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ABSTRACT

Conventional water pipeline leak detection surveys employ labour-intensive acoustic techniques, which
are usually expensive and not amenable for continuous monitoring of distribution systems. Many previous
studies attempted to address these limitations by proposing and evaluating a myriad of continuous, longterm monitoring techniques. However, these techniques have difficulty to identify leaks in the presence of
pipeline system complexities (e.g. T-joints), offered limited compatibility with popular pipe materials (e.g.
PVC), and were in some cases intrusive in nature. Recently, a non-intrusive pipeline surface vibration-based
leak detection technique has been proposed to address some of the limitations of the previous studies.
This new technique involves continuous monitoring of the change in the cross-spectral density of surface
vibration measured at discrete locations along the pipeline. Previously, the capabilities of this technique
have been demonstrated through an experimental campaign carried out on a simple pipeline set-up. This
paper presents a follow-up evaluation of the new technique in a real-size experimental looped pipeline
system located in a laboratory with complexities, such as junctions, bends and varying pipeline sizes. The
results revealed the potential feasibility of the proposed technique to detect and assess the onset of single
or multiple leaks in a complex system.

1. Introduction
Loss of potable water through pipeline leakage is one of the most
serious issues currently threatening water supply security across
the world. Drinking water pipeline infrastructure in the U.S.
reportedly loses 20% of the supply through leakage (Mutikanga,
Sharma, & Vairavamoorthy, 2012). As freshwater resources are
becoming increasingly limited in many populous regions, loss
of treated water exacerbates water sustainability challenges and
highlights the deteriorated state of buried pipeline infrastructure. While conventional leak detection techniques, such as
ground penetrating radar (EPA report, 2010; Hyun, Jo, Oh, &
Kirn, 2003), tracer gas (Hunaidi, Chu, Wang, & Guan, 2000),
infrared thermography (Khader, 2016; Zhang, 1997) and acoustic
techniques (Hunaidi, Wang, Bracken, Gambino, & Fricke, 2004),
have been very useful in detecting leakages in suspected sections
of water supply networks, they often depict only the snapshot
status of the system at the time of inspection and do not support
continuous real-time monitoring.
City-wide near real-time monitoring of pipelines and timely
intervention can reduce water losses, save energy, minimise
cost of pipeline failures and safeguard public health. The concept of deploying sensor networks to monitor water pipelines
for the detection of leakage and other defects has received great
attention in the past decade (Cai, Wang, Sun, Li, & Jing, 2016;
Puust, Kapelan, Savic, & Koppel, 2010; Sun et al., 2011; Yoon, Ye,
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Heidemann, Littlefield, & Shahabi, 2011). The distinctive advantage of sensor networks that are non-intrusively embedded on
the surface of water pipelines is the ability to continuously monitor pipeline behaviour to rapidly detect and locate leaks. While
aspects related to data collection, especially energy-efficient
sensing (Tackett, Jovanov, & Milenković, 2011), data sampling
(Bajwa, Haupt, Sayeed, & Nowak, 2006) and data transmission
(Akyildiz, Lee, & Chowdhury, 2009) received great attention,
research needs and technology gaps still remain in detection
techniques that leverage the monitoring data to appropriately
detect leakage and determine its severity.
A common approach for leak detection entails partitioning
the water distribution system into a number of smaller zones
which are referred to as district metered area (DMA) (Brothers,
2003). The mass flow balance of each DMA is assessed to determine the presence of leakage and subsequently the need for further on-site inspection (Li et al., 2011; Romano, Kapelan, & Savić,
2012). Several commercial technologies are available for on-site
inspection and many of these are reported to be successful, albeit
under certain conditions. Even the acoustic techniques which
are most widely used typically fall short in cases of narrow-band
signals, such as those emitted by leaks in plastic or large diameter
metallic pipelines (Hunaidi, 2012; Liu, Kleiner, Rajani, Wang, &
Condit, 2012). Because plastic material (e.g. polyvinyl chloride
or PVC) is becoming an increasingly popular choice for water
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distribution pipelines, especially in small to medium diameter
range (Liu et al., 2012), there is a growing need for leak inspection techniques that are equally suitable for plastic pipelines.
In an attempt to address this research gap, Yazdekhasti, Piratla,
Atamturktur, and Khan (2017) presented a leak detection technique where cross-spectral density (CSD) of acceleration data,
collected at discrete points along the pipeline length, is leveraged
for leakage assessment – i.e. detecting the onset of leakage and
determining its relative severity – using a leak detection index
(LDI). The LDI-based technique is different from the previous
acoustics-based techniques in that it uses a correlation function
to increase data-fidelity, while variation in the CSD of the pipeline’s vibrational response under operational conditions is monitored for detecting and quantifying the leak. While the results
of Yazdekhasti et al. (2017) were promising, their demonstration
was limited to a simple experimental set-up comprised of a single
stretch of pipeline. This paper further evaluates the LDI-based
approach using a two-looped pipeline test bed that exhibits several complexities observed in a real-world pipeline system; these
include junctions, bends, T-joints and varying pipe diameters.
The results presented in this paper highlight the merits and limitations of the LDI-based approach, and raise additional research
questions that will need to be answered for LDI-based techniques
to be practically feasible.
The paper consists of five sections. Section 2 presents a
review of relevant previous studies including a description of
the proposed leak detection technique. The experimental set-up
along with the devised test scenarios are described in Section 3.
Research results and discussion follow in Section 4, and Section
5 concludes the paper by highlighting the main contributions
along with limitations and recommendations for future research.

