
Journal of Sound and Vibration 602 (2025) 118970

A
0
(

A
N
I

A

K
L
A
L
M
A
C

1

w
p
m
l
i

l
s
w
t
i

w
t

k
g

h
R

Contents lists available at ScienceDirect

Journal of Sound and Vibration

journal homepage: www.elsevier.com/locate/jsvi

coustic leak localisation based on multipath identification
dubuisi Uchendu ∗, Jennifer M. Muggleton, Paul R. White

nstitute of Sound and Vibration Research (ISVR), University of Southampton, Southampton, SO17 1BJ, United Kingdom

 R T I C L E I N F O

eywords:
eakage
coustic
ocalisation
ultipath identification
utocorrelation
epstrum

A B S T R A C T

This paper proposes a method for estimating wave speed and locating leaks in water pipes
using multipath identification techniques. The wave speed and leak location are determined
simultaneously from the relative arrival times of reflections in acoustic leak signals. Two
multipath identification techniques based on the autocorrelation function and power cepstrum
are derived and analysed for identifying reflections. Results show that the power cepstral
technique is more robust and accurate than the autocorrelation technique. Analysis of simulation
and experimental data acquired on a leakage test rig demonstrates that the proposed method
is effective for locating leaks, outperforming the commonly used cross-correlation method in
some cases. A practical advantage of the proposed method is capability to locate leaks without
a priori knowledge of the wave speed.

. Introduction

Timely and effective leak detection is an important task in the water industry considering the possibly disastrous consequences of
ater leakages. The presence of leaks undermines the safety of the water distribution networks, since leak areas can serve as entry
oints for contaminants, especially in low-pressure areas. Water leakages lead to increased financial loss for water companies and
ay result in increased costs to the consumers. They may also lead to inability to meet water demands. It is estimated that global

eakage rate constitutes about 30%–50% [1]. With dwindling global freshwater supply and ever-rising demand for water driven by
ncreasing world population, such high prevalence of water leakages represents a serious sustainability issue [2].

Acoustic methods are the primary methods for detecting and locating leaks in water distribution networks [3]. In these methods,
eaks in a pipe are detected and located by analysing low-frequency acoustic signals measured on the pipe using acoustic/vibration
ensors, typically hydrophones and accelerometers [4]. The most widely used acoustic technique is the cross-correlation method, in
hich the leak location is determined from the time delay between two signals measured on either side of the leak [5]. Referring to

he typical measurement setup for this method shown in Fig. 1, the distance 𝑑1 between the leak and the first measurement point
s given by the formula

𝑑1 =
𝑑 − 𝑐 ⋅ 𝜏peak

2
(1)

here 𝑐 is the acoustic wave speed in the pipe, 𝑑 is the distance between the measurement points, and 𝜏peak is the time delay between
he signals.

Accurate leak localisation using the cross-correlation method requires both accurate determination of the time delay and
nowledge of the wave speed. Two methods commonly employed for estimating time delays between acoustic leak signals are
eneralised cross-correlation (GCC) and generalised phase spectrum (GPS) [6]. The GCC method determines the time delay as the
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Fig. 1. Typical measurement setup for the acoustic cross-correlation method [5].

lag that maximises weighted cross-correlation function (CCF) of the signals [7], whereas the GPS method utilises weighted linear
regression on the phase of the cross-power spectrum [8]. These time delay estimation (TDE) methods have been shown to be effective
in various practical situations [9].

In leak detection systems, the wave speed is typically calculated using formulae that incorporate the geometric and material
properties of the pipe, such as this one given in [10]:

𝑐 = 𝑐f

(

1 +
𝐵f𝐷p

𝐸pℎp

)−1∕2

(2)

where 𝐷p is pipe diameter, ℎp is pipe-wall thickness, 𝐸p is Young’s modulus of the pipe material, 𝐵f is fluid bulk modulus, and 𝑐f is
free-field fluid wave speed. However, using the calculated wave speed can lead to a large error in the leak location estimate. This
is because the actual wave speed can differ substantially from the calculated value due to changes in pipe properties over time,
environmental conditions, and seasonal variations. For instance, in a series of experiments reported in [11], the measured wave
speed in a buried medium density polyethylene (MDPE) pipe test rig ranged from 257 m/s to 459 m/s over a couple of months.

Uncertainties in the wave speed value present a significant challenge for leak localisation in water pipes. To address this issue,
several methods have been proposed for measuring wave speed on-site concurrently with leak signal acquisition. Examples include
correlation envelope method [12], hydrant simulation method [13], and cepstral matching method [14]. In the correlation envelope
method, wave speed is estimated from the pipe’s responses to random noise excitation at the measurement points. The hydrant
simulation method determines wave speed from transient signals measured at known locations when water is released from a
hydrant connected to the pipe. The cepstral matching method adjusts the wave speed until features in the cepstra of pressure
transient signals acquired on either side of a fixed point on the pipe match. However, the applicability of these in-situ methods is
limited by the need for extra instrumentation (such as a shaker), lack of conveniently located access points, and safety concerns
related to potential damaging effects of transients. Moreover, the measured wave speed value can be significantly influenced by the
properties of the excitation signal [12]. These issues highlight the need for methods that do not require a priori knowledge of wave
speed for effective leak localisation. This paper develops such a method by exploiting the presence of discontinuities — features
with impedance changes, such as pipe junctions, changes in cross-section, dead ends — in a pipe system.

Acoustic leak signals measured on pipe systems usually contain reflected waves due to discontinuities. In existing acoustic
leak detection studies [11,15,16], these reflections are generally treated as undesirable interferences that distort TDE results and
lead to inaccurate leak localisation. However, reflections provide valuable information that can be harnessed to detect and locate
leaks, as demonstrated in fluid transient-based methods described in [17,18]. These methods rely on the principle that a transient
wave propagating through the pipeline reflects off structural discontinuities in the pipeline. By analysing the time of flight and
characteristics (energy, phase) of these reflections, the location and severity of faults, such as leaks and partial blockages, can be
determined even in complex pipe networks using a single measurement. This paper employs the same principle of wave reflection
to address the issue of uncertain wave speed in acoustic leak localisation.

A novel method is proposed for simultaneous estimation of wave speed and leak location through multipath identification,
which involves determining the relative arrival times of the first reflections in acoustic leak signals. By identifying relative arrival
times of direct-path and reflected waves in the measured leak signals, this method circumvents the need to introduce an external
excitation signal (as in transient-based methods) and the requirement for pre-determined wave speed values (as in existing acoustic
methods). The proposed method assumes that the acoustic waves originating from a leak in the pipe propagate predominantly as
non-dispersive longitudinal waves, as supported by existing studies. To facilitate determination of arrival times of reflections, two
multipath identification techniques that rely on auto-correlation function (ACF) and power cepstrum are derived and investigated
for acoustic leak signals.

