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Highlights 

• A method to estimate the spectrum of leak noise at source is presented. 

• The proposed method is applied to data from three test sites.  

• The effects of using hydrophones or accelerometers on the estimation of the leak 

noise spectrum are highlighted. 
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Abstract 

An appropriate model of leak noise at source is necessary in analytical and numerical 

approaches to investigate the characteristics of leak noise measured remotely from the 

leak in buried water pipes. It is extremely difficult to measure leak noise at source in 

practice, so an inverse method is needed to predict this from measurements made either 

side of the leak at convenient access points. This paper presents such a method, and 

illustrates the approach using four data sets from three different test sites. The method 

requires that the noise propagates in the pipe according to a simple model of wave 

propagation within the frequency range over which leak noise is detected at the sensors. 

Using the measured data, the real and imaginary parts of the wavenumber are estimated, 

and these, together with an estimated position of the leak between the two sensors, the 

frequency response functions corresponding to the sections of the pipe either side of the 

leak position are estimated. If pressure measurements are made, then both the level and 

shape of the leak noise spectrum can be estimated, but if accelerometers are used then 

only an estimate of the shape of the spectrum is possible. From the measurements 

presented, it is found that it is not possible to state categorically that the leak noise spectra 

decays according to a particular frequency power law. There is some evidence that it 

decays with a frequency power law of 1ω− , which agrees with previous laboratory based 

experiments, but this is not definitive in all cases.  

 

 

 

 

 

 

  



1. Introduction 

In recent years, water scarcity has become a topic of great concern due to a steadily 

increasing demand for clean drinking water and decrease in water supplies, resulting in 

potential social, environmental and economic effects [1]. It has been estimated that in 

many water distribution networks around the world, the loss of pumped water can 

frequently exceed 30% of the input volume. In some cases it reaches much higher levels, 

from 40% to 50% due to leaks or pipe breaks resulting from holes, deterioration and 

damage [2-4].  

 

To ameliorate some of the problems, advances in leak detection/location methods have 

occurred in recent years, a review of which is given in [2]. Among the existing techniques 

to locate leaks, vibro-acoustic methods have proved to be useful, generally giving 

satisfactory results, though for plastic pipes, these techniques have been less effective 

than with metal pipes due to much higher attenuation of leak noise propagating to the 

measurement points [5,6]. To determine the mechanisms of vibro-acoustic energy loss in 

plastic pipes, analytical and numerical models have been developed, with some degree of 

success, for example [7,8]. Cross-correlation methods have been successful in location 

leaks, for example [6,9], Alternative methods using support vector machines and 

probabilistic models have also been used [10], together with predictive machine learning 

algorithms to predict leakage flow rate in plastic water pipes [11]. Another data-driven 

anomaly detection approach has been investigated by Cody et al. [12] to extract leak-

sensitive features for leak detection and location.  

 

In models that involve leak noise propagation and measurement, the spectral 

characteristics of the leak noise at source have to be assumed. Frequently, it is assumed 



that the leak spectrum can be represented by white noise, but there is very little 

experimental data to support this assumption. Some work has been carried out on leak 

noise characterisation in in-air rather than buried pipes [11,13,14]. Butterfield et al. 

[11,13] showed that the leak flow rate as well as the size of the leak has an influence on 

the spectrum of the measured leak noise. Moreover, they found that hydrophones provide 

a more accurate predictions for plastic pipes, compared with accelerometers. 

Papastefanou et al. [14], presented an experimental investigation into the characteristics 

of the leak noise spectrum at source, and how it is affected by the leak flow velocity and 

the size of the leak. Leak noise measurements using hydrophones were made, and an 

empirical model for the leak noise spectrum was proposed. They found that the leak 

spectrum within the pipe generally decays with frequency ω  at a rate of  1ω−  up to some 

critical frequency related to the exit flow velocity and leak size, above which it decays at 

the much faster rate of 5ω− . 

 

The fundamental problem with trying to estimate the spectral characteristics of leak noise 

at source in a buried pipe is the practical difficulty of placing a sensor inside the pipe at 

the leak location. In this paper an alternative approach is proposed that uses measurements 

made either side of the leak at convenient access points. This approach is similar to that 

described in [14], but there are important differences in the way in which the pipe-system 

is modelled, and it is applied to three buried pipe systems in different countries rather 

than an in-air pipe in the laboratory. 

