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Abstract

Water loss due to damaged, pressurised pipelines is a significant and ongoing problem in the UK

and across most of the world. As of 2022, over 20% of treated water in the UK was lost due to

leaks, barely improving on loss rates in 1995. This thesis aims to diagnose some of the causes of

current issues with leak detection and suggest an improved methodology.

A comprehensive review identified several areas within the leak detection sphere worth inves-

tigation: acoustic propagation and attenuation in plastic pipes, the variability in leak-generated

noise, and moving beyond monoaxial sensing, given that this captures only a fraction of the avail-

able acoustic information. Motivated by these findings, experimental and numerical studies were

undertaken considering the propagation and attenuation of sound in plastic pipes and examining

the influence of features such as joints, corners, and burial conditions. Results showed that atten-

uation was strongly frequency dependent, with higher frequencies attenuating considerably over

short distances, limiting the viability of traditional correlation-based leak localisation methods for

plastic networks.

To address these challenges, this work explores the novel use of acoustic velocity vector sen-

sors (AVVSs) on an in-pipe platform for defect detection. Numerical models demonstrated that

radial components of the acoustic velocity are particularly sensitive to small wall defects, while the

pressure and axial velocity showed no deviation from background levels close to the defects. This

prediction was confirmed experimentally using an AVVS on a test pipe. A robotic platform carrying

multiple AVVSs further validated the feasibility of this approach.

This research establishes acoustic vector sensing as a promising new diagnostic method for pres-

surised water pipes, allowing smaller and incipient leaks to be detected and laying the groundwork

for intelligent, mobile in-pipe monitoring systems that can enhance predictive and preventative

maintenance of critical infrastructure.



Nomenclature

a acceleration

ai i ∈ {x, y, z, ref}, acceleration in direction specified (x, y, z) or at reference accelerom-

eter (ref)

A leakage area

B fluid bulk modulus

c speed of sound

cf speed of sound in a free fluid

cs compressional wave velocity of soil/sand

Cd discharge coefficient

CL leakage coefficient (Eq. 2.2)

Cxy(τ) cross correlation between signals x(t) and y(t) for lags τ

d distance

E Young’s modulus

f frequency

fR ring frequency

fs sampling frequency

g standard acceleration of gravity

Gs shear modulus of sand/soil

h pipe wall thickness

i
√
−1, also used within this list to denote a generic variable

k wave number

kf wave number of a fluid in free space

kL wave number of a compressional wave

k(n,s) wave number labelled by mode

Ks bulk modulus of sand/soil

Mrad radiation mass of a medium
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n circumferential mode order

NL leakage exponent (Eq. 2.2)

N signal length i.e. number of samples

p pressure

Q leak flow rate

r pipe radius

Rrad radiation resistance of a medium

s radial mode order

sj(t) example time domain signal recorded using testing by instrument j (j is specified in

the main text)

Sj(ω) example frequency domain signal corresponding to sj(t)

t time

Tij frequency response function between signals si(t) and sj(t)

vi i ∈ {x, y, z}, fluid velocity in direction specified

x(t), y(t) generic time domain signals

x̄, ȳ average of time domain signals

X(ω) generic frequency domain signal

α attenuation

αi attenuation in parameter i, where i is replaced by the parameter of interest in the

main text

αT shape parameter of the Tukey window, representing the fraction of the window inside

the cosine tapered region

∆ (operator) change in a variable

ϵi error in variable i

η material loss factor/damping coefficient

χn n ∈ 1, 2, leakage fitting parameters (Eq. 2.3)

ν material Poisson ratio

ρ material density, of pipe unless otherwise specified

ρf density of fluid

ρs density of soil/sand

ω angular frequency
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Axis definitions

x axial

y horizontal

z vertical

r ‘radial’ - the magnitude of the combination of the vertical and horizontal components,

e.g. vr =
√
v2y + v2z
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Abbreviations

AVVS Acoustic Velocity Vector Sensor

DFT Discrete Fourier Transform

DMA District Metering Area

DMA Dynamic Mechanical Analysis

EMD Empirical Mode Decomposition

EPA Environmental Protection Agency (US)

FFT Fast Fourier Transform

FRF Frequency Response Function

GWU Guided Wave Ultrasonic

IH Impact Hammer

ML Machine Learning

NRW Non-Revenue Water

PML Perfectly Matched Layer

PSD Power Spectral Density

RMS Root Mean Squared

SNR Signal-to-Noise Ratio

TRL Technology Readiness Level

VAE Vibro-Acoustic Emission

WDN Water Distribution Network
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Chapter 1

Introduction

20% of potable water in the UK is lost due to leakage [1] and in 2018 the National Infrastruc-

ture Commission recommended that this be halved by 2050 in order to improve the UK’s water

resilience [1]. This issue, where a significant proportion of potable water is being lost as Non-

Revenue Water (NRW) is not unique to the UK: Figure 1.1 shows that the UK is average in terms

of water loss levels in the EU. Leakage reports from OfWat [2], show that there has been little

reduction in leakage volumes since 2000, even with advances in leak detection technology [2–4].

This lack of progress indicates that a paradigm shift is required in how leaks are detected.

Currently, the most common leak detection technologies take a surface-down approach, util-

ising existing above-ground fixed assets on the water distribution network (WDN) to listen for

leaks in buried sections of pipe [5]. Consequently, leaks close to fixed assets, such as hydrants,

are disproportionately easy to detect, while more distant or multiple leaks continue undetected.

These remote acoustic methods are reliant on the acoustic properties of the pipe material, with

plastic pipes proving more difficult to detect leaks on due to the increased attenuation of sound

in plastic as opposed to metal pipes. As more metal pipes are replaced with plastic pipes, and as

more plastic pipes reach the expected end of their service life, this will become an increasing issue.

Figure 1.1: Percentage of treated water lost as NRW by country for a selection of EU countries.
The figure has been reproduced from OfWat’s 2022 report on leakage in the water industry [2]
and is based on data from the EU’s 2021 report on the European drinking water and waste water
sectors [3].
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A possible means of solving this issue is inserting autonomous robots into the pipe network. Such

robots would allow an unbiased survey of all areas of the network that is less reliant on strong

long-distance acoustic propagation through the pipe wall. Building such an in-pipe robotic plat-

form is the objective of the Pipebots Grant [6], of which this research forms a part.

Existing pipe maintenance is commonly reactive rather than proactive, given that existing meth-

ods mainly aiming to detect leaks, pipe bursts etc., rather than the onset of defects in the pipe wall

itself. A robotic platform allows closer access to the pipe wall, enabling a far more detailed inspec-

tion, including searching for defects on the pipe wall as well as leaks. In future, this could be fur-

ther extended to robotic in-pipe fixing of defects, as proposed by OfWat’s no-dig repair project [7].

An additional benefit of a robotic platform is that it is not limited to pipes within the WDN;

rising mains are similar acoustically, in that they are pressurised pipelines filled with (mostly)

water. There is currently a lack of inspection methods for rising mains, beyond CCTV on robots.

CCTV inspection requires the system to be emptied and can only see issues on the inside surface

of the pipe. Rising mains offer a readily available environment for testing a prototype platforms

given the lower regulatory barriers for access, while allowing transferability of technology to the

WDN. Consequently, while the methods proposed in this thesis have been primarily designed for

the WDN, they have been tested on rising mains.

Aim and objectives

Based on the shortcomings of existing pipeline inspection methods in terms of the size and range

of leaks detectable, lack of visibility of incipient leaks in the form of defects in the pipe wall and

the advent of advanced pipeline inspection robots, this thesis aims to develop a novel method for

detecting leaks and pipe wall defects appropriate for use on an in-pipe robotic platform.

This can be broken down into the following objectives:

(i) Investigate the variability of leak noise in water-filled pipes and its influence on leak de-

tectability.

(ii) Investigate the efficacy of existing methods for leak detection in water-filled pipelines. In

particular, evaluate the range limitations of acoustic leak detection on plastic pipes and the

extent of the need for an alternative.

(iii) Investigate the novel sensing options available for pipeline inspection when a robotic plat-

form is used in order to determine the most sensitive method. This should move beyond

on-pipe accelerometers and hydrophones to consider the benefits of vector based sensing,

measuring the directional effect of defects and leaks.

(iv) Deploy this sensing approach on a robotic platform to test its efficacy and offer recommen-

dations for optimal sensor deployment on a mobile robotic platform.

Thesis organisation

This thesis is organised to answer these objectives in order. It starts by considering existing meth-

ods of leak detection, particularly in plastic pipes. This begins in Chapter 2 with a review of
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existing methods. It continues in Chapters 3 and 4, where the frequency spectra of leaks are inves-

tigated along with the transmission of acoustic waves through plastic pipes. These chapters serve

to demonstrate the complexities of leak noise detection, which is compounded by the intricacies of

sound propagation in plastic pipes.

Current methods of leak detection are strongly focused on accelerometer-based measurements

collected from the outside of the pipe. With an in-pipe robotic platform there are many more

opportunities available in terms of sensors. Models of a plastic pipe were developed to see whether

any measurable parameters within the pipe were particularly sensitive to leaks and defects within

the pipe wall, this is reported in Chapter 5. With this as a basis, a triaxial accelerometer was

adapted into an acoustic velocity vector sensor (AVVS) to measure the acoustic velocity of the

fluid, since this was determined to be particularly sensitive to variations in the pipe wall.

This novel sensing approach has been tested in a series of experiments of increasing complexity,

the results of which are reported in Chapters 6 and 7. These experiments show considerable

promise, and a vector-based sensor is now being fitted to robots for Pipebots to use in follow-

on projects. It has the potential to transform pipeline surveying by allowing an inspection of

the pipe condition that is fast, long range and more sensitive to developing defects than existing

technologies. Preventative maintenance is the best method for pipe longevity, cost efficiency and

limiting disruption to the water supply. Using the improved methods proposed in this thesis to

detect developing defects will allow the use of modern pipe repair techniques, which are effective

when a pipe’s condition is deteriorating but is not yet structurally compromised. This will allow

for highly efficient, proactive pipe maintenance to maintain hydraulic efficiency.
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Chapter 2

Literature Review

This chapter presents a review of the most relevant literature pertaining to this thesis. It is intended

to give the reader a representation of the current state of research in this field and not to be a full

review of all the literature: the reader is directed to section-specific reviews during the course of

the chapter, with [8–10] being the most relevant to this thesis as a whole.

This chapter begins with an overview of the causes of leaks and the relative prevalence of dif-

ferent types of leaks on different pipe materials. It moves onto a summary of some of the work

conducted looking at the acoustic signatures of leak noise followed by an introduction to the prop-

agation of waves along pipes, with a focus on the influence of this on acoustic leak detection. The

review then provides an overview of existing technology for leak and defect detection in the WDN,

starting with the most common techniques and progressing to those techniques currently in a more

developmental stage. This section of the review focuses on commercial options for leak detection

and localisation more than the theory behind leak detection in pipes. It considers previous work

on leak noise in pipes and its propagation, including areas where university-led research has pro-

gressed further than (or in a different direction to) commercially available technology. Finally, the

direction of travel for research into leak detection in pipes is considered.

2.1 Causes and prevalence of leaks

Leakage is a broad term, often used to describe any water escaping from the pipe network uninten-

tionally. The two main classes of this are pipe bursts and background leakage due to unsatisfactory

joins, cracks, etc. [11]. Either of these may develop in pipes for a variety of reasons [11, 12]. The

type of leak has ramifications for its detection and rectification, with different types of leak having

different behaviours which may make them easier or more difficult to detect. Conversely, these

differences in behaviour should make it possible to classify a leak remotely.

The material of the pipe is the largest factor in determining which failure modes are most

likely [12]. A summary of the most common failure modes for various pipe materials is given in

Table 2.1. The abbreviations for the different pipe materials and their prevalence in the UK water

network are given in Table 2.2. It should be noted that the UK is not representative of all WDNs,

although in general more plastic (PVC and PE) pipes are being installed worldwide [13].

Different types of leak are also caused by different factors. These include: excessive loads

beyond the specification of the system, caused by poor design, deterioration or unexpected loading;
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2.1. Causes and prevalence of leaks

Table 2.1: Most common failure types by pipe material. In addition to these any pipe may fail due
to third party or environmental damage. Information extracted from [14], material abbreviations
summarised in Table 2.2. *particularly common.

Failure mode SCL DICL PVC PE CICL AC GRP Copper
Piece blown out - Y Y Y Y* Y Y -
Perforation Y* Y Y Y Y - - Y
Circumferential break - - - - Y* Y* - Y
Longitudinal split - - Y rare Y Y* - -
Pipe wall rupture/tear Y rare - - - - Y* Y
Caused by tapping - Y* Y - - - - -
Joint Y Y Y* Y* Y Y Y Y

Table 2.2: Pipe material abbreviations and approximate length of UK water network comprised of
each material [13], 15,000 km of the network are of unknown pipe material.