This work contributes to advancements in acoustic leak localisation in water distribution networks by demonstrating the viability
of leveraging reflected signals for accurate wave speed estimation and leak localisation. The proposed methodology is validated
through simulations and experiments to highlight its applicability to real-world networks. By leveraging reflected wave components,
2
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the proposed method offers a complementary perspective to methods that rely only on direct-path signals, such as the graph-based
method developed in [19]. This graph-based approach utilises multiple time delays between direct-path signals in a complex pipe
network, represented as a graph, to localise and pinpoint leaks under a maximum likelihood estimation framework. In contrast,
traditional cross-correlation method typically utilises a single time delay estimate to locate leaks, and thus may be less effective in
complex networks where multiple acoustic paths exist. This study extends localisation capabilities by integrating both direct-path
and reflected wave components, enhancing accuracy in networks with discontinuities and allowing for estimation of the wave speed.

This paper is organised as follows. Section 2 describes the leak localisation approach based on multipath identification. Estimation
rrors and resolution of potential ambiguity in the results are also discussed in this section. Section 3 explores autocorrelation and
epstral techniques for identifying reflections in acoustic leak signals. The results obtained using simulated and experimental signals
re presented and discussed in Section 4. The conclusions are outlined in Section 5.

2. Multipath identification leak localisation method

The behaviour of acoustic waves in a bounded medium such as a pipe is characterised by two-dimensional modal patterns
omprising circumferential modes of orders 𝑛 = 0, 1, 2,… and the associated axial modes (denoted as 𝑠) [20]. Each circumferential

mode has a cut-off frequency above which it can propagate [21]. Acoustic leak detection is most successfully executed on low-
requency signals, suggesting that these frequencies are both excited by the leak and propagate most effectively [22]. Experimental

studies confirm that most leak noise energy in plastic pipes is concentrated at frequencies below 200 Hz [11,13]. At these low
requencies, a predominantly fluid-borne axisymmetric wave (denoted as 𝑠 = 1) is responsible for transmitting most of leak signal

energy in plastic pipes [10,23]. This wave corresponds to the non-dispersive fundamental circumferential mode 𝑛 = 0, where the
ipe cross-section remains circular [24]. The cut-off frequencies of higher-order modes exceed the dominant frequency range of

typical leak signals [5]. Furthermore, higher-order waves exhibit significantly higher attenuation and are unlikely to propagate far
enough to influence acoustic leak signal measurements [25]. Hence, waves generated by a leak in a pipe propagate primarily as
longitudinal waves constrained by the pipe wall. As these waves propagate along the pipe axis, they interact with discontinuities such
as joints and fittings, resulting in partial reflection of the waves. Due to the low-frequency nature of leak signals, the likelihood of
exciting higher-order waves via mode conversion at discontinuities is negligible. Acoustic wave propagation in plastic pipes involves
strong coupling between the pipe, the fluid, and the surrounding medium [22,26], so it can be assumed the pipe-fluid and pipe-soil
interfaces do not introduce reflections.

The reflection of the leak noise (the signal generated at the leak location) at in-bracket and out-of-bracket discontinuities in a
cross-correlation measurement setup is illustrated using a spatio-temporal plot in Fig. 2. Here, the terms in-bracket and out-of-bracket
indicate features located within and outside the interval encompassed by the two sensors, respectively. When the incident wave
reaches a discontinuity, a reflected wave ensues and propagates towards the sensors. Subsequent reflections occur from repeated
interactions with the discontinuities. Consequently, the signals measured by the sensors are multipath (composite) signals comprising
the direct-path wave — the wave travelling directly from the leak to the sensors — and reflected waves originating from these
interactions [15]. The first reflected wave arriving at a sensor will be referred to as primary reflection, while later-arriving reflections

ill be termed secondary reflections. The discontinuity responsible for the primary reflection in a given sensor signal will be called
the primary discontinuity. Identifying the arrival times of the primary reflections can be utilised to locate leaks as described below.

The arrival time of a reflected wave is determined by the travel path from the leak to a discontinuity and back to the sensor. As
entioned above, both the direct-path and reflected waves propagate primarily as non-dispersive longitudinal waves with constant
ave speed. In this paper, the difference between the arrival times of the 𝑚th wave at the 𝑘th sensor and the 𝑛th wave at the

th sensor is denoted as 𝜏𝑘𝑖[𝑚, 𝑛], referred to as the time difference of arrival (TDOA) between the two waves. For instance, 𝜏21[1, 1]
ndicates the TDOA between direct-path waves in the first and second signals, termed reference time delay.

If the primary discontinuity responsible for the primary reflection in the 𝑖th sensor signal, 𝑥𝑖(𝑡), 𝑖 = 1, 2, is in-bracket, the TDOA
𝑖𝑖[2, 1] between the primary reflection and the direct-path wave in 𝑥𝑖(𝑡) is given by

𝜏𝑖𝑖[2, 1] =
𝑑PR − 𝑑DP

𝑐
=

2(𝑙in − 𝑑𝑖)
𝑐

(3)

where 𝑑DP = 𝑑𝑖 and 𝑑PR = 2𝑙in − 𝑑𝑖 are the distances travelled by the direct-path wave and the primary reflection, respectively; 𝑑𝑖 is
the distance between the leak and the 𝑖th sensor; and 𝑙in is the distance between the primary discontinuity and the 𝑖th sensor. For
example, with regard to 𝑥1(𝑡) in Fig. 2, 𝑑DP = 𝑑1 and 𝑑PR = 2𝑙1 − 𝑑1. Throughout this paper, subscript 𝑖 will be used to refer to the
signal/sensor being analysed, while subscript 𝑘 (𝑘 ≠ 𝑖) refers to the other sensor/signal. Simultaneous solution of Eq. (3) and the
cross-correlation equation (Eq. (1)) provides estimates of the leak location 𝑑𝑖 and wave speed 𝑐:

𝑑𝑖 =
2𝑙in ⋅ 𝜏𝑘𝑖[1, 1] − 𝑑 ⋅ 𝜏𝑖𝑖[2, 1]

2(𝜏𝑘𝑖[1, 1] − 𝜏𝑖𝑖[2, 1])
(4a)

𝑐 =
𝑑 − 2𝑙in

𝜏𝑘𝑖[1, 1] − 𝜏𝑖𝑖[2, 1]
. (4b)

For an out-of-bracket primary discontinuity located at a distance of 𝑙out from the 𝑖th sensor, 𝜏𝑖𝑖[2, 1] is given by

𝜏𝑖𝑖[2, 1] =
2𝑙out
𝑐

. (5)

Rearranging this equation and substituting it in the cross-correlation equation yields leak location and wave speed estimates:
3
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Fig. 2. Reflection of the leak noise at discontinuities. — direct-path wave; - - - primary reflections; ⋯ secondary reflections.

𝑑𝑖 =
𝑑 ⋅ 𝜏𝑖𝑖[2, 1] − 2𝑙out ⋅ 𝜏𝑘𝑖[1, 1]

2𝜏𝑖𝑖[2, 1]
(6a)

𝑐 =
2𝑙out
𝜏𝑖𝑖[2, 1]

. (6b)

The distances 𝑑, 𝑙in, 𝑙out are known from the pipe system schematic. The reference time delay 𝜏𝑘𝑖[1, 1] can be estimated using
GCC and GPS methods [6], while the TDOA 𝜏𝑖𝑖[2, 1] of the primary reflection can be determined using the multipath identification
techniques described in the next section. Therefore, wave speed and leak location can be simultaneously estimated, as all quantities
in the expressions on the right-hand side of Eqs. (4) and (6) are known or can be derived from the measured signals.

