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Abstract: Leak detection is an essential topic within the policies of water losses management in 10 

drinking water supply networks. This paper reports the results of an experimental campaign 11 

performed for assessing the sensitivity to water leaks of measurements of different vibro-acoustic 12 

phenomena. The study represents the first stage of a research aimed at developing a device for the 13 

automatic leak detection in service pipes of water distribution networks. Leaks were artificially 14 

induced on a plastic pipe (length of 28 m, diameter of 32 mm) of a buried experimental facility. 15 

Vibro-acoustic phenomena related to the leaking flow were monitored by using a hydrophone and 16 

two accelerometers. A satisfactory leak detection performance was achieved by processing the 17 

signals of both kinds of transducers. 18 

Author keywords: Water-filled pipe; Plastic service pipe; Vibration monitoring; Leak detection. 19 

Introduction 20 

The efficiency of water distribution network is significantly decreased by water losses, 21 

which frequently exceed even 30% of the input volume (BDEW 2010; EPA 20102010), and in 22 

certain cases may reach much higher levels, up to 50-60% (Kanakoudis and Tsitsifli 2010 and 2014; 23 

Kanakoudis et al. 2013;), and even peak at over 70% (Kanakoudis and Muhammetoglu 2014). Since 24 

the largest part of water losses is ascribable to leaks or pipe breaks (i.e. resulting from pipe holes 25 



and damages), real losses being generally more than 50% of Non-Revenue Water (Kanakoudis and 26 

Tolikas 2001; Kanakoudis 2004), proper policies to manage such leaks are essential. 27 

Many approaches and technologies have been proposed for achieving leak detection and 28 

location, in order to implement Active Leakage Control strategies (Hunaidi et al. 2000; Gao et al. 29 

2005; Suzuki et al. 2005; Metje et al. 2007; Anastasopoulos et al. 2009; Fahmy and Moshelhi 2009; 30 

Bimpas et al. 2010; Ghazali et al. 2012; Cataldo et al. 2014; Yazdekhasti et al. 2016). The most 31 

widespread techniques, which are ordinarily adopted to carry on leak detection and repair programs 32 

in practice, are based on the monitoring of vibro-acoustic phenomena generated by active leaks.  33 

Several factors are commonly considered as potential sources of leak-related noise, even if 34 

the physical mechanism of noise generation is not yet completely understood. Turbulent condition 35 

of the leaking flow is proven to be a relevant source of noise (Papastefanou et al. 2012). Some 36 

experiments suggest that the medium the water leaks into may significantly affect noise and 37 

vibration levels (Thompson et al. 2001; Vahaviolos et al. 2001). Conversely the actual influence of 38 

cavitation phenomena is a controversial issue (Anastasopoulos et al. 2009; Khulief et al. 2012; 39 

Papastefanou et al. 2012). 40 

Nonetheless, the effects of vibro-acoustic phenomena related to water leaks and the way 41 

they propagate along pipelines are well-known. Active leaks can excite the vibrational modes 42 

characterizing fluid-filled pipes. In practical applications low-frequency modes (i.e. well below the 43 

pipe ring frequency) are mostly responsible for the observed leak noise, namely three axisymmetric 44 

waves (order n=0) and the n=1 wave, which is related to beam bending (Fuller and Fahy 1982; 45 

Muggleton et al. 2002; Gao et al. 2004). In particular, propagation of vibrational energy is mainly 46 

ascribable to the two axisymmetric waves termed s=1 and s=2 respectively (Pavic 1992; Muggleton 47 

and Brennan 2005):  the former is preponderantly a fluid-borne wave; the latter mainly involves 48 

axial deformations of the pipe shell. These waves are coupled by the Poisson ratio, coupling being 49 

weak or strong depending on the characteristic of both the pipe and the surrounding medium 50 

