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Novel vibration-based technique for detecting water pipeline leakage

Sepideh Yazdekhasti, Kalyan R. Piratla, Sez Atamturktur and Abdul A. Khan

Glenn Department of Civil Engineering, Clemson University, Clemson, SC, USA

ABSTRACT
Exacerbating the imbalance between demand for freshwater and available water resources is the sub-
optimal performance of water distribution systems, which are plagued with leaks that cause significant 
losses of treated freshwater. This paper presents an approach for leak detection that involves continuous 
monitoring of the changes in the correlation between surface acceleration measured at discrete locations 
along the pipeline length. A metric called leak detection index is formulated based on cross-spectral 
density of measured pipe surface accelerations for detecting the onset and assessing the severity of leaks. 
The proposed non-invasive approach requires minimal human intervention and works under normal 
operating conditions of the pipeline system without causing any operational disturbances. The approach 
is demonstrated on a 76 mm diameter polyvinyl chloride pipeline test system considering varying leak 
severities. The preliminary results presented in this paper seem promising and lead to several interesting 
questions that will require further research.

1. Introduction

In the U.S., approximately 20% of all treated water, which amounts 
to about 26.5 million m3 per day, is lost through pipeline leakage, 
and the losses exceed 50% in some developing and underdevel-
oped countries (Mutikanga, Sharma, & Vairavamoorthy, 2012). 
In addition to the loss of treated water, ancillary losses include 
embedded energy and the energy required to compensate the 
pressure losses due to leakage. Furthermore, leaks can poten-
tially compromise the drinking water quality due to contaminant 
infiltration into water distribution systems (WDSs). Given the 
lack of financial resources to adequately rehabilitate pipelines 
that continue to operate past their intended design life, leakage 
is expected to increase in the coming years (Costello, Chapman, 
Rogers, & Metje, 2007).

A variety of non-destructive inspection techniques for pipe-
line leak detection, such as ground penetrating radar (Hyun, Jo, 
Oh, & Kirn, 2003), tracer gas (Hunaidi, Chu, Wang, & Guan, 
2000), infrared thermography (Zhang, 1997) and acoustic tech-
niques (Hunaidi, Wang,, Bracken, Gambino, & Fricke, 2004), 
exist. However, research needs and technology gaps still remain 
for the successful application of these techniques on a wide range 
of pipe materials and sizes. For example, acoustics-based tech-
niques, which are the most widely used, have proven to be less 
reliable on plastic pipe material which is increasingly becoming 
the attractive choice for WDS pipelines (Liu, Kleiner, Rajani, 
Wang, & Condit, 2012). Additionally, current methods are 
labour-intensive, dependent on the operator’s expertise, and 
less useful for continuous real-time monitoring of WDSs. Due 
to their higher costs, inspection using current non-destructive 

techniques is justified only in the case of large diameter trans-
mission pipelines which when fail will result in significant con-
sequences (Nestleroth et al., 2012).

In an attempt to address some of these limitations, this paper 
presents a vibration-based monitoring approach for detecting 
the occurrence, locating the vicinity and quantifying the rel-
ative severity of leaks in WDS pipelines. The proposed tech-
nique employs the principles of structural health monitoring 
and entails the use of accelerometers installed along the length 
of the pipeline to continuously (or quasi-continuously) monitor 
the system dynamic behaviour. The approach has been success-
fully demonstrated through a series of tests conducted on an 
experimental pipeline test bed that is made of 76 mm diameter, 
polyvinyl chloride (PVC) pipe. The results obtained from the 
preliminary experimental campaign are highly encouraging; 
although, further validation on more complex pipeline config-
urations and testing conditions is required to determine the true 
extent of the merits and limitations.

2. Background perspectives

The behaviour of a damaged water pipeline depends on its 
structural characteristics, hydraulic behaviour of the fluid 
flowing within, and the fluid–pipe interaction. Several  studies 
previously employed these principles both  individually 
and collectively to formulate defect detection and location 
mechanisms.

Damage detection studies based on pipeline structural behav-
iour relied on the premise that vibration response characteristics 
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2  S. YAZDEKHASTI ET AL.

changes in the pipeline surface vibration to interpret changes in 
water pressure due to a leak (Hunaidi & Chu, 1999; Shinozuka, 
Chou, Kim, Kim, Karmakar, et al. 2010; Shinozuka, Chou, Kim, 
Kim, Yoon, et al., 2010; Stoianov et al., 2007; Yoon, Park, & Shin, 
2012). This class of techniques suffers from some of the limita-
tions of the flow-based techniques such as the difficulty in dis-
tinguishing pressure changes from other transient sources and 
those due to a leak.