2. Previous research
This section presents a brief review of literature on pipeline leak
detection and describes the LDI-based approach of leak assessment that is evaluated in this paper.
2.1. Review of pipeline leak detection studies
Leak detection studies in the literature can be broadly categorised into three classes focusing on: (a) the structural features
of the pipeline; (b) the hydraulic aspects of the enclosed flow;
and (c) the pipe–flow interaction. Studies that focused on the
structural features exploited the leak-induced changes in the
vibration response of the pipeline (Cheraghi, Riley, & Taheri,
2005; Dilena, Dell’Oste, & Morassi, 2011; Martini, Troncossi,
Rivola, & Nascetti, 2014; Sharma, 2013). One of the major limitations of this class of studies is their focus on global vibration
response features that could be similar for defects of different
types, locations and severities. Thus, it becomes difficult to
identify a unique solution for the leak detection (Atamturktur,
Gilligan, & Salyards, 2013).
Studies that relied on the variation of the enclosed flow
characteristics, majority of which are based on transient analyses (Covas, Ramos, & De Almeida, 2005; Jönsson & Larson,
1992; Lee, Lambert, Simpson, Vítkovský, & Liggett, 2006;
Lee, Vítkovský, Lambert, Simpson, & Liggett, 2005; Wang,
Lambert, Simpson, Liggett, & Vítkovský, 2002), had difficulties

distinguishing leaks from the other flow disturbances that may
arise from system complexities, such as loops, valves, bends.
(Colombo, Lee, & Karney, 2009; Vítkovský, Liggett, Simpson, &
Lambert, 2003). Studies that relied on the pipe–flow interactions
were usually based on the observed changes in the pipeline surface vibration as a result of various disturbances in the system
that include leak-induced pressure changes (Shinozuka & Dong,
2005; Stoianov, Nachman, Madden, Tokmouline, & Csail, 2007).
This third class of techniques suffered from the same limitation
as the second class, i.e. the inability to distinguish leaks from
other disturbances.
From a practical standpoint, several commercial non-
acoustic and acoustic-based leak detection techniques currently
exist (Hunaidi, 2012). They have been reviewed by previous
researchers by identifying specific advantages, limitations and
suitability to different application scenarios (Anguiano et al.,
2016; Colombo et al., 2009; Liu & Kleiner, 2013; Liu et al., 2012;
Puust et al., 2010). Acoustic-based techniques are the most
widely used approaches and fall into one or more of the three
classes discussed in the previous paragraph. These techniques
are developed to monitor the propagating leak-induced sound
or vibration.
The majority of commercial, non-intrusive leak detection
techniques such as Listening Devices (e.g. listening rods or
geophones) and Noise Loggers (e.g. Permalog and MLOG) are
capable of determining the presence of a leak in the system, but
provide no information on the damage severity. Although acoustic-based leak detection techniques have worked well in the cases
of small to medium-diameter (< 300 mm) metallic pipelines,
their suitability to plastic and large-diameter metallic pipelines
has been uncertain (Hunaidi, 2012).
In addition, these techniques reportedly suffer from high
rates of false alarms in non-metallic pipelines (Van der Klejj &
Stephenson, 2002). This problem stems from the fact that these
techniques work through statistical analysis of high-frequency
(>2000 Hz), leak-induced signals. Since high-frequency signals
attenuate faster than the lower frequency ones (Forrest, 1994),
the suitability of acoustic-based techniques to plastic pipes is
doubtful. Furthermore, a few acoustic-based techniques for
detecting and locating leaks are intrusive in nature (e.g. free
swimming acoustics and tethered acoustics) and these take
advantage of sensing tools passing directly adjacent to the leak
from the inside of the pipeline (Liu & Kleiner, 2013; Puust et al.,
2010; Youngpyo Jo & Boon, 2012). While these intrusive techniques are not capable of determining leakage severity, they are
less preferred because it is inconvenient for utility owners to
provide access for insertion and removal of inspection tools with
these techniques (Bracken & Cain, 2012).
2.2. LDI-based leak detection technique
The authors recently proposed a vibration-based leak detection
technique based on the premise that monitoring of surface acceleration of pipeline under ambient flow conditions can reveal
the presence and relative severity of a leak (Yazdekhasti et al.,
2017). The variation in the Cross Spectral Density (CSD) function of acceleration measured at multiple locations along the pipe
length, under ambient excitation of the enclosed flow, is exploited
for leak assessment. CSD, which is the Fourier transform of the
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cross-correlation of two discrete time signals, indicates the
power shared by the two signals at a given frequency (Norton &
Karczub, 2003), as shown below:

fx−y (t) = lim

T→∞

1
E{X ∗ (𝜔)Y (𝜔)}
T

(1)

in which, X*(ω)and Y(ω) are the finite Fourier transform of signals X(t) and Y(t) at frequency ω, X*(ω)is the complex conjugate
of X(ω)and two, and E{.} is the expectation operator. It has been
demonstrated that the CSD of acceleration measured at different
locations along a pipeline changes due to the onset of a new leak
(Hunaidi & Chu, 1999).
In an attempt to quantify this change, the leak detection index
(LDI) is introduced (see Equation (2)). LDI is a unit-less index
that characterises the normalised difference between the CSD of
acceleration data collected at two locations in a baseline system
state (i.e. before the onset of a leak) and a leaky state (i.e. after
the onset of a leak):

LDI(x, y, SCb , SCd ) =

|
| d
b
∫ |fx−y
(t) − fx−y
(t)|
|
|
| b
|
∫ |fx−y (t)|
|
|

(2)

where, x and y are two locations along the pipeline length where
the acceleration data is collected, SCb is the baseline scenario,
b
SCd is the damaged scenario, fx−y
(t) is the CSD of data from x-y
d
locations in the baseline system state, and fx−y
(t) is the CSD of
data from x-y locations in the damaged system.
The LDI-based technique leverages the variation in the frequency content of enclosed flow owing to the additional wall
pressure fluctuations (that is in addition to the usual boundary
layer pressure fluctuation in the pipe) that result from the onset
of a leak. The additional wall pressure fluctuations in turn result
in increased vibration of the pipe surface, as it can be observed
in Figure 1, which presents the time history data (i.e. raw data)
collected from a single measurement point for both baseline
and leaky system states. The LDI-based technique employs a
cross-correlation function to increase data fidelity, as this function filters the influences of spatially uncorrelated ambient noises
(Tokmouline, 2006).
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Furthermore, effective data acquisition and analysis procedures can be adopted to avoid potential false alarms generated by
high levels of environmental noises. For example, multiple cycles
of data may be collected during midnight when non-leakage
related sporadic noises, such as those induced by traffic or legitimate consumption, are minimal (Martini, Troncossi, & Rivola,
2015). Furthermore, only a smaller subset of acquired data
samples that correspond to lower LDI values may be shortlisted
for analysis so as to eliminate potential outliers. The LDI-based
technique has been previously demonstrated using a series of
experiments conducted on a 76 mm PVC pipeline that included
a leak simulator made from a 25.4 mm (1 inch) ball valve capable
of simulating leaks of various severities (Yazdekhasti et al., 2017).
The results were promising with LDI being able to detect the
onset of a leak and yield a good correlation with leak severity,
as it increases monotonically with damage severity (Yazdekhasti
et al., 2017) and the R-squared values for all pairs of samples
for different scenarios were more than 0.90. The effect of noise
on LDI has been explicitly discussed in the Yazdekhasti et al.
(2017), and the results revealed that the sensitivity of LDI to
damage severity decreased with increasing noise levels; however,
LDI values continued to increase even at high noise levels which
showed promise in the technique to work in potentially noisy
environments. The demonstration presented in Yazdekhasti et al.
(2017) was however on a simple stretch of a pipeline that is devoid
of complexities that are integral to real-world pipeline systems.
Pipeline networks are complex, dynamic systems with various
uncertainties such as changing demands, changing component
statuses, reflections at bends, T-joints and valves. To gain further
confidence in the LDI-based approach and further evaluate its
merits and limitations, its demonstration on a more complex
experimental set-up that comprises bends, T-joints, multiple
loops, multiple pipe sizes and multiple leaks is presented in this
paper.