Abbrev. Material Length in UK water network (km)
SCL Steel cement (mortar) lined 5,000
DICL Ductile iron cement (mortar) lined 20,000
PVC Polyvinyl Chloride 35,000

PE/HDPE/MDPE Polyethylene (high/medium density) 25,000
CICL Case iron cement (mortar) lined -
AC Asbestos cement 25,000

GRP Glass reinforced polyester 0
Copper - 0

Iron - 105,000
Lead - 0

Concrete - 0

temperature variation causing both contraction of the pipe and pressure from the surrounding

soil; corrosion; ageing; and geographic conditions, particularly the surrounding soil which has

a significant impact on the forces experienced by the pipe [11]. These effects interact and have

varying importance depending on the pipe material. For example, for metal pipes there is evidence

that ageing has limited effect on pipe deterioration, with [11] concluding from previous work in

New York [15], and by Severn Trent [16] that age is not a significant indicator of future leakage in

cast iron pipes. This contrasts with findings in [17–19] which find that the age of PVC pipes does

have an impact on leakage incidence. This is a product of the properties of plastics [20], which

are not in the same state of equilibrium as metals, such that their material properties change over

time. A visualisation of this can be found as Figure 1.2 of [18]. Work on the use of PVC in sewer

pipes has shown a stronger correlation with lifetime [21]. Some pipe materials also have specific

sources of weaknesses, for example early PVC pipes had poor quality control leading to a higher

than expected failure rate for pipes of particular vintages [22].

While Ofwat no longer explicitly recommends using a SELL (Sustainable Economic Level of

Leakage) approach to leak repair [23], whereby the economic impact of leaks is compared with

the cost of fixing them, it should still be a consideration in leak detection. SELL allows small

leaks on busy roads to remain unfixed since the cost of fixing them far outweighs the benefits.

This pragmatic approach makes determining the size of the leak as important as determining its

location.

Part of this calculation comes down to knowing the leak flow rate Q. If there is only one leak in

a DMA this can be calculated using low water flow measurements. It can also be calculated from

the shape of the leak. The most basic form of this is the orifice equation[24]:
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2.2. Understanding leak noise

Q = CdA
√
2gp (2.1)

where Cd is a discharge coefficient, A is the leakage area, g is the standard acceleration of gravity

and p is the back-pressure of the leak. This is derived from Bernoulli’s theorem, which assumes

incompressibility and frictionless flow [24], with Cd added to account for friction and compress-

ibility effects. Cd is usually determined empirically [25], with 0.67* used for leakage modelling

where the flow is fully turbulent [26, 27].

However, this is considered an over-simplification that poorly describes leakage flow due to a

pressure head [28, 29], and it has been found that a power equation

Q = ACL(2gp)
NL (2.2)

more accurately reflects the empirical observations [26, 27, 30] even though it has no physical

basis. Here CL is a leakage coefficient, often substituted with Cd [24] and NL is an empirically

determined exponent.

Even this does not well describe all leakage scenarios, with Walski et al. [29] reporting such

a range (0.4 - 2.5) of values for N in different systems as to make Equation 2.2 unworkable.

Experimental work by Braga et al. [24] also showed unsatisfactory results using Equation 2.2 for a

head of less than 20 m (1.96 bar), finding that an expression of the form

Q = Aχ1 ln (χ22gp) (2.3)

was more effective, with two empirically determined values χ1 and χ2.

In summary, while there are multiple options for determining Q for a given leak, of varying

complexity, the relevant parameters that need to be determined are the area of the leak (A) and

the back-pressure (p). In principle, the pressure of the water system should be known, although

may not be in practice, so the physical size of the leak is the most important factor to determine.

2.2 Understanding leak noise

It is impractical to measure the size of every leak directly, therefore indirect methods are preferable.

A common choice is to measure the in-pipe acoustics to find leaks. This requires an understanding

of the acoustics of leaks, as well as of noise propagation in pipes.

2.2.1 Leak spectra

Throughout this section, and the thesis as a whole, the frequency spectrum of the leak noise is a

core concept. This spectrum represents the distribution of energy within an acoustic (time domain)

signal across each frequency. Viewing the data in this way allows for insight into the dominant

frequencies in the spectrum as well as its broadband characteristics.

The spectrum is derived by transforming the time domain signal x(t) into the frequency domain,

*This is an empirical formula, with the value of Cd determined experimentally. Consequently dimensionality is not
conserved in this equation and Cd does not have meaningful units.
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2.2. Understanding leak noise

thus finding X(ω). This is achieved throughout this thesis using the Discrete Fourier Transform

(DFT):

Xk =
1

N

N−1∑
m=0

xm exp

{
−2πi

mk

N

}
(2.4)

where xm time domain signal sampled by m = 0, ..., N − 1, Xk is the complex amplitude of the

k-th frequency bin, corresponding to the frequency fk = kfs
N for sampling frequency fs and signal

length N .

In this thesis the NumPy package has been used to calculate the DFT using the Fast Fourier

Transform (FFT), using a forward normalisation according to Equation 2.4 [31].

2.2.2 Influences on leak noise

In 2008, Pal wrote their thesis on leakage detection, during the course of which they demonstrated

the differences in spectra produced by leaks from different sources [32]. They considered the leak

noise from an open hydrant, a loose flange joint and a split pipe, and found that the main similarity

in the acoustic emission spectra was an increase in amplitude between 20 and 1000 Hz. Butterfield

performed a similar study, looking at the differences in spectrum for leaks produced by a round

hole, a longitudinal slit and a compromised electrofusion joint [10]. Here, they found marked

differences in the spectra depending on the leak noise source, with the electrofusion joint being

most distinct [33]. This was taken further to look at the effect of the surrounding medium on the

dynamic behaviour of a leak [34].

The type of leak influences its development over time as well as its response to varying pres-

sure, for example longitudinal slits increase in area with an increase in back pressure [35]. The

material can have an impact on the leakage exponent, NL, from Equation 2.2 and on the discharge

relationship [35]. In addition, leak noise propagates differently in different types of material. A

study carried out on three comparable sections of the water network, made of different materials,

but with the same simulated leak source found considerable differences in the magnitude of leak

noise detected at a distance [36].

One of the largest influences on the level of leak noise is the leak flow rate. It has been shown

that the amplitude of leak noise relates to the leak flow rate directly [32, 37] and to the hydraulic

pressure via Equation 2.1 [32, 37]. The surrounding soil and backfill material have an effect on

the leak propagation in the pipe [32, 38], it can also lead to a change in the acoustics of the leak

itself as the material next to the leak is fluidised and hits the pipe wall [39].

2.2.3 Frequencies in leak noise

It is important to know at which frequencies leak noise can be seen in the recorded signal spec-

trum. It allows filtering of signals to remove or reduce non-leakage components from the acoustic

signal. There has consequently been a lot of work considering the frequency spectrum of leaks.

The consensus is that leak signals in plastic pipes dominate the low frequencies (below the ring

frequency, see Section 2.3) [10, 32, 40, 41].

Pal [32] and Humphrey [42] showed a material dependent frequency range for leaks, with

Humphrey recommending filtering to f < 100 Hz when correlating on plastic pipes, and between
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2.2. Understanding leak noise

1000 and 2000 Hz on cast iron, steel and asbestos cement (AC) pipes. Similarly [43] found that

leak noise was concentrated at about 1 kHz on metal pipes and 200 Hz on plastic pipes.

Part of the reason for this assertion that leak noise is only visible at low frequencies, particularly

on plastic pipes, is that the attenuation in pipes is frequency dependant, with higher frequencies

being more strongly attenuated. This is seen more in plastic pipes than metal pipes [42]. A simple

expression for the attenuation in the pipe wall is given in [44]:

α =
1

cf

ηBr
Eh

1 + ( 2Br
Eh )

(2.5)

where η is the damping in the pipe wall, B is the fluid bulk modulus, cf is the speed of sound

in the free fluid, E is the Young’s modulus, h is the wall thickness, r is the pipe radius.

2.2.4 Simulating and modelling leaks

The variability in the acoustics of leaks, which depends to a large extent on their configuration,

means that synthetic sources of noise in the pipe network are sometimes more useful when aiming

to understand the effect of a single change. Some common choices of synthetic leaks during

experiments have been:

• drilled holes [32, 33, 45]

• machined rectangular slits [32, 45]

• artificially compromised electrofusion joints [33]

• open spigots [36]

• open stand pipes [46]

• shakers attached to hydrants [43, 47]

• pistons [40]

• underwater loudspeakers [40]

The problem with many of these synthetic leaks is that they bear little relation to the leaks

seen on actual pipes [10]. For example, most leaks on plastic pipes are due to leaky joins [14,

48] which are underrepesented on the list above. An alternative is to insert known compromised

pipe sections into a controlled pipe, this was done by Hunaidi et al [49], who set up compromised

joints and a split pipe to test various leakage detection options. This is easier for some kinds of leak

sources that others, for example a poorly tightened flange joint, as tested in [32] is much easier to

do than forcing a pipe to split.

Extensive work has gone into modelling the flow of fluid through orifices, for example [34,

37, 50–52]. While this is somewhat beyond the scope of this project, the effect of the in-pipe

deployment platform on the in-pipe acoustics will need to be considered. This is similar to work

carried out in [53], looking at the effect of a spherical device on the fluid flow inside a pipe. Their

results for the impact on the velocity distribution inside the pipe are shown in Figure 2.1.
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Figure 2.1: Effect of a ball on the fluid flow in a water-filled pipe. Figure reproduced from [53].

2.2.5 Summary of previous experiments on leak noise in pipes

There has been a considerable volume of work investigating the effect of a leak’s shape on the

ensuent leak noise. A selection of the most relevant experiments to this work is presented in

Table 2.3, with an identifier for each, notes on the experimental configuration and the main works

based on each experimental rig. This list focuses on those experiments concerning plastic pipes or

the effects of complexities in the pipe network and does not include work on transients or non-

acoustic techniques for leak detection.

Most of the work summarised in Table 2.3 has considered out-of-pipe monoaxial accelerometer

or static hydrophone measurements. The exceptions to this are some of the experiments on rig G

(as labelled in Table 2.3) , which considered radial and axial acceleration, and rig I, which used

a movable hydrophone. Rig G was only concerned with detecting leaks on small-diameter ser-

vice connections, and work based on it considered the two acceleration measurements separately,

rather than combining them. It also did not compare the additional information they provided

with any theoretical treatments of wave propagation in pipes. Rig I was very small, only 14 m in

total, and the hydrophone was only moved along 5 m of it. Over that distance, the recorded signal

was found to vary by 20 Pa [71], and did not linearly diminish with distance as might be expected,

instead reaching a maximum at around 2 m from the noise source.

Most of the work included in Table 2.3 is lab-based, and mostly uses synthetic leaks. This is

partly self-selecting; publishable work relies on the repeatability that synthetic, lab-based experi-

ments bring. However when developing any leak-detecting device practical considerations such as

water safety and ease of deployment should not be forgotten, even if initial work needs to be con-

ducted in more controlled environs. The synthetic leaks sources are various. Rig B uses opening

stand pipe to allow for varying the number and flow rate of leaks at specific points. Similarly, Rig

C simulates leaks by opening valves as do rigs I and K. Another common choice is to drill holes in

the leak walls, this is used in rigs E, H, I, J and L. Rigs A, G, H and L use actual leaks in a pipe

system, with L testing several different leaks by using a replaceable pipe section.

For all of these experiments, a practical consideration is how to pressurise the system reliably.

Rigs A, B, E, H, I and K pressurise their systems using the WDN, either because they are testing

on live systems (in the case of H and K) or as an easy source of pressure. The other two means of

pressurising the system are using a static header tank (rigs D and G) or using a centrifugal pump

(rigs C, I, J and L). A header tank or pump allow more control over the pressure, with a pump

allowing a variable back pressure at the cost of increased acoustical noise in the experiment.
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Figure 2.2: Possible motions for a pipe at low frequencies: a) coordinate system, b) longitudinal,
c) torsional, d) flexural. Reproduced from [79].

Figure 2.3: Circumferential modes in a pipe, showing the circumferential motion for n=0, 1, 2.
Reproduced from [80].

2.3 Wave propagation in pipes

The previous section has mainly considered the leak noise, without explicitly accounting for the

distortions inherent in the acoustics being transmitted through the pipe. This section will start

by introducing analytical models of waves propagating in pipes, moving upwards through levels

of complexity. It will then move onto a review of previous numerical work considering wave

propagation in pipes. This work is extended in Chapter 3.