 

The aim of the paper is to present a method to estimate the leak noise spectrum at source 

from measured data, typically made using leak noise correlators. As these involve 

different types of sensors, for example hydrophones or accelerometers, the approach 



considers the sensor type. The method proposed can predict the spectral shape within a 

frequency bandwidth where the leak noise propagates as a nondispersive wave. The paper 

focusses on buried plastic water pipes. With such pipes leak noise measured using 

hydrophones has been found to be highly correlated to accelerometer measurements of 

the pipe-wall or pipe fittings [15,16]. The method proposed can therefore predict the 

spectral shape of the leak noise at source for both types of sensors. Additionally, when 

hydrophones are used, the amplitude of the spectrum can be estimated. Four 

measurements, from three different test sites, are used to illustrate the approach. 

 

The paper is organized as follows. Following this introduction, Section 2 describes the 

method by which the leak noise spectrum can be estimated from measurements made 

either side of the leak. Sections 3 and 4 describe the experimental test-rigs and the results 

respectively. A discussion of the results and the limitations of the method are given in 

Section 5 and some conclusions are given in Section 6.  

 

2. Estimation of the Leak Noise Spectrum   

Fig. 1 shows a typical situation in which an acoustic correlator is used to locate the 

position of a suspected water leak. In such a situation, vibration (accelerometers, 

geophones) or acoustic (hydrophones) sensors are attached to convenient access points 

(measurement positions), such as hydrants or valves, either side of the suspected leak 

position, to measure two signals 1( )x t  and 2 ( )x t , which are the responses of the pipe 

system at the measurement positions, due to the leak noise. These signals are filtered 

versions of the leak noise, which has propagated through the pipe to reach the sensors, 

both of which can have a profound effect on the measured noise. As the signals 1( )x t  and 

2 ( )x t  are readily available when using leak noise correlators, the question addressed in 



this paper is whether these signals, together with a model of the pipe system and sensors, 

can be used to estimate the noise spectrum at the leak position?  

 

The pipe measurement system shown in Fig.1(a) is essentially a single input, two output 

system as shown in block diagram form in Fig. 1(b), where ( )l t  is the time history of the 

leak noise at source. Here ( )l t  is taken to be the equivalent pressure time history that is 

able to propagate many acoustic wavelengths from the leak. In practice, a measurement 

of the leak signal directly at the leak position may contain contributions to the pressure 

from the non-radiating near field of the leak.  

 

The terms 1 1( , )H dω  and 2 2( , )H dω  are the Frequency Response Functions (FRFs) 

between the acoustic pressure of the leak noise and the acoustic pressure at the 

measurement positions either side of the leak. It is assumed that the same type of sensor 

is used at each measurement position, and the FRF of this sensor is given by ( )sH ω . If 

hydrophones are used as sensors then ( ) 1sH ω = , and if accelerometers are used as 

sensors then 2( )sH ω αω= , where α is a constant [15]. This is because the radial 

displacement of the pipe is proportional to the internal acoustic pressure. In practice the 

radial displacement of the pipe is not measured because it is not readily accessible, but 

the acceleration of the pipe fitting which is measured is found to be strongly coupled to 

this in practice.  

 

The Power Spectral Density (PSD) of the leak noise at source ( )llS ω , is related to Cross 

Power Spectral Density (CPSD) ( )
1 2

,x xS ω between the measured signals and the 

estimated FRFs by [6] 
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Although it is possible to use any of the Eqs. (1a,b,c) to estimate the spectrum of the leak 

noise, it is preferable to use Eq. (1a) as it uses the CPSD between the measurements 

signals 1( )x t  and 2 ( )x t , rather than their PSDs, so uncorrelated noise between the two 

measurements is filtered out.  