Besides these three classes of leak detection studies, there 
are several commercially available acoustics-based techniques 
for locating leaks and these are based on the cross-correlation 
of collected acoustic signals from different locations along the 
pipeline (Brennan, Joseph, Muggleton, & Gao, 2008; Hunaidi, 
2012). These cross-correlation-based techniques have proven to 
be reasonably effective on metal pipelines, but not so much on 
plastic pipes (Liu et al., 2012).

While the leak detection approach proposed in this paper 
is fundamentally different to several previously proposed 
approaches in the way it measures the effect of a leak on the 
system characteristics, it is built upon the principles of pipeline 
structural behaviour and fluid flow characteristics. The proposed 
approach uses the flow internal to the pipeline as the excitation 
force to determine the change in cross-spectral density (CSD) 
of vibration data measured at discrete locations on the pipeline 
between the baseline (i.e. before leak developed) and leaky (i.e. 
after leak developed) states of the system. The proposed method 
leverages the change in frequency content of enclosed flow due to 
the onset of a leak, whereas other cross-correlation-based tech-
niques use the cross-correlation function to pinpoint the location 
of suspected leak by estimating the exact distance between two 
mounted sensors, difference in arrival times of leak-induced sig-
nals at those two locations and the leak noise propagation speed 
in the pipeline (Hunaidi, 2012).

3. Vibration-based leak detection concept

The leak detection approach proposed in this paper relies on 
the continuous monitoring of pipeline vibration characteristics 
to extract an index that is sensitive to the onset of leaks and 
insensitive to ambient noises.

3.1. Conceptual framework

The presence of a leak within the pipeline introduces pressure 
variations, which are correlated with the flow-induced pipeline 
vibration (Sreejith et al., 2004) caused by the fluid–pipeline inter-
action. This interaction is a result of the transfer of momentum 
and forces between the pipeline and the internal flow. Three 
coupling mechanisms compose this fluid–pipeline interaction 
as illustrated in Figure 1, namely Poisson coupling, friction cou-
pling and junction coupling. Poisson coupling relates the circum-
ferential stress perturbation produced by pressure transients in 
the fluid to the axial stress perturbations by virtue of Poisson 
ratio coefficient (Wiggert, Hatfield, & Stuckenbruck, 1987). 
Friction coupling, which is usually insignificant, is produced by 
the shear stresses of the fluid acting on the pipe wall (Tijsseling, 
1996). Junction coupling, the most relevant to this study, occurs 
at unsupported discrete points of the pipeline system through 

(i.e. natural frequencies, mode shapes, modal damping and 
time history acceleration response) and their derivatives (i.e. 
mode shape curvature and statistical properties) are functions 
of the physical properties of the pipeline structure (i.e. mass, 
stiffness and damping) and that change in these properties 
due to a defect may alter the vibration response (Atamturktur, 
Gilligan, & Salyards, 2013; Cheraghi, Riley, & Taheri, 2005; 
Dilena, Dell’Oste, & Morassi, 2011; Farrar & Worden, 2007; He, 
Ye, Chen, & He, 2009; Martini, Troncossi, Rivola, & Nascetti, 
2014; Murigendrappa, Maiti, & Srirangarajan, 2004a, 2004b; 
Naniwadekar, Naik, & Maiti, 2008; Sharma, 2013).

Vibration response characteristics of a pipeline are, how-
ever, global features that may be similar for several defect types, 
positions and severities, making it challenging to determine a 
unique defect signature (Atamturktur, Bornn, & Hemez, 2011; 
Farrar & Worden, 2007). Addressing this limitation, several other 
studies focused on integrating physics-based models, such as 
the finite element models, with measurements to better under-
stand the variation of vibration responses (Dilena et al., 2011; 
Murigendrappa et al., 2004a, 2004b; Naniwadekar et al., 2008). 
The development of finite element models will, however, require 
a large amount of accurate system information which may not 
be available or difficult to measure.

On the other hand, a majority of leak detection studies based 
on flow characteristics internal to the pipelines exploited the 
transient conditions in water pipelines triggered by sudden 
changes in system boundaries, typically resulting from rapid clo-
sure of valves or pump shutoffs (Covas, Ramos, & De Almeida, 
2005; Jönsson & Larson, 1992; Lee, Lambert, Simpson, Vítkovský, 
& Liggett, 2006; Lee, Vítkovský, Lambert, Simpson, & Liggett, 
2005; Wang, Lambert, Simpson, Liggett, & Vtkovský, 2002). Such 
rapid changes prompt a pressure wave that travels along the pipe 
length at the speed of sound in water, and this transient pres-
sure wave gets reflected at pipe fittings, storage tanks, leaks or 
demand nodes with varying consumption rates (Colombo, Lee, 
& Karney, 2009).