2.3.1 Modes in a fluid-filled elastic pipe

The geometry of a pipe allows for three main wave motions at low frequencies: longitudinal, tor-

sional and flexural [78, 79], these are depicted in Figure 2.2. The cross-sectional modes of waves

propagating in a pipe are labelled (n, s) where n describes the circumferential mode order and s

describes the radial mode order, the first three circumferential modes are labelled in Figure 2.3.

For a fluid-filled elastic pipe in a vacuum the dispersion relation is analytically tractable and

a full treatment of this is given by [81], where the dispersion curves showing how wavenumber

varies with frequency are generated for various configurations. Most acoustic analysis in water-

filled pipes is performed for frequencies less than the ring frequency [82], this is the frequency at

which the wavelength of an extensional wave equals the mean circumference of the pipe wall, i.e.

where
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fR =
cf
2πr

(2.6)

For frequencies above fR, the response of the pipe is similar to that of a flat plate, while below

fR the curvature of the wall has more of an effect, adding to increased complexity in the response.

For frequencies below the ring frequency the main modes excited are the n = 0, s = 0, 1, 2 and

the n = 1, s = 1 modes. The n = 2 modes are usually ignored since it has been shown that the

majority of the energy is contained in the n = 0 mode, with some in the n = 1 mode and relatively

little in higher order modes [80]. To summarise, the expected wave modes in the frequency of

interest, labelled as (n, s) are [80]:

(0, 0): axisymmetric motion of pipe, with minimal coupling to the fluid.

(0, 1): axisymmetric, compressional wave in fluid, with some coupled radial shell motion.

(0, 2): axisymmetric, compressional wave in shell, with some coupled motion in fluid, the

extent of coupling depends on the relative stiffnesses of the pipe and fluid.

(1, 1): flexural bending of pipe.

A further explanation of exactly how the fluid and shell move for each mode in a fluid filled

shell is given in [80].

The axial wavenumbers for the (0, 1) and (0, 2) modes can be approximated [64] analytically

as

k2(0,1) = k2f
1 + 2B/r

Eh/r2 − ρhω2
(2.7)

and

k2(0,2) = k2L
1 + ν2

1− ν2
Eh/r2

Eh/r2 + 2Bf/r − ρhω2
(2.8)

where kf is the axial wavenumber of a fluid in free space, kL =
√
ω2ρ(1− ν2)/E)) is the

wavenumber of a compressional wave in the pipe material and ω is the frequency. The properties

of the shell are described by its Poisson ratio, ν, its Young’s modulus, E, and its density, ρ. The fluid

is described by its bulk modulus, B. The dimensions of the pipe are its radius, r, and wall thickness,

h. The above assumes that the wavelength is greater than the fluid diameter, that k2(0,s) ≫ k2L and

that k2(0,2) ≪ k2f . (These results are presented in the form used in [83], which is a rearrangement

of the original work in [64].) The wave speed, c, can then be predicted using the relations [55]*:

c =
ω

Re{k}
(2.9)

It can be shown [81] from Equations 2.7 and 2.8 that k(0,1) is always greater than kf , i.e. the

fluid wave in a pipe is always slower than the wave in an infinite medium, and that its speed

decreases with decreasing wall stiffness (increasing β). Similarly, k(0,2) is always greater than kL,

so waves travel more slowly in the pipe wall than in the pipe material, although as the frequency

increases so ω2 ≫ ν2, and the radial motion of wall is dominated by inertia, the speed approaches

*k has no imaginary component in the subsection, however later sections introduce a loss factor such that k becomes
complex-valued.
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cL. It should be noted that by assuming that k2(0,2) ≪ k2f it has also been assumed that the

wavelength in the pipe wall is always greater than in the fluid, since k(0,1) > kf .

As discussed in Section 2.4.3, an accurate prediction of the sound speed is very useful to locate

accurately the leak in a pipe. There are challenges in predicting the speed of sound in plastic pipes,

and additional complexities are required for an accurate prediction.

2.3.2 Adding surrounding soil

The first level of complexity considered here is adding the surrounding soil. Incorporating the

effect of surrounding soil leads to the following expressions for the wavenumbers [83]

k2(0,1) = k2f
1 + (2B/r)

((Eh/r2)− ω2(ρh+Mrad) + i(ωRrad + ηEh/r2))
(2.10)

and

k2(0,2) = k2L
1 + ν2

1− ν2
((Eh/r2))

(Eh/r2) + (2B/r)− ω2(ρh+Mrad) + i(ωRrad + ηEh/r2)
(2.11)

where, in addition to the parameters and approximations used in Equations 2.7 and 2.8, Mrad

and Rrad describe the radiation mass and resistance of the surrounding medium. The Young’s

modulus of the pipe wall has been modified to account for losses such that Ecomplex = E(1 + iη)

where η is the material loss factor.

Considering these, it can be seen that the mass resistance of the soil causes the sound speed of

the fluid wave to decrease even further from its free-field value than in the soil-free case. There is

also now an imaginary component to both equations, so the wave decays as it propagates because

of its interaction with the soil. This imaginary component is determined by 1/i(ωRrad + ηEh/a2)

for both waves, so these losses are dominated by radiation into the soil at high frequencies, and

losses in the pipe wall at low frequencies.

Let us consider the effect of varying some of these parameters:

• Mrad, Rrad ≪ ρhω2, i.e. the radiation impedences are much less than the mass term for

the pipe: the effect of the soil can be ignored. This means that denser materials are less

influenced by the surrounding soil.

• ω small (much less than the pipe ring frequency), such that terms in ω2 can be ignored: the

behaviour of the fluid (s = 1) wave is dominated by the pipe wall stiffness, Eh/a2 and its

interaction with the stiffness of the contained fluid, while the behaviour of the shell-borne

(s = 2) wave reverts to that of the soil-free case, with some losses associated with the

radiation impedance.

In general, these expressions agree better with experimental results, but are still not a perfect

description.
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2.3.3 Numerical studies of wave propagation in pipes

The work described above has been continued to account for more of the complexities of a real

pipe network, using both analytical and numerical models. A summary of the most significant of

these for this work is given in Table 2.4.

Based on this work it has been found that the effect of soil is small for metal pipes, and can

usually be neglected [63], a result that is in agreement with the well-established finding that leaks

are easier to locate on metal pipes, where the speed of sound is less variable. In contrast, plastic

pipes couple more strongly to both the enclosed fluid and surrounding soil, and any variation in

soil properties is more influential [63]. It has further been shown that for metal pipes there is

very little deformation of the pipe wall, and as such the shell-dominated (0,2) mode carries very

little energy and can mostly be neglected [43]. The (0,2) mode is still smaller that the (0,1) mode

for PVC pipes, but the difference is less extreme: over the range 10-1000 Hz the ratio of pressure

caused by the s=2 mode to that caused by the s=1 modes is 10−4 to 10−7 for a cast iron pipe as

opposed to 10−1 to 10−6 for a PVC pipe [43].

The coupling of soil to pipes has been investigated, both with a Dirichlet ‘no-slip’ boundary

condition, in which case there is both axial and radial coupling between soil and pipe, and with

imperfect bonding between soil and pipe, such that they are only coupled radially [63]. This

study showed limited differences between the two cases. Therefore, the relative simplicity of the

analytical solution for the imperfect bonding case may be preferable, as suggested for example

in [59].

Relatively little work has been conducted looking at the effects of discontinuities on wave

propagation in pipes. There has been some work looking at changes of material, including material

thickness, for pipes in vacuo [82] and for changes in material, material thickness and channel

radius for buried pipes [84], however there has been no experimental validation of this work and

it is somewhat dated. Some groups have looked at modelling the effect of bends [85–87] and

flanges [88] on wave propagation at ultrasonic frequencies, with mixed success, but none have

extended this work to low frequencies in water-filled pipes.

Most of the work discussed above has focused on the axisymmetric modes, as measured by ra-

dial displacement and pressure inside the pipe. As already mentioned, the focus on axisymmetric,

i.e. n=0, modes is because they carry most of the energy, so have the most effect on observations.

The focus on radial motion and pressure appears to have been driven by measurement constraints:

the pressure can be measured by hydrophones and the radial acceleration by monoaxial accelerom-

eters. Only one group, [66], have reported using a monoaxial accelerometer perpendicular to the

pipe to measure axial acceleration. They found it more sensitive to leak noise excitation than an

accelerometer traditionally mounted to record the radial acceleration. However, they did not apply

their measurements to any of the theory of wave propagation.

The above is still fairly theoretical. Comparing the predictions with measured results still leads

to discrepancies, [89] and [90] propose stochastic methods for understanding the uncertainties in

wave speed predictions based on models.
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Table 2.4: Summary of analytical and numerical models of wave propagation in pipes.

Accounts for Basis Success Ref Date

Surrounding

soil.

Analytical,

(0,1) and

(0,2) modes

Reasonable agreement with mea-

surements of wave speed, poor

agreement with measured atten-

uation, predictions grew worse

at higher frequencies over range

100-800 Hz.

[40, 83] 2002-

2004

Effect of dis-

continuities in

buried pipes:

change of ra-

dius or material

Analytical

(0,1) and

(0,2) modes

No experimental validation.

Found reflection and transmission

behaviour depended on type of

discontinuity, with mode conver-

sion for certain types of join.

[84] 2005

Surrounding

soil, including

shear coupling

of pipe with soil

Analytical

(0,1) and

(0,2) modes

Improved agreement with mea-

surements for both wavenumber

and attenuation compared with

[40] over range 200-600 Hz.

[38] 2013

Surrounding

soil, impact of

including shear

coupling, vs.

only radial cou-

pling, between

pipe and soil.

Analytical,

(0,1) mode

Good agreement with measure-

ments of wavenumber and atten-

uation for buried MDPE pipe over

frequency range 200-600 Hz for

fluid-dominated, (0,1), wave.

[63] 2016

Surrounding

soil, effect of

soil properties

Numerical

(COMSOL)

Good agreement with experiment

and showed clearly the large ef-

fect of different soil types, includ-

ing explaining some of the cause.

[59] 2018

Surrounding

soil.

Numerical

(SAFE), fo-

cus on (0,1)

mode

Good agreement with measure-

ments of wavenumber and atten-

uation for buried MDPE pipe over

frequency range 200-600 Hz for

fluid-dominated, (0,1), wave.

[62] 2018

Effect of bends,

Fluid-filled

pipe in vacuo,

ultrasonic fre-

quencies.

Numerical Predictions matched experimental

results. Comparison performed

for ultrasonic frequencies (45-

75 kHz).

[85] 2005

Continued on next page
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Continued from previous page

Accounts for Basis Success Ref Date

Effect of right-

angle, fluid-

filled pipe in

vacuo.

Analytical

and nu-

merical

(COMSOL)

Good agreement between analyt-

ical (scattering matrix) and nu-

merical results, no experimental

validation. Expect some reso-

nances to occur at corner, influ-

encing transmission and reflec-

tion.

[86, 87] 2013

Effect of

flanges. Fluid-

filled steel pipe

in vacuo, high

frequency (5-

50 kHz)

Analytical

and numeri-

cal

Some agreement between model

and experiment, model may not

have encompassed complexity of

flange plates enough. Predicted

and found mode conversion at

flanges, observed more attenua-

tion at flange than predicted.

[88] 2018

Effect of flow.

Fluid-filled pipe

in vacuo.

Numerical.

No exper-

imental

validation.

Showed change in flow from

vflow=0 to vflow=0.3c leads to

small change in wave velocity. C.f.

typical water pipe flow, vflow=1E-

4 m/s

[91] 2019

Effect of mate-

rial, burial, in-

ternal material

Numerical

(DISPERSE

model),

with ex-

perimental

validation.

Focus on

L(0,1) and

L(0,2) waves

Modelling and experimental

work, moving towards a full

defect finding system on large

diameter metal pipes: [92]

[93–95] 1998-
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ID Description Configuration Ref.
A Ottawa,

Canada
Buried PVC, 200 m long, 75 mm diameter. Pressurised from
the WDN. Looking to identify several different leaks using
accelerometers and hydrophones.

[43, 49,
54–57]

B Blithfield,
UK

Buried HDPE, 120 m long, 80 mm diameter. Pressurised
from the WDN. Looking to identify and localise multiple
leaks simulated by opening valves attached to stand pipes.
Used accelerometers, hydrophones and geophones at hy-
drants.

[44, 49,
56, 58]

C Sao Paolo,
Brazil

Buried PVC, pressurised using a centrifugal pump up to
3.4 bar. Leak simulated by open valve. Detection by ac-
celerometers attached to pipe wall.

[56, 59,
60]

D University of
East Anglia,
UK

Buried MDPE, 34 m long. Pressurised to 1.5 m using a
standing head of water. Looking to validate multiple mod-
els of wave propagation in pipes, used loudspeaker and
shaker as sound source with hydrophones inserted into the
pipe.