(Muggleton et al. 2002). The monitoring of fluid pressure waves and pipe vibrations, by means of 51 



hydrophones and accelerometers respectively, is effectively adopted for detecting and pinpointing 52 

leaks. 53 

The present research deals with the detection of leaks in plastic (namely high-density 54 

polyethylene, HDPE) small-diameter service pipes of water supply networks. It was promoted and 55 

funded by the multi-utility Hera S.p.A. (Bologna, Italy), a company that supplies about 3‧108 m3 56 

per year of drinking water to 237 municipalities (total population of about 4 million), through a 57 

network of 35150 km of water mains. Indeed, this class of pipes represents a significant percentage 58 

of the service pipes installed in the distribution network. In particular, the multi-utility started using 59 

HDPE pipes for all the new connections about two decades ago. Moreover, since then all the leaks 60 

detected in service pipes have been repaired by completely replacing the old pipes with new HDPE 61 

ones. Although leaks in service pipes typically exhibit low flow rates, their total runtime (i.e. the 62 

total period to the burst repair) is generally longer than for large leaks. This leads to high overall 63 

losses as well (Butler 2000; EPA 2010). Consequently, they represent significant costs and require 64 

the development of proper strategies to manage pipe replacement and repair (Kanakoudis and 65 

Tolikas 2001). Indeed water losses related to service connections constitute a significant percentage 66 

of the total losses affecting the water distribution network managed by the multi-utility, as shown 67 

by the company internal reports on maintenance operations. In addition, the effectiveness of the 68 

mentioned detection techniques based on vibro-acoustic signals may result considerably reduced in 69 

case of plastic pipes (which are being recently installed in water distribution networks), due to a 70 

greater signal attenuation with respect to metal pipes (Hunaidi and Chu 1999; Hunaidi et al. 2000; 71 

Gao et al. 2004; Pal et al. 2010). Nonetheless, to the authors' best knowledge, not many studies 72 

dealt with water leaks in small-diameter pipes (most of the works being concerned with leak 73 

detection in large-diameter distribution pipes) and particularly with plastic service pipes, which are 74 

frequently characterized by a diameter smaller than 40 mm (CEN 2000). Therefore, the first 75 

objective of this work is to carry out a deeper investigation on leak detection for this kind of pipes, 76 

with main focus on longitudinal cracks, which are the most common for the network of interest. In 77 



particular, leaks are simulated through induced longitudinal cuts, whereas most of the studies 78 

simulate leaks by means of drilled holes or by opening valves (e.g. Miller et al. 1999; Yazdekhasti 79 

et al. 2016).  80 

The second objective is to develop and test a simple and reliable algorithm for leak detection 81 

purpose by using vibro-acoustic signals. In particular the algorithm adopts a scalar detection index 82 

based on a simple statistical parameter (namely the signal standard deviation), which is computed 83 

for steady-state signals measured under the normal network operating conditions, as opposed to 84 

methods requiring induced transients or pressure increment (e.g. Anastasopoulos et al. 2009; 85 

Colombo et al. 2009). The proposed algorithm works with one single transducer, whereas many 86 

know techniques require two distinct sensors, since they are based on signal correlation (e.g. Gao et 87 

al. 2004; Yazdekhasti et al. 2016). A proper strategy is developed to overcome possible high 88 

incidence of false alerts, a known issue frequently affecting systems relying on one single sensor, 89 

such as noise loggers (Hunaidi et al. 2012; Liu et al. 2012). 90 

The final goal of the project is the development of a system for automatic early detection of 91 

unreported burst leaks occurring in the service connections running from the water main to the 92 

users' metering points (Leoni et al. 2009). The system is required to be installed near the customer 93 

water meter and to operate at the normal functioning conditions of the network. Detecting leaks 94 

with satisfactory reliability is a primary requirement in order to avoid possible false detections, 95 

which would result in an unaffordable increment in leak management costs due to unnecessary 96 

operations of the maintenance teams. Low cost is one of the essential system requirements too, due 97 

to the planned widespread installation. Hence, very simple hardware components must be adopted 98 

in order to meet cost requirements (Martini et al. 2014). The developed algorithm is suitable to meet 99 

such requirements, as it relies on rather basic analysis techniques, thus its computational 100 

requirements being limited. The system may be integrated with the automatic meter reading (AMR) 101 

system, in order to share both the power supply and the data transmission network. Thanks to these 102 

characteristics, and since cheaper and cheaper sensors and electronics are constantly becoming 103 



available, the multi-utility estimates that monitoring service pipes may become economically 104 

convenient within the next decade. 105 

An experimental campaign was carried out for assessing the effectiveness of measurements 106 

of different vibro-acoustic phenomena for leak detection purpose, as well as the performance of the 107 

detection algorithm based on such measurements. The experimental tests were performed on a 108 

buried test facility of the multi-utility Hera S.p.A. that simulated a typical customer connection 109 

branch of the network. Water leaks were artificially induced on a small-diameter HDPE pipe. 110 