Depending on the actual locations of the leak and the discontinuities in the pipe system, the primary discontinuity can be in-
bracket or out-of-bracket. According to Eq. (6), one sensor is sufficient to estimate the wave speed when the primary discontinuity
is out-of-bracket. Determining the leak location using either Eq. (4a) or Eq. (6a) requires the reference time delay 𝜏𝑘𝑖[1, 1], so the
proposed method always involves two sensors bracketing the leak. This method can be viewed as expanded cross-correlation, in
which additional information from reflections in the leak signals is harnessed to estimate the wave speed.

Accurate estimation of the wave speed and leak location using Eqs. (4) and (6) requires correct identification of the primary
discontinuity. Estimation errors resulting from using the wrong discontinuity are discussed in Section 2.1. Identifying the primary
discontinuity may be difficult when both in-bracket and out-of-bracket discontinuities are present in the pipe system. Hence, it is
suggested to calculate the wave speed and leak location using each discontinuity. As will be illustrated later in the paper, some
discontinuities will yield clearly impossible estimates (for example, negative values). Multiple discontinuities may produce plausible
estimates (this will be defined in Section 2.2), leading to ambiguous results. Resolution of this ambiguity is discussed in Section 2.2.

2.1. Leak localisation and wave speed estimation errors

Suppose 𝑑𝑝 and 𝑐𝑝 are the leak location and wave speed estimates obtained using the primary discontinuity located at a distance
of 𝑙𝑝 from the sensor, i.e., values obtained by evaluating Eq. (4) with 𝑙in = 𝑙𝑝 or Eq. (6) with 𝑙out = 𝑙𝑝. Let the leak location
and wave speed estimates obtained using a discontinuity located at a distance of 𝑙𝑗 from the sensor be 𝑑𝑗 and 𝑐𝑗 , respectively.
Table 1 summarises the errors in these estimates, 𝛥𝑑 = 𝑑𝑗 − 𝑑𝑝 and 𝛥𝑐 = 𝑐𝑗 − 𝑐𝑝. The estimation errors are proportional to the
distance between the chosen discontinuity and the primary discontinuity; thus, using a discontinuity located farther away from the
primary discontinuity will lead to greater wave speed estimation and leak localisation errors. Correct identification of the primary
discontinuity is, therefore, important. Estimates may become ambiguous when discontinuities are located close to the primary
discontinuity, as discussed in the next subsection.

2.2. Ambiguity in wave speed and leak location estimates

To describe the situations under which ambiguity arises in wave speed estimation and leak localisation results, the concept of
plausibility is introduced. Assuming there are 𝐽 in-bracket discontinuities located at distances of 𝑙1 < 𝑙2 < ⋯ < 𝑙𝐽 from the 𝑖th sensor,
these discontinuities divide the pipe into 𝐽 + 1 zones: (𝑙0, 𝑙1], (𝑙1, 𝑙2],… , (𝑙𝐽 , 𝑙𝐽+1], where 𝑙0 = 0 and 𝑙𝐽+1 = 𝑑. Zone 𝑗 encompasses
the interval between 𝑙 and 𝑙 . If the leak is located in zone 𝑗, then the primary reflection in the sensor signal will originate from
4
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Table 1
Leak localisation and wave speed estimation errors. 𝑅𝜏 =

𝜏𝑖𝑖[2, 1]
𝜏𝑘𝑖[1, 1]

. 𝛥𝜏 = 𝜏𝑘𝑖[1, 1] − 𝜏𝑖𝑖[2, 1].
Case Expressions for errors 𝛥𝑑 = 𝑑𝑗 − 𝑑𝑝 and 𝛥𝑐 = 𝑐𝑗 − 𝑐𝑝

Both in-bracket 𝛥𝑑 = (𝑙𝑗 − 𝑙𝑝) ⋅ (1 − 𝑅𝜏)−1

𝛥𝑐 =
2(𝑙𝑝 − 𝑙𝑗 )
𝛥𝜏

𝑙𝑝 in-bracket and
𝑙𝑗 out-of-bracket

𝛥𝑑 =
(

1 − 𝑅𝜏)−1
(

𝑙𝑗 − 𝑙𝑝 −
𝑙𝑗
𝑅𝜏

+ 𝑑
2

)

𝛥𝑐 = 2
𝛥𝜏

(

𝑙𝑝 − 𝑙𝑗 −
𝑙𝑗
𝑅𝜏

− 𝑑
2

)

𝑙𝑝 out-of-bracket
and
𝑙𝑗 in-bracket

𝛥𝑑 =
(

1 − 𝑅𝜏)−1
(

𝑙𝑗 − 𝑙𝑝 +
𝑙𝑝
𝑅𝜏

− 𝑑
2

)

𝛥𝑐 = 2
𝛥𝜏

(

𝑙𝑝 − 𝑙𝑗 −
𝑙𝑝
𝑅𝜏

+ 𝑑
2

)

Both out-of-bracket 𝛥𝑑 =
𝑙𝑝 − 𝑙𝑗
𝑅𝜏

𝛥𝑐 =
2(𝑙𝑗 − 𝑙𝑝)
𝜏𝑖𝑖[2, 1]

the 𝑗th in-bracket discontinuity at distance 𝑙𝑗 from the sensor. For example, in Fig. 2, the primary reflection in the first signal will
ome from Discontinuity 1 if the leak is in zone 1, and from Discontinuity 2 if the leak is in zone 2. The leak location estimate
𝑗̃ is considered plausible if it falls within zone 𝑗 (i.e., 𝑙𝑗−1 < 𝑑𝑗 < 𝑙𝑗), while the wave speed estimate 𝑐𝑗 is plausible if it satisfies
min < 𝑐𝑗 < 𝑐max for some threshold values 𝑐min and 𝑐max. Estimates that do not satisfy these conditions are considered implausible.
he threshold values 𝑐min and 𝑐max can be set based on historical wave speed data of pipes similar to the one under consideration
r by adjusting the calculated wave speed within a certain tolerance. For the proposed method to provide accurate estimates, the

actual wave speed must lie within the range defined by these thresholds.
The condition 𝑐min < 𝑐𝑗 < 𝑐max holds if

⎧

⎪

⎨

⎪

⎩

𝑑 − 𝑐max𝛥𝜏
2

< 𝑙𝑗 <
𝑑 − 𝑐min𝛥𝜏

2
, when 𝛥𝜏 > 0

𝑑 − 𝑐min𝛥𝜏
2

< 𝑙𝑗 <
𝑑 − 𝑐max𝛥𝜏

2
, when 𝛥𝜏 < 0

(7)

where 𝛥𝜏 is defined in Table 1. Rearranging Eq. (4a) yields conditions for 𝑑𝑗 to satisfy 𝑙𝑗−1 < 𝑑𝑗 < 𝑙𝑗 :
⎧