[38, 40,
43, 59–
63]

E Papastefanou
2012

Unburied MDPE, 50 m long. Pressurised from the WDN.
Looking at cavitation due to leaks simulated by drilling
holes in the pipe wall. Measured using hydrophones.

[37]

F Southampton,
UK: vertical
piston

Vertical, unburied MDPE, 2 m long. Looking to validate
model of wavenumbers in water filled pipe. Used piston in
the water column as a sound source, with pressure sensing
PVDF wire ring transducers measuring the effect.

[40, 61,
64]

G Martini 2017 Buried, small diameter HDPE, 28 m long, 16 mm diameter.
Pressurised using a static header tank to 3.5 bar. Looked
to identify various leaks on the pipe, measured using ac-
celerometers and hydrophones.

[65, 66]

H Nestleroth Live test on cast iron WDN pipe. 630 m long, 300 mm
diameter, pressure 3.1-3.4 bar. Aiming to compare ability
of Sahara [67], SmartBall [68] and LeakfinderRT [69] at
locating real and simulated leaks.

[70]

I MIT Mixed material, above-ground pipe loop, 14 m long, 50 mm
diameter. Pressurised using a centrifugal pump or WDN.
Simulated leaks using service connections, valves and
drilled holes. Measured using a tethered hydrophone.

[71–73]

J Sheffield,
CID lab

Above ground MDPE pipe loop, 140 m long, 25 mm diam-
eter. Pressurised using a pump. Simulated leaks by ma-
chining a longitudinal slit, drilling holes in the pipe and
spoiling an electrofusion joint. Measured using accelerom-
eters placed o a flange plate.

[10, 33,
74–76]

K WDN case
study

Live section of the WDN containing PE, CI and AC. Leaks
generated by attaching stand pipes to fire hydrants. Mea-
surements using accelerometers at various locations.

[36]

L Pal 2010 Buried MDPE, 110 m long, 45 mm diameter. Pressurised
by pump. Various leaks placed in line using a replaceable
pipe section.

[32, 77]

Table 2.3: Summary of experiments for investigating leak detection, the description is based on the
location of the experiment if multiple research groups have used results from the same experiment.
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2.4 Existing technology for acoustic leak detection

Leak reduction already forms an important part of the water industry management plan, and as

such there are already many companies selling leak detection technologies. A large number of

these are based on acoustic techniques, but there is also interest in CCTV, laser scanning, electro-

magnetic and ground penetrating radar-based systems [8]. This section will explore the existing

options and discuss where there are opportunities for progress. It will focus on acoustic techniques,

although relevant alternatives will also be considered; for more information on these alternatives

readers are referred to reviews by Liu and Kleiner [8, 96] and the more recent review by Yu et
al. [9].

2.4.1 Flow monitoring

The presence of leaks in the water network and their net outflow can be found relatively easily

from macroscopic monitoring of flow in the network. This is usually achieved by considering

the minimum night flow to give an estimate of the amount of water being lost within a district

metering area (DMA) [97]. These are now routine measurements, based on which high loss DMAs

are identified for closer inspection. The subtleties of flow monitoring are covered in [98].

This can be combined with hydraulic models to narrow down on the leak location [97].

It has been shown theoretically [99] that it is possible to find the size and location of a leak

given flow and pressure readings from each end of a pipe. This has been extended in [100] to

find the size of a leak from pressure and flow measurements at specific points on a larger network,

which includes branches. Both of these papers show only simulated evidence of these techniques

working, with no attempt at localising leaks on a real system.

2.4.2 Standard acoustic devices

The original leak detection device was a listening stick, where an operator places the tip of a stick

on the ground, or an appropriate probing point on the network such as a hydrant, and listens for

leak noise [5]. The method is very subjective, relying on the operator to decide that a given noise

is a leak.

This progressed to more technical listening devices, which are touched onto the pipe or the

ground nearby then the noise recorded, e.g. the Guterman Aquascopes [101]. These may be micro-

phones or accelerometers, but still tend to rely on the operator to classify the sound. More recently,

many of these have been augmented with machine learning to automatically determine whether

the noise detected by these devices comes from a leak, both in academia, e.g. [76] and [102],

and commercially [103]. This kind of leak noise classification is covered in more detail in Sec-

tion 2.4.10, with a summary of AI-based techniques. Currently these commercial platforms report

an accuracy of over 90%: a higher success rate than trained operatives [103].

When using these recording devices, the leak can be located either by moving the probe point in

small increments (a ‘step survey’), or by using two devices and correlating their signals to find the

distance to the leak, as is explained in Section 2.4.3. Such ‘correlators’ were originally used only for

manual inspections, with an operator attaching the correlator for a single survey, but they are now

predominantly being deployed as noise loggers, e.g. [104]. A noise logger is left installed on an

asset, usually a hydrant, for a period of time, from days up to permanent installations. The loggers
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turn on for a couple of hours during the night, when the network is quiet, and record noise levels.

The recordings can either be sent up to the cloud wirelessly or picked up by operators driving by

regularly [8]. Once the recordings have been taken, the same methods described above can be

used to determine whether there is a leak in the signal: either frequency-band based techniques or

increasingly algorithm-driven/AI based techniques. Once a leak has been identified either cross-

correlation is used on data from neighbouring loggers to locate the leak, or operators are sent to

investigate.

2.4.3 Cross-correlation for leak detection

A common method for leak localisation is to use spatiotemporal data from a number of receivers

at different locations. Sets of data can be compared using cross-correlation to determine whether

there is a common noise source, and if so the distance from the receivers to the noise source. The

cross-correlation can be calculated using [105]:

Cxy(τ) =
Σt{(x(t)− x̄)(y(t− τ)− ȳ)}√
Σt(x(t)− x̄)2

√
Σt(y(t− τ)− ȳ)2

(2.12)

for two signals x(t) and y(t), where r is evaluated at a range of ‘lags’ τ between the two signals.

x̄ and ȳ are the average of the time series. In this form it can be seen that Cxy is a metric describing

the size and direction of the relationship between x and y at a given τ : if the signals are identical

then Cxy = 1, if they are out of phase by π then Cxy = −1 and if there is no relation between

the two Cxy = 0. In an ideal scenario, where the source signal is perfectly transmitted to both

receivers, Cxy would equal 1 at the lag corresponding the time delay between the two signals

arriving. In practicality, Cxy rarely equals 1 and instead the time delay between the two signals is

taken as the maximum of r(τ), τpeak.

Once τ between the two signals has been determined the position of the leak can be calculated

as [106]:

d1 =
d− cτpeak

2
(2.13)

where c is the speed of sound, d is the separation of the two measurement locations and d1 is

the distance from one of the measurement locations to the leak.

It should be noted that the cross-correlation is rarely calculated using Equation 2.12. An au-

tomated process is available in most analysis software packages, this author uses Python’s SciPy

signal processing library [107], which defines the cross-correlation using the general form:

r(τ) =

Nx−1∑
i=0

xiy
∗
i−t+N−1 (2.14)

where y∗ is the complex conjugate of y, Nx is the number of samples in x and N = max(Nx, Ny).

Using the cross-correlation is a popular means of locating leaks from outside the pipe. However,

the following deficiencies in cross-correlation based techniques are often encountered in a real

leak-localisation scenario:

1. Variable wave speed: for simple scenarios the wave speed can be looked up in standard
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tables. However these rely on consistent wave speed in pipes, which may actually depend

on numerous factors, such as the surrounding soil type, the pipe dimensions, the location

of joints, etc. An inaccurate wave speed leads to errors in leak location [89]. This is far

more of a problem on plastic pipes than metal pipes, with studies [8, 44] investigating the

accuracy of correlation on metal vs. plastic pipes finding correlation on a metal pipe to be

accurate to 10 cm [8], while on a plastic pipe it is only accurate to 1 m when measuring 20 m

away [44]. Furthermore [108] have shown that the speed of sound on plastic pipes is very

variable, measuring c between 207 and 582 m/s on PE80 pipes with diameter 110 mm.

2. Changes in pipe material: this leads to variation in the wave speed, so complicates the

calculation of leak location. This is compounded by the fact that much of the WDN is poorly

mapped, this leads to situations such as that in [58], where an unmapped change in pipe

material led to a 10 m error in leak location.

3. Low signal to noise ratio: noises in pipes may attenuate quickly, particularly in plastic pipes

and at high (>1000 Hz) frequencies [54]. Focussing analysis on low frequencies partially

solves this, but there is still a finite limit to how far away leaks can be detected. If sensors are

mounted on fixed assets, such as hydrants, the distance between sensors may be greater than

the noise can travel. It is generally found that sound travels further in the water column than

along the pipe wall [43], so accelerometers mounted to the pipe wall are inherently more

limited than measurements inside the pipe. In plastic pipes, the search for a good SNR leads

to low frequencies being focused on as high frequencies are strongly attenuated [8], [109].

4. Obfuscating signals: running taps, for example, may sound very similar to leaks; other noise

sources, such as nearby traffic, may obscure leak signals. This can be reduced by running

surveys during the early hours of the morning [110] but must still be considered.

Correlation as a leak-detection technique is hardly a new idea, for example [111] discusses the

advantages and disadvantages in 1991. It is working through improvements to it that still poses a

research question.

2.4.4 A comparison of current conventional techniques

A summary of the capabilities of some of the available acoustic loggers is provided in Table 2.5.

Based on this sample, it can be seen that accelerometers are by far the most common sensor

used (5/6 of the loggers shown), with a hydrophone included as an optional extra on two of

these. The single option that is only a hydrophone (the Gutermann HISCAN) specifies that it is

mainly used for trunk mains due to the relatively high cost, such that the higher cost of failure

is needed to justify the outlay. All six of these loggers use correlation to determine the location

of the leak, and it is presumably this that leads to the material-specific range ratings reported by

the Gutermann ZoneScan and the Ovarro Eureka. It is interesting how large the discrepancy in

reported range is between these two: the ZoneScan wants 80-140 m intervals while the Eureka

specifies a 3,000 m range. This may be due to the differences in approach: the ZoneScan is a

permanently deployed option while the Eureka is for targeted searching, so may have a much

more sensitive accelerometer.

A comparison of several of these acoustic techniques, including listening sticks and correlators

was reported in [58] for a known leak on an MDPE section of the WDN. It found the correlators to

be the most effective of the methods studied, able to detect and locate the leak at distances up to

Chapter 2. Literature Review 42



2.4. Existing technology for acoustic leak detection

Table 2.5: Comparison of a few of the most common acoustic logging devices currently on the
market, this list is far from exhaustive but covers a good range of the options.

Name Logging type and deployment Launch date
Echologics,
LeakFinder-
ST/RT
[69], [70]

Piezoelectric accelerometer mounted magnetically with
optional additional hydrophones.

Deployed manually, for targeted searching.
Can be used on most types of pipe, e.g. plastic, metal,

concrete including mixed pipe types.
The underlying localisation method is correlation-based,

and includes noise reduction, frequency selection and
a velocity calculator.

ST: 2014,
RT: 2003

Gutermann
ZoneScan
[104]

Accelerometer, magnetically attached to hydrant, valve
or pipe.

Permanent or semi-permanent deployment, data col-
lected by device nightly, sent to cloud regularly.

Appropriate for MDPE/HDPE (60-80 m intervals), as-
bestos cement (80-100m intervals) and metal (80-
140 m intervals).

Provides leak likelihood score based on noise level, fre-
quency and history.

Correlates loggers to locate.

> 15 yrs.

Gutermann
HISCAN
[112]

Hydrophone inserted into the water column at a tapping
point or hydrant.

Permanent deployment with data delivered daily to the
cloud.

Mainly used for trunk mains (since expensive to deploy).
Provides leak likelihood score based on noise level, fre-

quency and history.
Correlates loggers to locate.

2018

Ovarro,
Phocus
[113]

Accelerometer (5 V/g).
Placed on access point, e.g. hydrant.
Permanent/semi-permanent deployment. Transmits data

via local IR (50 cm range) or radio (50 m range).
Does not specify the types of pipe it is appropriate for.
Uses correlation for localisation.

Phocus3: 2020

Ovarro,
Eureka
[114]

Accelerometer (10 V/g), placed on access point, e.g. hy-
drant. Optional hydrophone (-195 dB).

Temporary deployment, for targeted searching.
Appropriate for iron pipe (3,000 m range), PVC pipe

(1,300 m range). Specifies a maximum of 6 materi-
als between correlators.

Uses correlation, including velocity correction function.
Uses frequencies of 3-5000 Hz for the accelerometer and

0-2400 Hz for the hydrophone.

Eureka5: 2022

Ovarro,
Enigma
[115]

Accelerometer (30 V/g), magnetic stud attachment.
Semi-permanent deployment. Transmits data via 2G/3G.
Can be used on any pipe material.
Uses correlation for localisation.