Signals in both leaking and non-leaking conditions were measured by means of two accelerometers 111 

and a hydrophone. The leak detection performance was assessed for leaks located at different 112 

distances from the transducers. This paper describes the experimental setup, the test protocols and 113 

the techniques adopted for the analyses, and reports the most relevant results of the study.  114 

Experimental setup and tests 115 

The test facility used for the experiments simulates a portion of the water distribution 116 

network (Fig. 1). One polyvinyl chloride (PVC) pipe with outer diameter of 90 mm (DN 90) is used 117 

as water main. Several plastic pipes of smaller diameter (DN 32) are connected to the larger one as 118 

customers' service pipes. Two-way shut-off valves are installed at both extremities of each service 119 

pipe, inside manholes. All the pipelines are buried under about 0.5 m of soil. The rig is fed by a 120 

pressure tank which permits to regulate water pressure. 121 

All measurements were performed on a HDPE pipe of length 28 m (the typical length of the 122 

service pipes installed in the water supply network operated by HERA S.p.A. being about 10 m). 123 

Tests were carried out on a pipe nearly three times longer than the average in order to assess the 124 

maximum range achievable for leak detection, thus possibly increasing the detection performance 125 

on standard 10 m long service pipes. The pressure was kept constant at about 3.5 bar, which is the 126 

typical functioning condition of the network.  127 



 128 

Fig.1. Experimental facility: (a) schematics of the buried pipeline, (b) a repaired leak and (c) an 129 

active leak after removing the repair clamp 130 

Leaks were artificially generated at five different locations along the pipe (Fig. 1a), in order 131 

to study the influence on the detection performance of the distance between leaks and transducers. 132 

The distance values from the terminal valve are reported in Table 1. The induced damages were 20 133 

mm longitudinal cuts (parallel to the pipe axis), which simulated one the most common kind of 134 

cracks characterizing burst leaks occurring in the HDPE service pipes managed by HERA S.p.A., 135 

according to its maintenance records. In particular, a 20 mm longitudinal crack is expected to 136 

generate a leaking flow of about 200 l/h in the typical network functioning conditions (as 137 

determined in preliminary experiments conducted by the multi-utility), which is the target leak rate 138 

to detect. Manholes were installed to allow the access to the leak locations. Pipe repair clamps were 139 

also installed for each leak. Such devices permitted to rapidly switch between leaking and non-140 

leaking conditions and vice versa (Fig. 1b, c). The leaking flow was monitored by a flow meter 141 



installed at the pipe T-joint (Fig. 1a). The measured flow rates are reported in Table 1. Leak #5, 142 

larger than the other ones, had been generated for previous experimental tests and its flow rate was 143 

remarkably higher. Nonetheless, Leak #5 was taken into account as well to assess the effects of a 144 

large but relatively distant leak. 145 

Three transducers were mounted on the pipe terminal valve (Fig. 2a), to simulate the sensor 146 

setup possibly achievable in actual service pipes (where the sensors should be installed near the 147 

customer water meter, i.e. distant from the water main). Two Integrated Electronic Piezoelectric 148 

Excitation (IEPE) monoaxial accelerometers (PCB 333B55, sensitivity 1V/g) measured axial (i.e. 149 

longitudinal) and radial shell/wall vibrations respectively. A piezoelectric hydrophone (Wilcoxon 150 

Research H571LD-1A, sensitivity –187 dB, ref. 1V/μPa) monitored fluid-borne leak-related noise. 151 

The hydrophone was fastened directly to the threaded port of the terminal valve, thus preventing 152 

any water flow from exiting the valve.  153 

Table 1. Main features of the studied water leaks 154 

Leak  
Distance  

[m] 
Flow rate 

[l/h] 