 

To estimate the FRFs 1 1( , )H dω  and 2 2( , )H dω , the distances 1d  and 2d  need to be 

estimated first. This can be done by using the technique employed in leak noise 

correlators, which estimates the difference in the arrival times (time delay) 0T , of the leak 

noise at the measurement positions. Hence, using 0T , together with the speed of the leak 

noise propagation c along the pipe, and the distance between the measurement positions 

d, the position of the leak can be determined by [6]: 

 

0
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Note, that leak noise in plastic pipes generally propagates as a predominantly fluid-borne 

wave, which is strongly coupled to the radial motion of the pipe-wall [7,8]. In Eq. (2), the 

speed of leak noise propagation is commonly determined from tables, and the time delay 

is determined from the peak in the Cross-Correlation Function (CCF), which is given by 

[6] 

 

         ( ) ( ){ } ( )
1 2 1 2 1 2

1 j1
2x x x x x xR F S S e dωττ ω ω ω
π

+∞
−

−∞

= = ∫                            (3)  

 

where j 1= −  and { }1F − •  denotes the inverse Fourier transform. To estimate the FRFs, 

it is assumed that a wave propagates from the source of the leak to each measurement 

position without reflection, so that 

 

     1j
1 1( , ) kdH d eω =    and   2j

2 2( , ) kdH d eω =    (4a,b) 

 

where k is the complex wavenumber, corresponding to the predominantly fluid-borne 

wave that propagates the leak noise. The real and the imaginary parts of the wavenumber 

are estimated from the FRF between the measured signals 1( )x t  and 2 ( )x t , which is given 

by 
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The real part of the wavenumber { }Re k  is estimated from the phase of 
1 2

( )x xH ω , and is 

given by [8] 
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The imaginary part of the wavenumber is estimated from the modulus of 
1 2

( )x xH ω and is 

given by [8] 

 

{ } 1 2

1 2

ln
I

)
m

(x xk
H
d d

ω
=

−
                 (6b) 

 

Once the distances 1d  and 2d , and the real and imaginary parts of the wavenumber have 

been estimated, the FRFs given in Eqs. (4a,b) can be estimated. Provided that the physical 

system behaves in accordance with the assumed model, such that the propagation of the 

leak noise can be accurately represented by transfer-functions, then the spectral shape of 

the leak can be determined using Eqs. (1a, b or c), with a preference for Eq. (1a) as 

discussed previously. If calibrated hydrophones are used as sensors then the magnitude 

of the leak noise spectrum can be estimated. However, if accelerometers are used then an 

estimate of the magnitude of the leak noise spectrum is not possible as the constant α  is 

not known (Note that it is assumed in this paper that this constant is the same at each 

sensor position). Only the shape of the spectrum can be estimated in this case. 

 

3. Experimental work 

In this Section, the method of estimating the leak noise spectrum is applied to data sets 

obtained from three different pipe systems (test sites) under very different conditions. 



Tabs. 1 and 2 give the pipe and soil properties of the three test sites. Descriptions of each 

experimental test rig and details of data collection methods are given in this section. 

 

The test rigs are located in Ottawa (Canada), Blithfield (UK) and São Paulo (Brazil), 

which have different soil properties, together with the pipe geometry and material 

characteristics according to their locations. Their schematic diagrams are shown in Figs. 

2(a,b,c) respectively. Fig. 2 also depicts the way in which the leak was simulated and the 

positions at which the leak noise measurements were made for each test rig. In each case, 

measurements were carried out using accelerometers, but hydrophones were also used in 

the Canadian system. The photographs in Fig. 2 show the leak mechanisms together with 

the sensor arrangements. Moreover, the photographs of the leaks in the Ottawa and São 

Paulo test rigs, show the pipes before they were buried. 

 

Ottawa test rig 

Several studies have been conducted using the data from the Ottawa test rig, and more 

details on this test rig can be found in [5,6,17]. The test section of the polyvinyl chloride 

(PVC) pipe is approximately 200 m long and is buried at depth of 2.4 m. It has an outer 

radius and wall thickness of 75 mm and 9.85 mm, respectively. The measurement 

positions were at access points P1 and P2, which are 102.6 m apart, with the leak located 

29.1 m from P1, as shown in Fig. 2(a). The access points are above ground and are 

connected to the buried pipe by risers. The leak was generated by way of a crack in the 

pipe and the vibration was measured using accelerometers and hydrophones placed on 

hydrants, as shown in Fig. 2(a). Two 66 second synchronised time histories were 

measured at access points P1 and P2 using a sampling frequency of 500 Hz. 

 



Blithfield test rig 

The Blithfield test rig is 120 m long and is made from high-performance polyethylene 

(HPPE) pipe buried at a depth of approximately 0.8 m [16,18]. It has an outer radius and 

wall thickness of 80 mm and 9.85 mm, respectively. The measurement positions were at 

access points P1 and P2 which are 30 m apart, with the leak located at P1, which was 

created by opening a small globe valve attached to the end of a standpipe connected to 

the underground hydrant valve, as shown in Fig. 2(b). Two synchronized time histories 

were recorded at a sampling frequency of 5 kHz for 60 seconds. 

