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EXECUTIVE SUMMARY

Reducing water loss at U.S. Department of Defense (DoD) installations is important to preserve
potable water needed for essential functions and to limit the drawdown of local water supplies.
DoD installations lose significant amounts of water through leaking pipe systems that are near
the end of their life cycle. Unfortunately, comprehensive leak detection efforts to identify leaks
are not a widespread practice among DoD installations (Pacific Northwest National Laboratory
[PNNL], 2013a). However, recent policy from Executive Order (EO) 13693 released in 2015
titled Planning for Federal Sustainability in the Next Decade requires installations to take more
proactive measures to reduce water loss. Implementation of improved leak detection
technologies and the timely repair of water mains supports these Federal and DoD sustainability
goals. The DoD Environmental Security Technology Certification Program (ESTCP) supported
this project to assess three innovative acoustic leak detection technologies with enhanced cross-
correlation features to detect and pinpoint leaks in challenging pipe types, as well as metallic
pipes found at DoD installations.

This study was conducted by the Naval Facilities Engineering Command (NAVFAC),
Engineering and Expeditionary Warfare Center (EXWC) in collaboration with the U.S. Army
Engineer Research and Development Center (ERDC) and Battelle. Test bed and operating
distribution system evaluations were conducted at the ERDC facility in Vicksburg, Mississippi.
The project objective was to demonstrate and validate the performance of three innovative
technologies for leak detection by assessing their ability to detect and accurately locate leaks in
challenging pipe types such as polyvinyl chloride (PVC), asbestos cement (AC), and mixtures of
pipe types typically found on DoD Installations. The fundamental questions addressed by this
study include: Is implementation of these technologies technically feasible for use by DoD
installations to reduce water loss and to help meet water and energy conservation goals of the
EO? Are these technologies cost effective?

The demonstration evaluated two types of cross-correlating leak detection technologies: 1) a
continuous monitoring network approach, and 2) an inspection approach that used sensors
temporarily deployed to test segments of pipe within a water distribution system. Three different
product lines were tested: one for continuous monitoring and two for periodic inspection of pipe
segments. Each technology was demonstrated for detecting and pinpointing leaks in metallic and
challenging non-metallic pipe types. For each of the technologies, accelerometers and/or
hydrophones were used to detect acoustic signatures of leaks, and time offsets between sensor
locations were used to derive leak locations. Performance criteria were established prior to the
demonstration, including ability to detect leaks greater than 1 gallon per minute (gpm), pinpoint
location within + 4 feet, achieve less than 5% false positive, and attain a savings-to-investment
ratio (SIR) greater than 1. These criteria were established based on querying personnel in DoD
Public Works to ascertain their professional judgment and experience regarding effective
performance requirements for leak detection.

Evaluations were conducted under controlled conditions at an underground pipeline test bed that
was configured with simulated leaks followed by testing under operating conditions within
ERDC’s water distribution system. The test bed included 11 simulated leaks ranging from 1 gpm
to 7 gpm that could be controlled from aboveground. Projected benefits from water and energy
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savings and estimated costs for leak detection deployment were also estimated. These
projections indicate a SIR greater than 1 for installations with average rates of water main breaks
within their water distribution systems. Actual cost-benefit performance should be monitored as
leak detection systems are deployed on a site-specific basis.

For the test bed evaluation, only the technology that used an inspection approach and
accelerometers met all of the performance criteria. The continuous monitoring technology and
the survey technology using both hydrophones and accelerometers did not meet several
performance criteria in the test bed evaluation. The simulated leak conditions were successfully
detected by all of the technologies. However, the location accuracy varied between the
technologies. Two of the three technologies passed the performance objective of locating 90% of
simulated leaks within + 4 ft. of the known locations in the test bed. The leak location results for
PVC pipe ranged from 86% to 100% within + 4 ft. of the known leak locations. False positives
were an issue for two out of the three technologies. There is a potential to mitigate false positives
in field applications through focused acoustic surveys that are typically conducted at the
correlated location prior to marking the leak location. All three technologies were able to detect
small leaks at approximately 1 gpm. Challenges were encountered with detecting multiple leaks
within a bracketed sensor pair (even though the simulated leaks were spaced more than 5 ft.
apart) and in spanning mixed pipe materials. Although the capability to detect and locate leaks
under these scenarios was claimed, the leak detections were not as accurate compared to the
single leak and single pipe material scenarios within the test bed.