Despite the successful performance of this class of methods 
on stand-alone pipelines in laboratory environments, their appli-
cation on complex looped systems is limited (Colombo et al., 
2009) due to the difficulty in differentiating reflected pressure 
waves from pipe fittings and demand changes from that of 
leaks (Vtkovský, Liggett, Simpson, & Lambert, 2003). Transient 
pressure waves are also dampened by valves, bends, flanges 
and other appurtenances used in looped systems (Wu, Sage, & 
Turtle, 2010), making it difficult to detect leaks using this class of 
methods. Furthermore, this approach could disturb the regular 
service of a pipeline system due to the use of invasive pressure 
transducers (Ben-Mansour, Habib, Khalifa, Youcef-Toumi, & 
Chatzigeorgiou, 2012).

The third class of leak detection studies is based on pipe-flow 
interactions. Usually, the temporal pressure gradient of water 
tends to be larger at locations closer to the source of transient, 
such as a pipe rupture (Stoianov, Nachman, Madden, Tokmouline, 
& Csail, 2007), and it decays in both pipeline directions (Gao, 
Brennan, Joseph, Muggleton, & Hunaidi, 2004; Shinozuka, Chou, 
Kim, Kim, Yoon, et al., 2010). This sharp change in the water 
pressure is accompanied by a sharp change in the amplitude of 
vibration response of the pipeline surface (Shinozuka & Dong, 
2005). Studies based on pipe-flow interaction monitored the 
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STRUCTURE AND INFRASTRUCTURE ENGINEERING  3

unbalanced pressure forces and variation in the momentum of 
flow due, for instance, to leaks (Wang & Eat Tan, 1997).

When a leak occurs, the transient change in water pressure 
propagates through the pipeline, resulting in pipeline vibration 
because of junction coupling. The pipeline vibration is pro-
portional to the pressure fluctuations, which can be described 
through Reynold’s decomposition of total internal pressure of 
pipeline, p, into the mean component of internal pressure of flow, 
p̄ and the pressure fluctuating component, p′, as:

 

The pressure fluctuations can then be related to the pipe surface 
acceleration, d

2y

dt2
 using the differential equation of motion for 

transverse vibration of a beam (Seto, 1964):
 

where, C is equal to g/A, A is cross-sectional area of the beam, γ 
is the specific weight of the beam, g is the acceleration of gravity 
and EI is flexural rigidity.

This study relies on the premise that the onset of a leak causes 
expulsion of water, which results in a change in the pressure fluc-
tuation and subsequent vibration fluctuation of the pipeline. As a 
result, the leak is expected to change the measured power spec-
trum density (PSD) (see Figure 2). The PSD operator describes 
the power distribution of the supplied time signal over different 
frequencies. PSD can be interpreted as the relative power carried 

(1)p = p̄ + p′

(2)
d2y

dt2
= −

g

A!
EI

d4y

dx4
= −Cp′(x)

in a sine wave of a given frequency (Hunaidi & Chu, 1999; Stoica 
& Moses, 1997). As can be observed in Figure 2, the PSD of a 
leak-free pipeline vibration response under operational condi-
tions (i.e. flow excitation) is distinctly different than that of a 
leaky pipeline, particularly in higher frequencies. A challenge 
here is in distinguishing changes in the PSD due to leaks from 
those that are due to random noises.

One approach for addressing this challenge is the use of 
cross-correlation between acceleration data measured at two dis-
tinct locations. The effect of spatially uncorrelated out-of-control 
noises is filtered by the cross-correlation function (Tokmouline, 
2006) which results in the manifestation of leak-induced peaks, 
which are the only correlated components in the vibration signal. 
The propagation of the generated transient wave along the pipe 
in both directions away from the leak (Gao et al., 2004) makes 
it possible to detect leak by comparing data collected from two 
accelerometers mounted on the pipeline surface on both sides 
of the leak.

The leak-borne signals collected in the presence of ambient 
noise can be represented as:

 

 

where, l1(t) and l2(t) are leak-induced disturbance signals col-
lected from accelerometers 1 and 2, respectively; n1(t) and n2(t) 
are ambient noise signals at the two locations.

(3)x
1
(t) = l

1
(t) + n

1
(t)

(4)x
2
(t) = l

2
(t) + n

2
(t)

Figure 1. Sources of excitations and interaction between fluid and pipeline.

Figure 2. Comparison of the PSD of the leak and ambient noise measured by two accelerometers (adapted from Hunaidi & Chu, 1999).
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4  S. YAZDEKHASTI ET AL.

where, xi(t) is the CSD of the baseline system and xd(t) is the 
CSD of the damaged one. The LDI-based leak detection approach 
developed in this study is presented in Figure 3.