3. Experimental study
In this study, a two-looped pipeline system, consisting of pipelines of varying diameters, multiple bends, T-joints and valves,
in addition to having elevation changes and the capability of

Figure 1. Time history data from a single accelerometer representing both baseline and leaky system states.
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simulating multiple leaks of varying severities, is designed and
installed in full scale in the laboratory.
3.1. Experimental set-up
The test bed, depicted in Figure 2 and shown in Figure 3, is comprised of two closed loops of PVC pipes connected to a pump
(Dayton model of 3KV80A) that circulates water from a small

Figure 2. Schematic of the experimental set-up.

Figure 3. Experimental set-up.

reservoir with a capacity of 210 l. The flow rate induced by the
pump is estimated to be 1100 l/min based on the pump curve.
The longer loop is comprised of 32 m, 76 mm diameter PVC pipe
in which two leak simulators of different sizes, 25.4 and 9.52 mm,
are embedded to simulate a leak (L1). The smaller loop shares
the 76 mm PVC pipe with the larger loop on one side, while the
remainder of the loop is made of a 102 mm diameter PVC pipeline in which one 25.4 mm leak simulator (L2) is embedded, as
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Table 1. Different experimental configurations (valves 3 and 4 are open in all
scenarios).
Scenario
No.
1
2
Figure 4. Cross-sectional schematic of the pipe in the experimental set-up.

depicted in Figure 2. Standard ball valves are used as leak simulators to control the leak intensity. Representative flow directions,
shown in Figure 2, are subject to change depending on valves’
configurations, leakage flows and the energy added by the pump.
Pipelines in the test bed are placed at an average depth of
0.6 m on sand cushion bedding, as illustrated in Figure 4. The
pipeline system is connected to a pump placed at an elevated
location using curved joints, as can be seen in Figure 3. The pipeline system is not buried so it is convenient to modify the operational configuration of the test bed for simulating the various
scenarios studied. This is anticipated to have little impact on the
study outcomes as the literature suggests that burial has an insignificant impact on the leak-induced wave propagation velocity
(Brennan, Joseph, Muggleton, & Gao, 2008; Muggleton, Brennan,
& Pinnington, 2002; Pal, Dixon, & Flint, 2010); although this
needs to be further evaluated in the future.
3.2. Experimental procedure
To monitor the vibration profile of the two-looped pipeline network, 13 accelerometers are mounted on the exterior surface
of the pipeline along its length, as illustrated in Figure 2. The
number of sensors and their locations were selected with the only
intent of evaluating the proposed leak detection technique in the
presence of various typical system complexities. Bruel and Kjaer
4507 B 006 type of accelerometers with nominal sensitivity of
500 mV/g are distributed across the network in a way that allows
studying of multiple leaks through the variation in system’s vibration response along the pipeline length, across a bend, across a
T-joint, upstream and downstream.
A commercial data acquisition system, Bruel and Kjaer multipurpose LAN-XI type 3050 modules with frequency range of
0–51.2 kHz, is used to record and digitise the acceleration signals
measured in this study. The excitation frequency content of the
pipeline under ambient flow conditions is determined to be in
the range of 0–1000 Hz (Sattarzadeh, 2011; Yazdekhasti et al.,
2017). Accordingly, time domain acceleration data are collected
in a span of 0.2–1600 Hz with measurement duration of 33 s
(corresponding to a frequency resolution of 11.5 mHz and a time
resolution of 2.5e-4 s). The upper limit for the frequency band is
chosen to cover the frequency span of flow energy distribution,
while the lower limit (i.e. 0.2 Hz) is chosen to filter out noises at
frequencies below the first vibration mode of the pipe.

