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The efficient management of water distribution networks requires the detection and mitigation of leaks that 
result in significant water losses, economic costs, and potential health hazards. This experimental study focuses 
on the optimal frequency range for accurately locating a water leak in a distribution network using the noise 
correlation approach while mitigating the influence of background noise associated with water consumption from 
users. Through laboratory experimental tests, a digital bandpass filter was defined in order to pre-process signals 
and to improve cross-correlation analysis within the pertinent frequency range. This was done by characterising 
the frequency content of leak-induced noise, noise masking resulting from water consumption, and background 
noise. The analysed signals were recorded using hydrophones installed within the pipes of a laboratory test rig 
under different conditions of water flow rate. The spectra analysis assessed the influence of varying water flow 
rates on the acoustic sound field within the pipeline system. Additionally, the results of the analysis made it 
possible to discriminate clearly between noise generated by leaks and noise attributed to water consumption. 
This distinction is useful for implementing suitable filters, and also to establish a threshold ratio of leak flow 
rate to water consumption flow rate for effective pre-filtering. This study aims to establish a methodological 
framework that can effectively differentiate between acoustic signals stemming from leaks and noise generated 
by other sources within the system, to improve leak location accuracy through the noise correlation approach.
1. Introduction

Water utilities and water management authorities continuously en-

deavour to enhance the efficiency of water distribution networks. Leak-

ages, occurring at various points in the network such as joints, valves, 
and pipes, lead to water losses ranging from less than 5% to over 
50% [1,2]. Besides wasting a valuable natural resource, leakages cause 
significant economic costs and pose health risks due to potential con-

tamination of drinkable water [3]. To address these challenges, water 
utilities employ diverse approaches to promptly detect and minimise 
the impact of leaks [4,5], encompassing thermography, ground pene-

trating and subsurface radars, tracer gas, earth sensitivity changes, and 
acoustic methods for both leak detection and pinpointing [6,7]. Acous-

tic methods, which are comprehensively reviewed in the subsequent 
section, hinge upon the utilization of the cross-correlation technique. 
This technique is employed to estimate the location of a leak within 
a given system. It relies on the cross-correlation function derived from 
two distinct signals acquired via accelerometers or hydrophones. To 
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ensure accurate and reliable results, the influence of sound sources un-

related with the leak’s presence must be mitigated.

The central objective of this investigation is to systematically char-

acterise the influence of varying water flow rates on the acoustic sound 
field within the pipeline system. Additionally, this study aims to es-

tablish a methodological framework that can effectively differentiate 
between acoustic signals stemming from leaks and the noise generated 
by other sources within the system. Specifically, this research focuses 
on the identification of a distinct frequency range that characterises 
the noise produced by leaks within a specific segment of the network, 
in which the influence of background noise arising from water con-

sumption can be minimised. Unlike other masking sound sources like 
traffic noise, which can be monitored and mitigated by recording signals 
during quieter periods, monitoring water consumption is more challeng-

ing. The frequency content in the water distribution system is analysed 
in different operating conditions in order to characterise: the system’s 
background noise in the stationary standard condition (with no wa-

ter flow), leak-generated noise, and masking noise generated by water 
consumption. Spectral analysis is used to design of a digital bandpass 
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filter to pre-process the signals. This filter restricts the cross-correlation 
analysis to the frequency range affected by the leak-generated noise, 
minimising the influence of noise associated with water consumption. 
The results of such analysis help identify a maximum threshold of the 
ratio of leak flow rate to water consumption flow rate up to which 
pre-filtering effectively reduces the noise masking effect, increasing the 
accuracy of the cross-correlation approach in locating the leak within 
the system.

It is important to emphasize that this study does not introduce 
new signal processing methodologies. Instead, its primary focus is on 
presenting a systematic approach to characterise the acoustic field orig-

inating from diverse sound sources within a designated segment of the 
water distribution network. Such an approach holds potential for pre-

filtering the signals employed in the correlation-based technique used 
to pinpoint leaks. The novelty of this study resides in its comprehen-

sive analysis of the frequency content present within the piping system 
across varying acoustic conditions. This analysis enables a clear discrim-

ination between noise generated by leaks and noise attributed to water 
consumption, ultimately facilitating the implementation of suitable fil-

ters. Through this research, we aim to contribute to advancements in 
leak detection methods, optimising water distribution networks and 
minimising water losses. The proposed approach could be iteratively 
implemented by water utility companies in in-situ conditions with the 
widespread use of low-cost vibroacoustic sensors in water distribution 
networks, enhancing leak detection accuracy and assisting in water re-

source conservation and public health and safety.

The following section reviews the state of the art in leak detec-

tion based on noise correlation through an extensive literature review. 
Section 3 describes the experimental laboratory test rig and the method-

ology employed to evaluate leak positions through noise correlation. 
Section 4 presents the results of this experimental study, followed by a 
discussion on the influence of water consumption from users on the 
sound field within a water distribution network and, ultimately, an 
assessment of its effect on the accuracy and reliability of the cross-

correlation technique.

2. State of the art on acoustic leak location

The leak detection activity can be generally broken down into two 
main phases (although a three-phase categorization was also proposed 
[8]). The location phase refers to the identification of potential leakages 
within a specific area of the water distribution system or along a par-

ticular branch, while pinpointing techniques are employed to precisely 
evaluate the leak position, varying depending on the system’s charac-

teristics. Acoustic techniques can be used to identify the presence of a 
leak in a specific branch of the distribution system (listening devices), 
and they can also be effective in leak pinpointing (leak noise correla-

tors).

In the late ’80s, the Fraunhofer Institut for Building Physics 
(Fraunhofer-Institut für Bauphysik - IBP) developed and tested an effi-

cient system for leak pinpointing known as LOKAL, using a dual-channel 
acquisition system enabling FFT (Fast Fourier Transform) analysis [9]. 
Over the years, acoustic leak pinpointing approaches have proven to 
be reliable tools, providing good accuracy for distances up to 500 m
in metal pipes [10]. However, in plastic pipes - polyvinyl chloride 
(PVC) or polyethylene (PE) - acoustic leak location is far more chal-

lenging and applicable only over shorter distances (<< 100 m) due to 
the higher attenuation rate presented by the system [11]. The acoustic 
leak pinpointing technique relies on the cross-correlation of two vibroa-

coustic signals recorded on access points of the network, placed on both 
sides of the suspected leak location. The reliability of this experimen-

tal approach depends on two factors: first, a reliable estimate of the 
time delay between the two signals, obtained by maximising the cross-

correlation function (CCF). Secondly, on an accurate prediction of wave 
propagation velocity, influenced by the pipe’s characteristics, the fluid 
2