For the operational water distribution testing, two leaks were detected within the portion of the
ERDC water distribution system selected for inspection. The limited number of leaks detected in
the field tests did not provide sufficient information for the evaluation of the performance criteria
(even though visual indications of one leak were observed during the test). Water, energy, and
SIR estimates were developed based upon an industry average water main break frequency and
regional water and energy cost data.
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1.0 INTRODUCTION

The U.S. Department of Defense (DoD) Environmental Security Technology Certification
Program (ESTCP) has supported a project to assess leak detection methodologies for water
distribution systems at military installations. This study was conducted by the Naval Facilities
Engineering and Expeditionary Warfare Center (NAVFAC EXWC) in collaboration with the
U.S. Army Engineer Research and Development Center (ERDC) and Battelle. Test bed and
operating distribution system evaluations were conducted to demonstrate advanced acoustic
sensor technologies with enhanced cross-correlation features to detect and pinpoint leaks in
challenging underground pipe systems. The demonstration was conducted at the ERDC facility
in Vicksburg, Mississippi. The demonstration validated two types of cross-correlating leak
detection technologies: 1) a continuous monitoring network approach, and 2) an inspection
approach that used sensors temporarily deployed to test segments of pipe within a water
distribution system (known as “lift and shift”). Three different product lines were tested
including one for continuous monitoring and two for periodic inspection of pipe segments. Each
methodology was demonstrated for detecting and pinpointing leaks in metallic and challenging
non-metallic pipe types. Evaluations were conducted under controlled conditions at an
underground pipeline test bed configured with simulated leaks followed by validation under
operating conditions within ERDC’s existing water distribution system.

In the original plan, the ERDC demonstration was to be followed by a second field
demonstration at Joint Base Pearl Harbor Hickam (JBPHH), a significantly larger military
installation that had recently begun to implement advanced metering infrastructure (AMI)
technology on the installation’s potable water distribution system. The goal was to evaluate the
compatibility of the continuous monitoring leak detection technology with the DoD’s AMI-
enabled water metering infrastructure. Unfortunately, software compatibility and cybersecurity
issues at JBPHH precluded the follow-up field demonstration. Other installations were contacted,
but had similar issues. Consequently, all leak detection validation efforts were conducted at the
ERDC facility for this demonstration effort. Fortunately, the ERDC location provided a good
variety of pipe types and challenges for the leak detection equipment. In future efforts, any
automated data collection system that relies on installation data systems and infrastructure
controls should be evaluated for security concerns prior to initiation of the project. Standards for
compatibility with these systems should be developed and provided to parties involved in
technology development.

The project contributes to the DoD’s water conservation and energy saving initiatives by
validating approaches for leak detection in its aging potable water infrastructure. Leaks are
commonplace at military bases where pipe distributions systems vary in age, construction, and
local site factors (such as stress loading and soil conditions). Some leaks reach the ground
surface and can be quickly detected and repaired, while leaks without surface expression may
continue undetected for long periods of time, resulting in significant water loss. Advanced leak
detection technologies capable of detecting leaks in plastic and metallic pipes can be used to find
and repair leaks in a timely manner, potentially saving millions of gallons of water per year.



1.1 Background

Water distribution systems at DoD installations were typically installed during initial base
construction. Many of these systems are at or near the end of their design life (typically 50 to 75
years). Similar to municipal water distribution systems, these systems are mostly underground,
are laid out along streets, roads or in parallel with other utility alignments, and have been
expanded over the years. A wide variety of pipe sizes and materials such as ductile iron (D),
cast iron (CI), asbestos cement (AC), and polyvinyl chloride (PVC) have been widely used.
Although each installation has a site-specific layout of water meters, pipelines and distribution
grids, all share common layout elements. A typical layout is provided in Figure 1-1 showing
pipelines leading to administrative buildings, landscaping, and industrial and residential areas.
Public Works offices usually have as-built drawings or other historical water utility records that
show the relative location of underground pipelines. However, it is important to note that there
can be inaccuracies that make it challenging to locate underground water mains, valves, and
actual leaks in the field.