#1 3 200 

#2 8 295 

#3 13 200 

#4 18 180 

#5 26 4000 

 155 

 156 

Fig. 2. Sensor setup: (a) schematics, (b) hydrophone and accelerometer close up 157 



It is worth noting that the levels of the axial acceleration were expected to be higher than 158 

those of the radial acceleration, thus providing better detection performance. Indeed in the 159 

frequency band of interest both the s=1 and the s=2 modes normally exhibits preponderant axial 160 

displacements (Pavic 1992). However, unfavorable boundary conditions possibly found in actual 161 

pipelines may cause the monitoring of axial vibrations to be unpractical. In addition, the presence of 162 

elbow fittings between leak and transducer, while not preventing the detection (Martini et al. 2014), 163 

may alter the vibration transmission path. For all these considerations, radial vibrations of the pipe 164 

wall were investigated as well.  165 

All the signals were simultaneously acquired by means of a LMS SCADAS Recorder SCR-166 

01 (which also provided signal conditioning). The acquisitions were carried out by setting the 167 

sampling frequency (Fs) at 5120 Hz and the duration (Ts) at 30 s. Such parameters were determined 168 

in preliminary tests performed in the facility, which are not here reported.  169 

Measurements were performed for both the non-leaking and the leaking conditions to assess, 170 

respectively, the environmental noise and the vibro-acoustic phenomena related to active leaks. The 171 

leaking condition was set by temporarily removing a single repair clamp (Fig. 1c), i.e. only one 172 

active leak at a time was considered. Two different cases were tested: Case-A, water leaking against 173 

backfill soil (such a condition was simulated by covering the leaking pipe with a plastic sack filled 174 

with soil, which could be easily installed and removed); Case-B, water leaking into air. Then the 175 

repair clamp was reinstalled again and measurements in non-leaking conditions were carried out. 176 

This sequence was repeated for all induced leaks. It is worth noting that during all tests the flow rate 177 

inside the pipe was entirely ascribable to the leaking flow of an active leak, in order to simulate a 178 

condition of null water consumption by the customers. Indeed the water flow induced by customers' 179 

water usage normally generates vibro-acoustic phenomena that hide the leak noise, therefore 180 

hampering leak detection. Such test condition does not reduce the reliability of the experiments 181 

since, for actual pipelines, it is possible to significantly limit the occurrence of such kind of 182 

perturbations by performing nighttime measurements (a practice commonly adopted for leak 183 



detection surveys in networks). Furthermore, measurements possibly still affected by environmental 184 

noise can be detected and removed from the acquired dataset by using proper signal processing 185 

techniques (Martini et al. 2015). 186 

Signal processing and analysis 187 

The analysis took into account only basic techniques, consistently with the project 188 

specifications. Indeed low cost is an essential design requirement of the final device for leak 189 

detection, since a large number of units should be installed for covering the entire network. In order 190 

to reduce the computational resources required to run a detection algorithm on-board (as the device 191 

is meant to operate autonomously), hence lowering hardware costs, only simple processing 192 

operations are allowed.  193 

The acquired signals were processed by using a variant of the prototypal algorithm for 194 

automatic leak detection described by Martini et al. (2015). This variant was simply adapted to 195 

operate on the sets of acquisitions performed in the different test conditions of the experimental 196 

campaign (instead of working on datasets recorded in different consecutive nights). Indeed, many 197 

acquisitions were performed for each examined condition, in order to ensure repeatability of 198 

measurements, since the signals may result partially affected by environmental perturbations 199 

unrelated to the leaks (e.g. noise generated by traffic and industrial activities in the surroundings of 200 

the test facility). A very simple statistical parameter, namely the standard deviation of the raw 201 

signal (STD), is adopted to define a purpose-built parameter, referred to as Monitoring Index (MI), 202 

whose trend is monitored by the algorithm. In particular, the following operations are performed 203 

(for further details, see Martini et al. 2015): 204 

1. The algorithm computes the STD of all the raw signals acquired for any specific dataset.  205 

2. The MI value associated with the j-th analyzed dataset is computed as the average of the STD 206 

values of a valid (i.e. without perturbations) subset of the corresponding signals,  207 