⎪

⎨

⎪

⎩

𝑙𝑇 < 𝑙𝑗 < 𝑑∕2, if 𝜏𝑘𝑖[1, 1] > 0 and 𝛥𝜏 > 0
𝑑∕2 < 𝑙𝑗 < 𝑙𝑇 , if (𝜏𝑘𝑖[1, 1] < 0 and 𝛥𝜏 > 0) or (𝜏𝑘𝑖[1, 1] > 0 and 𝛥𝜏 < 0)
𝑙𝑗 > max

{

𝑙𝑇 , 𝑑∕2
}

, if 𝜏𝑘𝑖[1, 1] < 0 and 𝛥𝜏 < 0
(8)

where 𝑙𝑇 = 𝑙𝑗−1+
(𝑑
2
− 𝑙𝑗−1

)

𝑅𝜏 ; 𝑅𝜏 is defined in Table 1; and max{} denotes the maximum. By combining the conditions in Eqs. (7)

and (8), the plausibility conditions for obtaining plausible leak and wave speed estimates when the leak is assumed to be in zone 𝑗
re derived as

⎧

⎪

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎪

⎩

max
{

𝑙𝑇 ,
𝑑 − 𝑐max𝛥𝜏

2

}

< 𝑙𝑗 <
𝑑 − 𝑐min𝛥𝜏

2
, if 𝜏𝑘𝑖[1, 1] > 0 and 𝛥𝜏 > 0

𝑑
2
< 𝑙𝑗 < min

{

𝑙𝑇 ,
𝑑 − 𝑐min𝛥𝜏

2

}

, if 𝜏𝑘𝑖[1, 1] < 0 and 𝛥𝜏 > 0

𝑑 − 𝑐min𝛥𝜏
2

< 𝑙𝑗 < min
{

𝑙𝑇 ,
𝑑 − 𝑐max𝛥𝜏

2

}

, if 𝜏𝑘𝑖[1, 1] > 0 and 𝛥𝜏 < 0

max
{

𝑙𝑇 ,
𝑑 − 𝑐min𝛥𝜏

2

}

< 𝑙𝑗 <
𝑑 − 𝑐max𝛥𝜏

2
, if 𝜏𝑘𝑖[1, 1] < 0 and 𝛥𝜏 < 0

(9)

where min{} denotes the minimum.
For out-of-bracket discontinuities, estimates are deemed plausible if they satisfy 0 < 𝑑𝑗 < 𝑑 and 𝑐min < 𝑐𝑗 < 𝑐max. Rearranging

Eq. (6) gives the plausibility conditions as
𝑐min ⋅ 𝜏𝑖𝑖[2, 1]

2
< 𝑙𝑗 < max

{

𝑑
2
|𝑅𝜏 |,

𝑐max ⋅ 𝜏𝑖𝑖[2, 1]
2

}

. (10)

The interval encompassing values of 𝑙𝑗 that provide plausible estimates will be termed plausibility interval (PI). Note that the PI
differs for each in-bracket discontinuity. The widths of the PIs depend on the wave speed threshold values; decreasing 𝑐max and
increasing 𝑐min make PIs smaller. Wave speed estimation and leak localisation results will be unambiguous if only one in-bracket or
only one out-of-bracket discontinuity satisfies the plausibility conditions in Eqs. (9) and (10) for a given sensor signal. If multiple
discontinuities satisfy the plausibility conditions, identifying the correct estimates among the plausible estimates may be challenging.
5
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Several approaches can be employed to resolve ambiguity in the results. The first approach is to move one of the measurement
points while keeping the leak in-bracket, while the second approach involves use of mobile discontinuities—acoustic reflectors [27]
that are moved along the pipe. The reflectors can be attached to tethered devices like the Sahara system (consisting of a sensor on an
umbilical cable deployed within the pipe [3,28]), or free-swimming pipebots (small robots for autonomously exploring and detecting
aults in water networks [29,30]). Only the estimates that correspond to the actual situation will remain consistent across different

setups (i.e., different measurement points or reflector positions). A third option is to examine the sensor signals for additional
evidence of reflections consistent with location of the leak in the assumed in-bracket zone. To illustrate this approach more clearly,
consider the setup in Fig. 2. If the leak is located in zone 2, then in addition to the reflection from the out-of-bracket discontinuity D3,
he Sensor 2 signal will also contain reflection from the in-bracket discontinuity D1. As discussed in the next section, each reflection
resent in a signal generates a distinct peak at the TDOA of that reflection in the signal’s ACF and power cepstrum. Therefore, a
eak will be present at lag 2(𝑑1 − 𝑙1)∕𝑐 in the ACF and power cepstrum of the Sensor 2 signal. Absence of such a peak suggests that
he leak is not located in zone 2, and estimates obtained with the leak assumed to be in this zone can be disregarded. This third
pproach is useful, especially in situations where relocation of measurement points and deployment of acoustic reflectors are not
easible (for example, due to unavailability of sufficient access points).

The proposed leak localisation method fails in a situation where there is only one discontinuity, and its location is either
oincident with the leak (thus producing no reflection) or exactly at the midpoint of the pipe. The latter case results in 𝜏𝑖𝑖[2, 1] =
𝜏𝑘𝑖[1, 1], leading to indeterminate wave speed and leak location estimates in Eq. (4). Using a different measurement point so that
he discontinuity is no longer at the midpoint of the pipe resolves this indeterminacy.

3. Multipath identification techniques

This section describes techniques for estimating relative arrival times of reflections in acoustic leak signals. A multipath
composite) leak signal 𝑥(𝑡) containing a reflection of the leak noise can be modelled as

𝑥(𝑡) = 𝑠(𝑡)⊗ ℎdir + 𝑠(𝑡)⊗ ℎr ef + 𝑛(𝑡) (11)

where 𝑠(𝑡) is the leak noise, ℎdir is the direct-path impulse response function (IRF), ℎr ef is the IRF accounting for the reflection, 𝑛(𝑡)
is additive noise, and ⊗ denotes linear convolution. The Fourier transform (FT) 𝑋(𝜔) =  {𝑥(𝑡)} of 𝑥(𝑡) is given by

𝑋(𝜔) = 𝑆(𝜔)𝐻dir (𝜔, 𝑑𝑖) + 𝑆(𝜔)𝐻r ef (𝜔, 𝑑PR) +𝑁(𝜔) (12)

where  {⋅} denotes FT, 𝜔 is radial frequency, 𝑆(𝜔) =  {𝑠(𝑡)}, 𝑁(𝜔) =  {𝑛(𝑡)}; 𝐻dir (𝜔, 𝑑𝑖) = 
{

ℎdir
}

and 𝐻r ef (𝜔, 𝑑PR) = 
{

ℎr ef
}

re the direct-path and reflection frequency response functions (FRFs) that can be modelled as [5]

𝐻dir (𝜔, 𝑑𝑖) = 𝛬(𝜔) exp(−|𝜔|𝛽 𝑑𝑖) ⋅ exp(−j|𝜔|𝑑𝑖∕𝑐) (13a)

𝐻r ef (𝜔, 𝑑PR) = 𝑟 ⋅ 𝛬(𝜔) exp(−|𝜔|𝛽 𝑑PR) ⋅ exp(−j|𝜔|𝑑PR∕𝑐) (13b)

where 𝑟 is reflection coefficient of the discontinuity responsible for the reflection, j =
√

−1, 𝛬(𝜔) depends on the type of signal
(𝛬(𝜔) = 1 for acoustic pressure signals and 𝛬(𝜔) = −𝜔2 for acceleration signals), and 𝛽 is attenuation factor (a measure of acoustic
loss within the pipe wall) given by [26]

𝛽 = 1
𝑐f

𝜂p𝐵f𝐷p

2𝐸pℎp

(

1 +
𝐵f𝐷p

𝐸pℎp

)−1∕2

(14)

where 𝜌p and 𝜂p are density and loss factor of the pipe material, respectively.
Of interest in multipath identification is the TDOA 𝜏PR = (𝑑PR−𝑑𝑖)∕𝑐 of the reflection relative to the direct-path signal. This TDOA

can be identified using autocorrelation and cepstral techniques described below for acoustic pressure signals. These techniques are
also applicable to other signal types.