 

São Paulo test rig 

The São Paulo test rig is a close circuit system where a centrifugal pump is used to 

pressurize the system. The PVC pipe is buried at a depth of approximately 0.5 m with an 

outer radius and wall thickness of 35.8 mm and 3.4 mm, respectively [8,19]. The 

measurement positions were at access points P1 and P2 with the leak located 1.25 m away 

from P1 as shown in Fig. 2(c). Two synchronized time histories were recorded at a 

sampling frequency of 12.8 kHz for 60 seconds. 

 

4. Results 

The results are shown in the following figures: 

• Fig. 3. Ottawa test rig using hydrophones  

• Fig. 4. Ottawa test rig using accelerometers  

• Fig. 5. Blithfield test rig using accelerometers 

• Fig. 6. São Paulo test rig using accelerometers 

Each figure shows the following six subplots: (a) spectrum of the two acquired signals; 

(b) the coherence between the two signals; (c) magnitude of CPSD function between the 



two signals; (d) phase of CPSD function (e) magnitudes of the FRFs 1H  and 2H  using 

Eqs. 4(a,b); (f) spectrum of the leak noise estimated using Eqs. 1(a,b,c) highlighting the 

content within the frequency band of interest and depicting amplitudes at a range of 40dB. 

 

Subplots (a-e) illustrate the behaviour of the signals, and the quantities that are used in 

the estimates of the spectra of the leak noise at source, which are given in subplots (f). 

Note, that also plotted on the plots of the leak spectra is a thick green dotted-dashed line 

representing the trend expected [14], which is proportional to 1ω− . When processing the 

data, a Hanning window was used with 50% overlap, and for convenience the frequency 

resolution of the spectra presented is 1 Hz. It can be seen that a bandwidth is marked in 

each figure. This is the bandwidth in which the leak noise propagates directly from the 

source and is measured at access points P1 and P2. Outside this bandwidth the measured 

signals are dominated by other sources of noise, from the environment, for example. The 

bandwidth can be determined from the unwrapped phase of the CPSD. If the leak noise 

is detected at both sensors, and if the leak noise has propagated directly from the sources 

at a constant velocity, such that there are no resonance effects or wave reflections in the 

pipe, then the unwrapped phase between the signals changes linearly with frequency [6]. 

This behavior is evident in subplot (d) in Figs. 3-6. To determine when the phase deviates 

from a straight-line, abrupt changes in the phase are detected using the procedure detailed 

in [20,21], and the resulting bandwidths are given in Tab. 3. 

 

As mentioned in Section 2, to estimate the leak noise spectrum, the FRFs 1H  and 2H  

need to be estimated, which are assumed to involve only a decaying propagating wave, 

as can be seen by examining Eqs. (4a,b). This assumption is only valid within the 

bandwidth discussed above. Thus, although the processed signals are plotted over a wide-



range of frequencies, the estimate of the leak noise shown in subplot (f) in Figs. 3-6 is 

only valid within the bandwidths indicated in the figures.  

 

5. Discussion 

The measurements from each test rig are discussed in turn, then some general comments 

are made about the predicted leak spectra. Note, that the effects of the soil and the pipe 

properties on the bandwidth over which leak noise is measured is not discussed here, as 

this has been treated in refs. [8,16,19].  

 

For the Ottawa test rig, measurements were conducted using both hydrophones and 

accelerometers and these results are shown in Figs. 3 and 4, respectively. As mentioned 

previously, for pressure measurements the shape and the amplitude of the leak noise 

spectrum can be estimated, but if accelerometers are used then only the shape of the leak 

noise spectrum can be estimated. In both cases this can only be done within a limited 

frequency range, when the data conforms to the model of the pipe system. Examining the 

PSD of the pressure measurements in Fig. 3(a), it can be seen that there are peaks in the 

spectra, which occur at approximately 56 Hz for the signal measured at P1 which is closer 

to the leak than P2, and 83 Hz for the signal measured at P2. These peaks have been 

attributed to resonances in the pipe system [18], and in the context of this paper, the peak 

at 56 Hz limits the highest frequency over which the leak noise spectrum can be estimated. 