𝑀𝐼𝑗 =
1

𝑁
∑(𝜎𝑗,𝑘)

𝑁

𝑘=1

 (1) 

where σj,k is the k-th element of the vector including the N lowest STD values of the j-th dataset. 208 

The experiments showed that the selection of a reduced subset of N = 10 signals permits to take 209 

into account only stationary signals, whereas those featuring anomalous transients are neglected.  210 

3. The MI associated with an active leak is compared with the MI values characterizing the 211 

measurements in non-leaking condition. For a better reliability, P different datasets of 212 

measurements in non-leaking state are considered, hence obtaining a total amount of P different 213 

MI values associated with this condition. The signal levels are expected to rise when an active 214 

leak is present, with a resultant increment in the signal STD and in the corresponding MI value 215 

(with respect to non-leaking conditions) that allows for leak detection.  216 

4. A further index, referred to as Monitoring Index Efficiency (MIE), is computed for assessing the 217 

algorithm efficiency in terms of sensitivity to the n-th leak, and is defined as follows: 218 

𝑀𝐼𝐸𝑛 =
𝑀𝐼𝐿𝑘,𝑛

1
𝑃
∑ (𝑀𝐼𝑁𝐿,𝑖)
𝑃
𝑖=1

 (2) 

where MILk,n is the MI value characterizing the n-th leak and the MINL,i values are the P different 219 

MI computed for the non-leaking state. 220 

It is worth noting that the practical implementation of the algorithm for an actual service 221 

pipe of the network requires the definition of a proper threshold associated with the starting 222 

condition, to be initialized on the basis of measurements upon the system installation. Actual leaks 223 

are expected to start with small cracks that grow over time. In such scenario, the algorithm is 224 

expected to give a warning when the current MI value (evaluated every night) crosses the defined 225 

threshold. Hence, the algorithm is expected to be effective for new leaks occurring after the 226 

threshold initialization as well as for leaks existing prior to the installation that grow over time. 227 



Further statistical parameters, namely skewness and kurtosis, were also computed for all the 228 

acquisitions and investigated as possible alternative metrics for leak detection, although other 229 

experiments had not revealed any relevant correlation with the leaking conditions (Martini at al. 230 

2014 and 2015). 231 

The measured signals were also investigated in the frequency domain, to possibly identify 232 

distinctive leak signatures for enhancing the algorithm effectiveness. In particular, the power 233 

spectral density (PSD) was computed and analyzed over the available frequency range, namely 234 

between 10 Hz (a high-pass filter was applied due to the frequency response limits of the 235 

hydrophone) and 2560 Hz (i.e. Fs/2). 236 

Results and discussion 237 

The results provided by the algorithm applied to the signals of the hydrophone and the radial 238 

accelerometer, acquired for leak #1 and Case-A (water leaking against soil), are shown in Fig. 3, as 239 

examples. Each bar chart reports the comparison between the MI value computed for the leaking 240 

condition (Lk #1) and those for the non-leaking acquisitions (NL #1-4), normalized to the highest 241 

term. The MI values of the non-leaking state refer to the four distinct datasets acquired after 242 

repairing leaks 1-4 respectively. The corresponding MIE value (which in this analysis is computed 243 

by putting at the denominator the mean of the four MI values in non-leaking condition) is reported 244 

in the figure right upper corner.  245 

The MI values in non-leaking conditions are comparable, i.e. the background noise exhibits 246 

basically constant levels during all tests. Figure 4 reports the comparison in the time domain of two 247 

measurements concerning leak #1, in leaking and non-leaking condition respectively, for the radial 248 

accelerometer and the hydrophone. As expected, the leaking flow induces higher signal levels. This 249 

results in a remarkable increment in the MI of the active leak, which permits the detection. As also 250 

expected, the results observed for the three sensors are quite different, since each sensor measures a 251 

different component of the axisymmetric waves associated with the vibro-acoustic energy flow 252 



(Pavic 1992). This behavior is consistent with the results provided by other experimental studies 253 