within, and the soil burying the pipe [12]. Fundamental research focus-
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ing on the physics governing the fluid-structure-soil mutual interaction, 
combined with experimental testing, has continuously improved the 
reliability of this method, leading to a comprehensive understanding 
of how the vibroacoustic perturbance propagates along the fluid-filled 
pipe [13]. Several analytical models have been proposed to compute the 
sound wave propagation velocity from the properties of the fluid and 
the geometrical and elastic characteristics of the pipe. Some models 
consider a pressure wave propagating through an inviscid compress-

ible fluid contained in a cylindrical elastic shell [14–19]. Other models, 
more suitable for buried pipes, additionally consider the effect of the 
soil on wave propagation [20–22]. As shown by Muggleton et al. [23], 
the approximated analytical formulations allow for an accurate esti-

mate of the propagation velocity, even in plastic pipes, up to 1/4 of 
the system’s ring-frequency. Accurately estimating the time delay be-

tween the two signals requires a good signal-to-noise ratio (SNR) to 
maximise the peak in the CCF. For this purpose, the choice of sensors 
is crucial, especially in systems characterised by a high attenuation rate 
[24]. Accelerometers generally provide a more pronounced peak in the 
CCF, although hydrophones, guaranteeing a higher signal-to-noise ratio 
(SNR), are more suitable in plastic pipes [25,26]. Extensive field testing 
on plastic buried pipes was performed by Hunaidi et al. [3,12] to char-

acterise leak signals and assess the reliability of the noise correlation 
approach. The investigation considered various aspects, such as sensor 
positioning, pipe pressure, and flow rate, leading to results exhibiting 
an accuracy of within 5 m in locating the leak position, which could 
be increased to 1 m by correcting the propagation velocity provided by 
commercial correlators. Brennan et al. [27,28] compared different cor-

relators through a virtual test rig, where the vibrational field on the 
pipe surface was excited by a small loudspeaker. Their findings showed 
good reliability only in a limited range of frequencies, probably due 
to the characteristics of the employed sound source. Despite record-

ing signals during the quietest periods and those with minimum water 
consumption, background noise potentially masks the leak noise, re-

ducing the accuracy of the cross-correlation time delay estimate. To 
obtain a sharper peak in the CCF and increase accuracy in locating 
leaks, Gao et al. [29] analysed the use of the general cross-correlation 
(GCC) algorithm instead of the basic cross-correlation (BCC) algorithm. 
They found that pre-filtering the signals using the GCC algorithm im-

proved the accuracy in locating the leak. More advanced techniques, 
such as time-frequency analysis through the wavelet transform (WT) 
or the short time Fourier transform (STFT) [30–33], have been pro-

posed to reduce background noise influence and improve the accuracy 
of acoustic approaches for leak detection and location.

Statistical and machine learning techniques can be used to improve 
the efficiency and reliability of traditional leak detection methods [34]. 
The application of these approaches has been investigated to identify 
leaks in water systems and gas distribution pipelines [35,36]. A few 
commercial solutions that use machine learning for leak location and 
pinpointing are also available. For example, the company FIDO Tech 
uses multiple smart devices, with vibro-acoustic sensor and data logger, 
combined with differential analysis and machine learning to detect and 
locate leaks [37]. Their algorithms can filter out non-leak noises such 
as pumps, sudden high customer water usage, or traffic, and they can 
also estimate the size of a leak. In the future, it is expected that there 
will be an increase in the use of continuous monitoring of distribution 
networks, which can improve the efficiency of leak detection, through 
IoT transducer arrays [38], using low-cost miniature sensors known as 
MEMS (Micro Electro-Mechanical Systems). To the best of the authors’ 
knowledge, a commercial solution of MEMS hydrophones, which would 
present many advantages over accelerometers especially in plastic pipe 
networks, is not yet available, but laboratory prototypes have been suc-

cessfully developed [39,40].

As shown by a recent study published by Yu et al. [41], despite 
recent advances, leak detection in water distribution networks is still 
typically performed manually by field operators. This process is time-
consuming, resource-intensive, and can be subjective, depending on the 
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Fig. 1. Diagram of the experimental test rig.
operator’s level of expertise. This paper proposes a methodology to dis-

criminate between leak signals and system background noise to address 
this issue, which could be employed for supervised training and cali-

bration steps of an automated signal analysis system of vibroacoustic 
signals recorded by a distributed array of sensors.

3. Materials and methods

3.1. Experimental measurements

Sound pressure measurements and audio recordings were carried 
out on an experimental test rig set up at the Engineering Department 
laboratories of the University of Ferrara. The test rig consisted of an 
unburied pipe system, approximately 150 m long, with polyethene 
pipes (PE100 PN16) with diameter 𝜙 = 0.032 m and wall thickness 
ℎ = 0.003 m, as shown in Fig. 1. This system was directly connected 
to the water distribution network. A first branch of the system, with 
a length of about 80 m, was installed between the instrumented pipe 
system and the water inlet to reduce the influence of noise generated 
within and transmitted from the water distribution network. The open-

ing of the outlet valve of the pipe system was used to simulate water 
consumption by any given user at different flow rates. It was possible 
to replace a segment of the system with a cracked pipe to simulate the 
presence of a leak in a given position, as shown in the Fig. 1. Prelimi-

nary tests were conducted to optimise the test-rig design, involving the 
simulation of a leak through two distinct damage scenarios on the pipe: 
a hole-type and a slit-type. The hole-type damage was induced by drilling 
a hole in the pipe, with a diameter of approximately 2 mm. The slit-type

damage was created by cutting a 4 cm long slit on the pipe’s surface. 
The slit-type leak was chosen to conduct a detailed analysis, as it is 
more representative of real condition leaks. Besides, the hole-type leak 
also generated a higher level of noise, thereby potentially being less 
sensitive to noise masking from other sources. Comparison between the 
acoustic characteristics of the two types of leak is shown in Section 4. 
Two hydrophones (Aquarian Scientific AS-11) and two water meters 
were installed in the test rig at positions 26 m apart from each other, 
denoted as 𝐻1, 𝐻2, 𝑊 𝑀1, and 𝑊 𝑀2, respectively, as shown in Fig. 1. 
Hydrophones were preferred over accelerometers due to their suitabil-

ity for applications in networks with plastic pipes. Nevertheless, the 
presented methodology is applicable with any vibro-acoustic sensor, 
provided it allows for a good signal-to-noise ratio. The hydrophones 
were fitted into the pipe using customised pipe clamp saddles sealed 
with O-rings, as shown in the pictures provide in Fig. 2. To reduce the 
effect of the sensors on the water flow, as well as the influence of the 
water flow on the sensors, the two hydrophones were installed into sub-

branches of the test-rig rather than into the main pipe, so they were not 
3

1 range with linear response 1 Hz− 100 kHz (±2 dB), sensitivity 40 μV/Pa.
Table 1

Summary of the experimental test conditions.