3.1. Autocorrelation technique

Reflections in a signal can be identified from its ACF, computed as the inverse Fourier transform (IFT) of the auto-power spectrum.
Assuming 𝑠(𝑡) and 𝑛(𝑡) in Eq. (11) are uncorrelated, the auto-power spectrum 𝐺𝑥𝑥(𝜔) of 𝑥(𝑡) is given by

𝐺𝑥𝑥(𝜔) =𝐺𝑠𝑠(𝜔)
{

exp(−2|𝜔|𝛽 𝑑𝑖) + 𝑟2 exp(−2|𝜔|𝛽 𝑑PR)
}

+ 𝐺𝑛𝑛(𝜔)

+ 2𝑟𝐺𝑠𝑠(𝜔) exp(−|𝜔|𝛽 𝑑𝛴 )cos(𝜔𝜏PR)
(15)

where 𝐺𝑠𝑠(𝜔) and 𝐺𝑛𝑛(𝜔) are the auto-power spectra of 𝑠(𝑡) and 𝑛(𝑡), respectively, and 𝑑𝛴 = 𝑑PR + 𝑑𝑖. It has been assumed that 𝑟 is
eal and frequency-independent for simplicity. The ACF 𝑅𝑥𝑥(𝜏) = −1 {𝐺𝑥𝑥(𝜔)

}

of 𝑥(𝑡) is obtained as
𝑅𝑥𝑥(𝜏) =𝑟 ⋅ 𝑅𝑠𝑠(𝜏 − 𝜏PR)⊗ 𝜓𝑟(𝜏) + 𝑟 ⋅ 𝑅𝑠𝑠(𝜏 + 𝜏PR)⊗ 𝜓𝑟(𝜏)

+𝑅𝑠𝑠(𝜏)⊗ 𝜓𝑑 (𝜏) + 𝑅𝑛𝑛(𝜏)
(16)

where −1 {⋅} denotes IFT, 𝑅𝑠𝑠(𝜏) = −1 {𝐺𝑠𝑠(𝜔)
}

, 𝑅𝑛𝑛(𝜏) = −1 {𝐺𝑛𝑛(𝜔)
}

, 𝜓𝑟(𝜏) = −1 {exp(−|𝜔|𝛽 𝑑𝛴 )
}

, and 𝜓𝑑 (𝜏) =
−1 {exp(−2|𝜔|𝛽 𝑑𝑖) + 𝑟2 exp(−2|𝜔|𝛽 𝑑PR)

}

. The peaks in the first and second terms in Eq. (16) occur at 𝜏 = ±𝜏PR, while the other
terms achieve their peak at 𝜏 = 0. Thus, the TDOA of the reflection can be estimated by locating the largest peak at non-zero lags
in the ACF.
6
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It can be shown that when multiple reflections are present in the signal, distinct peaks appear in the ACF at the TDOAs
f these reflections. Peaks corresponding to secondary reflections are typically lower than the primary reflection peak due to

signal attenuation with distance. However, primary and secondary reflection peaks may have comparable amplitudes in very noisy
environments. A robust and efficient algorithm proposed in [31,32] allows identification of the primary reflection TDOA in such
situations. This algorithm first estimates the number of multipaths in the two signals based on the peaks in their correlation functions.
It then assigns ACF peaks to the multipaths and uses a cost function to identify the assignment that best matches the CCF peaks.
The primary reflection TDOA relative to the direct-path signal is determined from this assignment.

It is important to note that correlation functions can exhibit oscillatory behaviour, characterised by peaks spaced at intervals of
the inverse of the signal centre frequency [33]. This oscillation can make it difficult to unambiguously identify the true reflection

DOAs, especially in ACFs of narrowband signals, where adjacent peaks may have nearly equal heights. Also, reflected waves may
e inverted relative to the direct-path wave, resulting in negative amplitudes for the corresponding peaks in the ACF. To suppress
andwidth effects and detect both in-phase and out-of-phase reflections, TDOAs should be extracted from the envelopes of the ACFs,
omputed as the amplitude of their Hilbert transforms [34,35].

3.2. Cepstral technique

Reflections in a signal can also be identified from its cepstrum, defined as IFT of the logarithm of the signal spectrum [36]. Two
ommonly used variants of the cepstrum are the power cepstrum derived from the auto-power spectrum and the complex cepstrum

derived from the complex spectrum. While both variants are suitable for multipath identification, the power cepstrum is preferred
in this work because it is simpler to compute, as it does not require phase unwrapping [34].

The auto-power spectrum in Eq. (15) can be rewritten as

𝐺𝑥𝑥(𝜔) = 𝐺𝐼 (𝜔)
{

1 + 𝐴(𝜔)cos(𝜔𝜏PR)
}

(17)

where 𝐺𝐼 (𝜔) = 𝐺𝑠𝑠(𝜔)
{

exp(−2|𝜔|𝛽 𝑑𝑖) + 𝑟2 exp(−2|𝜔|𝛽 𝑑PR)
}

+ 𝐺𝑛𝑛(𝜔), and 𝐴(𝜔) = 2𝑟𝐺𝑠𝑠(𝜔)
𝐺𝐼 (𝜔)

exp(−|𝜔|𝛽 𝑑𝛴 ). The logarithm of 𝐺𝑥𝑥(𝜔) is
hen given by

log{𝐺𝑥𝑥(𝜔)} = log{𝐺𝐼 (𝜔)
}

+ log{1 + 𝐴(𝜔)cos(𝜔𝜏PR)
}

. (18)

Since |𝐴(𝜔)| ≤ 1 by the AM-GM inequality, the second term can be expanded using the logarithmic expansion log {1 + 𝑢} =
∑∞
𝑘=1

𝑢𝑘

𝑘
valid for |𝑢| ≤ 1 as

log
{

1 + 𝐴(𝜔)cos(𝜔𝜏PR)
}

=
∞
∑

𝑘=1
(−1)𝑘+1𝑀𝑘(𝜔)cos(𝑘𝜔𝜏PR) (19)

where 𝑀𝑘(𝜔) is the coefficient of cos(𝑘𝜔𝜏PR) obtained by applying the trigonometric identity [37]

cos𝑘𝜃 =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

1
2𝑘−1

𝑘−1∕2
∑

𝑛=0

(

𝑛
𝑘

)

cos((𝑛 − 2𝑘)𝜃) for odd 𝑘

1
2𝑘

(

𝑘
𝑘∕2

)

+ 1
2𝑘−1

𝑘−1∕2
∑

𝑛=0

(

𝑛
𝑘

)

cos((𝑛 − 2𝑘)𝜃) for even 𝑘.