Enigma3-BB:
2021

Chapter 2. Literature Review 43



2.4. Existing technology for acoustic leak detection

62 m, unlike listening sticks or direct acoustic measurements, which were only effective up to 5 m

from the leak. Similar studies, such as those described in [70, 116, 117], looking at the efficacy

of cross-correlation based techniques, find them to be reasonably effective at detecting leaks and

locating them to within 1 m. Most excavations for leak repair require the leak’s location to be

within that distance [70].

An excellent review of the various acoustic devices available as of 2013 can be found in [5], this

includes matrices showing which methods are most efficacious on which elements of the network.

2.4.5 In-pipe detection in the WDN

One of the most advanced and sensitive options for in-pipe acoustic sensing is a hydrophone in-

serted into the pipe. This can be done at specific access points, such as hydrants, and a static

recording of the in-pipe soundscape taken. Several of the leak detection systems given in Table 2.5

have a static hydrophone as an option for their systems. Using a hydrophone does improve the

range of leak detection since noise tends to attenuate less in the water column that in the pipe-

wall [43], however the additional benefit is often considered minimal compared with the added

technical complexity of inserting a hydrophone into the pipe vs. attaching an accelerometer to the

pipe wall. A static hydrophone is also still limited in what it can detect by where the fixed assets

are on the network. A mobile platform allows for full inspection of the network. Development of

an in-pipe inspection unit is a growing field in the research and industrial communities. In-pipe

inspection is far more developed for gas and oil pipelines, for a review see [118], however it op-

erates in a completely different economic and risk environment. Gas and oil leaks lead to loss of

revenue and environmental contamination considerably faster than water leakage.

The commercial in-pipe inspection area is dominated by Pure Technologies, who have three

different in-pipe inspection platforms for a range of scenarios and at varying levels of development.

Aside from these several research groups have attempted to build robots suitable for use inside

the WDN, however none have managed to develop a platform to the point of deployment. The

capabilities and configurations of these platforms are summarised in Table 2.6, and discussed

below. Images of each of the devices are shown in Figure 2.4.

The two main methods of interest are the Sahara [67] and the SmartBall [68] platforms, since

these are farthest developed. The Sahara is a tethered hydrophone-based platform while the Smart-

Ball is free-swimming. They seem to often be used in conjunction, for example in the case study

in [134]. Both these platforms are passive devices that follow the flow of the pipe. Sahara is a

tethered hydrophone, with a parachute to maximise the force exerted by the water column. Being

tethered, it is easy to retrieve from the WDN, and it has a high location accuracy since the distance

to the leak can be determined by the length of the tether. This is augmented, for both platforms,

by the use of an RF transmitter on the platform, which allows it to be tracked in real time from

above-ground. The SmartBall is untethered and is retrieved using a net placed downstream of the

deployment location. This means its range is limited by the length of pipe before the flow branches,

rather than by the length of a tether, although its range can be increased by stopping flow to lat-

erals [119]. Both SmartBall and Sahara can be inserted into live pipelines, using existing access

points of minimum diameter 100 mm and 50 mm respectively. Since they are moving passively

there are required minimum and maximum flows for deployment. This is particularly true in the

case of the SmartBall which rolls along the bottom of pipelines for flows with velocity between

approximately 0.15 and 0.6 m/s, but moves in the water column for larger flow velocities, and will
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Table 2.6: Comparison of in-pipe leak detection systems for the WDN, separated into commercial
platforms in the upper and research platforms in the lower sections.

Name Logging type and deployment Status
Sahara
[67, 70]

Hydrophone and CCTV
Tethered, 1.6 km long tether. Parachute allows water

flow to pull it down pipe.
Inserted through existing fittings.
Fits through valves and bends.
Operable in pipe of diameter > 150 mm.

Testing since 1997,
7,200 km scanned,
6,500 leaks found.

SmartBall
[68, 70, 119]

Senses using a ‘range of acoustic sensors’.
Foam ball, inserted into pipeline using existing fit-

tings, extracted using net.
Propelled by water.
Fits through valves and bends.
Operable in pressurised pipelines up to 34bar of di-

ameter >150 mm

Testing since
2004, 11,500 km
scanned, 3,000
leaks found.

PipeDiver
[120]

Electro-magnetic sensors.
Free-swimming, untethered.
Requires 300 mm access point installed at either end

of inspection section.
Fits through most valves and bends.
Can scan both pressurised water and waste-water

pipelines, including metallic or concrete pipes of
diameter >600 mm

Testing since 2007

Chatzigeorgiou
et al. 2011
[121, 122]

Hydrophone and DPS.
Pushed by water, uses legs to control speed, includ-

ing capability to anchor in place.
Operates in pipe of diameter 100 mm.

Suggested 2011
No publications
since 2016
Superseded by
PipeGuard?

PipeGuard
Mark 0 [123,
124], and
Mark 2 [125–
127]

Pressure sensor, based on membrane moving due to
pressure change on passing leak.

Patents: [128], [129]
Sensor pulled along by wheeled carrier module,

spring-loaded to fill pipe.
Operates in pipe of diameter 50 or 100 mm.

Suggested 2015
Last publication
2019
Sensor patented
2020

MIT-MRL
robot
[130, 131]

Can either move passively with the water or is self-
propelled to execute turns at T-junctions.

Tested in open water, not yet in pipe.
Operates in water-filled pipes of diameter >100 mm

Suggested 2015,
further work 2020.

Ultrasonic
mote swarm
[132, 133]

This work explored putting small (39 mm diame-
ter) ‘motes’ into a pipe, each equipped with vari-
ous sensors. The collisions of these with the pipe
walls, coupled with ultrasound and magnetic
measurements were used to corroborate exist-
ing maps of the pipe network. While this sensor
looks very interesting, decoupling the complica-
tions of the sensor motion from the sensing seems
a significant challenge.

Thesis 2019
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(a) (b)

(c) (d)

(e) (f)

(g)

Figure 2.4: Pictures of each of the in-pipe inspection methods summarised in Table 2.6, showing
(a) the Sahara platform [67], (b) SmartBall [68], (c) PipeDiver [120], (d) the robot proposed by
Chatzigeorgiou et al. 2011 [121], (e) PipeGuard Mark 2 [126], (f) the MIT-MRL robot [130] and
(g) the ‘motes’ [132].
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not move for flows below this range. For reference, the required flow rate in a small housing de-

velopment is 8 l/s and the typical pipe diameter is around 100 mm [13], giving a typical flow rate

of 1 m/s. It is not specified how large a flow rate is required for Sahara to work properly, although

a mule line can always be used to pull it through a pipe section with too low a flow rate [67]. Both

of these devices are described as being for both leak and air pocket detection.

The Sahara platform predominantly uses a hydrophone to listen for leak noise within the

pipe [67]. It is also possible to use Sahara to test the wall thickness of pipes when used in conjunc-

tion with another acoustic sensor and a reference sound source [70]. It is less clear how exactly

the SmartBall gathers noise information – it is known to contain accelerometers, magnetometers

and an ultrasonic transmitter, plus unspecified acoustic sensors. The ultrasonic transmitter is used

solely to follow the device from above-ground, and the accelerometer to calculate the position

internally [119]. There is some concern that the results from the SmartBall and Sahara are dif-

ficult to interpret, due to variations in the surroundings, difficult to distinguish signals and their

non-deterministic path [135]. These problems would be particularly apparent for small leaks. The

SmartBall aims to mitigate some of these problems by encasing the aluminium shell with foam, to

minimise the noise produced by its passage [8], but it is unclear how effective this is.

An early study from 2008 by Galleher and Kurtz [119] detected the location and size of a leak in

a large-diameter water transmission pipeline, based on data recorded by the SmartBall. It should

be noted that the work performed here was undertaken by the manufacturers of SmartBall, a more

even handed study of its performance has been conducted by the US Environmental Protection

Agency (EPA) [70] which gave a more mixed review of its performance. The EPA study [70] was

conducted in 2012 and compared the accuracies of Sahara, SmartBall and Echologics’ Leakfind-

erRT (a static cross-correlator described in Table 2.5). It utilised 11 simulated leaks on a 0.6 m

diameter, 0.6 km cast-iron water main to test how successful the three platforms were at detecting,

locating and sizing leaks. It also tested how well each method working ‘blind’ by excavating other

features reported by the devices to be leaks which had not been intentionally compromised. All

three platforms detected all 11 synthetic leaks. They correctly quantified the flow rates of 6, 7 and

8 of these respectively. Sahara located the leaks by tracking the platform from above ground and

marking leak locations. SmartBall located them by post-processing the on-board accelerometer

data to calculate the trajectory. As already mentioned, the LeakfinderRT uses standard correlation-

based analysis. LeakfinderRT could locate 3 of the 11 simulated leaks to within 1.5 m, the others

were incorrect by up to 5.1 m. The three platforms also reported 5, 6 and 3 real leaks respectively

of a total of 6 that were confirmed by excavation or other inspection. This meant that LeakfinderRT

correlator had the lowest success rate for finding real leaks, although it did find a relatively large-

volume leak that the other two platforms missed. For all of these real leaks all three platforms

were within 1 m of locating it, except for one leak which the SmartBall reported at 1.2 m from its

actual location, a successful excavation requires an accuracy of 1 m [70].

Based on this survey the three technologies performed comparably well in a metal pipe. How-

ever, it was, perhaps, not the best survey for demonstrating the relative strengths of the in-pipe

deployment methods. It is known that cross-correlators work considerably better on metal pipes

than on plastic [117], since the speed of sound is more predictable and the attenuation lower. It

would be interesting to see how the performance of these three devices compare on plastic pipes,

particularly where access points were at large intervals. It is noteworthy that the in-pipe detectors

were far more successful at picking up small, real leaks than the correlator, although perhaps con-

cerning that they did not detect the largest leak.
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A further interesting component of this report was the cost estimates provided for a survey

performed using each of the three methods. For a 0.6 m diameter, 3.05 km long steel pipeline

the cost estimate for a leak survey was $22,000, $45,000 and $20,000 for a survey using Sahara,

SmartBall and LeakfinderRT respectively in 2012.

In terms of the lower Technology Readiness Level (TRL) options, MIT have been working on a

pipe inspection robot since about 2010 and have looked at several different configurations. Most

of these do not appear to have moved beyond initial prototypes for testing manoeuvring and

localisation of the robot. From approximately 2011 to 2016 they worked on a cylindrical robot that

uses the water flow for propulsion then deploys legs to control its speed [121], and since around

2015 they have been working on a self-propelled spheroidal robot [130]. Their two iterations

of PipeGuard robots have moved beyond this into leak detection [121, 123]. The system uses

a patented pressure-sensing skirt to detect the change in pressure as the robot moves past the

leak [128, 129]. It has been tested on a commercial test site with small diameter pipes [127] with

early trials showing promise.

Some other groups have worked towards building a robot for in-pipe detection, for example

Kazeminasab et al. at Texas A&M University [136], where, again, their robot has not moved

beyond the early prototype stage and has not been used at all for in-pipe acoustic detection of

leaks as far as could be determined from the literature.

2.4.6 Challenges for in-pipe inspection

Clearly there has been interest in deploying robots for pipe inspection for some time, but most

work is still at an early stage. Furthermore, it has largely focused on deploying robotic platforms,

with little understanding of how to detect leaks from such a platform.

The practicalities of deploying a robot in the water distribution network should also be men-

tioned here. Obviously, the robot needs to be waterproof under the pressures and velocities found

in the network. In addition to this it needs to conform with water quality standards [137], so needs

to be sterilisable before deployment, not introduce foreign matter into the network, and, poten-

tially most challenging, not remove sediment from the walls during its passage [97]. Furthermore

it must be retrievable.

2.4.7 Improving correlation-based techniques

As was mentioned in Section 2.4.3 there are several short-comings of correlation based methods of

leak localisation. One of these is that in Equation 2.13 the accuracy of the leak localisation depends

not only on the accurate determination of τpeak from the cross-correlation, but also on an accurate

value of c, the speed of the travelling wave. For metal pipes this does not tend to vary much, and

the speed of sound for different materials and pipe diameters is available in various tables, often

pre-programmed into the device [138], or can be be calculated from Equation 2.15 [138].

c =
cf√

1 + 2Br
Eh

(2.15)

Here cf if the free-fluid wavespeed, B is the fluid bulk density, E is the Young’s Modulus, r is

the pipe radius and h is the pipe wall thickness.
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Table 2.7: Some of the reported variation in the speed of sound calculated for plastic pipes.

source material c [m/s]
[143] MDPE 160
[47] MDPE 365
[144] PVC 495±5
[142] MDPE 375±50
[142] PVC 540±50

These values are also available for plastic pipes but because the material is often dispersive,

so different frequencies arrive at different times, and the speed of sound in the material depends

on its surroundings, the quoted values may be very different to those observed [139]. Another

issue with using Equation 2.15 is that it does not take into account the surroundings of the pipe,

which many studies [140] have found has an impact on the speed of sound, particularly in plastic

pipes. Even with these modifications, using an analytical model to find the sound speed still may

not include enough of the complexities of the system to give an accurate prediction [32], and the

necessary material properties may not be known, particularly those of any surrounding soil.