Cond. ID flow rate 𝑞𝑖 Condition Description

𝑆0
𝑞𝑙 = 0 l/h

Standard system: at a constant pressure with no flow
𝑞𝑤𝑐 = 0 l/h

𝑆1

𝑞𝑙 = 0 l/h

Standard system: at a constant pressure with flow 
due to the opening of the outlet valve (water 
consumption from users)

𝑞𝑤𝑐 = 100 l/h

𝑞𝑤𝑐 = 200 l/h

𝑞𝑤𝑐 = 400 l/h

𝑞𝑤𝑐 = 600 l/h

𝑞𝑤𝑐 = 1000 l/h

𝐿0
𝑞𝑙 = 80 l/h Leak-system: at a constant pressure with flow due to 

the presence of a leak𝑞𝑤𝑐 = 0 l/h

𝐿1

𝑞𝑟 = 1.00

Leak-system: flow rate due to the simultaneous 
presence of a leak and water consumption

𝑞𝑟 = 2.13
𝑞𝑟 = 5.63
𝑞𝑟 = 10.74
𝑞𝑟 = 63.50

directly affected by water flow. Moreover, since the proposed methodol-

ogy relies on the comparison of spectral characteristics recorded in var-

ious conditions, their influence is considered insignificant as it equally 
affects all conditions. The sensors were connected to a digital audio 
recorder with a sampling frequency 𝐹𝑠 = 96000 Hz, which allows for the 
investigation of a broad range of frequencies (20 Hz−20 kHz). Although 
previous studies have found frequency content extending below 20 Hz, 
this lower range of frequencies is highly susceptible to road traffic vi-

bration. It was therefore considered better to analyse a wider frequency 
range less affected by this critical masking source in in-situ conditions.

Experimental tests and signal acquisition were performed under var-

ious conditions to characterise the background noise within the system, 
the acoustic field generated by a simulated leak, and the noise gen-

erated by simulating water consumption. Four main conditions were 
investigated, each with different flow rates, as summarised in Table 1, 
where 𝑞𝑤𝑐 represents the flow rate associated with water consumption, 
and 𝑞𝑙 denotes the flow rate associated with the leak, while their ratio is 
defined as 𝑞𝑟 = 𝑞𝑤𝑐∕𝑞𝑙 . The system in the standard configuration with no 
water flow, denoted as 𝑆0, was analysed to characterise the background 
noise generated within and transmitted from the water distribution net-

work. On the other hand, 𝑆1 represents the standard configuration of a 
water distribution network under normal operating conditions, without 
leaks and with flow due to water consumption from users. The condi-

tion 𝐿0 was investigated to acoustically characterise the leak system, in 
which the sound field was generated by the presence of a simulated 
slit-type leak, without any other sound sources except background noise 
(as characterised in condition 𝑆0). Ultimately, configuration 𝐿1 repre-

sents a typical in-situ condition where the noise generated by the leak 
combines with the noise due to water flow and other sound sources 

associated with user water consumption. In this latter case, the dif-
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Fig. 2. Pictures of the two hydrophone fitted in the pipes of test-rig.
Fig. 3. Diagram of the sensors arrangement for leak localisation through vibroa-

coustic signals cross-correlation.

ferent conditions of fluid flow, dependent on both the leak and the 
simulated water consumption, are described in terms of the flow rate 
ratio 𝑞𝑟, as the flow rate associated with the leak changes along with 
the flow rate associated with water consumption. To ensure clarity, it is 
important to specify that the flow rates associated with water consump-

tion in conditions 𝐿1 were near the values obtained in conditions 𝑆1, 
although not identical. While the sensors in the test-rig provided an ac-

curate measurement of flow rates, manual adjustments made it possible 
to achieve only comparable rates across different conditions. Addition-

ally, varying water consumption flow rate also affected the water flow 
associated with the leak. More specifically, the leak water flow rate, ini-

tially around 𝑞𝑙 = 80 l/h in the condition 𝐿0, decreased to 𝑞𝑙 = 20 l/h as 
the water consumption flow approached 𝑞𝑤𝑐 = 1000 l/h.

3.2. Acoustic cross-correlation for leak location

Noise correlators estimate the position of a leak by processing two 
signals acquired by using acoustic (i.e., hydrophones) or vibration sen-

sors (i.e., accelerometers) placed on access points on the pipe on both 
sides where the leakage is supposed to be located. According to the di-

agram in Fig. 3 the distance between the position of one sensor and the 
leak can be determined as:

𝑑1 =
𝐷 − 𝑐𝛿𝑡

2
(1)

where 𝐷 is the distance measured between the two sensors, 𝑐 is the 
propagation velocity of the sound wave generated by the leak along 
the fluid-filled pipe, and 𝛿𝑡 is the delay observed in the time of arrival 
of the perturbance between the two sensor positions 𝐻1 and 𝐻2. As 
expressed by Eq. (1), the reliability of the leak pinpointing depends 
on the accuracy of the estimate of both the wave propagation velocity 𝑐
and the time delay 𝛿𝑡, representing the two unknowns whose evaluation 
4

is addressed in the following two subsections respectively.
3.2.1. Estimate of wave propagation velocity

The wave propagation velocity along a segment of a water distri-

bution network depends on the dynamic coupling between the pipe’s 
elastic structure and the fluid contained within it. In practical con-

ditions, where the distribution network consists of buried pipes, the 
interaction between the pipe walls and the surrounding ground should 
also be considered. Nevertheless, for unburied pipes, such as the test rig 
built for this study, the effect of the air surrounding the duct is negli-

gible. Thus, the theories of dynamics derived in in-vacuum conditions 
remain valid. For the study presented here, the wave propagation veloc-

ity in unburied fluid-filled pipes was computed using the approximated 
solutions proposed by Pinnington and Briscoe [19], based on a simpli-

fied form of Kennard’s equation of motion for circular cylindrical shells 
[42]. These approximated formulations are valid only well below the 
pipe ring frequency since they neglect the pipe bending in their deriva-

tion. The pipe ring frequency 𝜔𝑅 = 𝑐𝐿∕𝑎 occurs when the wavelength of 
a quasi-longitudinal wave, propagating in a plate-like structure, equals 
the circumference of the pipe, where 𝑎 is the pipe radius, and 𝑐𝐿 is 
the longitudinal wave velocity. Considering axisymmetric propagating 
modes, identified by the circumferential modal order 𝑛 = 0 in the dia-

grams provided in Fig. 4, three different waves propagate in the system 
[15]. The predominantly fluid-borne wave (𝑠 = 1) and the predomi-

nantly structure-borne wave (𝑠 = 2) are quasi-longitudinal waves that 
induce axial and radial motion of the fluid and the pipe. The torsional 
wave mode (𝑠 = 0) is not of particular interest in leak noise applica-

tions as it induces negligible radial motion that remains uncoupled from 
the fluid. The solutions for the wavenumber 𝑘𝑠 with 𝑠 = 1, 2 can be ex-

pressed as [19]:

⎧⎪⎪⎨⎪⎪⎩
𝑘21 = 𝑘20

(
1+𝛽−𝜈2−Ω2

1−𝜈2−Ω2

)
𝑘22 = 𝑘2

𝐿

(
1+𝛽−Ω2

1+𝛽−𝜈2−Ω2

) (2)

where Ω = 𝜔∕𝜔𝑅 is the non-dimensional ring frequency, 𝑘0 = 𝜔∕𝑐0 is 
the acoustic wavenumber propagating in an infinite fluid medium, and 
𝑘𝐿 = 𝜔∕𝑐𝐿 is the quasi-longitudinal wavenumber propagating in a plate-

like structure, computed from the elastic modulus 𝐸 of the cylindrical 
shell, its Poisson’s ratio 𝜈, and density 𝜌 as:

𝑘𝐿 = 𝜔

√
𝜌
(
1 − 𝜈2

)
𝐸

(3)

The term 𝛽, representing the fluid loading on the pipe structure, is given 

by:
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Fig. 4. Diagram of the mode shapes of a cylindrical shell with circumferential modal order up to 𝑛 = 3.
𝛽 = 2𝐵𝑎

𝐸ℎ

(
1 − 𝜈2

)
(4)

where ℎ is the pipe wall thickness, and 𝐵 = 𝑐20𝜌0 is the fluid bulk modu-

lus, with 𝜌0 indicating the fluid density. The term 𝛽 expresses the effects 
of the fluid contained in the cylindrical shell on the dynamic of the 
system. For an empty shell, 𝛽 = 0. As 𝛽 increases, the phase velocity 
𝑐1 = 𝜔∕𝑘1 decreases, and the phase velocity 𝑐2 = 𝜔∕𝑘2 tends to the value 
of 𝑐𝐿. Moreover, the contained fluid limits the radial motion of the 
elastic structure, making it more difficult to be detected by vibrational 
transducers for transverse displacement. The predominantly fluid-borne 
wave mode 𝑠 = 1, responsible for the larger amount of energy propagat-

ing due to the leak presence [25], is of most interest in the application 
of acoustic cross-correlation for leak localization. 

An accurate estimate of the wave propagation velocity is funda-

mental to obtain a reliable position of the leak within the investigated 
system, as clearly expressed by Eq. (1). It should be noted that, even 
though in a coupled vibroacoustic system (such as an elastic shell filled 
with a fluid medium), multiple modes propagate at each frequency 
with different phase velocities along both the elastic and the acous-

tic domains [43], the energy content of a sound wave generated due 
to the presence of a leak in a pipe mainly travels within the system 
as a predominantly fluid-borne wave (i.e., the branch 𝑠 = 1). An esti-

mate of the wave propagation velocity 𝑐1 = 𝜔∕𝑘1 of the predominantly 
fluid-borne propagating mode was obtained using Eq. (2) from the char-

acteristics of the pipe’s material and the fluid. The experimental test 
rig was realised using polyethylene pipes (PE100 PN16) with radius 𝑎
and wall thickness ℎ. The material PE100 constituting the pipes was 
characterised by elastic constants found in the literature [44], even 
though its vibroacoustic behaviour would be more accurately described 
through frequency-dependent elastic properties to account for viscoelas-

tic effects. Table 2 shows the elastic characteristics of PE100, together 
with the fluid’s properties and the pipe’s geometry required to compute 
the wave propagation velocity in the system considered here. Eqs. (2), 
developed by Pinnington and Briscoe [19], pertain to in-vacuum fluid-

filled pipes and frequencies well below 𝜔𝑅, which is given in Table 2

for the considered system. A comparison between experimental results 
and the computed phase velocity in-vacuum conditions, as presented 
by Muggleton et al. [23], demonstrates a good agreement between the 
measured and predicted wave velocities. The estimate of the wave prop-

agation velocity 𝑐1 is considered reasonably accurate; however, it is not 
entirely free from uncertainty due to the input data used in Eq. (2). 
While this approximation remains suitable for the laboratory configu-

rations tested, it is imperative to emphasise that for buried pipes and 
in-situ conditions, the influence of the surrounding soil on wave prop-

agation velocity cannot be disregarded. However, this influence can be 
adequately addressed by employing analytical formulations [21,20].

Fig. 5 shows the estimated wavenumbers and phase velocity dis-

persion curves of the axisymmetric modes propagating in the system, 
providing the dispersion curves of a wave propagating in an infinite 
fluid medium (i.e., 𝑘0 and 𝑐0) and in an infinite plate (i.e., 𝑘𝑙 and 𝑐𝐿) 
as a reference. The predominantly fluid-borne wave propagates with a 
velocity 𝑐1 significantly lower than the propagation velocity 𝑐0 of an 
acoustic wave in an infinite volume of the same fluid medium. For the 
sake of completeness, the wavenumber and phase velocity of the pre-
5

dominantly structure-borne wave are also plotted in Fig. 5, showing 
Table 2

Input data to compute the wave propagation velocity in the considered 
system.

Pipe Geometry Fluid Properties PE100 Characteristics

𝑎 (m) 0.016 𝑐0 (m) 1480 𝐸 (MPa) 1100
ℎ (m) 0.003 𝜌0 (kg/m3) 1000 𝜌 (kg/m3) 950
𝜔𝑅 (rad/s) 7.47e + 04 𝛽 (−) 18.06 𝜈 (−) 0.33

that the propagation velocity 𝑐2 is similar to the phase velocity of a 
quasi-longitudinal wave in a plate-like structure 𝑐𝐿.

3.2.2. Estimate of time delay

The cross-correlation (CC) approach is a widely used method for 
estimating the time delay 𝛿𝑡 between two signals, and it can be imple-

mented in either the time or the frequency domain. Detailed theoretical 
concepts and implementation requirements can be found in the work 
of Glentis et al. [45]. Assuming that sensors 𝐻1 and 𝐻2 acquire two 
stationary continuous signals, denoted as 𝑥1 and 𝑥2 respectively, the 
cross-correlation function is defined as follows:

𝑅𝑥1𝑥2
(𝜏) =𝐸[𝑥1(𝑡)𝑥2(𝑡+ 𝜏)] (5)

where 𝐸[⋅] represents the expected value operator and 𝜏 is the time 
lag. The time delay is determined by maximising the cross-correlation 
function: 𝛿𝑡 = argmax𝜏 (𝑅𝑥1𝑥2

(𝜏)). The reliability of the time delay es-

timate between two signals is significantly affected by background 
noise. While Eq. (5) provides an intuitive and direct definition of the 
cross-correlation function, it is more efficiently evaluated in the fre-

quency domain. The cross-correlation function between the signals 𝑥1
and 𝑥2, denoted as 𝑅𝑥1𝑥2

(𝜏), is linked to their cross-spectral density 
(CSD) 𝑆𝑥1𝑥2

(𝜔). Specifically, it can be obtained by performing the in-

verse Fourier transform of 𝑆𝑥1𝑥2
(𝜔):

𝑅𝑥1𝑥2
(𝜏) = 1

2𝜋

∞

∫
−∞

𝑆𝑥1𝑥2
(𝜔)𝑒𝑗𝜔𝜏d𝜔 (6)

where 𝑗 =
√
−1 denotes the imaginary unit. Eq. (6) represents the basic 

cross-correlation (BCC) used in this study. Gao et al. [29] explored the 
use of the generalised cross-correlation (GCC) to emphasise the peak 
in the function by applying a frequency domain weighting function to 
the CSD before performing the inverse Fourier transform. The results 
obtained from the computation of the cross-correlation function in this 
study were implemented using the BCC in the frequency domain within 
MATLAB®.