4. Scenario analyses: results and discussion
Several experimental configurations, characterised by the 10
scenarios presented in Table 1, have been studied to evaluate
the merits of the LDI-based techniques. The proposed scenarios

3
4
5
6
7
8
9
10

Scenario
ID
Scenario description
BS1 & BS2 Baseline system
without bend and
joint effects
BS3 & BS4 Baseline system with
bend and joint
effects
LS1
One leak (of varying
LS2
severities) located
LS3
on the 76 mm pipe
section
LS4
One leak (of varying
LS5
severities) located
on the 102 mm pipe
section
LS6
One leak (of varying
LS7
severities) each on
LS8
76 mm and 102 mm
pipe sections
simultaneously

V1

V2

✓

✓

✓
✓
✓

✓
✓
✓

✓
✓

✓
✓

✓
✓
✓

✓
✓
✓

L1
(l/min)

L2
(l/min)

2.1
12
22.1
4.8
8.5
12
22.1
2.1

4.8
8.5
8.5

for investigation are chosen to evaluate the merits of LDI technique in the presence of various system complexities. For example, LDI from a pair of accelerometers placed before and after a
bend; before and after a joint, etc. Various system states such as
non-leakage and leakages of multiple severities are considered as
key characteristics of the devised experimental scenarios. Twenty
tests have been conducted for each scenario to obtain statistically significant data and in order to mitigate the influence of
sporadic outliers.
In order to evaluate the confidence level of the repeated
experiments, the discrepancies between different tests have been
quantified based on the square of the coefficient of correlation
(commonly known as R-square) for pairs of data samples (Sarin
et al., 2008). R-square can range from 0 to 1, with larger values
indicating better fits. The results of such analyses revealed that
the R-squared values for all pairs of samples for different scenarios are more than 0.95, which shows greater consistency of data
samples and lower margin for errors.
In the first two scenarios, LDI values are expected to be close
to zero due to the lack of leakage; however, the CSD values do not
remain constant over the 20 tests due to the inherent variability
in measurements that leads to nonzero LDI values. To mitigate
these ambient effects, LDI is calculated based on the mean values
of two sets of data each comprising 20 tests. Consequently, 40
tests have been conducted for both the first and second scenario,
and the resulting data is categorised into two separate groups
each containing data corresponding to 20 tests, i.e. BS1 and BS2
for first scenario and BS3 and BS4 for second scenario. Various
hypotheses have been tested using the 10 experimental scenarios to understand the merits and limitations of the LDI-based
technique.
4.1. Hypothesis-1: the LDI-based technique has the
potential to work across pipeline bends
A bend in the pipeline system can induce pressure fluctuations
and fluid reflections that may be similar to those induced by a
leak (Colombo et al., 2009). This similarity makes it difficult for
several existing leak detection techniques to distinctly identify
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Figure 5. Comparison of LDI plots for evaluating the effect of bend with BS3 as the
baseline scenario.

the presence of a leak. The additional pressure fluctuations
and fluid reflections induced by the bend could affect the flow
excitation, and consequently the capability of the LDI-based
technique to assess leakage. The correlation between pipeline
acceleration measured across a bend may reduce due to the disturbance induced by the bend, and as a result, the LDI values
are expected to increase. It is however hypothesised that the leak
can still be distinguished using the LDI-based approach because
the bend-induced effects are inherent to both baseline and leaky
states of the system and will therefore be nullified.
To test this hypothesis, LDI values for two different pairs of
accelerometers, i.e. (11, 12) and (12, 13), for different damage
severity levels, based on the measured leak flow rates shown in
Table 1, are compared. Accelerometers 11 and 12 are both located
on the upstream side (based on the depicted flow direction in
Figure 2) of the bend on the 102 mm pipeline (Figure 2), while
accelerometer 13 is located on the downstream side of the bend.
It should be noted that the distance between accelerometers 11
and 12 is approximately the same as that between 12 and 13.
Figure 5(a) compares LDI values for accelerometer pairs (11,
12) and (12, 13) for BS4, LS1, LS2 and LS3 scenarios with BS3 as
the baseline scenario. Figure 5(b) presents a similar comparison
for BS4, LS4, LS5, LS6 and LS7 scenarios with BS3 as the baseline scenario. It can be observed from both the plots in Figure 5
that LDI values not only increased with damage severity for both
(11, 12) and (12, 13) accelerometer pairs, but also that LDI values
of (12, 13) pair are consistently higher than that of (11, 12) pair,
as expected.
It can be inferred from these observations that the LDI-based
technique has the potential to work across bends in pipeline
systems and that LDI values derived from accelerometers placed
across the bends are greater than the values derived from those
that are placed along a straight section of a pipeline.
4.2. Hypothesis-2: the LDI-based technique has the
potential to work across pipeline joints (T-joints)
T-joints are another source of disturbance in the enclosed flow
of a pipeline. Pressure waves get reflected at T-joints appearing

Figure 6. LDI values of different pairs of accelerometers which bracket one leak and
one joint each with BS3 as the baseline scenario.