Instead the speed of sound is usually measured for each new location. It may be calculated from

time of flight measurements, comparison of the pressure at three transducers or cross-correlation

or phase information. Time of flight measurements use the arrival time difference, ∆t, between

measurements separated by d, so c = d/∆t [32]. These require precise time synchronisation of

measurements that may not be practical. For example, for a PVC pipe with c ≈ 500 m/s, and

sensors 1 m apart, ∆t = 2 ms. Alternatively, the relationship between the transfer functions across

three sound pressure measurements and the speed of sound can be derived [141] and compared

with experiment. Thirdly, by generating a sound at a known distance from two sensors, cross-

correlation and a rearrangement of Equation 2.13 can be used to find c [32]. Finally, the speed of

sound can be calculated from the phase difference between two measurements [32].

Experiments finding the speed of sound in plastic pipes find a large range of values, a small

selection of values found in the literature is provided in Table 2.7. Scussel et al.investigated the

impact of various factors on c using Monte-Carlo methods to consider how variation in each pa-

rameter changed the estimated value of c [142].

Any cross-correlation based sensor method needs to account for the variability in the speed of

sound in pipes. Either models need to be improved such that c can be calculated from the pipe

material and soil properties, or part of the data processing capabilities of the sensor should include

calculating c using one of the techniques described above. The practicality of this is considered

in Chapter 3. Alternatively [145] suggests improved statistical approaches to analyse the cross-

correlation function which improve its accuracy in estimating τpeak.

The significant attenuation experienced by noise on plastic pipes [44] leads to more issues in

locating leaks on plastic pipes. It has been widely reported [32, 42, 146, 147] that correlators are

less effective on plastic pipes. As of 2012 [42] interviews with sensor companies indicated that

they were well aware of these issues with detection on plastic pipes, and were working to improve

their sensors accordingly. Their main focus for doing so was using transients and hydrophones.
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2.4.8 Transients

It is beyond the scope of this work to give a full summary of transients. They are an alternative

method of leakage detection, which uses active acoustics with induced ‘transients’ in the pipe

system. The transients are short periods of increased pressure, that may be generated by closing

a valve. This subsequent increase in pressure can be picked up acoustically on the pipe surface

or with a hydrophone. The behaviour of the transient is affected by wall perforation, poor joints,

blockages and leaks, making it a viable method of leak detection [9, 148]. However, so far this

method has been limited to controlled experimental testing, generally on limited systems [149],

and as far as could be identified there is not currently work to commercialise it. For a fuller view

of the method readers are directed to Brunone et al.’s 2022 review [149].

2.4.9 Ultrasonic methods

There are two main, distinct, types of ultrasonic sensing used in pipe leak detection. Guided wave

ultrasonic (GWU) methods generate ultrasonic waves using a ring around the pipe, these waves

then propagate for long distances due to the shape and frequency of the waves generated, with

any defects or leaks reflecting back the wave to the source. The distance to the feature can then

be determined by the time of arrival [150]. Several commercial GWU options exist, including [92,

151].

In long sections of metal pipes with few features, this is an effective technique. In more complex

pipes with multiple junctions or material surroundings, the clarity of results is impaired. For

example, pipes embedded in concrete or bitumen are much more difficult to inspect [152] as are

coated or buried pipes [153]. Plastic pipes also pose more of a challenge, due to the increased

guided wave attenuation. Lowe et al. show improvements specifically for plastic pipes [154],

however these ideas require further work to bring them up to the resolution of other existing

methods for metal-pipe inspection.

The second ultrasound-based inspection technique places a single transducer on the pipe wall,

and inspects a small region of pipe wall under the transducer [9]. This is very accurate, but

requires access to the whole pipe and many scans to inspect a reasonable length of the pipe. It can

be extended using phased arrays [155] to scan more of the pipe in one go, and to detect different

types of defects. This concept has been commercialised as the UltraScan DUO and EDGE [156]

for defect detection in dry pipes, where the scanner surveys the pipe at a speed of between 0 and

5 m/s (no information is available on how much of the time it spends at which end of that speed

range). This is only one example of a phased array system, there are others, including [157].

There is also ongoing work to combine ultrasonic detection with a robotic work, for example by

Zhang et al. [158].

A much more detailed review of these and other acoustic and ultrasonic techniques is available

in [9].

2.4.10 Machine learning for leak detection

Leaks lead to complex acoustic signals, with difficult to detect similarities and correlations between

data sets. In some ways this makes them a perfect target for machine learning methods and lots

of work, especially over the last 5-10 years has looked into this. This thesis does not use machine
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learning methods due to a lack of high quality, representative data. However, given the fact that

this is a burgeoning field it was felt it could not be ignored.

A good summary of different types of machine learning (ML) models that can be applied to

acoustics can be found in [159]. Papers looking at the success of various models when applied to

leak detection include [10, 160–166] with a summary of the state of ML for leak detection as of

2020 in [167] and a discussion of some of the challenges when deploying ML for leak detection is

in [168].

A consistent issue in training ML models on leaks is a lack of data, Yu et al [169] present some

interesting work demonstrating a model for leak detection with an accuracy of nearly 95%. This

was achieved on a data set collected on the WDN of multiple cities with the presence (or not) of

a leak verified by digging next to each logger. This meant the authors could train their models on

821 recordings, 299 of which were known to be leaks and 522 had no active leaks nearby. This is

a large amount of high quality data to have found, but still barely enough to prove that the models

are not fitting to other parameters of the system, particularly once the variations in pipe material

etc. are accounted for.

There is significantly less information on how they work, but there are many commercial ML

options, for example Guterman’s ZoneScan now has an AI option [170], along with ML specialists

FIDO [103].

2.4.11 Other signal processing based techniques

Alternative signal processing based techniques have been proposed for use on acoustic data, partic-

ularly for leak detection rather than localisation: there is no point locating a sound source only to

discover that it was not caused by a leak. As mentioned previously, the size of the leak is almost as

important a metric as its location and many of these methods aim to determine leak size. Common

methods include:

1. Power spectral density (PSD) based methods: these look for peaks in the PSD, and assume

the magnitude of these peaks is proportional to the size of the leak, while the frequencies

of the peaks are dependent on the type of leak [75]. Kaewwaewnoi et al [171] showed a

clear increase in the peak magnitude with flow rate, but ran limited tests and only considered

leaks from valves. This method is subjective and more difficult to repeat or automate than

other methods, as discussed in [172].

2. Signal root mean square (RMS): the RMS is taken, often of the PSD, over either the entire

frequency range or sections of it [171]. Both [171] and [172] showed a clear increase in the

signal RMS as leak flow rate or pressure were increased. Both were looking at leaks from

valves.

3. Vibro-acoustic emission (VAE) counts: in this technique a threshold is set for the sensor

output, and the number of times this threshold is exceeded is counted [75]. This method is

very sensitive to the threshold chosen: both [75] and [172] report a clear correlation for an

appropriate threshold. Unfortunately, choosing this value is subjective.

4. Octave banding: this can be combined with the previous techniques. In this method the

frequency domain is split into octave bands and analysis run separately on each one. Some

bands will be of more significance than others. Some automation of the splitting of the
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frequency domain allows the important frequencies to be determined in a way compatible

with machine learning techniques. A comparison of the magnitude of results for different

bands was proposed in [75] to differentiate leak signals from others.

5. Wavelet analysis: this is an alternative to the traditional spectral analysis method which

combines time and frequency transformation for improved performance [173, 174].

6. Empirical mode decomposition (EMD): again, this extracts features present in both and

time frequency domains [33].

All of these are extensions to any choice of acoustic recording, and appropriate signal processing

is an essential step in analysing leak noise recordings.

2.4.12 Condition assessment in the waste-water network

For a the majority of the waste-water network the problems involved in pipeline inspection are

quite different to in the pressurised clean-water water network. This is not the focus of this thesis,

instead interested readers are directed to [175] which provides a review of many more techniques

than are covered here, including pulsed eddy current testing, magnetic flux leakage and ground

penetrating radar.

While there are multiple robotic platforms in development for the inspection of gravity fed

wastewater pipes, there has been less work on the pressurised wastewater network, such as rising

mains. Most of the existing platforms focus heavily on CCTV-based checks, e.g. [176], [177].

This includes significant work on image detection techniques appropriate for sewers, with much

recent effort going into deep-learning based image recognition [178]. Visual scanning can be

augmented by LIDAR, as proposed in [179] to gain further information on the surface topography.

The main disadvantage of these light-based techniques is that they only show the state of the pipe

surface. Another choice is active acoustic sensing whereby the sensor analyses the response from

a generated signal [180].

Some work has been done on moving beyond CCTV for waste-water inspection, the largest

single piece of work being carried out by the Pipebots grant (of which this thesis forms a part) [6,

181]. During this 5 year project several robotic prototypes were developed intended for deploy-

ment in pipes of varying sizes. Key findings during the project concerned robot control [182],

localisation and mapping [183] and new methods of pipe inspection. The pipe inspection methods

included ultrasonic [184] and acoustic [185] methods.

However, all of the above sensing methods again focus on partially filled, unpressurised sys-

tems. A small but significant portion of the waste water network is composed of rising mains.

These pipes have received much less interest, given that they are more similar in many ways to the

pressurised water network it may be that pressurised water inspection strategies are more appro-

priate than the aforementioned wastewater inspection technologies.

2.4.13 Acoustic velocity vector sensors as an alternative to hydrophones

Currently, most in-pipe leak detection methods use hydrophones to measure the pressure in the

pipe. Outside of the leak detection sphere, acoustic velocity vector sensors (AVVSs) are an estab-

lished alternative to hydrophones, which measure the particle velocity vector in acoustic waves.
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These were first posited in 1956 [186], but were not fabricated reliably until the 1990s [186].

These combine a vector velocity sensor measuring the particle velocity with a hydrophone to mea-

sure the pressure [187, 188]. These have been applied in a range of areas, including acoustic

imaging [189], near-field sensing from a planar surface [188] and ship tracking [190]. For these

purposes an array of AVVSs is often appropriate, and extensive work has been conducted consid-

ering the best placement of sensors within an array, e.g. in [191, 192]. The advantages of AVVSs

over traditional hydrophones is an increase in information, as the direction of a source can be

determined in addition to its magnitude.

2.5 Direction of travel for research in leak detection

Leak detection and localisation remains an active area of research as improvements are still re-

quired on existing techniques, since they are not accurate enough when used in all situations,

particularly on plastic pipes and in complex situations such as when buried in certain substrates,

or when there are many pipe and substrate materials on a single stretch of pipe. The effect of soil

type on noise propagation through a pipe is also poorly understood, particularly for plastic pipes,

as is the effect of complex transmission paths, e.g. across multiple pipe features.

There is further work to be done on understanding the noise produced by different types of

leak, with no current models existing that can predict the acoustic emission from a given leak, and

consequently any method of predicting the type of leak from the acoustic emission is statistical

rather than analytical. Current research is looking at augmenting these statistical techniques with

AI to classify signals more accurately. This is strongly dependent on an extensive, well-labelled

dataset, and is in some ways dissatisfying as the underlying cause of the differences in noise pro-

duced by different leaks is not understood as part of this process.

Current acoustic methods are focused on monoaxial accelerometers attached to the external

pipe wall or pressure measurements in the fluid. Consideration of the modal properties of pipes

indicates that externally applied triaxial accelerometers on the outside of the pipe, or AVVSs inside

the pipe, may provide an increased level of information about the leak noise. These could aid in

detecting leaks on more complicated pipe configurations.

Increasingly, static above-ground sensor development is moving towards in-pipe sensors, such

as the SmartBall and Sahara systems. These have the strong advantage of moving past leaks, so

the complexities of acoustic wave propagation in pipes does not need to be considered. These can

currently only operate in specific circumstances, and mainly operate with pressure sensors. Little

work has been done on developing sensors specifically for measurements close to leaks from an

in-pipe platform.

Based on this review, it was determined that the propagation of waves on pipes could be under-

stood more comprehensively by measuring a vector acceleration of the pipe wall or vector velocity

of the fluid within the pipe. Plastic pipes were determined to be an area of the water network

where existing techniques were having most difficulties, with little information available on the

measured propagation and attenuation of acoustic waves through plastic pipes. There has also

been limited work considering the propagation of acoustics through different features in plastic

pipes. Finally, the use of AVVSs for leak detection in pipes has not been considered previously,

and seems a natural progression of current interest in in-pipe robotic platforms for leak and defect

detection.
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Chapter 3

Preliminary Investigations of Leak

Noise in Water-Filled Pipes

The previous chapter has provided an introduction to the theory of wave propagation in water-

filled pipes. In this chapter the application of this theory to leak detection in an experimental

pipe network is presented. The aim of this chapter is to investigate the variability of leak noise in

water-filled pipes, including how the basic characteristics of the pipe influence the transmission of

acoustic waves through the pipe, and so influence the acoustic detectability of leaks. This acts as

the first stage of investigating the efficacy of existing methods, including their range limitations.