It could be possible to extend this bandwidth by applying the method described in Gao et 

al. [22], but here the bandwidth is taken to be from 9 - 56 Hz. Although good coherence 

is observed over a much wider bandwidth, as can be seen in Fig. 3(b), the FRF can only 

be modelled as a propagating wave from 9 - 56 Hz, limiting the estimation of the leak 

noise to this frequency range. The modulus and phase of the CPSD are shown in Figs. 



3(c) and (d), respectively, which show that within this frequency range the behaviour is 

dominated by attenuating non-dispersive waves (since the phase has a linear-like 

behaviour). The quantities that combine to give the estimate of the leak noise spectrum 

are shown in Figs. 3(c, d) and (e), where the dynamic effects that limit the bandwidth can 

be clearly seen. Finally, the leak noise spectrum calculated using Eqs. (1a-c) is shown in 

Fig. 3(f). It can be seen that Eqs. (1a) and (1b) give almost identical results, which differ 

from the result calculated by Eq. (1c), which uses 2H . This involves a measurement 

much further from the leak (73.5 m) compared to the other measurement, which was 29.1 

m from the leak, which means that there is much greater attenuation of the measured leak 

noise at high frequencies, due to the low-pass filtering effect of the pipe [16]. This 

attenuation would generally be the main factor that determines the upper frequency of the 

bandwidth in which the leak noise can be estimated, but in the specific case considered 

here, it is the resonance at approximately 56 Hz that determines the upper limit of the 

bandwidth.  This resonance also makes it difficult to observe a general trend in the 

amplitude of the leak spectrum.  

 

The results shown in Fig. 4 are for the same test rig, but for acceleration of the riser rather 

than the pressure in the pipe. It is evident from Figs. 4(a-d) that there are non-dispersive 

attenuating waves within the bandwidth 35 – 139 Hz, which conforms to the model used 

for the FRFs. The low frequency limit of the bandwidth is higher than that for pressure 

sensors, due to the filtering effect of the accelerometer [6,16]. The high frequency limit 

is higher than that for pressure measurements, and this  is because it is not limited by the 

dynamics of the system [18], but by very small leak noise signals at P2 at high frequencies 

compared to those at P1, which can be seen in Figs. 4(a) and 4(e). The estimated spectrum 

is plotted in Fig. 4(f). It can be seen that, as with the spectrum plotted in Fig. 4(f), apart 



from small frequency regions at the beginning and end of the bandwidth shown, there is 

some evidence that it decays with a frequency power law of 1ω− .         

 

Fig. 5 shows the results of the UK test rig in Blithfield in which acceleration was 

measured. In this case, the leak is at measurement position P1, which means that the only 

difference between the PSD at the measurement position and the leak noise is because of 

the effect of differentiation with respect to time as acceleration rather than pressure is 

measured.  

 

 

The shape of the pressure PSD can thus be determined by dividing the acceleration PSD 

for P1 shown in Fig. 5(a) by 4ω . Furthermore, as the leak is at P1 this is equivalent to 

applying Eq. (1b) setting 1 1H =  in this case. Examining Fig. 5(a), it can be seen that up 

to approximately 138 Hz the PSD at P1 does not decay with frequency as does the PSD 

at P2 due to the low-pass filtering effect of the pipe. It does, however, decay above this 

frequency, and this is probably due to the local dynamics of the hydrant at the 

measurement point. The low frequency cut-off for the bandwidth over which the leak 

noise spectrum is estimated, is governed by the low acceleration levels due to the leak at 

low frequency, which means that the measurements are dominated by noise from the 

environment below 22 Hz. Because the distance between P1 and P2 is much smaller than 

in the Ottawa test rig, the low-pass filtering effect of the pipe is less severe and so the 

bandwidth over which the leak noise is measured at the measurement points is larger, 

which is evident by examining the phase in Fig. 5(d). The predicted FRFs between the 

leak noise and the measurements are given in Fig. 5(e). The FRF related to P1 involves 

the effect of the accelerometer only, but the FRF related to P2 contains this effect and that 



due to the length of the pipe between P1 and P2. It is evident from Fig. 5(e) that up to 

approximately 50 Hz, both FRFs are dominated by the sensors, but above this frequency 

the attenuation in the measured leak noise at point P2 can be clearly seen. The estimated 

leak noise spectrum is given in Fig. 5(f). As with the previous cases Eq. (1a) and either 

Eq. (1b) or (1c), depending on which sensors is closest to the leak give almost identical 

results. Note that the spectrum is decaying with a frequency power law of 1ω− within the 

frequency range marked, as with the Ottawa test rig.        