4. Research methodology and experimental 
campaign

4.1. Experimental set-up

The test bed used in this study for demonstrating the proposed 
leak detection approach is a closed loop, PVC pipeline system 
with an integrated leak simulator, as shown in Figure 4. The 
system consists of 16-m-long, 76-mm-diameter PVC pipe, 
installed at a depth of about .6  m, connected to a Dayton 
model of 3KV80A pump and a 210-liter reservoir. The pipeline 
flow rate is determined to be 1100 lit/min, which is calculated 
based on the pump curve. As illustrated in Figure 4, a .3 m long 
interchangeable section is placed in the middle of the PVC pipe 
to simulate leaks of multiple severities by opening the attached 
25.4-mm ball valve in a stepwise manner. In addition, as 
shown in Figure 4, one 45° bend and two 90° bends at different 
elevations are used at upstream and downstream of the leak, 
respectively, to form a loop of pipeline connected to pump and 
reservoir.

4.2. Experimental campaign

Six accelerometers are mounted on the pipeline at three mon-
itoring points along pipeline length, referred to as points A, 
B and C, as illustrated in Figure 5. At each monitoring point, 
one accelerometer is placed in the same azimuthal position as 
the leak, while another accelerometer is placed at a 90° angle 
from the azimuthal position of the leak. Bruel and Kjaer 4507 B 
type of accelerometers with nominal sensitivity of 50 mV/N are 
employed in this study. The interchangeable leak simulator is 
placed at an equal distance between monitoring points B and C 
and the monitoring point A is placed same distance away from B. 
The accelerometer placement is selected such that the variation in 
vibration response can be studied along the length of the pipeline 
both upstream and downstream of the leak.

The cross-correlation function of the signals x1(t) and x2(t) 
is calculated by:

 

where, τ is the lag of time, and E[.] is the expectation operator. 
In the absence of ambient noise, the second, third and fourth 
terms in Equation (5) vanish leading to a single peak in the 
cross-correlation function that is due to the leak. However, in 
practice, the ambient noise contaminates the collected signal. A 
common noise reduction technique used in signal processing is 
the filtering approach, which sharpens the peaks in the cross-
correlation functions. Previous studies have also suggested that 
the pipe itself acts as a low-pass filter, attenuating high frequency, 
hard-to-control noises (Tokmouline, 2006).

3.2. Leak detection index

As shown in Equation (5), the presence of a leak alters the 
cross-correlation function of the acceleration response meas-
ured at multiple points along the pipeline. The CSD, which is the 
Fourier transform of the cross-correlation of two discrete-time 
signals, represents the power that is shared by two signals at any 
frequency. CSD captures changes in both the cross-correlation 
and PSD functions due to the presence of a leak. The higher the 
value of CSD, the greater the correlation between the data from 
the two measurement locations.

In this study, leak detection index (LDI) is devised as a 
distance-based damage indicator relying on the quantification of 
differences in the physical system based on changes in CSD due 
to a leak. Similar distance-based indices have been successfully 
used in several structural health monitoring studies (Niu, Singh, 
Holland, & Pecht, 2011; Ramaswamy, Rastogi, & Shim, 2000). 
LDI involves the difference between the CSD functions of leaky 
and baseline pipeline states normalised with respect to the 
baseline state:

 

(5)
C
12
(!) = E

[
x
1
(t)x

2
(t + !)

]

= E
[
l
1
(t)l

2
(t + !)

]
+ E

[
l
1
(t)n

2
(t + !)

]

+ E
[
n
1
(t)l

2
(t + !)

]
+ E

[
n
1
(t)n

2
(t + !)

]

(6)LDI =
∫ ||
|
xi(t) − xd(t)

|
|
|

∫ ||x
i(t)||

Figure 3. Proposed approach for pipeline leak detection.
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STRUCTURE AND INFRASTRUCTURE ENGINEERING  5

during data acquisition. This expectation is verified in this study 
as the use of a Butterworth filter, to filter out high frequency 
response resulted in no significant difference in the measured 
auto spectral density (ASD).

In this study, five scenarios shown in Table 1 are evaluated 
for detecting the presence and severity of leaks. Different valve 
configurations, as shown in Table 2, are used to simulate the 
five damage severities evaluated in scenarios 4 and 5. Damage 
Severity-1 (DS1) represents the baseline state and it is simulated 
by fully closing the leak simulator’s ball valve, whereas DS5 rep-
resents a system with maximum damage severity (DS) simulated 
by fully opening the ball valve.

5. Results and findings

5.1. Preliminary investigations

Preliminary investigations have been carried out to evaluate 
the general influences of pump and water flow on the dynamic 
response of the pipeline system. The intent is to highlight the 
characteristics of the internal flow as the excitation force on the 

The PSD of the flow at any given radial position is a function 
of Reynolds number, which is a dimensionless quantity used 
to characterise the flow as laminar or turbulent (Sattarzadeh, 
2011). Based on the PSD graphs presented by Sattarzadeh (2011) 
related to energy distribution of flow for different Reynolds num-
bers and radial positions, the pipeline considered in this study 
is determined to be excited by the internal flow to the pipeline 
at frequencies lower than 1000 Hz.

