 
minimize or eliminate pressure tran-
sients that are a primary cause of 
backsiphonage cross-connections, the 
backflow-sensing meters integrated 
into a fixed network AMR/AMI sys-
tem can provide near real-time infor-

mation on backflow events. Given the 
other benefits of AMR/AMI this is 
likely a more cost-effective backflow 
control method than the installation 
of backflow preventers on every resi-
dential service connection. 
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FOOTNOTES
1T-10 meter with E-Coder®, Neptune Tech

        nology Group, Tallassee, Ala.
2PipeSonde in pipe monitoring probe, Hach,

        Loveland, Colo.
3YSI 6920, Yellow Springs, Ohio
4Spectro::LyserTM, S::Can, Vienna, Austria
5Water Distribution Monitoring Panel,

        Hach, Loveland, Colo.
6900 Portable, GE Analytical, Boulder,

        Colo.
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