  

The final data set is from São Paulo, and the results are shown in Fig. 6. In this test-rig, 

the pipe system and the pipe diameter are much smaller than the other two test-rigs and 

the surrounding soil is very stiff clay [19]. The measurements were made over 5.5 m, 

which is a much shorter distance than in the other cases, so the bandwidth in which leak 

noise is found to be much higher, 273 746−  Hz. The reason why the lowest frequency is 

approximately 273 Hz is because below this frequency the measurements were dominated 

by noise from the pump that was used to pressurize the system. Apart from this, the 

general features seen in Fig. 6 are consistent with those for acceleration measurements in 

Figs. 4 and 5. In particular, the defining feature of the straight-line behavior for the 

bandwidth over which the method to predict the leak spectrum is evident in Fig. 6(d). 

Moreover, the influence of the accelerometer at low frequencies and the filtering 

properties of the pipe at higher frequencies can be seen in Fig. 6(e).  Finally, it can also 

be observed that the spectrum of the leak noise in Fig. 6(f), broadly decays with a 

frequency power law of 1.ω−   

 

From the four cases considered above, it is not possible to state categorically that the leak 

noise spectra decays as 1ω−  as predicted in [14].  Over the various bandwidths considered 



given Tab. 3, the difference in amplitudes of the leak spectrum between the high and low 

cut-off frequencies are respectively -7.8 dB, -6 dB, -8 dB and -4.3 dB, which are relatively 

small, compared to the dynamic range of the measurements shown in Figs. 3-6. Given 

this evidence, for the purposes of modelling buried plastic water pipes for leak detection, 

it seems reasonable to assume that the leak noise is white. If there is a specific situation 

when the frequency range is very wide (for example when the ratio of the highest 

frequency to the lowest frequency in the range is ten), then it may be advisable to assume 

that the leak noise spectra decays as 1ω− .           

 

6. Conclusions 

This paper has described a method to determine the shape of a leak noise spectrum at 

source in buried water pipes. It involves the use of measurements made at access points 

either side of a leak, that are typically made when using a leak noise correlator. Four 

measurements, from three different sites, have been presented to illustrate the approach. 

The method can only be used to predict the spectral shape within a frequency bandwidth 

where the leak noise propagates as a nondispersive wave. This bandwidth can be 

calculated by determining when there is a linear phase relationship with frequency 

(straight line behaviour) between the two measurements. It is found that the factors which 

limit the highest frequency of the band are either the dynamics of the pipe system or the 

very low level of the leak noise signal at the measurement position furthest from the leak. 

If pressure measurements are made, then both the level and shape of the leak noise 

spectrum can be estimated, but if accelerometers are used then only an estimate of the 

shape of the spectrum is possible. From the measurements presented, it is found that it is 

not possible to state categorically that the leak noise spectra decays according to a 

particular frequency power law. There is some evidence that it decays with a frequency 



power law of 1ω− , but this is not definitive in all cases. For analytical and numerical 

models used to investigate leak detection and location in pipe systems, it is suggested that 

a white noise description of leak noise is adequate if the ratio of high to low frequency 

cut-off frequencies of the bandwidth is small (<10). If the ratio of high to low frequency 

cut-off frequencies of the bandwidth is large (>10) then it is probably better to assume 

that the leak noise spectrum decays with a frequency power law of 1ω− . 
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Figures 

 