Time domain acceleration data are collected with a lowest 
frequency component of 10 Hz and a span of 1600 Hz, leading to a 
frequency resolution of 11.5 mHz, time resolution of 2.5e−4 s with 
33-s data samples. The upper frequency limit is selected based 
on the frequency span of the energy distribution from the flow 
excitation (1000 Hz) which needs to be covered, and the lower 
frequency limit is selected in order to filter noises at frequencies 
below the first vibration mode of the pipe. A commercial data 
acquisition system of the Bruel and Kjaer multipurpose 4- and 
6-channel input LAN-XI-type modules with frequency range of 
0–51.2 kHz is used to record and digitise acceleration signals. 
Since the pipeline inherently acts as a low-pass filter, the effect of 
high frequency, hard-to-control noise is expected to be suppressed 

Figure 4. Experimental pipeline test bed.

Figure 5. Schematic of the experimental configuration (Y-axis is along the flow direction).
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6  S. YAZDEKHASTI ET AL.

system is excited at monitoring point A (see Figure 5) using the 
sledge-hammer with an approximate force of 490 N. Average 
pipeline frequency domain responses for five repetitive tests are 
calculated to evaluate the influence of pump rotational frequency.

In the frequency domain, the measured pipeline response 
normalised with respect to the corresponding hammer impulse 
leads to frequency response functions (FRF). FRFs are obtained 
for all six accelerometers. Figure 6(a) shows the representative 
FRFs from the fifth accelerometer for three different pump rota-
tional frequencies. It can be observed from Figure 6(a) that the 
FRF of the system for pump rotational frequency of 0 Hz is well 
correlated with those for pump frequencies of 30 and 45 Hz, 
and therefore the pump operation is considered to be an insig-
nificant factor in this study. A similar trend is observed for all 
other accelerometers which indicated that there is no need for 
repeating the hammer impact test on each system in the future 
applications of the proposed technique.

5.1.2. Effect of water flow on the dynamic response of the 
system
Coherence function measures the degree of linear dependency 
of output signals to the measured input signals and is represent-
ative of the quality of measurements. Coherence assumes a value 
between 0 and 1, with a value of 1 representing ideal conditions 
and a value less than 1 indicating noise or non-linearity within 
the system. As part of Scenarios 2 and 3 (recall Table 1), coher-
ence plots for the three pump rotational frequencies considered 

pipeline and derive a general result that is applicable to other 
systems as well, without requiring to repeat the hammer impact 
test on each system.

5.1.1. Effect of pump on the dynamic response of the 
pipeline system
The operating pump generates noise, and thus it is necessary to 
evaluate the effect of this noise on the dynamic response of the 
pipeline system. The effect of the operating pump is evaluated 
for rotational frequencies of 0 (i.e. pump shutoff), 30 and 45 Hz. 
Hammer impact excitation is used to induce forced vibration 
into the system, to ensure the system is adequately excited for 
consistently testing the effect of the three pump rotational fre-
quencies. Using internal pipeline flow alone as the excitation 
force would have been inadequate when pump rotational fre-
quency is zero and that is why a hammer test is employed. An 
8207 model sledge-hammer, manufactured by Bruel and Kjaer, 
capable of exciting the system above the maximum pump noise 
level is used. For each pump rotational frequency, the baseline 

Table 1. Experimental scenarios tested in this study.

*Test is repeated 100 times to attain statistical significance of the results.

Scenario Description Objective
1 Intact system under three pump rotational frequencies (using all six 

accelerometers)
Study the effect of pump’s rotational frequency on the pipeline dynamic 

response
2 Intact system without flow (using all six accelerometers) Study the effect of pressurised flow in the system
3 Intact system filled with pressurised water (using all six accelerometers)
4 Leaky system with five damage severities (using first, third and fifth 

accelerometers*) 
Study the ability of accelerometers that are placed in the same clock 

position as the leak in detecting and determining damage severity
5 Leaky system with five damage severities (using second, fourth and sixth 

accelerometers*)
Study the ability of accelerometers that are placed at 90° angle with 

respect to the clock position of the leak in detecting and determining 
damage severity

Table 2. Valve configurations used for simulating different damage severities.

Severity level Valve configuration Leak discharge (lpm)
DS1 Fully closed 0
DS2 One quarter opened 8.93
DS3 Half opened 26.87
DS4 Three quarters opened 61.50
DS5 Fully opened 89.10

Figure 6. (a) Average FRFs of the fifth accelerometer in the hammer impact tests for the three pump rotational frequencies. (b) Coherence of first accelerometer in the 
hammer impact test.
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STRUCTURE AND INFRASTRUCTURE ENGINEERING  7

amplitude of one accelerometer decreases when that of other 
accelerometer increases. Figure 7(a) presents the CSD plots of 
the third and fifth accelerometers based on 100 data-sets for the 
baseline (DS1) scenario. It can be seen from Figure 7(a) that 
the observed frequency range matches the predefined range of 
interest (i.e. 0–1000 Hz). A similar trend is observed for other 
pairs of accelerometers.