similar to leaks, thereby making it difficult to distinguish leaks
(Xu, Johnston, Jiao, & Plummer, 2014). Consequently, leak detection techniques that are based on the flow characteristics may be
less accurate in the presence of T-joints. Although a joint may
affect the dynamic response of the pipeline, it is hypothesised that
the LDI-based approach is capable of detecting leakage since the
joint-induced effect is inherent to both baseline and leaky states
of the system, and consequently its effect nullified.
To evaluate this hypothesis, three common types of joints,
highlighted in Figure 2, with varying pipe diameters and flow
directions have been investigated through the use of pairs of
accelerometers that bracket one joint and one leak each. The
selected pairs include (1, 4) and (4, 7) which bracket joint (a) and
L1 (refer to Figure 2), (3, 6) and (3, 13) which bracket joint (b)
and L1, and (7, 11) which brackets joint (c) and L2. To investigate the effect of a joint in the leak-free scenario, LDI (1, 4, BS1,
BS2)1 (= 26.32) and LDI (1, 4, BS3, BS4) (= 35.91) are compared.
The higher value of the latter is likely due to the presence of flow
across joint (a) in the system.
As expected, the joint reduced the correlation between acceleration measured across it as compared to the data collected from
a pair of accelerometers located on a straight section of the pipeline without discontinuities, and consequently resulted in higher
LDI value. LDI values of all the selected pairs of accelerometers
for various damage severities are plotted in Figure 6. As can be
observed from Figure 6, LDI increases with damage severity for
all pairs of accelerometers for the three joint types investigated.
Consequently, it can be inferred that the LDI-based approach
has the potential to detect leaks through accelerometers located
across a joint; however, extensive future studies are required to
further validate this claim on larger-scale systems with varying
pipe sizes and materials.
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4.3. Hypothesis-3: in a looped system, accelerometers
located on the same pipeline segment as the leak are
capable of detecting the leak
To evaluate the capability of the LDI-based technique in the presence of system complexities and non-uniform boundary conditions upstream and downstream of the leak, it is necessary to
investigate the sensitivity of LDI derived from accelerometers
placed along the pipeline length. To test this hypothesis, three
pairs of accelerometers located each on 76 mm and 102 mm
pipelines are chosen to compare LDI values for various leakage
severities. The three pairs on 76 mm pipeline, housing the L1
leak, are (1, 6), (3, 4) and (1, 5), while those on 102 mm pipeline,
housing the L2 leak, are (9, 12), (10, 11) and (8, 12).
Figure 7(a) illustrates the change in LDI of the three pairs
of accelerometers located on 76 mm pipeline, while Figure
7(b) illustrates the change in LDI of accelerometers located on
102 mm pipeline for various leakage severities. In Figure 7, LDI
increases with leakage severity in all the cases investigated. It can
be inferred from this observation that accelerometers located
on the same pipe segment (i.e. not separated by any joints) as
the leak in a complex pipeline system can be leveraged to detect
leakage using the LDI-based technique.
Additionally, it is worth noting that the energy dissipation
of leak-induced excitation in a pipeline system is a function of
the structural damping of the transient pressure wave resulting
from the fluid–structure interaction (Keramat, Tijsseling, Hou,
& Ahmadi, 2012). Such damping, which is characterised by the
damping coefficient (C), increases with the diameter of the pipeline as can be observed from the following equation (Budny,
Wiggert, & Hatfield, 1991):
√
C = 2𝜉A E𝜌p
(3)
where, ξ is damping ratio, A is cross-sectional area of the pipe, E
is Young’s modulus of elasticity and ρp is mass density of pipeline.
Parameters E and ρp in Equation (3) would be the same for a
given pipe material, and it is reported that variation in ξ will be
negligible for various pipes in terms of sizes and materials (i.e.
within 1 to 4% variation) (Budny et al., 1991; Lay, Abu-Yasein,
Pickett, Madia, & Sinha, 1997). Consequently, it can be inferred
that larger diameter pipelines (with greater value of A) exhibit
greater rates of energy dissipation per unit length. As a result, the
leak-induced pressure fluctuation will be attenuated faster in larger
pipes compared to the smaller ones. While it can be clearly seen
from Figure 7(b) that the LDI-based approach is capable of detecting leakage in the larger diameter pipeline of the experimental
set-up, the damping analysis suggests that the accelerometers may
need to be placed closer to each other compared to a smaller diameter pipeline to detect a comparable leak with similar LDI values.
This assessment is supported by the fact that LDI (10, 11, BS3,
LS4) is less than LDI (3, 4, BS3, LS1), as can be seen in Figure 7,
despite the leakage severity in LS4 being twice that of LS1 and
the distance between accelerometers 10 and 11 being the same as
that between 3 and 4. The lower value of LDI derived from accelerometers placed on the larger diameter pipeline is due to rapid
damping of leak-induced effects despite higher leakage severity.
While it will need further research to quantitatively evaluate the
variation in LDI values with pipe size, the LDI-based approach

Figure 7. Comparative LDI plots for accelerometers located on the same pipeline as
the leak with BS3 as the baseline scenario.