Figure 1. (a) Schematic of the process of leak detection in a buried water pipe using vibro-
acoustic signals for a leak bracketed by two sensors, (b) Block diagram of the pipe-system.  
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Figure 2. Schematic diagrams of the three test-rigs (not to scale) showing the source leak 
mechanism, the access points and corresponding distance between the sensors: (a) Ottawa-
Canada, (b) Blithfield-UK and (c) São Paulo-Brazil. 
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Figure 3. Canadian data measured with hydrophone: (a) PSD of the measured signals at P1 
(black line) and P2 (blue line with circles), (b) Coherence, (c) Magnitude of CPSD, (d) Phase 
of CPSD, (e) Magnitude of the predicted FRF of each sensor based on Eq. (4a) (thick black 
line) and on Eq. (4b) (blue line with circles), (f) Predicted spectrum of the leak noise based on: 
Eq. (1a) (solid-thick red line), Eq. (1b) (dashed black line), Eq. (1c) (thin blue line) and the 
decay behaviour with a frequency power law of 1ω−  (dashed-thick green line). Frequency band-
width of  9 56−  Hz (shaded grey region). 
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Figure 4. Canadian data measured with accelerometers: (a) PSD of the measured signals at P1 
(black line) and P2 (blue line with circles), (b) Coherence, (c) Magnitude of CPSD, (d) Phase 
of CPSD, (e) Magnitude of the predicted FRF of each sensor based on Eq. (4a) (thick black 
line) and on Eq. (4b) (blue line with circles), (f) Predicted spectrum of the leak noise based on: 
Eq. (1a) (solid-thick red line), Eq. (1b) (dashed black line), Eq. (1c) (thin blue line) and the 
decay behaviour with a frequency power law of 1ω−  (dashed-thick green line). Frequency band-
width of  35 139−  Hz (shaded grey region). 
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Figure 5. Blithfield data measured with accelerometers: (a) PSD of the measured signals at P1 
(black line) and P2 (blue line with circles), (b) Coherence, (c) Magnitude of CPSD, (d) Phase 
of CPSD, (e) Magnitude of the predicted FRF of each sensor based on Eq. (4a) (thick black 
line) and on Eq. (4b) (blue line with circles), (f) Predicted spectrum of the leak noise based on: 
Eq. (1a) (solid-thick red line), Eq. (1b) (dashed black line), Eq. (1c) (thin blue line) and the 
decay behaviour with a frequency power law of 1ω−  (dashed-thick green line).  Frequency 
bandwidth of  22 138−  Hz (shaded grey region). 
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Figure 6. São Paulo data measured with accelerometers: (a) PSD of the measured signals at P1 
(black line) and P2 (blue line with circles), (b) Coherence, (c) Magnitude of CPSD, (d) Phase 
of CPSD, (e) Magnitude of the predicted FRF of each sensor based on Eq. (4a) (thick black 
line) and on Eq. (4b) (blue line with circles), (f) Predicted spectrum of the leak noise based on: 
Eq. (1a) (solid-thick red line), Eq. (1b) (dashed black line), Eq. (1c) (thin blue line) and the 
decay behaviour with a frequency power law of 1ω−  (dashed-thick green line).  Frequency 
bandwidth of 273 746−  Hz (shaded grey region).  
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Tables 

Pipe Properties Ottawa Blithfield São Paulo 
Young’s modulus, Epipe (N/m2) 94.18 10×  91.78 10×   94.3 10×  

Density pipeρ  (kg/m3) 900 900 900 

Loss factor pipeη  0.04 0.06 0.06 

Poisson’s ratio pipeν  0.4 0.4 0.4 
Pipe radius (mm) 75 80 35.8 

Pipe-wall thickness (mm) 9.85 9.85 3.4 
Table 1. Pipe properties of each experimental test rig. The pipe properties for the Ottawa test rig are 
given in [6], the pipe properties for Blithfield test rig are given in [16] and the pipe properties for the 
São Paulo test rig are given in [19]. 

 
 

Soil properties Ottawa Blithfield São Paulo 
Bulk modulus, soilB  (N/m2) 84.0 10×  81.36 10×   94.0 10×  

Shear modulus, soilG  (N/m2) 51.0 10×  73.2 10×  81.44 10×  
Bulk and shear loss factor  0 0.06 0 

Density soilρ  (kg/m3) 2000 2000 2000 
Poisson’s ratio 0.5 0.39 0.49 

Table 2. Soil properties of each experimental test rig. The soil properties for the Ottawa test rig 
are estimated by the authors based on unpublished analysis, the soil properties for Blithfield test rig 
are given in [16] and the soil properties for the São Paulo test rig are given in [19]. 

 

 

Test rig 
(sensor) 

Bandwidth 

Ottawa 
(pressure) 

9 56−  Hz 

Ottawa 
(acceleration) 

35 139−  Hz 

Blithfield 
(acceleration) 

22 138−  Hz 

São Paulo 
(acceleration) 

273 746−  Hz 

Table 3.  Leak noise bandwidths. 
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