(e.g. Hunaidi and Chu 1999). Table 2 reports the detection results (successful or failed detection) 254 

and the corresponding MIE obtained by running the algorithm on the data measured with the 255 

hydrophone and both the accelerometers for all leaks in Case-A. If the leak detection is missed, the 256 

MIE is set to zero. The detection is considered missed as well if the MIE value is lower than 1.5. 257 

This specific value was arbitrarily defined to assess the algorithm performance for the measured 258 

data. It was determined on the basis of the standard deviation of the MINL,i values, which was found 259 

to be about 15% of the average, i.e. the denominator of Eq. (2), for all sensors. Accordingly, the 260 

adopted threshold was considered as the minimum value to achieve leak detection with an 261 

acceptably low probability of false positives. Nonetheless, a further tuning of the threshold would 262 

be reasonably required for the final implementation of the leak detection system, depending on the 263 

desired level of reliability and tolerance for false positives to be achieved. 264 

265 

 266 

Fig. 3. MI computed for leak #1 in Case-A with raw signals of (a) radial accelerometer, (b) 267 

hydrophone and (c) axial accelerometer 268 



 269 

Fig. 4. Comparison between time histories measured for non-leaking condition and for leak #1 in 270 

Case-A by (a) radial accelerometer and (b) hydrophone 271 

Table 2. Results of the algorithm applied to raw signals of accelerometers and hydrophone, Case-A 272 

   Radial accelerometer Axial accelerometer Hydrophone 

Leak 
Distance  

[m] 
Flow rate 

[l/h] 
Detection MIE Detection MIE Detection MIE 

#1 3 200 yes 1.95 yes 9.23 yes 3.35 

#2 8 295 yes 1.94 yes 5.72 yes 2.95 

#3 13 200 no 1.19 yes 1.52 yes 1.67 

#4 18 180 no 1.05 no 0 no 0 

#5 26 4000 no 1.08 no 0 yes 20.42 

 273 

The performance of the algorithm based on radial accelerations is rather poor. Only the two 274 

nearest leaks are detected, and with a very low efficiency (a MIE lower than 2.5 being considered 275 

not completely satisfactory).  276 

Better results are achieved with the axial accelerometer and the hydrophone, both exhibiting 277 

a similar behavior except for leak #5. Indeed such leak, which presents a high flow rate, is detected 278 

only with the hydrophone. 279 

The analysis of the data acquired in Case-B (water leaking into air) reveals that the signal 280 

levels associated with active leaks are remarkably lower than in Case-A. The comparisons of the MI 281 

values computed for the signals of the hydrophone and the radial accelerometer acquired for leak #1 282 



are reported in Fig. 5, as examples. The increment in the signal STD (with respect to the non-283 

leaking condition) is significantly reduced. This causes the algorithm to fail the detection of almost 284 

all leaks, regardless of the considered transducer. Such a behavior is consistent with other 285 

experimental studies found in the literature (e.g. Thompson et al. 2001), which reported that water 286 

leaking against soil may appear noisier. Hence these results confirms that the medium surrounding 287 

the leaking pipe represent a chief factor for the generation of leak-related noise. However, service 288 

pipes are normally buried from their connections with the water main to the manholes where the 289 

customers’ water meters are installed, thus leaks exposed to air being much less likely to occur in 290 

the system of interest. Reasonably, leaks possibly starting in the terminal unburied sections of 291 

service pipes (typically shorter than 1 m) would be extremely close to the monitoring sensors and 292 

therefore easily detected as well. Therefore, the analysis will focus on the test condition Case-A 293 

hereafter. 294 

The investigation in the frequency domain takes into account the same subset of acquisitions 295 

considered for computing the MI. The main objective is the definition of a proper filtering technique 296 

for enhancing both the algorithm effectiveness (i.e. the number of leaks successfully detected) and 297 

efficiency (given by the MIE value).  298 

 299 

 300 

Fig. 5. MI computed for leak #1 in Case-B with raw signals of (a) radial accelerometer and (b) 301 

hydrophone 302 



303 

304 

 305 

Fig. 6. Comparison of the PSDs of the radial accelerometer signals in leaking condition (Lk), for 306 

leaks (a) #1, (b) #2, (c) #3, (d) #4, (e) #5, with the PSD computed for non-leaking acquisitions (NL) 307 