Each recorded signal, treated as stationary, was divided into 𝑁 seg-

ments of 𝑛𝑠 = 96000 samples (equivalent to 1-second time slices).2 To 
reduce the impact of random background noise, the cross-correlation 
function was averaged as:

2 This averaging approach requires segment lengths longer than the expected 
delay between the signals [46]. In this case, the minimum segment length was 
estimated considering the distance between sensors 𝐻1 and 𝐻2 : 𝑡min = 𝐷∕𝑐 ≈

0.083 s (corresponding to 7975 samples < 𝑛𝑠).
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Fig. 5. Estimated dispersion curves of the axisymmetric propagating modes, in terms of wavenumbers (real part) on the left-hand side, in terms of phase velocity of 
the right-hand side.
�̄�𝑥1𝑥2
(𝜏) = 1

𝑁

𝑁∑
𝑛=1

𝑅𝑥1𝑥2
(𝜏) (7)

The averaging in Eq. (7) helps reducing the effect of non-correlated 
background noise that may mask the leak signal. However, it is not ef-

fective with correlated noise generated within the system, such as noise 
from water consumption. To improve the accuracy in the time delay 
estimate, even in the presence of partial noise masking, the recorded 
signals were pre-filtered using a second-order Butterworth bandpass 
filter. The cutoff frequencies of the filter were determined through spec-

tral analysis, as detailed in section 4.1.

4. Results and discussion

The following sections present the most significant results obtained 
from the experimental analysis. Firstly, we introduce the spectral char-

acterisation of the investigated systems, under the different conditions 
described in Section 3.1. Then, we assess the accuracy of acoustic cor-

relation in locating a leak within the distribution network, both in ideal 
undisturbed conditions and in the presence of noise masking due to 
water consumption. Finally, in Section 4.3, we summarise and discuss 
more in-depth the observed results.

4.1. Acoustic field characterisation

We performed a spectral analysis on the audio signals recorded in-

side the distribution system to characterise the frequency content of the 
sound field into the pipes in different tested configurations.

4.1.1. Leak type

Before analysing the results associated with the different operating 
conditions, Fig. 6 compares the power density spectra (PSD) associ-

ated with the two different simulated leaks investigated during pre-

liminary tests, as described in Section 3.1. The measurement condition 
labelled 𝐿∗

0 is associated with a leak-system configuration with no wa-

ter consumption. The superscript ∗ is used to indicate that the test-rig 
configuration is not exactly the same one used in the further analy-

ses, illustrated in Fig. 1, as these tests were performed in a preliminary 
stage to define the most adequate test-rig set-up. However, the primary 
difference between the two systems lies in the length of the pipe that 
connects the test rig to the principal water distribution network. This 
difference, as discussed in the next section, affects the transmission of 
6

low-frequency background noise originating from the principal water 
distribution network, equally impacting both leak simulations. Further-

more, the various conditions assessed in the preliminary test-rig are 
characterised in relation to the global flow rate, due to the absence 
of additional sensors to differentiate between the flow rate associated 
with water consumption and that associated with the leak. Fig. 6 com-

pares the sound pressure level spectra generate by a hole-type, denoted 
as 𝐻𝑖,𝐿∗

0 ,𝐻𝑂𝐿𝐸 , leak and a slit-type leak, denoted as 𝐻𝑖,𝐿∗
0 ,𝑆𝐿𝐼𝑇 , at the 

same flow rate. This comparison highlights significantly higher sound 
pressure levels3 generated with a hole-type leak in both the sensor po-

sitions across the entire investigated frequency range, which makes 
the slit-type leak noise more sensitive to noise masking by other sound 
sources. In the same graphs the background noise of the system in the 
absence of flow is denoted as 𝐻𝑖,𝑆∗

0
. In position 𝐻1, this background 

noise reaches, and in some cases exceeds, the sound pressure level 
generated by the slit-type leak across almost within the entire investi-

gated frequency range. Modifications were implemented on the test-rig 
to attenuate the noise transmitted from the water supply network, as 
described in Section 3. We chose to conduct a detailed analysis using 
the slit-type leak in the optimised test-rig, as presented in the follow-

ing sections. This choice was motivated by its greater susceptibility to 
masking effects. Additionally, this form of pipe damage more accurately 
mirrors real-world, in-situ conditions.

4.1.2. Leak generated noise

The sound field generated in the test-rig under condition 𝐿0 was 
analysed to characterise the spectra components associated with the 
perturbance generated by the presence of a (slit-type) simulated leak. As 
shown in Fig. 7, the spectra associated with the noise generated by the 
leak, identified as 𝐻𝑖,𝐿0

, predominantly exhibit low-frequency compo-

nents, between 20 Hz and 100 Hz, although its energy content extends 
across a wide frequency range, up to 3000 Hz. In the same Figure, the 
noise generated by the leak spectra is compared to the background noise 
of the system, characterised under condition 𝑆0, where no water flow 
was present in the test-rig. The comparison reveals a similar trend, with 
a predominance of low-frequency components in the background noise 
spectra, indicated as 𝐻𝑖,𝑆0

. However, the sound field generated due to 
the presence of the simulated leak exhibits higher sound pressure lev-

els than the background noise up to approximately 3000 Hz at position 

3 The magnitude of the spectra, expressed as sound pressure levels referred 

to 𝑝0 = 1 μPa, was used only for relative comparisons.
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Fig. 6. Narrow band sound pressure level spectra measured in the conditions 𝑆∗
0 and 𝐿∗

0 with two different simulated leaks, slit-type and hole-type leak: a) hydrophone 
𝐻1 (upstream); b) hydrophone 𝐻2 (downstream).

Fig. 7. Narrow band sound pressure level spectra measured in the conditions 𝑆 and 𝐿 : a) hydrophone 𝐻 (upstream); b) hydrophone 𝐻 (downstream).
𝐻1 and 2000 Hz at position 𝐻2. As indicated by the subscript 0, in both 
these conditions, the outlet valve of the test-rig, simulating water con-

sumption from users, was closed. In condition 𝑆0, there was no water 
flow in the system, while in condition 𝐿0, a flow rate 𝑞𝑙 ≈ 80 l/h due 
to the leak was measured. In the next paragraph, the possible masking 
of the leak sound wave due to the noise generated by water consump-

tion is analysed, by comparing the sound spectra associated with the 
simultaneous presence of a leak and water consumption, to the noise 
leak characteristic spectra illustrated in this section. 