The frequency of leaks generally increases with the age of the distribution system, heavy vehicle
traffic, and soil settlement. The rate of water main breaks is between 0.21 to 0.27 breaks per mile
of pipeline per year according to a recent survey of water utilities (WaterRF, 2015). Leaks are
generally not noticed until water rises to the surface and/or until significant amounts of water
have been lost over extended periods of time (Fanner et al., 2007; King, 2014). Small leaks can
result in considerable cumulative losses if allowed to persist over time. For example, at a leak
rate of 1 gallon per minute (gpm) an unrepaired leak could result in a loss of over 500,000
gallons per year. Studies from the U.S. Environmental Protection Agency (EPA) show that on
average 14 percent of water consumption is lost through leaks, with some water utilities losing
more than 60 percent of water input into the system (EPA, 2012).

Reducing water loss at DoD installations is important to preserve potable water needed for
essential functions and to limit the drawdown of available water supplies. Water supply at
installations is provided by two types of sources — either an on-site water treatment plant that has
access to a source of raw water (either a surface water body or an aquifer), or through
connection(s) to a water purveyor. Water purveyors can be local municipalities, quasi-
governmental entities such as regional water supply authorities, or private companies. Water
used for consumption at installations provided by on-site facilities or purveyors must meet the
water quality standards of the Safe Drinking Water Act. Water supplied by a purveyor is
purchased as a commodity, based on the volume consumed, and installations must bear the costs
of their own water supply operations. Generally, whether an installation has its own water source
and treatment system depends on whether established water suppliers were in existence in the
area at the time a base was initially developed. On base or other dedicated sources developed by
the Government were generally obtained where suitable water could not be purchased from an
existing conveyer at the time of initial base construction.
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Figure 1-1. Typical Water Distribution System Layout for a DoD Installation

There are potential constraints on the availability of water for an installation. Both on-site
sources and purveyors must have access to water supplies through purchase from another
supplier or through acquisition of rights to a water source. Even where a legal right to a water
source exists at a stated rate of use, the natural conditions may further constrain the supply.
External supply constraints on a water source may be temporary or long term. Droughts, seasonal
changes in weather conditions, climate change, or limitations caused by extraction by other users
with valid claims can all limit or reduce the quantity available from a given water supply.
California has experienced drought conditions since 2012, and mandatory water reductions have
been placed on water systems on a statewide basis. Because California has an intensive system of
water resource development and management, conditions that affect sources of water in the
Sierra Nevada Mountains can result in reduced supplies at distant use locations, including
Southern California and the Central Valley. Multi-year droughts are also relatively frequent
occurrences throughout the western United States. Other conditions may temporarily limit water
supplies, such as floods that temporarily halt operations at water treatment plants located along
rivers or other waterways.



Accurate metering of a water distribution system is essential for billing, tracking water use, and
for assessing water losses for water conservation programs. Within installations, irrigated
landscapes such as parade grounds and ball fields are typically metered, but not all buildings are
individually metered. However, there is a general trend to begin to meter all buildings so that
tenant commands can be invoiced for their share of the water consumption. DoD installations are
also beginning to implement AMI systems that allow for the review of real-time water use data.
However, the meters installed to date have typically been placed on service lines for residential
areas, rather than on mainlines or configured in District Metering Areas (DMAS) that could assist
in leak detection efforts through water balance methods. Some AMI systems and associated
water billing programs have features that can detect abnormally high flows on service lines,
which may be the result of a leaky pipeline. Installations are generally responsible for metering
accuracy, as well as detecting and repairing mainlines and service lines inside their fence line.
These activities are not the installations’ responsibility for privatized communities that may be
located on or adjacent to the base, but are managed by outside entities. A sound leak detection
program should go hand in hand with a quality metering infrastructure in order to support water
audits and water loss control program implementation (American Water Works Association
[AWWA], 2009).