Figure 8. Comparative LDI plots for accelerometers located on different pipeline as
the leak with BS3 as the baseline scenario.

will be suitable for leakage assessment in pipelines of various
sizes.
4.4. Hypothesis-4: in a looped pipeline system,
accelerometers located on a different pipeline as the leak
have the potential to assess the leak
Detecting leaks on a pipeline that does not house any accelerometer is a valuable capability for monitoring large-scale water supply
systems, especially since it is economically unfeasible to embed
sensors on each pipeline segment (Movva, 2014). Consequently,
the sensitivity of the LDI-based technique to detect leaks in one
pipeline using accelerometers placed on a different pipeline in
the system is evaluated.
To test this hypothesis, three pairs of accelerometers located
each on 76 mm pipeline and 102 mm pipeline are chosen to compare LDI values for leaks not located on the same pipelines. The
three pairs on 102 mm pipeline are (9, 12), (10, 11) and (8, 12),
while those on 76 mm pipeline are (1, 6), (3, 4) and (1, 5). LDI
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Figure 9. LDI values for several single and multiple leak scenarios with BS3 as the baseline scenario.

values of the three pairs of accelerometers on 102 mm pipeline
are calculated with respect to L1, located on the 76 mm pipeline,
and similarly LDI values of the accelerometer pairs on 76 mm
pipeline are calculated with respect to L2, located on 102 mm
pipeline. As can be observed from the selection of accelerometer
pairs, those that are at varying distances from each other are
paired to nullify the effect of distance between the accelerometers
on LDI values. Figure 8(a) depicts the change in LDI of accelerometer pairs located on the 102 mm pipeline for BS4, LS1, LS2
and LS3 scenarios, while Figure 8(b) depicts the change in LDI
of accelerometers located on the 76 mm pipeline for BS4, LS4
and LS5 scenarios.
In Figure 8, LDI values are significantly higher for leaky scenarios compared to the baseline scenario in all cases. Based on
the resulting observations from the conducted experiments, it
seems possible to detect a leak through LDI-based technique,
without needing to directly monitor the pipeline with the leak;
other nearby pipelines may be monitored. Additionally, it can
also be observed from Figure 8 that LDI increases with damage
severity in all the cases, thereby showing promise in the technique for assessing the relative damage severity. It will however
require extensive testing with larger scale distribution systems
to further validate this claim.
4.5. Hypothesis-5: LDI-based technique has the potential
to work amid several system complexities
Various sources of transient disturbances that are common in
pipeline systems make it difficult for some previous leak detection
techniques to distinctly identify the onset of a leak (Covas et al.,
2005). To evaluate the capability of the LDI-based technique in
presence of several system complexities put together, (1, 6) pair
of accelerometers, located on the 76 mm pipeline before and after
the 102 mm loop, are chosen to compare LDI values for various
leakage scenarios.
It is noted that LDI (1, 6, BS1, BS2) = 23.80 is lower than LDI
(1, 6, BS3, BS4) = 34.58, which is due to the imposed disturbances
that arise in the looped system. The variation in LDI for (1, 6),
with BS3 as the base case, across different damage severities is
presented in Figure 9. As can be observed from Figure 9, LDI
increases consistently with damage severity from BS4 to LS3 scenarios (representing various severities of L1 leak alone). It can also
be observed from Figure 9 that LDI continues to increase for LS6
and LS7 scenarios that represent multiple leakages (i.e. through L1
and L2 simultaneously). It is hypothesised that onset of multiple
leaks with a similar combined leakage flow rate as a single leak,
will result in greater noise and subsequently a higher LDI value.