4.1.3. Noise masking

The operating conditions, identified as 𝑆1, were analysed to char-

acterise the sound field generated in a leak-free system due to water 
consumption from users at different flow rates. While in the mixed con-

ditions 𝐿1, different flow rates were investigated in the simultaneous 
presence of water consumption and a leak in the system. Each con-
7

figuration is characterised in terms of the flow rate ratio 𝑞𝑟 = 𝑞𝑤𝑐∕𝑞𝑙
0 0 1 2

between the flow rate associated with water consumption 𝑞𝑤𝑐 and the 
flow associated with the leak 𝑞𝑙 .

To assess the potential masking of the leak disturbance by water 
consumption noise, Fig. 8 compares the sound pressure level spectra 
obtained in the condition 𝐿1 with a flow rate ratio 𝑞𝑟 ≈ 1.00 with the 
characteristic sound pressure level spectra associated with the condi-

tion 𝐿0. The mixed condition, denoted as 𝐻𝑖,𝐿1,𝑞𝑟 1.00
, exhibits lower 

sound pressure levels compared to the condition 𝐿0, where the acoustic 
disturbance was only due to the leak (𝐻𝑖,𝐿0

), at least up to approx-

imately 550 Hz in position 𝐻1 and within a broader frequency range 
in position 𝐻2. Besides, to highlight potential noise masking and how 
the presence of the leak affects the sound field due to water consump-

tion, the sound pressure level spectra measured in condition 𝑆1 for a 
flow rate 𝑞𝑤𝑐 ≈ 100 l/h due to water consumption alone are also pro-

vided (𝐻𝑖,𝑆𝑞𝑤𝑐100
). In position 𝐻1 above 300 Hz, the spectra associated 

with condition 𝐿1 exhibit significantly higher sound pressure levels 
than the spectra measured in the absence of a leak in condition 𝑆1. 

Smaller differences can be observed between these two conditions in 
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Fig. 8. Narrow band sound pressure level spectra measured in the conditions 𝐿0 (leak only), 𝑆1 (water consumption 𝑞𝑤𝑐 ≈ 100 l/h) and 𝐿1 (mixed water flow 
𝑞𝑟 ≈ 1.00): a) hydrophone 𝐻1 (upstream); b) hydrophone 𝐻2 (downstream).

Fig. 9. Narrow band sound pressure level spectra measured in the conditions 𝐿0 (leak only), 𝑆1 (water consumption 𝑞𝑤𝑐 ≈ 200 l/h) and 𝐿1 (mixed water flow 
𝑞 ≈ 2.13): a) hydrophone 𝐻 (upstream); b) hydrophone 𝐻 (downstream).
𝑟 1 2

position 𝐻2, which is closer to the system outlet. The characteristic 
sound pressure level spectra of the mixed condition 𝐻2,𝐿1,𝑞𝑟 1.00

have 
a higher amplitude than the spectra associated to water consump-

tion 𝐻2,𝑆𝑞𝑤𝑐100
only within the frequency ranges 90 Hz − 200 Hz and 

300 Hz − 450 Hz. The comparison of the average spectra in Fig. 8, char-

acterised by a low, and sometime negative, signal-to-noise ratio defined 
as SNR1 =𝐻𝑖,𝐿1,𝑞𝑟𝑗

−𝐻𝑖,𝑆1,𝑞𝑤𝑐𝑗

, highlights a potential partial masking of 
the sound field generated by the leak. 

A more in-depth investigation, comparing the spectra associated 
with the testing conditions 𝑆1 and 𝐿1 for different values of the flow 
rate ratio 𝑞𝑟, allows for the identification of the frequency range less af-

fected by the masking of the leak-generated noise. The sound pressure 
level spectra associated with flow rate ratios 𝑞𝑟 = 2.13 and 𝑞𝑟 = 10.74
are compared in Fig. 9 and Fig. 10, respectively. The general obser-

vations discussed concerning the spectra associated with a flow rate 
8

ratio 𝑞𝑟 = 1.00, shown in Fig. 8, can be extended to higher flow rate 
ratios. Moreover, it can be noted that as the flow rate associated with 
water consumption increases, the frequency range affected by possible 
noise masking broadens, especially in position 𝐻1. Even up to a flow 
rate ratio of approximately 𝑞𝑟 ≈ 10.74, the observed sound pressure lev-

els associated with the 𝐿1 condition are slightly higher than the sound 
pressure levels associated with the 𝑆1 condition in both measurement 
positions, within the frequency range between 300 Hz and 500 Hz. How-

ever, when considering higher flow rate ratios, the results highlight a 
complete masking effect. The term “partial masking” describes a condi-

tion in which, within the range of interest, there are specific frequency 
bands with SNR1 > 1. On the other hand, the complete masking condition 
occurs when SNR1 ≤ 0 across the entire investigated frequency range. 
This is shown for a flow rate 𝑞𝑟 = 63.50 in Fig. 11, where the sound pres-

sure level spectra in position 𝐻2 associated with the mixed operating 
condition, denoted as 𝐻2,𝐿1,𝑞𝑟63.50

, exhibit a lower amplitude than the 
spectra associated with the condition 𝑆1, denoted as 𝐻2,𝑆𝑞𝑤𝑐1000

, across 

the entire frequency range. 
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Fig. 10. Narrow band sound pressure level spectra measured in the conditions 𝐿0 (leak only), 𝑆1 (water consumption 𝑞𝑤𝑐 ≈ 600 l/h) and 𝐿1 (mixed water flow 
𝑞𝑟 ≈ 10.74): a) hydrophone 𝐻1 (upstream); b) hydrophone 𝐻2 (downstream).

Fig. 11. Narrow band sound pressure level spectra measured in the conditions 𝐿0 (leak only), 𝑆1 (water consumption 𝑞𝑤𝑐 ≈ 1000 l/h) and 𝐿1 (mixed water flow 
𝑞 ≈ 63.50): a) hydrophone 𝐻 (upstream); b) hydrophone 𝐻 (downstream).
𝑟 1 2

As demonstrated in the next section, the influence of partial masking 
could be significantly reduced by using a 2nd-order Butterworth band-

pass filter with a lower cut-off frequency of 300 Hz and an upper cut-off 
frequency of 500 Hz. However, in cases of total masking, using recorded 
signals for acoustic leak location is not feasible.