(20)

Values of 𝑀𝑘(𝜔) for the first few integers are

𝑀0(𝜔) =
𝐴2(𝜔)

4
+

3𝐴4(𝜔)
32

+
5𝐴6(𝜔)

96
+⋯

𝑀1(𝜔) =𝐴(𝜔) +
𝐴3(𝜔)

4
+
𝐴5(𝜔)

8
+⋯

𝑀2(𝜔) =
𝐴2(𝜔)

4
+
𝐴4(𝜔)

8
+

5𝐴6(𝜔)
64

+⋯

. (21)

Substituting Eq. (19) into Eq. (18) and taking IFT yields the power cepstrum ⌣𝑥(𝑞) = −1 {log
{

𝐺𝑥𝑥(𝜔)
}}

of 𝑥(𝑡) as
⌣𝑥(𝑞) = 𝑅(𝑞) + 1

2

∞
∑

𝑘=1
(−1)𝑘+1𝑄𝑘(𝑞)⊗ 𝛿(𝑞 ± 𝑘𝜏PR) (22)

where 𝑅(𝑞) = −1 {log
{

𝐺𝐼 (𝜔)
}}

, 𝑄𝑘(𝑞) = −1 {𝑀𝑘(𝜔)
}

, and 𝛿(⋅) is the Dirac delta function. The argument 𝑞 known as quefrency
has units of time.

The second term in Eq. (22) contains a sequence of spikes with decreasing amplitudes at integer multiples of 𝜏PR. Assuming
he spectra of the leak noise and the background noise are smooth (lacking in fine structure), 𝑅(𝑞) will be confined to low
uefrencies [38]. Therefore, TDOA of the reflection can be determined as the quefrency of the dominant peak in the power
epstrum away from the origin. In cases where primary and secondary reflection peaks have comparable heights, Spiesberger’s
lgorithm [31,32] can also be employed to identify the primary reflection TDOA, but with cepstral estimates used in place of ACF

estimates. Reflection TDOAs should be identified from the envelopes of the cepstra for the same reasons previously mentioned for
the ACFs.

The cepstral technique is capable of detecting reflections and producing accurate TDOA estimates in situations where the
autocorrelation technique fails. Such situations involve signals containing tonal components, such as resonances and electrical
7
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Fig. 3. Schematic of simulated pipe. S1, S2 – measurement points; D1–D5 – known discontinuities. The Figure fonts are very small overall. Please make the
fonts more accessible.

mains interference [39]. Significant fluctuations contributed by the tonal components can mask reflection TDOA peaks in the ACF.
Logarithmic conditioning of the auto-power spectrum mitigates the smearing effects of these fluctuations, thereby allowing for
clearer detection of reflection peaks in the cepstrum. The cepstral technique is also effective in cases where the signal bandwidth is
small [40] and in cases with differing transfer functions for direct-path and reflection propagation [39].

4. Results and discussion

4.1. Simulation results

The performances of multipath identification techniques and effectiveness of the proposed leak localisation method were
investigated using simulated leak signals generated in a theoretical pipe, schematic of which is shown in Fig. 3. Unless otherwise
specified, the pipe was assigned properties of the MDPE pipe in the leakage test rig used for experimental investigation in Section 4.2:
wave speed 𝑐 = 354 m∕s and attenuation factor 𝛽 = 2.1 ⋅ 10−5 s/m. The inter-sensor distance was set to 𝑑 = 160 m, which is within
the typical distance (90–180 m) between hydrants in the United Kingdom [41]. The discontinuities D1–D5 may represent points at
which service pipes connect to the mains in a water pipe network. Each discontinuity was assigned a default reflection coefficient
of 0.5.

Leak signals acquired on water pipes typically exhibit dominant low-frequency components for acoustic pressure measurements
and bandpass characteristics for acceleration signals [5]. These characteristic frequency behaviours can be modelled either by
assuming a flat spectrum for the signal generated at the leak location and then shaping the measured leak signals using the pipe’s FRF
(given in Eq. (13)), or by directly generating low-pass or bandpass signals that inherently reflect the desired frequency characteristics.
The former offers greater flexibility by letting the FRF (and hence, pipe and fluid properties) determine the signal characteristics.
This approach was, therefore, selected in this work to ensure that the simulated signals retain features consistent with those observed
in real experimental scenarios. Acoustic leak signals at S1 and S2 were generated by filtering white Gaussian noise (denoting the
leak noise) with the total FRFs between the leak location and the measurement points. Using the transmission/reflection coefficient
approach described in [15], the total FRF was obtained as the sum of the direct-path and reflection path FRFs for the discontinuities.
The sampling rate 𝐹s was set to 5 kHz, and the duration of the simulated signals was 30 s.

4.1.1. Comparison of multipath identification techniques
Based on Eqs. (16) and (22), ability to detect reflections and estimate their TDOAs is affected by background noise level

(quantified by signal-to-noise ratio (SNR)), pipe attenuation 𝛽, and reflection coefficient 𝑟. The effects of these factors on the
performances of autocorrelation and cepstral multipath identification techniques were investigated using Monte Carlo simulations.
To investigate the effects of a particular factor, its value was varied while keeping the other two constant at their default values:
SNR = 0 dB, 𝛽 = 2.1 ⋅ 10−5 s/m, 𝑟 = 0.5. White Gaussian noise was added to the simulated leak signals to achieve the desired SNR.
The test for each value of a factor consisted of 1000 Monte Carlo simulations. Different simulated leak signals and added noise were
used in each run.

Two metrics were used to compare performance of autocorrelation and cepstral techniques. The first metric is the proportion of
correct estimates (PCE). A TDOA estimate is considered to be correct if it is within 1∕𝐹s = 0.2 ms (time-domain TDOA resolution) of
the true TDOA 𝜏t r ue. This value corresponds to an absolute leak localisation error of 0.3 m in the simulated pipe. The second metric
is the root-mean square error (RMSE), which is given by

RMSE(𝜏PR) =
√

√

√

√
1
𝑁𝑠

𝑁𝑠
∑

𝑖=1

(

𝜏𝑖 − 𝜏t r ue
)2 (23)

where 𝑁𝑠 is the number of simulation runs, and 𝜏𝑖 is the TDOA estimate from the 𝑖th run.
Fig. 4 summarises the detection results obtained for the S1 signal. These results indicate that multipath identification becomes

more challenging under higher background noise levels, lower reflection coefficients, and greater pipe attenuation, such as in large-
diameter pipes [42,43]. The cepstral technique is more robust and accurate than the autocorrelation technique. Higher robustness
and ability to perform well in the challenging situations mentioned in Section 3.2 make the cepstral technique the preferred choice
in practical applications involving multipath identification. As already stated, its superiority is due to the logarithmic operation
inherent in cepstral processing.
8
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Fig. 4. Comparison of autocorrelation and power cepstral multipath identification methods. (a) PCE. (b) RMSE. Sublabels (i), (ii), (iii) indicate plots for SNR,
attenuation factor, and reflection coefficient, respectively.