Figure 7(b) presents the mean CSD plots of the third and 
fifth accelerometers based on 100 data-sets for the five DS levels 
defined in Table 2. As highlighted in Figure 7(b), an upward shift 
of CSD plots for leaky cases is observed in much of the frequency 
range of interest. This observed shift towards lower absolute 
values of CSD signifies the reduced correlation of acceleration 
between the third and fifth accelerometers with increased DS. It 
can be inferred from this result that leak-induced disturbance 
reduces the correlation between the measured system responses 
at different locations along the pipeline.

Figure 8 depicts the comparison of lower and upper bounds of 
CSD functions of the third and fifth accelerometers for different 
DS levels. As can be observed from Figures 7(b) and 8(a), the 
mean and upper bounds of CSD in baseline state (DS1) in much 
of the frequency range has the greatest absolute values, followed 
by DS levels 2, 3, 4 and 5. It can also be observed from Figures 
7(b) and 8(a) that the CSD plots in the lower frequencies (less 
than 100 Hz) do not clearly reflect the system’s sensitivity to DS.

The lower bound CSD plots presented in Figure 8(b) do not 
reflect the system’s sensitivity to DS in much of the frequency 
range, which is consistent with the expectation (Moens & 
Vandepitte, 2007) that lower bounds of CSD are highly sensi-
tive to the signal-to-noise ratio. Figure 8(c) presents the lower 
and upper bounds of CSD of the third and fifth accelerometers 
for DS1 and DS4 cases to highlight the ability of upper bound 
trend to inform leak detection process, due to its greater value 

in Section 5.1.1, i.e. 0, 30 and 45 Hz, are compared to evaluate 
how the flow excites the pipeline system. Higher pump rota-
tional frequency results in increased flow pressure, improving 
the coherence specifically in higher frequencies (>800 Hz) as 
demonstrated in Figure 6(b) for the first accelerometer. Similar 
trend is observed in all six accelerometers, which indicates the 
benefits associated with the presence of pressurised flow in the 
pipeline.

5.2. Leak detection

The simulated leak is located at the topmost point of the pipeline 
(i.e. 0° azimuth) as depicted in Figure 5. In this study, vibration 
profiles gathered from monitoring locations oriented in two dif-
ferent azimuthal positions are evaluated (as part of Scenarios 4 
and 5 in Table 1, respectively) for their ability in detecting the 
onset and severity of the leak. The first, third and fifth accel-
erometers, which are aligned with the azimuthal position of 
the leak, constitute the first set; whereas the second, fourth and 
sixth accelerometers placed with a 90° angle from the azimuthal 
position of the leak constitute the second set. Results for each 
set of accelerometers are separately discussed in the following 
subsections.

5.2.1. Accelerometers and leak exist in the same azimuthal 
position
One hundred tests are performed for each DS level (see Table 2) 
to achieve statistical significance of the obtained acceleration data 
and eliminate the influence of sporadic outliers. Acceleration 
responses under ambient excitation due to turbulent water flow 
are recorded. The CSD functions of each pair of accelerometers, 
i.e. first–third, first–fifth and third–fifth, are observed to be neg-
ative in all three cases implying that the measured acceleration 

Figure 7. CSD of third and fifth accelerometers for: (a) the baseline state (DS1). (b) the different damage severities.
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8  S. YAZDEKHASTI ET AL.

the data collected from the accelerometers that are positioned 
with a 90° azimuth angle from the leak. As shown in Figure 10,  
LDI consistently increases with DS, which shows promise in 
detecting and quantifying pipe damage in a different azimuthal 
position than the monitoring points. However, comparing LDI 
values of second–fourth, second–sixth and fourth–sixth pairs 
with first–third, first–fifth and third–fifth pairs reveal that LDI 
values are greater for accelerometers that are aligned with the 
leak (i.e. first–third, third–fifth and first–fifth). This trend can be 
explained by the fact that the leak-induced signal propagates in 
all directions and its intensity and energy decreases with distance 
from the leak. Therefore, the signal can be sensed with higher 
intensity through accelerometers which are aligned with the leak.

6. Sensitivity of the proposed leak detection 
approach

The sensitivity of the proposed leak detection approach is evalu-
ated for: (a) very small leak size, (b) variation in relative distances 
of the leak from the two monitoring locations on each side, 

for DS1 than DS4 in much of the frequency range, compared to 
the highly inconsistent lower bound trend.