The comparison between the PSD of two signals, one concerning the leaking (Lk) and one 308 

for the non-leaking (NL) conditions of all transducers, is shown in Figs. 6-8 for all leaks. The 309 

results focus on the range up to 1200 Hz, since no significant frequency content was observed 310 

above this limit. 311 

 312 



313 

314 

 315 

Fig. 7. Comparison of the PSDs of the axial accelerometer signals in leaking condition (Lk), for 316 

leaks (a) #1, (b) #2, (c) #3, (d) #4, (e) #5, with the PSD computed for non-leaking acquisitions (NL) 317 

Vibrations induced by the nearest leaks to the measuring point appear clearly distinguishable 318 

from the environmental noise with all transducers. The frequency content of the radial 319 

accelerometer signal is characterized by a rather narrow bandwidth, between 100 and 200 Hz (Fig. 320 

6). Conversely, the axial accelerometer and the hydrophone exhibit a much wider spectrum, up to 1 321 

KHz (Figs. 7, 8). As the leak distance grows, the PSD amplitude decreases and high frequencies are 322 



damped. This phenomenon affects the signals of all transducers, but it is more evident for the 323 

accelerometers. Consequently, accelerometers appear unable to measure the vibrations related to the 324 

most distant leaks. 325 

 326 

327 

328 

 329 

Fig. 8. Comparison of the PSDs of the hydrophone signals in leaking condition (Lk), for leaks (a) 330 

#1, (b) #2, (c) #3, (d) #4, (e) #5, with the PSD computed for non-leaking acquisitions (NL) 331 



Spectral analysis permits to identify, for each transducer, some frequency bands in which the 332 

frequency content associated with the leaks is more evident. Different filters based on such 333 

frequency bands were tested for re-processing the measured signals before running the algorithm.  334 

The results provided by the algorithm after applying a 100-600 Hz band-pass filter, namely a 335 

zero-phase digital Finite Impulse Response (FIR) filter, are reported in Table 3. As for the 336 

hydrophone, signal filtering permits to detect all leaks. The algorithm efficiency is remarkably 337 

enhanced for all leaks except for the most distant one. Indeed the hydrophone signals associated 338 

with leak #5 exhibit a peak of the spectrum in the band 10-60 Hz which is reasonably related to the 339 

higher leaking flow rate, since it is not observed in any other acquisition. Such frequency content is 340 

cut off by the adopted filter, thus causing the MIE to lower. 341 

An improvement in the algorithm efficiency is achieved with the filtered signals of both 342 

accelerometers as well. As far as the axial accelerometer is concerned, the algorithm effectiveness is 343 

also enhanced, leak #3 being successfully detected. However, the detection of distant leaks is still 344 

missed with both accelerometers. The axisymmetric waves s=1 and s=2 (namely the fluid-borne 345 

wave and pipe vibrations respectively) would be expected to be rather strongly coupled under the 346 

boundary conditions considered in the experiment (Muggleton et al. 2002). Nonetheless only the 347 

fluid-borne wave could reach the measuring point for the most distant leaks, whereas the 348 

propagation of shell vibrations was reasonably prevented by the high attenuation of the pipe 349 

material (even if the experimental setup did not allowed to directly estimate the actual pipe 350 

damping). Further enhancements of the leak detection range seem hardly achievable for vibration 351 

measurements, since the same attenuation effects are reasonably expected to occur in buried pipe 352 

systems with similar features. However the range of effectiveness provided by the accelerometers 353 

(both the axial and the radial one) should be sufficient for the majority of the service pipes that may 354 

be found in actual networks, these typically being about 10 m long. Hence the requirements of the 355 

leak detection system to be developed by Hera S.p.A would be met.  356 



Table 3. Results of the algorithm applied to band-pass filtered signals (100-600 Hz filter) 357 