Fig. 5. Correlation functions and power cepstra of simulated leak signals with 𝛽 = 2, 1 ⋅ 10−5 s/m, 𝑟 = 0.5, and SNR = 3 dB. (a) ACFs. (b) Power cepstra. (c) CCF.
Sublabels (i) and (ii) indicate plots for S1 and S2 signals, respectively. Red dots denote TDOA estimates.

4.1.2. Leak localisation results
The proposed method was used to locate the leak in the simulated pipe. Fig. 5 shows the correlation functions and power

cepstra of the S1 and S2 signals generated with SNR, pipe attenuation, and reflection coefficient set to default values. These give
the following TDOA values: 𝜏21[1, 1] = 270.8, 𝜏11[2, 1] = 101.8, and 𝜏22[2, 1] = 113.2 ms.

Table 2 presents the leak location and wave speed estimates obtained for each discontinuity in the pipe, along with the
corresponding PIs. The wave speed thresholds were specified as 𝑐min = 150 and 𝑐max = 550 m∕s. Only the discontinuities that lies
within the corresponding PI — specifically, D1 for the S1 signal; D2 and D5 for the S2 signal — provide plausible estimates.

To resolve the ambiguity in the results obtained from the S2 signal, the first measurement point S1 was moved 5 m to the left so
that 𝑑1 = 37 m. Reevaluating Eqs. (4) and (6) with the new reference time delay 𝜏21[1, 1] = 257.2 ms gives the estimates 𝑑2 = 101.6
m and 𝑐 = 148 m∕s for D2; and 𝑑2 = 127.9 m and 𝑐 = 353 m∕s for D5. By comparing these values with those presented in Table 2, it
can be observed that the results obtained for D5 are nearly identical in both the old and new measurement setups. In contrast, this
consistency is not observed in the estimates from D2. Relocating S2, rather than S1, leads to the same observations. This indicates
that the leak is not located in zone 2. It is, therefore, concluded that the estimates from D5 are the correct estimates.

Alternatively, additional evidence in the S1 and S2 signals can be considered as suggested in Section 2.2. If the leak is indeed
located in zone 2, then the first reflections from D3 and D5 will be captured by Sensors S1 and S2, respectively. This will result in
the appearance of peaks at 2 ⋅ (101.1 − 100)

156
= 15.4 ms in the ACF and power cepstrum of the S1 signal and at 2 ⋅ 20

156
= 256.4 ms in

the ACF and power cepstrum of the S2 signal. Absence of these peaks in Figs. 5(a) to 5(e) confirms the conclusion that the leak is
not located in zone 2. Estimates from D2 are consequently disregarded.

The leak location and wave speed estimates provided by the proposed method are close to the true value, with maximum
discrepancy of 0.16 m and 0.3%, respectively. Its performance is comparable to that of the cross-correlation method, as can be
observed from Table 2. It is important to note that the cross-correlation results were obtained using the true wave speed, whereas
this information was not available to the proposed method. This simulation example demonstrates the viability of the method and
9
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Table 2
Summary of simulation results. PI 𝑙min < 𝑙𝑗 < 𝑙max is written in the form (𝑙min , 𝑙max). Yellow cells indicate plausible estimates.

In-bracket discontinuity

Zone 𝑗 = 1 𝑗 = 2 𝑗 = 3 𝑗 = 4 𝑗 = 5

S1

𝑙𝑗 (m) 50 60 90 130 –
D1 D2 D3 D4 –

PI (33.5, 67.3) (61.3, 67.3) (67.5, 67.3) (86.2, 67.3)

𝑑1 (m) 31.9 48.0 96.0 160 –

𝑐 (m/s) 355 237 −118 −591 –

S2

𝑙𝑗 (m) – 110 100 70 30
– D1 D2 D3 D4

PI – (108.8, 160) (108.8, 160) (108.8, 160) (108.8, 160)

𝑑2 (m) – 101.2 94.1 72.9 44.7

𝑐 (m/s) – 156 104 −52.1 −260

Out-of-bracket discontinuity

S1

𝑙𝑗 (m) 180

S2

𝑙𝑗 (m) 20
D5 D5

PI (7.6, 30.1) PI (8.6, 31.4)

𝑑1 (m) −399 𝑑2 (m) 127.8

𝑐 (m/s) 3536 𝑐 (m/s) 353

Comparison of results
𝑐

(m/s)
𝜏peak
(ms)

𝑑1
(m)

|𝑑𝑖 − 𝑑1|
(m)

|𝑐 − 𝑐|
𝑐

S1 signal 355.0 270.8 31.93 0.07 0.28%

S2 signal 353.4 −270.8 127.84 0.16 0.18%

Cross-correlation 354 270.8 32.07 0.07 0%

illustrates its capability to resolve ambiguity in the results. The method is further investigated using experimental leak signals in
he next section.

4.2. Experimental results

The method presented in this paper was used to determine wave speed and locate leaks in a laboratory leakage test rig. Fig. 6(a)
shows the schematic of the rig, which consists of two 6-m MDPE pipes joined with a 90◦ elbow. Each pipe has outer diameter of
3 mm and thickness of 6.2 mm. Leaks can be simulated by opening a valve installed on a 6-mm hole at the point marked L1,
s shown in Fig. 6(b). Three 352C22 accelerometers (https://www.pcb.com/it/products-it-it?model=352c22) were mounted at the
ccess points labelled X1, X2, and X3, as shown in Fig. 6(c). The sensitivity of the accelerometers was 1.0 mV∕(ms−2), and their
seful frequency range was 0.3 Hz–20 kHz.

Young’s modulus and loss factor of the MDPE pipes were determined using the impact excitation method [44], which calculates
hese quantities from equations relating them to the natural frequencies of a thin ring cut from the pipe. The measured values

were 𝐸p = 1.2 GPa and 𝜂p = 0.015. This experimentally determined value of Young’s modulus is higher than the typical values
(0.35–0.896 GPa) reported in the literature and materials database [45,46]. Acoustic wave speed in the MDPE pipes was estimated
y measuring the time delay between signals recorded at X2 and X3 when the elbow was excited with white random noise using a
haker. The average acoustic wave speed, computed over 5 measurements, is 354 m/s, with a standard deviation of 3.2 m/s.