The influence of different parameters, such as the pipe dimensions, pipe material and pipe

surroundings, on the acoustic propagation in a plastic pipe was initially investigated using a nu-

merical model. This model was built in COMSOL MultiPhysics®, directly building on the work

summarised in Section 2.3.3. Experimental work was then undertaken to consider the variations

in leak noise over time and due to differences in leak shape. This represents a continuation of

previous work, summarised in Section 2.2.4. The ramifications of the measured variability in leak

noise and the modelled variability in acoustic propagation are considered in terms of their effect

leak detectability and the effectiveness of existing methods.

3.1 Modal analysis of wave propagation in pipes

As a first step to understanding the acoustical pipe environment, modal analysis for some common

pipe materials was carried out. As discussed in Chapter 2.3, pipes represent a very constrained

acoustical environment such that a few specific modes are usually expected to propagate distances

long enough to be detected with traditional sensor technologies. This section serves as a numerical

demonstration of the results presented in Section 2.3.

3.1.1 Initial model

Initially, let us consider a 110 mm HDPE pipe, a common element of the modern water network. A

basic modal analysis was conducted in COMSOL MultiPhysics® [193] for a 2D axisymmetric model

of a pipe cross-section. The mesh is shown in Appendix B where a summary of the mesh sensitivity

analysis has been provided. The parameters used within the model are summarised in Table 3.1.
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(a) (b)

(c) (d)

(e) (f)

Figure 3.1: The dispersion relations for f < 1000 Hz for a 110 mm diameter MDPE pipe showing
(a) Re{k(f)} and (b) c(f), both labelled by mode, (c) and (d) show Re{k(f)} and c(f) respectively
coloured by attenuation factor.
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Table 3.1: A summary of the pipe properties. Sources for generic values: [194] for sandy soil
properties and [195, 196] for water properties. Entries marked with a * were chosen based on
generic pipe values.

Element Property Symbol (units) Value
Pipe internal radius* r (mm) 55

wall thickness* h (mm) 10
Fluid (water) density ρf (kg/m3) 998

compressional wave velocity cf (m/s) 1482
Soil (sand) density (bulk) ρs (kg/m3) 1950±350

compressional wave velocity cs (m/s) 250

(a) (b)

(c) (d)

(e) (f)

Figure 3.2: Dominant modes in a 110 mm HDPE pipe over the frequency range 0-1,000 Hz. Each
of these images has been exported from COMSOL MultiPhysics and shows the pressure inside the
pipe in Pa (the scale of which varies between figures), the magnitude of the displacement in the
pipe walls in m, as well as showing the shape of the deformation of the pipe walls. The red arrows
show the velocity of the pipe walls while the black arrows show the velocity of the fluid. The modes
shown are (a) (0,0) acoustic plane wave, (b) (0,1) torsional mode, (c) (0,1) breathing mode, (d)
(1,0) mode, (e) (2,0) mode and (f) (3,0) mode.
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Material E (GPa) ν ρ (kg/m3) η
HDPE 1.0 (0.8)* 0.4 950 0.05
PVC 3.0 (2.4-4.1)* 0.38* 1,400 a 0.05

Lead a 14 (13-15) 0.44 (0.435-0.445) 11,290 (11,310-11,390) 0.1 (0.065-0.14)
Ductile iron a 172 (165-180) 0.275 (0.27-0.28) 7,150 (7,050-7,250) 1.5 (0.6-2.2) ×10−3

Table 3.2: Material properties used in COMSOL model. E is the Young’s modulus, ν the Poisson
ratio, ρ the density and η the loss factor. Sources: *[198], a[199]

The modal dispersion curve for such a pipe is shown in Figure 3.1. The legends of Figures 3.1(a)

and (b) provide labels for each mode, shown in terms of the wave speed, c, and the wavenumber,

k, respectively. c has been calculated as ω/Re{k}. Figures 3.1(c) and (d) are coloured by Im{k} to

show which modes are evanescent, while Figures 3.1(e) and (f) are coloured by the energy density

of each mode at each frequency. The energy density has been calculated within COMSOL as the

integral across the pipe cross-section of the fluid of [197]

ϵ =
p2ref
gρwc2

(3.1)

so as to describe the energy in the the fluid for each of the modes.

Cross-sections of each of these modes are shown in Figure 3.2, where the internal pressure,

wall acceleration and wall deformation are shown for each.

Figures 3.1(d) and (f) show which modes dominate the behaviour of the pipe in terms of

their ability to propagate with little attenuation and high energy density, and so are of the most

interest. Assuming a leak is being detected from some distance away, the most interesting modes

are those with a low attenuation factor and a high energy density. It can be seen that the (2,0) and

(3,0) modes are evanescent for frequencies less that their resonant frequency (at 250 and 650 Hz

respectively), with a low energy density, then are propagating waves for frequencies greater than

this. The (0,0) plane wave has a low energy density when compared with the other modes. The

(0,0), (0,1) torsional and (0,1) breathing modes all display a constant c(f), making them easier to

differentiate within the signal.

The introduction of the (2,0) and (3,0) modes at 250 and 650 Hz add to the complication of

the signal, encouraging an analysis at very low frequencies of less than 250 Hz. It should be noted,

that based on the pipe diameter of 110 mm and Equation 2.6, the ring frequency is predicted to be

4,280 Hz, well beyond the range shown.

3.1.2 Effect of varying pipe parameters

A similar analysis was conducted for several pipe materials and dimensions, the results of which

are summarised in Figures 3.3, 3.4 and 3.5. The material properties used for each pipe material are

provided in Table 3.2. When varying the pipe thickness, the pipe diameter was kept at 110 mm.

When varying the pipe diameter, the pipe thickness was kept at 10% of the pipe diameter, and

for the differing pipe materials the pipe diameter was kept at 110 mm and the pipe thickness at

11 mm.

Neither the pipe thickness nor pipe diameter has a significant impact on the speed of the (0,0)

plane wave and the (0,1) torsional wave, with speeds of a consistent 600 and 1100 m/s respec-

tively. The (0,1) breathing mode mode at between 200 and 400 m/s is sensitive to changes in pipe
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(a)

(b)

Figure 3.3: Frequency-wavespeed plots of a 110 mm diameter HDPE pipe, showing the effect of
varying (a) pipe wall thickness and (b) pipe diameter. An extended view of (b) is available in
Figure 3.4.

thickness, with the speed increasing for thinner pipe walls. This is to be expected since a thinner

pipe deforms more readily in the radial direction. Looking at Figure 3.4, it can be seen that this

mode has a complex reaction to changes in pipe diameter. The maximum frequency of this mode

decreases with increasing pipe diameter, so a 300 mm pipe only supports this mode up to 450 Hz.

In addition, the speed of this mode decreases as its cutoff frequency (the maximum frequency at

which a mode is supported) is approached. The (1,0) mode decreases in speed with pipe thickness,

and has a lower maximum frequency at which it is supported as the pipe thickness increases. It

also has a lower maximum frequency as the pipe diameter increases, and the gradient of c(f) at
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Figure 3.4: Effect of changing pipe diameter on the frequency-wavespeed relation, the diameter of
the pipe for each plot is provided in the top-left, the colours of each plot match those from 3.3(b).

low frequencies increases with pipe diameter.

It is difficult to discern the behaviour of the (2,0) and (3,0) modes with changing pipe diameter

in Figure 3.3(b): the results for a subset of pipe diameters are separated in Figure 3.4 to make this

easier to inspect. With increasing diameter the onset frequency of these modes decreases, such that

a 50 mm pipe only has one higher order mode at less than 1,000 Hz, while a 300 mm diameter

pipe has five higher order modes present. These two modes show similar behaviour with changing

thickness, with the frequency of highest speed of the (2,0) mode (the ‘peak frequency’) increasing

from 620 Hz for a pipe thickness of 10 mm to 840 Hz for a pipe thickness of 6 mm. The (3,0)

mode shows a similar decrease in this peak frequency with pipe thickness. This coupling of the

behaviour of the pipe thickness (h) and the pipe diameter (2r) means many analytical treatments

combine these into a dimensionless term of h/r, e.g. [80].

Figure 3.5 shows the effect of changing the pipe material, with Table 3.3 providing a summary

of the speed of the three lower order modes for each material. The values shown are for 100 Hz,

although the relationship between c and f is flat for these modes. As expected, there is a significant

variation in wave speed, with increasing wave speed with material moving from HDPE through PVC
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(a)

(b)

(c)

(d)

Figure 3.5: Effect of changing pipe material on the frequency-wavespeed relation, the material in
each plot is provided in the top left, note the change in limits for plot (d).
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Table 3.3: Wave velocity of the main modes of interest for four materials in m/s at 100 Hz.

mode HDPE PVC Lead Ductile Iron
(0,0) plane 283 474 659 337

(0,1) torsional 614 882 829 1382
(0,1) breathing 1099 1553 1242 3071

and Lead to Ductile Iron.

For leak localisation in pipes, it is much easier to find the leak location if the speed of sound

is consistent both with frequency and between pipes. This analysis has demonstrated the well-

established results that variations in pipe material lead to large changes in the sound speed, so

unexpected pipe material changes are a significant inhibitor to leak localisation. It has further

shown that the (0,0) plane wave mode and the (0,1) torsional mode are least sensitive to changes

in pipe diameter and wall thickness. This fact has been previously utilised by [152] whose sensor

focuses on the (0,1) torsional wave in the pipe wall. For similar reasons, in-pipe measurements of

the plane wave in the fluid would allow for more accurate leak localisation.

Effect of burying pipe

The pipe was ‘buried’ by added 1 m of sand around the pipe, where the sand was simulated as

a linear elastic material, with bulk modulus 5.3 × 107 N/m2, shear modulus 2 × 107 N/m2 and

density 2 × 103 kg/m3. These values were based on those used in a similar study conducted by

Brennan et al. [200]. The outer boundary of the soil was modelled as a free boundary. This means

there will be reflections from this surface, however it serves as a starting point for considering the

effect of soil on the pipe behaviour. The results of this analysis are shown in Figure 3.6 for ductile

iron and HDPE, comparing the results for the below ground, ‘buried’ pipe, with the previous results

for an unburied pipe.

It can be seen that there are a large number of extra modes added for both materials, with the

behaviour of these additional modes being less linear in this frequency range than for the unburied

pipe. The results for the HDPE pipe are most changed, with the previous modes being completely

subsumed by more complex behaviour. The exception to this is at very low frequencies, of less

than 100 Hz, where the (0,1) breathing mode is retained at a slightly increased c of 325 m/s. This

increase in complexity is caused by strong leakage of energy into the surrounding material due to

strong coupling of the soil and plastic.

There is less leakage between the ductile iron and soil due to poorer coupling between the

materials. The breathing mode at 1,400 m/s is almost unchanged, with many of the points for the

unburied pipe being directly overlaid by those of the buried pipe. The (1,0) and (2,0) modes are

more affected by the presence of the soil, inspection of Figure 3.2 shows that these modes have a

higher displacement of the pipe wall, which is clearly suppressed by the sand. The (0,1) torsional

mode at 3,000 m/s is also significantly affected by the presence of the sand.

These demonstrate the additional complexity of wave propagation in a buried pipe.
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(a)

(b)

Figure 3.6: Effect of changing pipe material on the frequency-wavespeed relation for (a) HDPE
and (b) ductile iron, when the pipe is surrounded by sand. The black points are for the unburied
pipe and match those in Figure 3.5, the coloured points are for the buried pipe. Note the change
in limits between the two plots.
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3.2 Variations in leak noise in plastic pipes over time

3.2.1 Experimental setup

As a first step towards understanding leak noise in plastic pipes, a leak was set up on a relatively

realistic testing rig made of 100 mm PVC pipe, pressurised from mains water to a nominal pressure

of 4 bar. Access to the rig was provided by United Utilities and Fido Tech [103]. A schematic of

the rig is shown in Figure 3.7(a). A leak was introduced to the system at the point shown in the

schematic by drilling a hole and then covering it with a jubilee clip. By loosening the jubilee clip

the size (i.e. flow rate) of the leak could be roughly controlled. The leak thus induced is shown in

Figure 3.7(c).