4.2. Leak location

The signals recorded at positions 𝐻1 and 𝐻2 in different test-rig 
conditions are used to localise the leak using the acoustic correlation 
approach described in Section 3.2. For each testing condition, the time 
delay estimate 𝛿𝑡 is determined by maximising the cross-correlation 
function of the two recorded signals. The distance between the sensor 
𝐻1 and the position of the simulated leak is estimated using Equa-

tion (1). The results are summarised in Table 3. Condition 𝐿0 represents 
the quietest condition, with minimal masking limited to the background 
noise transmitted from the water distribution network. For each condi-
9

tion 𝐿1 associated with a different ratio between the leak and water 
consumption flow rates, 𝑞𝑟, Table 3 provides the leak location esti-

mates obtained with and without pre-filtering the signals. The error 
estimate was evaluated as 𝜀 = ||𝑑 − 𝑑||∕𝑑, where 𝑑 is the estimated dis-

tance and 𝑑 = 23 m is the expected distance. It should be noted that even 
in the optimal measurement condition, an error of 𝜀 ≈ 8% of the nominal 
distance was observed. This can be caused by uncertainties in the mea-

sured expected distance (due to the presence of bends or T-junctions), 
uncertainties in the evaluation of the time delay, and uncertainties in 
the estimated wave propagation velocity, as mentioned in Section 3.2. 
The results presented here highlight how a noise source unrelated to the 
leak, such as water consumption from users in the proximity of the in-

vestigated segment of the network, can significantly affect the results of 
the acoustic correlator, leading to a wrong location. However, it is pos-

sible to significantly reduce the masking effects of other noise sources 
by pre-filtering the signals in a suitable frequency range before perform-

ing the cross-correlation. This can provide a good SNR1 in the frequency 
range of interest for the leak-generated noise and a good approximation 

of the leak location. To successfully reduce the masking effect and ob-
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Fig. 12. Narrow band sound pressure level spectra measured in the conditions 𝑆0 (background noise), 𝑆1 (water consumption at different flow rates 𝑞𝑤𝑐 ): a) 
hydrophone 𝐻 (upstream); b) hydrophone 𝐻 (downstream).
1 2

Table 3

Estimated distance 𝑑 from acoustic cross-correlation method: slit-type leak 
under different operating conditions.

Cond. ID 𝑞𝑟 (−) 𝑐1 (m/s) n. samples processing 𝑑 (m) 𝜀 (%)

𝐿0 - 313 4.32e + 06 - 21.0 8.9
pre-filtering 21.1 8.4

𝐿1

1.00

313

4.32e + 06 - −5.9 125.4
pre-filtering 21.1 8.4

2.13 4.80e + 06 - 11.0 52.4
pre-filtering 21.1 8.5

5.63 3.86e + 06 - 0.2 99.1
pre-filtering 20.4 11.3

10.74 5.89e + 06 - 0.7 97.0
pre-filtering 0.9 96.3

63.50 5.89e + 06 - 2.2 90.7
pre-filtering 3.4 85.2

tain reliable results, it is essential to define the characteristics of the 
bandpass filter, based on a spectral analysis of the acoustic field that 
characterises the system. This allows for discrimination between the 
signal of interest and the masking sources. The findings of the exper-

imental analysis showed that for a flow rate ratio up to 𝑞𝑟 = 5.63, the 
leak can be located with an error of approximately 𝜀 = 11% of the nom-

inal distance (only slightly higher than the error observed in the ideal 
condition 𝐿0, 𝜀 ≈ 8%). It is worth noting that even though the spectra 
associated with condition 𝐿1 ∶ 𝑞𝑟 = 10.74, shown in Fig. 10, apparently 
exhibit higher levels than the spectra associated with 𝑆1 ∶ 𝑞𝑤𝑐 = 600
within the range of interest that could be associated with the leak noise, 
the pre-filtering does not preempt the effect of noise masking. In fact, 
the acoustic correlator fails to locate the leak with water consumption 
flow rates ratios equal to or higher than 𝑞𝑟 = 10.74.

Finally, the effectiveness of the proposed pre-filtering, using the 
same filter set-up, is analysed comparing the different simulated leaks, 
tested during a preliminary phase of this study. Results of leak location 
estimates, for different operating conditions characterised in terms of 
total flow rate 𝑞𝑡, obtained with both a hole-type leak and a slit-type leak 
are summarised Table 4. Analogously to results presented in Table 3, 
when the leak is the only source of noise, pre-filtering is not necessary 
and the noise correlation approach provides a good approximation of 
the leak location with both simulated leaks. On the other hand, when 
the noise generated by the leak combines with noise generated by water 
consumption, signal pre-filtering is necessary in order to locate the leak 
10

with good accuracy. For all the tested conditions, the location of the 
Table 4

Estimated distance 𝑑 from acoustic cross-correlation method: comparison be-

tween slit-type and hole-type leak under different operating conditions.

Cond. ID 𝑞𝑡 (l/h) 𝑐1 (m/s) n. samples processing 𝑑 (m) 𝜀 (%)

𝐿∗
0,𝑆𝐿𝐼𝑇

− 313 3.84e + 06 - 21.4 7.0
𝐿∗

0,𝐻𝑂𝐿𝐸
− 3.84e + 06 - 22.4 2.6

𝐿∗
1,𝑆𝐿𝐼𝑇 ,150 150

313

1.92e + 06 - −19.0 182.7
pre-filtering 24.7 7.3

𝐿∗
1,𝐻𝑂𝐿𝐸,150 150 3.84e + 06 - 37.1 60.2

pre-filtering 21.9 4.7

𝐿∗
1,𝑆𝐿𝐼𝑇 ,650 650 2.76e + 06 - 21.6 6.0

pre-filtering 23.5 2.4

𝐿∗
1,𝐻𝑂𝐿𝐸,650 650 2.76e + 06 - 26.6 15.9

pre-filtering 23.7 2.9

hole-type leak was located with higher accuracy, both with and with-

out pre-filtering. Consistent with the results presented in Section 4.1, 
the slit-type leak noise, having a lower amplitude, is more sensitive to 
masking by other sound sources.

4.3. Discussion

The spectral analysis of the signals recorded within the laboratory 
distribution system under different conditions aims to characterise the 
influence of water flow on the sound field into the pipes and to evaluate 
the feasibility of distinguishing between acoustic disturbances caused 
by leaks and the background noise generated by the system, as well as 
the sound field resulting from water consumption. Under the standard 
condition 𝑆0, where no leaks, water consumption near the sensors, or 
other extraneous sound sources are present, the sound field within the 
pipe is primarily characterised by frequency components below 100 Hz, 
aligning with findings from previous studies. The noise generated by 
simulated water consumption exhibits a dependence on the water flow 
rate, albeit not following a linear relationship. This trend is evident from 
the sound spectrum levels illustrated in Fig. 12, which compares various 
leak-free conditions. To enhance readability, the spectra are presented 
within the frequency range from 100 Hz to 2000 Hz, which is of utmost 
relevance for the analysis presented here. Across all testing conditions 
𝑆1, with a non-zero water flow rate 𝑞𝑤𝑐 , higher sound pressure lev-

els are observed compared to the standard condition 𝑆0. As the water 
flow rates increase from 𝑞𝑤𝑐 = 100 l/h to 𝑞𝑤𝑐 = 200 l/h, no substantial 

differences are observed in the spectra characterising the sound field at 
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Fig. 13. Narrow band sound pressure level spectra measured in the conditions 𝐿0 (leak only), 𝐿1 (mixed water flow at different flow rate ratios 𝑞𝑟): a) hydrophone 
𝐻 (upstream); b) hydrophone 𝐻 (downstream).
1 2

positions 𝐻1 and 𝐻2. However, rising the water consumption flow rates 
to 𝑞𝑤𝑐 = 600 l/h, sound pressure levels measured at position 𝐻1 con-

siderably increase. Further increasing of the flow rates leads to higher 
sound pressure levels also at position 𝐻2.