Water supply constraints are also important due to the costs of operating on-base pumping and
treatment systems. The U.S. Army has recognized the strategic need to use water responsibly and
to minimize waste. This is evident by the implementation of a novel program called the Net Zero
Challenge (Scholze et al., 2012). This program has recruited installations to voluntarily meet
aggressive reductions in energy and water use and in waste generation. Net Zero Water
installations have the goal to limit potable water consumption. Improved technologies for leak
detection are needed to assist these installations in meeting water and energy conservation goals.

Leak detection is critical for cost containment at installations that have high water treatment
costs. These conditions are typically associated with energy intensive water treatment processes.
For example, at Fort Irwin, a new water treatment plant treating groundwater has a target water
recovery goal of 99%, which is higher than other published systems. To reach this high level, a
portion of the water will be treated by mechanical vapor recompression, a distillation process
that is relatively expensive (Medina et al., 2012). Detecting and repairing leaks can result in
reductions in water use, energy demand, and the consumption of water treatment chemicals.

Leak detection is not currently a widespread practice even among installations featured in the
pilot efforts for the Army’s Net Zero Water Program. Out of the eight utilities in the pilot
demonstration, only Tobyhanna Army Depot was noted as having a comprehensive leak
detection program (Pacific Northwest National Laboratory [PNNL], 2013a). Previously,
conventional leak detection methodologies were limited primarily to time consuming field
surveys using sounders (listening sticks) that relied heavily upon operator skill or noise
correlators that were tuned for finding leaks in metallic pipes. The detection of leaks in PVC and
AC pipes has been particularly challenging because leak signatures are significantly attenuated in
these pipe types compared to metallic pipes (Hunaidi, 2000). Leak signatures can travel up to 10
times farther in metallic pipes compared to PVC and AC pipes depending on the pressure,
diameter, and material. In addition, periodic repairs may be made that result in mixed pipe
materials such as a short PVC repair interspersed within a metallic pipeline, which can lead to



challenges in leak detection. Recent advances in the performance of sensors and in the sensitivity
of cross-correlating algorithms have been reported to improve the ability to detect and pinpoint
leaks in non-metallic pipelines. These enhanced cross-correlation methodologies are reported to
allow for improved resolution of narrow band leak signals, which is helpful for plastic pipes (low
frequency sound emission), small leaks, and situations with high background noise (Liu et al.,
2012). Another innovative feature tested was the remote cross-correlation capability of sensors
deployed in a permanent monitoring network. This is an advance over previous noise logging
sensor networks without leak pinpointing capabilities through cross-correlation and/or with
operator drive-by required to retrieve the data (Hughes et al., 2014).

The enhanced cross-correlating technologies addressed in this report were assessed in two
configurations: 1) continuous monitoring, and 2) intermittent inspections. Continuous monitoring
for leak detection is gaining acceptance among progressive municipal utilities looking to
minimize water losses. This approach involves the permanent installation of cross-correlating
acoustic sensors in a grid pattern to cover the entire water distribution network (or subsets) and
provides for real-time leak detection on a daily basis. The second approach was use of these
innovative acoustic sensor technologies for intermittent inspections conducted by a trained
service provider. The use of periodic leak detection services is also increasing among progressive
water utilities within the military. For example, DoD installations in California (such as the
NAVFAC Southwest operated facility at Naval Base Ventura County) are looking to contract
leak detection audits on a four-year cycle. In addition, studies for the Army’s Net Zero Water
Program have recommended that the pilot installations “perform ongoing leak detection
monitoring and validate meter accuracy as comprehensive approaches to water management”
(PNNL, 2013a). The demonstration of the three innovative leak detection technologies provided
by this project increases the opportunities for their implementation to improve leak detection and
reduce resource consumption and costs under conditions prevalent at DoD installations.

This project enhances the DoD’s knowledge base for the inspection of both metallic and non-
metallic pipe types and demonstrates innovative acoustic sensor systems that have 