Consistent with such expectation, LDI (1, 6, BS3, LS8) (multiple leaks with total leakage flow rate of 10.6 l/min as can be
observed from Table 1) is higher than LDI (1, 6, BS3, LS2) (single
leak with leakage flow rate of 12 l/min). Despite the reduction
in the total leakage flow in LS8 when compared to LS2, the LDI
value increases, which can be attributed to additional disturbances in the system that arise due to the onset of multiple leaks.
Similarly, LDI (1, 6, BS3, LS6) (multiple leaks with total leakage
flow rate of 16.8 l/min) is higher than LDI (1, 6, BS3, LS3) (single
leak with leakage flow rate of 22.1 l/min). While it is promising
to observe that LDI values corresponding to multiple leaks are
greater than that to single leaks with similar leakage flows, it
needs further investigation to conclude the merits of the LDIbased technique in differentiating multiple leaks.
Overall, it can be inferred that the presence of a complex
loop between two accelerometers does not prevent the LDIbased technique in assessing leakages. It is also observed from
the limited testing carried out in this study that LDI values for
multiple leaks with similar combined leakage flow as a single
leak are greater than that of the single leak. The importance of
such capability becomes more significant when implementation of typical leak detection strategies such as district metered
area (DMA) has been reported to be less suitable for old districts area with parallel pipelines or several loop lines (Li et al.,
2011). It will however require extensive testing to optimise the
sensor spacing distance and deal with several interesting practical pipe layout patterns. Furthermore, although the tradeoff between LDI accuracy and sensor-to-sensor spacing is not
known as of yet, previous studies suggest that leak-induced
vibrational characteristics can be sensed at distances of over
100 m (Martini et al., 2014, 2015; Nestleroth et al., 2012, 2014;
Pal et al., 2010).

5. Conclusions and recommendations
In an attempt to address the leakage problem of water distribution systems which is becoming a prevalent concern, the evaluation of a vibration-based leak detection technique for water
pipelines is presented in this paper. The technique assesses leakage through monitoring of cross-correlation of surface acceleration along the pipe length, which is quantified by the proposed
leak detection index (LDI). This technique is evaluated using a
two-looped complex pipeline system that comprises pipes of two
different sizes, several valves, bends, T-joints and elevation differences. The performance of the technique in a complex pipeline
environment revealed its merits and highlighted the limitations
that should be addressed in the future.

STRUCTURE AND INFRASTRUCTURE ENGINEERING 

The results from various experiments reported in this paper
revealed that the LDI-based technique is generally capable of
assessing leakages, i.e. detecting the onset and relative severity
of leakage, in complex pipeline environments. Specific findings
of this study include:
(1) Larger diameter pipelines exhibit greater attenuation
of leak-induced pressure fluctuations along the length,
from which it can be inferred that LDI values will be
lower in these pipelines than in smaller diameter pipelines for comparable leaks.
(2) LDI-based technique is capable of leakage assessment
through accelerometers placed across a pipeline bend;
and LDI values derived from accelerometers placed
across a bend are usually higher than those derived
from a straight section of a pipeline.
(3) LDI-based technique is capable of leakage assessment
through accelerometers placed across a T-joint.
(4) LDI-based technique is capable of assessing the leakage through accelerometers located on the same pipe
segment as the leak, as well as through accelerometers
that are located on a different (yet nearby) pipe segment in a looped system.
(5) LDI values for multiple leaks with a similar combined
leakage flow as a single leak are higher than that for the
single leak.
Some directions for future research to address the shortcomings of this study include: (a) the effect of surrounding soil
backfill on the vibrational characteristics of the buried pipeline
should be investigated to ensure practical feasibility of the LDIbased approach; (b) the sensitivity of the LDI-based approach
to sudden, significant and legitimate system demands should be
explored; (c) while the use of ball valves for leak simulators conveniently served the purpose of controlled leakages in this study,
more realistic leakage flows through orifices made in pipelines
may further validate the practical use of the LDI-based technique; (d) the ability of the LDI-based technique to accurately
locate leaks should also be investigated in the future using an
appropriately scaled experimental set-up where system complexities (e.g. bends, T-joints) are sufficiently spaced out such that
LDI values are not greatly influenced by them; (e) the ability of
the LDI-based technique to distinctly identify multiple leaks;
(f) the LDI-based approach should be more extensively validated on real-world pipeline systems; and (h) the sustainability
of network-wide LDI-based leakage monitoring system needs
to be evaluated by estimating its life cycle cost and energy consumption, which depend on characteristics of physical pipeline
infrastructure, monitoring hardware and data communication
schemes.

Note
1. 
This notation represents LDI value calculated using the two
accelerometers identified as the first two attributes, while the third
entry represents the baseline case, and the fourth entry represents
the case for which the LDI is being calculated. LDI (1, 4, BS1, BS2)
is the LDI value calculated based on acceleration data obtained
from first and fourth accelerometers for the BS2 case using BS1 as
the baseline scenario.
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