Fig. 7 shows the correlation functions and power cepstra of signals measured at X1 and X3. These signals were acquired at a
ampling rate of 40 kHz for 30 s in the presence of a leak at L1. The highly oscillatory nature of the ACFs, shown in Figs. 7(a)

and 7(c), and resonant peaks in the power spectral densities (PSDs), shown in Fig. 7(f), indicate the presence of tonal components
in the measured signals. Peaks induced by the tonal components mask those related to reflections, making it difficult to identify
the reflection TDOAs. The main ACF peaks occur at lags 2.7 and 3.7 ms, which correspond to the inverse of the dominant resonant
frequencies 377 and 270 Hz in the X1 and X3 signals, respectively. Cepstral analysis suppresses effects of tonal components, thereby
allowing identification of the reflection TDOAs. The reference time delay and the TDOAs of the primary reflections in the X1 and

3 signals were determined as 𝜏21[1, 1] = 14.2, 𝜏11[2, 1] = 1.2, and 𝜏22[2, 1] = 1.4 ms from the envelopes of the CCF in Fig. 7(e) and
he power cepstra in Figs. 7(b) and 7(d).

The in-bracket discontinuities, X2 and the elbow, divide the rig into three zones: zone 1 (between X1 and the elbow), zone 2
(between the elbow and X2), and zone 3 (between X2 and X3). Table 3 presents the results obtained for the experimental signals.
Only the out-of-bracket discontinuities closest to X1 (inlet valve) and X3 (end cap 2) satisfy the plausibility conditions. These out-
of-bracket discontinuities provide estimates that are close to the true values, and there is no ambiguity in the results for each signal.
The reflection coefficients of the discontinuities were determined as 0.35 and 0.45 as the ratios of the amplitudes of reflected and
10
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Fig. 6. Laboratory pipe leakage rig. (a) Schematic of the leakage rig; (b) Setup for leak simulation; (c) Access point for sensor installation.

incident pulses captured by sensors placed very close (<1 cm) from the discontinuities. The pulse was generated using a shaker. An
alternative approach for estimating the reflection coefficient of a component is to compare the amplitudes of the power cepstral
peaks corresponding to the direct-path and the primary reflection from the component, as described in [38]. This approach is
useful when the components are located in an inaccessible location. Based on the peaks in the power cepstra in Figs. 7(b) and
7(d), the reflection coefficients of the inlet valve and end cap 2 are approximately 0.3 and 0.4, respectively, which are close to the
experimentally determined values.

The leak location estimates were compared to those obtained using the cross-correlation method. As can be observed from
Table 3, accuracy of the cross-correlation method depends on the wave speed value used. Using the wave speed 𝑐 = 279 m∕s
(calculated using a typical Young’s modulus value 𝐸p = 0.8 GPa in Eq. (2)) results in a leak localisation error of 0.64 m, compared
to just 0.11 m when the measured value is used. Typical Young’s modulus values are often used to calculate the wave speed when
the pipe material properties are not precisely known. The maximum error in the leak location estimates provided by the proposed
method is 0.11 m. Hence, the proposed method outperforms the cross-correlation method if the latter uses the calculated wave
speed.

4.3. Discussion

The numerical simulation and experimental results reported above demonstrate that the proposed method is effective for
estimating wave speed and locating leaks in water pipes. Ability to accurately locate leaks without a priori knowledge of the wave
speed is a major advantage of the proposed method over existing methods. This makes it particularly useful in situations where the
pipe properties are uncertain and/or wave speed cannot be measured reliably on-site, such as in old and inaccessible pipes. Since the
method is implemented using simple cross-correlation setup without need for extra instrumentation, it is more practically convenient
and less time consuming for determining the wave speed than in-situ wave measurement methods. Owing to these advantages, the
11
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Fig. 7. Experimental leak signals measured on the leakage test rig. (a) ACF. (b) Power cepstrum. (c) CCF. (d) PSDs (normalised by their maximum values).
Red dots indicate TDOA estimates. Black diamond markers indicate main resonant frequencies and resonance-induced ACF peaks.. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

proposed method offers an attractive option for acoustic leak localisation in water distribution networks.
However, some limitations of the method can be highlighted. Like other reflectometry-based methods, the proposed method

is only effective when the reflections in the measured signals can be reliably detected. As shown by the simulation results, high
background noise and pipe attenuation make multipath identification more difficult. As a result, effectiveness of the method will be
reduced in very noisy environments and in pipes characterised by high attenuation. Effective use of the method requires knowledge
of the discontinuities in the pipe system. The presence of unknown discontinuities other than the leak may lead to inaccurate results;
for example, if an unknown discontinuity is responsible for the primary reflection. Another issue is the possible ambiguity in wave
speed estimation and leak localisation results. The application of the measures proposed to resolve ambiguous results may not be
feasible due to practical constraints. Additionally, the wave speed thresholds used to define plausibility conditions are arbitrary and
may not encompass the actual wave speed.

Future studies will aim to refine the method by addressing the highlighted shortcomings and carry out extensive experimental
investigation in different water distribution networks.

5. Conclusions

A leak localisation method based on multipath identification in acoustic signals measured on a water pipe has been investigated.
This method relies on detecting reflections of the leak noise in signals measured at two locations on the pipe. Autocorrelation
and cepstral multipath identification techniques were derived and analysed, with results showing that the latter achieves a better
performance than the former. Simulation and experimental results obtained on a leakage test rig demonstrate that the proposed
method is effective for estimating wave speed and determining leak location. The proposed method achieved a maximum leak
localisation error about 6 times lower than that of the conventional cross-conventional method. An important practical benefit of
the method is ability to locate leaks without a priori knowledge of the wave speed.
12
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Table 3
Summary of experimental results. Yellow cells indicate plausible estimates. PI 𝑙min < 𝑙𝑗 < 𝑙max is written in the form (𝑙min , 𝑙max).

In-bracket discontinuity
Zone 𝑗 = 1 𝑗 = 2 𝑗 = 3

X1

𝑙𝑗 (m) 5.99 6.24 11.74
Elbow X2 X3

PI (7.43,9.77) (7.43,9.77) (7.43,9.77)

𝑑1 (m) 5.98 6.21 11.21
𝑐 (m/s) 15.4 47.4 753

X3

𝑙𝑗 (m) 11.74 5.75 5.5
X1 Elbow X2

PI (11.20,4.58) (5.53,4.58) (2.65,4.58)

𝑑1 (m) 12.33 5.74 5.46
𝑐 (m/s) −910 18.6 57.4

Out-of-bracket discontinuity
𝜏𝑖𝑖[2, 1]
(ms)

𝜏𝑘𝑖[1, 1]
(ms)

𝑙𝑗
(m)

𝑑𝑖
(m)

𝑐
(m/s)

|𝑑𝑖 − 𝑑𝑖|
(m)

|𝑐 − 𝑐|
𝑐

X1

PI: (0.14,0.35)

1.4 −14.2
0.25 8.41 357 0.08 0.9%
0.65 12.46 929 3.97 162%
1.05 16.52 1500 8.03 324%
11.99 127 17 129 119 4738%

X3

PI: (0.13,0.54)

1.3 14.2
0.25 3.14 385 0.11 8.6%
11.99 −125 18 446 128 5111%
12.39 −129 19 062 132 5285%
12.79 −134 19 677 137 5458%

Cross-correlation
𝑐

(m/s)
𝜏peak
(ms)

𝑑1
(m)

|𝑑𝑖 − 𝑑1|
(m)

|𝑐 − 𝑐|
𝑐

Measured speed 354 14.2 3.36 0.11 0%

Calculated speed 279 14.2 3.89 0.64 21%
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