Figure 9 illustrates the mean value of LDI from 100 tests for 
the five damage severities. It can be observed from Figure 9 that 
LDI increases monotonically with DS. While the ideal value of 
LDI is zero for the baseline (DS1) scenario, PSD is not constant 
over the 100 tests due to the variability inherent in measure-
ments. To account for such realistic behaviour, LDI in the base-
line state is calculated based on the mean values of two sets of 
data each comprising 50 tests.

5.2.2. Accelerometers placed normal to the azimuthal 
position of leak
Only a limited number of studies have previously evaluated pro-
posed damage indices considering various azimuthal positions of 
the accelerometers other than those of the defect (Naniwadekar 
et al., 2008). The accelerometer pairs second–fourth, second––
sixth and fourth–sixth are considered in this study to evaluate the 
ability in detecting the onset and severity of the leak. Figure 10 
illustrates the relationship between the LDI and DS based on 

Figure 8. Comparison of CSDs for third and fifth accelerometers with focus on: (a) Upper bounds. (b) Lower bounds. (c) Lower and upper bounds for DS1 and DS4.
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STRUCTURE AND INFRASTRUCTURE ENGINEERING  9

attenuated frequency response behaviours and result in lower 
cross-correlation (and LDI) values. To validate this theory, first–
fifth, third–fifth, second–sixth and fourth–sixth pairs of acceler-
ometers are considered. The distance between monitoring point 
A (which houses first and second accelerometers) and the leak 
is twice of that between the monitoring point C (fifth and sixth 
accelerometers) and the leak. The distance between monitoring 
point B (which houses third and fourth accelerometers) and the 
leak is equal to the distance between monitoring points C and 
the leak. Based on the theory that leak-induced changes attenuate 
with distance, it is expected that LDI values corresponding to 
first–fifth and second–sixth be less than those corresponding to 
third–fifth and fourth–sixth, respectively. In Figures 9 and 10, 
the expected trend is indeed observed.

Additionally, it is worth mentioning that different types of 
bends are placed at upstream (a large diameter 45° bend) and 
downstream (two large diameter 90° bends at different elevations 
each) of the leak, as can be observed from Figure 4, thereby 
inducing non-linear system behaviour. These bends can generate 
additional fluid reflections that could influence the flow excitation 
and consequently the capability of LDI to detect leaks. However, 
studying the effect of complexities-induced disturbances would 
be only possible if detailed information on the nature (e.g. unique 
frequency function) of the source of disturbance (e.g. bend) is 
available, which is difficult for real world systems that encompass 

(c) variation in the location of the leak with respect to the mon-
itoring boundaries and (d) variation in environmental noise.

6.1. Effect of very small leak size on LDI

The smallest leak size (i.e. in DS2) in this study is imposed by the 
size of the valve used as the leak simulator. In order to evaluate 
the proposed approach for detecting even smaller leak sizes, a 
3/8th inch (or 9.525 mm) ball valve is inserted into the pipeline 
at .2 m from the 1 inch (or 25.4 mm) valve. The 3/8th inch (or 
9.525 mm) valve resulted in a leak flow of 2.46 lit/min. While 
the LDI value of this smaller leak could not be compared with 
other damage scenarios due to inconsistent baseline states, it 
has been observed that LDI has increased by 198% compared to 
the baseline scenario, thereby showing promise in the proposed 
approach for detecting smaller leaks.

6.2. Effect of monitoring location distances from the leak

The farther leak-induced vibration characteristics propagate, the 
greater the attenuation in frequency response changes. Given that 
the proposed leak detection technique is based on the differences 
of CSD of acceleration data gathered from different locations, it is 
important to understand the effect of different distances of mon-
itoring locations from the leak, for they could exhibit differently 

Figure 9. LDI for all damage severities considering different accelerometers which are oriented in the same direction of the leak.

Figure 10. LDI for all damage severities considering different accelerometers which are oriented in the perpendicular direction to the leak.
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10  S. YAZDEKHASTI ET AL.

is performed by introducing random noise on the CSD of the 
acceleration data. The random noise from a specific source 
under actual operating conditions can be expected to be cor-
related along the length of the pipeline. Representing a worst 
case scenario, three levels of intended noise with mean values of 
zero and standard deviations (σ) of ±1%, ±5% and ±10% of CSD 
are induced independently at each monitoring point. Figure 11 
presents the ASD of the responses from the first accelerometer 
for different noise levels.

The effect of randomly induced noise on mean values of LDI 
obtained from all pairs of accelerometers for the five damage 
severities is summarised in Table 3, which suggests that noise lev-
els with higher standard deviation result in greater values of LDI 
that tend to become less differentiable. The closer values of LDI 
at higher noise levels indicate that LDI could be less sensitive to 
DS at high levels of noise. However, the general trend of increase 
in the LDI value with DS supports the claim that the proposed 
approach has the potential to work in the noisy environments of 
buried pipelines; however, extensive future studies are required 
to further validate this claim on more complex systems.