   Radial accelerometer Axial accelerometer Hydrophone 

Leak 
Distance  

[m] 
Flow rate 

[l/h] 
Detection MIE Detection MIE Detection MIE 

#1 3 200 yes 2.77 yes 13.17 yes 144.60 

#2 8 295 yes 2.73 yes 8.83 yes 91.85 

#3 13 200 no 1.08 yes 1.70 yes 15.49 

#4 18 180 no 1.11 no 1.11 yes 2.17 

#5 26 4000 no 1.07 no 1.10 yes 6.24 

 358 

The presented results prove signal filtering an effective strategy to enhance the performance 359 

of the prototypal leak detection algorithm for the acquisitions of both the hydrophone and the 360 

accelerometers. However, it is worth noting that the frequency content of vibro-acoustic signals 361 

associated with leaks may result partially altered in actual service pipes, due to different boundary 362 

condition. Hence a preliminary analysis of leak-related measurements performed in the actual water 363 

distribution network is advisable, in order to further refine and test both the algorithm and the 364 

filters.  365 

As for the other investigated statistical parameters, skewness and kurtosis were computed 366 

for the complete datasets, by taking into account both the raw and the filtered signals. Figures 9 and 367 

10 report the comparison between skewness and kurtosis, respectively, computed for the raw 368 

signals related to leak #1 and to the non-leaking acquisitions, for the radial accelerometer and the 369 

hydrophone, chosen as examples. In particular, the results concerning the ten acquisitions with the 370 

lowest STD are only shown, for a better readability. No significant correlations can be identified, 371 

either between leaking and non-leaking conditions or even between the different datasets of the 372 

non-leaking state. Similar results are obtained for all the other analyzed conditions. Hence, 373 

skewness and kurtosis are confirmed as unsuitable metrics for leak detection purpose. 374 



 375 

Fig. 9. Skewness associated with leak #1 (Lk#1) and 2 non-leaking datasets (NL#1 and 2), 376 

computed for the 10 raw signals with lowest STD of (a) radial accelerometer and (b) hydrophone. 377 

 378 

Fig. 10. Kurtosis associated with leak #1 (Lk#1) and 2 non-leaking datasets (NL#1 and 2), 379 

computed for the 10 raw signals with lowest STD of (a) radial accelerometer and (b) hydrophone. 380 

Conclusion 381 

Experimental tests were carried out in order to compare the effectiveness of measurements 382 

of different vibro-acoustic phenomena for detecting water leaks occurring in plastic service pipes. 383 

Leaks were artificially induced on a small-diameter polyethylene pipe. Vibro-acoustic signals 384 

related to the leaks were monitored by using a hydrophone and two accelerometers. 385 

The most satisfactory results were provided by the hydrophone, which was able to clearly 386 

"hear" the noise generated by even the most distant leaking flows. The hydrophone measurements 387 

permitted to attain the detection of all generated leaks with excellent reliability. In addition, a 388 



simple prototypal algorithm which exploits STD of the hydrophone signals for achieving automatic 389 

leak detection was successfully tested on all leaks. 390 

Satisfactory results were provided by the accelerometers as well. As expected, the axial 391 

accelerometer proved more sensitive to the leaks than the radial one. Measurements of the axial 392 

vibrations, processed by running the prototypal algorithm, allowed a successful detection of the 393 

three nearest leaks (one more than by using radial vibrations). None of the accelerometers permitted 394 

to detect the most distant leaks and further improvements of the detection effectiveness appear 395 

difficult to be achieved, due to high attenuation of acceleration signals in the pipe wall. 396 

Nonetheless, the accelerometers appeared suitable to be adopted for the leak detection system to be 397 

developed by Hera S.p.A. Indeed, they permitted to detect leaks over a distance range that should be 398 

adequate for most of the service pipes in the water supply network managed by the utility, in 399 

particular when proper signal filtering techniques were adopted for improving the performance of 400 

the prototypal detection algorithm. Moreover, since accelerometers are ordinarily cheaper than 401 

hydrophones, they appear economically more convenient to be adopted on a large scale.  402 

A pilot experimental campaign on actual service pipes of the water distribution network has 403 

been started for testing a prototypal detection system based on measurements of leak-related pipe 404 

vibrations with accelerometers (Martini et al. 2015). The first results are promising and confirm 405 

both the effectiveness and the reliability of the developed system. 406 
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