To analyse how the flow rate due to water consumption combined 
with a leak in the system affects the sound field, Fig. 13 shows the sound 
pressure level spectra associated with different conditions of the leak-

system. A leak in the system due to a cracked pipe increased the sound 
pressure level within a wide range of frequencies, from the very low fre-

quencies up to approximately 3000 Hz. The higher-level spectra were 
measured in condition 𝐿0, where the water flow was only due to the 
presence of the leak. Even though this seems counter-intuitive, a reduc-

tion in the sound pressure levels across the entire range of frequencies 
was observed by increasing the flow rates associated with water con-

sumption, as highlighted by the spectra associated with conditions 𝐿1. 
Although this phenomenon is interesting and worthy of further investi-

gation, the understanding of the physical reasons that can explain the 
acoustic behaviour is beyond the scope of this study. However, it should 
be noticed that sound pressure levels with higher amplitudes than the 
spectra 𝐿0 are observed at position 𝐻1 with flow rate ratios 𝑞𝑟 ≥ 10.74, 
and at position 𝐻2 with 𝑞𝑟 = 63.50, consistently with the findings pre-

sented in Fig. 12. 
Finally, the effect of water consumption flow rate on leak pinpoint-

ing is further analysed for different operating conditions. Fig. 14 shows 
the cross-correlation functions between signals recorded at positions 𝐻1
and 𝐻2 under different testing conditions. On the left-hand side, func-

tions obtained by cross-correlating raw signals are shown, while the 
results on the right-hand side refer to pre-filtered signals. The pair of 
graphs at the top, associated with condition 𝐿0, and the pair at the bot-

tom, associated with condition 𝑆1, represent two limiting situations. In 
the first one, the effect of spurious sound sources is minimised, and the 
cross-correlation functions exhibit the same maximum peak both with 
and without pre-filtering. In the latter condition, on the other hand, 
the recorded signals are generated by water consumption with no leak 
present in the system. In this case, different time delay estimates 𝛿𝑡
are obtained with and without pre-filtering the signals. As expected, 
in both cases the estimate is not consistent with the value expected in 
the presence of the leak. By comparing the first two graphs on the top 
left side, associated with unfiltered conditions 𝐿0 and 𝐿1, 𝑞𝑟 = 2.13 re-

spectively, it is evident how a minimum flow rate not related to the 
leak could generate frequency components in the recorded signals that 
11

may mask the leak sound wave. This results in a maximum peak in 
the cross-correlation function that does not represent the sought time 
delay, related to the leak position. However, up to a flow rate ra-

tio 𝑞𝑟 = 2.13, pre-filtering the signals significantly reduces the masking 
effect, as shown by the sharp peak in Fig. 14f) (the cross marker indi-

cates the peak amplitude). Maximising the cross-correlation function of 
pre-filtered signals provides the same time delay estimate 𝛿𝑡 found in 
condition 𝐿0. For higher flow rates, Fig. 14 shows how both with and 
without signal pre-filtering, the cross-correlation function exhibits mul-

tiple peaks, whose maximum is not associated with the leak position. 
This indicates that the noise generated by water consumption intro-

duces frequency components masking the leak noise even within the 
band-pass range of the filter, making the pre-processing ineffective. 

5. Conclusions

This study conducted a comprehensive characterisation of the acous-

tic sound field within a pipeline system under varying water flow rates, 
aiming to distinguish between sound waves generated by leaks in a wa-

ter distribution system and masking noise arising, for instance, from 
water consumption by users.

Initially, the spectral characteristics of two simulated leak types, 
namely the slit-type and hole-type leaks, were compared. While both 
leak types predominantly exhibited low-frequency components between 
20 Hz and 100 Hz, their spectra extended across a broader frequency 
range up to approximately 3000 Hz. The slit-type leak exhibited lower 
sound pressure levels when compared to the hole-type leak, making it 
more susceptible to noise masking. For this reason, the subsequent anal-

yses focused on the slit-type leak.

The acoustic field generated within the pipes due to simulated wa-

ter consumption exhibited a non-linear dependency on the water flow 
rate. Sound pressure levels demonstrated an increase between 20 Hz

and 2000 Hz for higher flow rates. Spectra from mixed conditions, in-

volving the simultaneous presence of water consumption and a leak 
within the system, were analysed to assess the potential masking of the 
leak disturbance with water consumption noise.

Noise masking notably compromised the accuracy of leak local-

ization through the cross-correlation technique. However, signal pre-

filtering, employing the frequency range identified through spectral 
analysis across different conditions, effectively mitigated the masking 
effect. This pre-filtering enabled accurate leak localization even in the 
presence of noise from water consumption. Nonetheless, the effective-
ness of pre-filtering was verified up to a threshold flow rate ratio. Above 
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Fig. 14. Examples of cross-correlation functions: 𝐿0 : a) unfiltered, b) band pass filtered; 𝐿1, 𝑞𝑟 = 1.00: c) unfiltered, d) band pass filtered; 𝐿1 , 𝑞𝑟 = 2.13: e) unfiltered, 
f) band pass filtered; 𝐿 , 𝑞 = 10.63: g) unfiltered, h) band pass filtered; 𝑆 , 𝑞 = 100 l/h: i) unfiltered, j) band pass filtered.
1 𝑟 1 𝑤𝑐

such threshold, frequency components generated by water consumption 
prevented an accurate leak location, rendering the filter ineffective even 
within the designated band-pass range.

The frequency bands and flow rates identified in this study and 
detailed in the results are specific to the laboratory test rig’s geome-

try and may not universally represent in-situ conditions. Although this 
study does not introduce novel signal processing methodologies, it does 
present a systematic methodological framework for characterising the 
acoustic field generated by diverse sound sources within a water dis-

tribution network segment. This approach offers potential for signal 
pre-filtering in correlation-based leak pinpointing techniques. Despite 
the controlled laboratory environment of the experimental analyses, 
this proposed approach could be iteratively applied in-situ by water 
utility companies, especially considering the potential widespread in-

tegration of low-cost vibroacoustic sensors within water distribution 
networks. This integration stands to significantly enhance leak detec-

tion accuracy.
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