7. Conclusions

Given the high percentage of water leakage through distribution 
pipelines, it is imperative to detect, locate and prevent the onset 
of water pipeline leakage. The existing leak detection techniques 
are labour-intensive and practical only when the suspected loca-
tion of leak is narrowed down to a smaller area of the pipeline 
system. In an attempt to address some of the current limitations, 
this paper presented a vibration-based leak detection technique 
that is suitable for continuous monitoring of the pipeline system 
and explored its merits by validating it through experimental 
testing conducted on a small-scale, 76 mm-diameter PVC pipe-
line test bed.

A damage index, LDI, which is based on the differences of 
cross-spectral density functions of acceleration data collected 

wide range and types of unique complexities (Norton & Karczub, 
2003). Based on conducted experiments and the resulting obser-
vations, it however seems possible to detect leakage based on LDI 
values from different pairs of accelerometers even in the presence 
of bends. LDI approach overcomes the limitation of system com-
plexities by comparing the baseline and leaky system states, both 
of which entail the same set of complexities, and consequently 
nullify their effect. It will however require extensive testing on 
several pipeline configurations and accelerometer placements to 
further validate this claim.

6.3. Effect of leak location on LDI

In some cases, it may be necessary to detect pipeline leaks that 
exist beyond the section that is bound by monitoring locations. 
Therefore, the sensitivity of LDI for out-of-bounds leaks is eval-
uated using first–third and second–fourth pairs of accelerom-
eters. It can be seen in Figures 9 and 10 that these two pairs of 
accelerometers also result in monotonic increase in LDI with leak 
severity, which again shows promise in LDI for detecting out-of-
bounds leaks, although based on limited experimental testing.

6.4. Effect of noise on LDI

To test the sensitivity of the proposed leak detection approach to 
random noises at monitoring locations, a numerical simulation 

Figure 11. ASD of first accelerometer for: (a) No noise case. (b) Noise with mean value = 0 and σ = 1%. (c) Noise with mean value = 0 and σ = 5%. (d) Noise with mean 
value = 0 and σ = 10%.

Table 3. Mean values of LDI obtained from all pairs of accelerometers for different 
noise variations.

Damage 
severity

LDI

(Noiseless)
Noise with 
σ = 1%

Noise with 
σ = 5%

Noise with 
σ = 10%

DS1 0 0 0 0
DS2 31.0 33.0 66.9 119.8
DS3 42.1 43.5 69.9 120.1
DS4 51.3 52.3 75.8 125.7
DS5 57.8 58.4 79.1 125.7
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assessment technologies for water transmission and distribution systems. 
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(USEPA).
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application to frequency response envelope analysis of uncertain 
structures. Computer Methods in Applied Mechanics and Engineering, 
196, 2486–2496.

Murigendrappa, S. M., Maiti, S. K., & Srirangarajan, H. R. (2004a). 
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from baseline and leaky pipeline systems, is proposed to effec-
tively detect the onset and severity of leaks. The merit of LDI lies 
in its sensitivity to leak-induced signals and insensitivity to the 
out-of-control environmental noises. The results of the study 
revealed good correlation between LDI and leak severity, thereby 
showing promise in the proposed approach. Additionally, LDI 
was found to be greater when acceleration data obtained from 
locations that are oriented in the same direction of the leak were 
considered compared to a perpendicular orientation.

The results from the sensitivity analyses based on limited 
number of tests suggest that: (a) LDI is likely able to detect leaks 
as small as 3/8th inches (or 9.525 mm) in diameter, (b) LDI will 
likely decrease when one monitoring point is farther from the 
leak than the other, (c) it is possible that severity of leaks that 
exist outside the monitoring boundaries can be detected using 
LDI values, and (d) LDI may be able to detect leaks in noisy 
environments, but it is less sensitive to damage severity at high 
noise levels.

While the results from the preliminary experimental cam-
paign presented in this paper are promising, further validation is 
required to gain confidence in the proposed approach and develop 
it for a possible real-world pipeline monitoring exercise. In the 
future, the proposed approach needs to be tested on different 
pipeline materials, diameters and their combinations with various 
pipeline configurations, as well as in in situ conditions. To fully 
realise the capabilities of the approach, its sensitivity to WDS com-
plexities such as loss in pipeline thicknesses through corrosion, 
wave propagation along bends, etc. needs to be further investi-
gated. This requirement stems from the fact that these complex-
ities can generate additional transient fluid reflections that could 
potentially affect the flow excitation source and consequently LDI.

Additionally, the sensitivity of the LDI technique to soil back-
fill, damping effect, sudden and significant legitimate demands, 
potential false positives and false negatives need to be evaluated 
through extensive validation campaign in the future. From a 
practical feasibility standpoint, optimal number and configu-
ration of sensors, energy needs of the monitoring system and 
the cost-benefit analysis of deploying such a monitoring system 
should also be investigated in the future.
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