(a)

(b) (c)

Figure 3.7: (a) Schematic of set up at Worthington. (b) picture of pipe section used at Worthing-
ton. (c) leak on PVC pipe: the leak is under the jubilee clip in the centre of the picture, the water
from the leak is visible coming out to the left of the black spigot, the monoaxial accelerometer used
for recordings is shown behind the spigot.
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Figure 3.8: Radial acceleration measured 0.05 m from a fading leak. The colorbar shows how
the colors relate to time since the start of the test. The data has been smoothed using a 301 point
savgol filter.

The leak noise was recorded using a monoaxial accelerometer (PCB 353B04) measuring the

radial component of acceleration (az). This was connected to a computer recording the output

using LabView via a NI DAQ (USB-4431). Full part numbers are provided in Appendix A.

Data was recorded at a sample rate of 12 kHz and each recording lasted 5 s. The accelerometer

was located 0.05 m from the leak. The discharge from the leak diminished over time as the back

pressure in the pipe reduced, the effect of this on the leak noise was recorded and is shown in

Figure 3.7. The data has been filtered using a third order Butterworth filter to between 50 and

5,000 Hz, and smoothed with a 301 point Savitzky-Golay (‘savgol’) filter [201] to remove very fine

detail and aid in comparison. A 301 point filter, corresponding to 60 Hz, was chosen as a balance

between maintaining information and clarifying the plot. All data processing here and elsewhere

has been achieved using Python.

3.2.2 Results & discussion

The radial acceleration measured 0.05 m from a leak on a PVC pipe is shown in Figure 3.8. The

flow rate of the leak diminished across these measurements. While there are similarities between

the spectra, for example the peaks at 400, 1,100 and 1,300 Hz, as well as the trend towards higher

amplitudes at lower frequencies, there are significant differences. The most noticeable difference

in the strong diminution of amplitude of the peak at 1,100 Hz: this is by the far the dominant

feature for larger back pressures, but is barely noticeable for the smaller leak.

Based on this information, it is not possible to determine which modes are propagating, since

the main modes of interest are frequency-independent. Further data measuring the motion of the

pipe in more detail would be required to link this, and the following, leakage measurements with
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the modal analysis work conducted in Section 3.1.

This experiment suggested that the amplitude of the acceleration spectra measured in the vicin-

ity of the leak can vary between 0.1-1 mm/s2 depending upon the hydraulic pressure in the pipe.

This information is particularly useful in combination with the numerical data on the mode at-

tenuation presented in the previous chapter because it can guide the choice of the accelerometer

sensitivity and signal-to-noise ratio required to detect a typical leak. Calibrated acceleration data

for leak signals is difficult to find in the available literature.

It is not known why the back pressure was so unstable, in order to correct this, additional

measurements were taken on a more repeatable pipe setup.
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3.3 The effect of leak shape on leak noise in pipes

3.3.1 Experimental setup

Measurements were conducted on a pipe loop located at the ICAIR facility [202] at the University

of Sheffield. The pipe loop comprises a mixture of 100 and 110 mm diameter HDPE pipes, joined

by electrofusion and flange joints. The system can be pressurised using a header tank and pumps,

or using a hose pipe. A schematic of the pipe loop is shown in Figure 3.9, showing the section used

for this experiment. Section A is a transitionary region of the pipe loop where the pipe goes from

above to below ground.

A picture of the above-ground region of pipe section A is shown in Figure 3.10(a). The two

protrusions from the pipe are electrofusion tapping points, usually used to join a smaller pipe onto

a larger pipe. In this case they have been used as access points to the main pipe loop for adding

sensors or other devices to the system. The lower of the two ‘ports’ visible in Figure 3.10(a) has a

hydrophone inserted into the centre of the pipe. The upper ‘port’ instead has inserts added such

that specific shapes and sizes of leaks can be introduced to the system. Pictures of the two inserts

used for these experiments are shown in Figure 3.10(b) and (c), with the lower surface of one
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Figure 3.9: Schematic of pipe loop used for testing, showing (a) a top down view of the entire
pipe loop, with the section used for testing circled and (b) a more detailed view of the test section,
as viewed from the side, the hydrophones, the three positions for the triaxial accelerometer are all
shown, although they were measured one by one.
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(a)

(b) (c) (d)

(e) (f)

Figure 3.10: The experimental setup used to investigate the effect of different aperture shapes on
the acoustic emission from leaks. (a) a wider view of the testing area, including the catchment
system used; (b) the 3 mm leak insert; (c) the 2x2 mm leak insert; (d) the flow from the 3 mm
leak when the catchment system has been removed; (e) the attachment method for the triaxial
accelerometer; (f) the position of the accelerometer on the buried section of pipe when it is 4 m
from the leak, the end of the pipe is just visible in the background of this photograph.
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insert shown in (b) and the top view of the other in (c). Figure 3.10(b) is a 3 mm clean hole, while

Figure 3.10(c) is two connected 2 mm holes. Each of these holes was drilled in the bottom surface

of the insert, with a tapped hole in the top surface such that a screw can be used to stop the leak

when required. It was hypothesised that these would lead to quite different leak noises due to the

additional turbulence induced by the assymmetry of the ‘2x2’ leak.

The flow shown in Figure 3.10(a) comes from the 3 mm leak. The PVC tube in the photograph

is attached purely as a water catchment device, to reduce the impact of the water on the substrate

surrounding the pipe, and to allow the flow rate of the leak to be measured. The catchment system

has been removed in Figure 3.10(d) to show the flow from the 3 mm leak. During these tests, the

pipe loop was pressurised using a hose attached to a header tank, with a pressure head of 8 m.

This arrangement was chosen over the pumps due to the large background noise caused by the

pumps. The low flow rate of the leaks compared with the volume of the tank, coupled with the

short testing times (about 1/2 hour) means the test pressure can be assumed to be constant during

testing at approximately 0.8 bar. The flow rate of the leaks was 4.23±0.33 l/min for the 2x2 mm

leak and 6.44±0.32 l/min for the 3 mm leak.

The acoustic emission from the leak was measured using a trixial accelerometer (3 x PCB

353B18) attached to the pipe wall using wax. This accelerometer was attached between the two

‘port’ positions, 0.14 m from the leak as shown in Figure 3.10(e). The accelerometer was oriented

such that the x-axis aligned with the pipe axis, measuring the axial acceleration, the y-axis was

horizontal, measuring the torsional acceleration and the z-axis was vertical, measuring the radial

acceleration perpendicular to the pipe. The accelerometer measurements were processed using

LabView on a laptop, with an NI DAQ (USB-4431) connecting the accelerometer to the laptop via

USB. The data was collected at a 12 kHz sample rate for 5 s per measurement. For full part details

see Appendix A.

3.3.2 Results & discussion

The acceleration spectra for each of the two leak apertures are shown in Figure 3.11, with each

axis of acceleration plotted separately. The figure includes background (bg) measurements taken

without a leak in the pipe with a background measurement taken immediately before each leak

noise measurement and labelled accordingly.

The background measured before each of the leak recordings are similar to each other, in that

they are constant with frequency, except for an increase in acceleration in all axes for f < 200 m/s2.

The background measurement from before the 2x2 leakage recording is consistently higher by

approximately 0.1×10−4 m/s2 (30%). The SNR in these measurements is low, with a maximum

SNR of 10 for az when f > 2, 000 Hz and ax between 2,000 and 2,700 Hz. Given the proximity of

the measurement to the leak, this demonstrates some of the challenges in remotely sensing small

leaks on plastic pipes.

The acoustic signal emitted by these leaks is complex and tonal, with energy spread up to

4,000 Hz and an acceleration range below 1 mm/s2. The spectral amplitude of the background

noise in the pipe was approximately 0.2 mm/s2 setting up the threshold of detectability.

The maximum acceleration is in the vertical (z) direction around 100 Hz and the minimum is in

the axial (x) direction, with the exception of the large peak in ax for the 3 mm aperture at 2,500 Hz.

There are several points of similarity in the spectra measured at the two apertures. There are very

similar peaks in az and ax between 500 and 750 Hz, and some similarities in the peak positions
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(a)

(b)

(c)

Figure 3.11: The acceleration spectra measured at 0.14 m from a leak, for two different leaks,
both on an HDPE pipe. The accelerometer was oriented such that the x-axis was aligned with the
pipe axis, the y-axis was horizontal, and the z-axis was vertical, perpendicular to the pipe in the
radial direction. Background measurements were taken by closing off the leak immediately prior
to each experiment, both of these measurements have been included and labelled with the leak
they were measured prior to.
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below 500 Hz in the z-acceleration between the two leaks, although the amplitude of these peaks

for the 2x2 mm leak is significantly lower. The 3 mm aperture exhibits more features at the lower

frequencies, whereas the 2x2 mm leak is generally lower amplitude at these frequencies, with

more features at the upper end of the frequency range, including more pronounced features at

more than 1,500 Hz.

Based on these results, low frequencies (f < 1, 000 Hz) display more promise for seeing con-

sistent acoustic responses to a leak source, regardless of the source geometry.
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3.4 The effect of attenuation on leak noise in a plastic pipe

3.4.1 Experimental setup

The experiment described above was extended to estimate the attenuation of the leak signals along

the HDPE pipe. The experimental setup was the same as described in Section 3.3.1, with additional

measurements taken 0.56 m and 4 m from the leak. The recording 4 m from the leak was at a

buried section of the pipe and was achieved by excavating a short section of pipe as shown in

Figure 3.10(f), with the top of the pipes just visible in the background. The sensor used in this

experiment was the same triaxial accelerometer: 3 x PCB 356B21.

3.4.2 Results & discussion

The triaxial acceleration specra measured on the pipe wall at a range of distances from the leak

source are shown in Figure 3.12 for each of the leak apertures in the HDPE pipe and for the

three axes. It can be seen that there are few similarities in their acoustic spectra save perhaps the

peaks at 700 and 2000 Hz. The radial (z) acceleration is largest for each, demonstrating that the

accelerometers are mainly detecting the (1,0) breathing mode, with some contribution from the

fluid-borne axial (x) waves also being picked up.

For these leaks there is strong attenuation of the accelerometer signals on the pipe, particularly

the buried pipe section, such that by 4 m from the leak the spectrum is indistinguishable from the

background. The acoustic attenuation is investigated further in Section 4.3.

The specifics of leak spectra was not felt to be a beneficial avenue of exploration at this time,

given there is already a significant body of work concerned with characterising the spectra of dif-

ferent leaks, for example in [160] and [77]. Furthermore, it was felt that this kind of classification

work was best suited to machine learning work, this is an active field of research, with the main

barrier to entry being a lack of data. For example, Yu et al. conducted a study considering the

applicability of various machine learning methods for leak detection based on 821 recordings of

between 2 and 4 hours, 299 of which contained a leak [169] and Tariq et al. conducted a similar

study on 993 recordings [203]. This is a large dataset of leak recordings, but small compared

to standard datasets for machine learning. Some researchers have worked around this issue by

supplementing their data using simulations, as for example in [204], however this seemed a di-

gression from the main purpose of this thesis.
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(a) (b)

(c) (d)

(e) (f)

Figure 3.12: Acceleration measured at multiple distances from two different shaped leaks, both
on an HDPE pipe. The accelerometer was oriented such that the x-axis aligns with the pipe axis,
the y-axis is horizontal and the z-axis is vertical. Figures (a,c,e) show the results for the 3 mm leak,
showing the x, y and z components of acceleration respectively, while (b,d,f) show the results for
the 2x2 mm leak.
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3.5 Summary

This chapter has shown some of the complexities of leak noise propagation in pipes, with a focus

on plastic pipes. It has shown experimentally how the sound produced by leaks is highly vari-

able, adding to the difficulties in long-range acoustic leak detection. Modelling work has shown

how the pipe dimensions, pipe material and surroundings affect the speed of the low-frequency

(<1,000 Hz) acoustic modes.

The acceleration spectrum produced by a leak has been measured, where the leak noise can be

seen to extend to 4,000 Hz with several clear tonal components. The maximum acceleration ampli-

tude in the measured spectra was around 1 mm/s2. The dominant component of the acceleration

vector was the radial component. However, the axial and horizontal acceleration components can

also be used to detect leak signals in the vicinity of a leak. It has been shown that leak noise rapidly

attenuates with distance, with leak noise in a 100 mm HDPE pipe being almost indistinguishable

from background noise 4 m away from the leak. The acoustic attenuation has been shown to be

frequency dependent for changes in both distance and leak size. The compound effect of this,

coupled with the variability in leak spectra by source, would render any leak classification very

challenging, since a database of leak spectra would need to be collated with not only the source

type changing but also the distance and back pressure. While this could prove interesting, and

has been achieved to an extent using machine learning by FIDO Tech [103], a full analysis was

considered to form a project in its own right, while the focus of this thesis should be on improved

sensors suitable for a robotic platform.
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Chapter 4

Investigations of Acoustic Properties

of Plastic Pipes

The previous chapter has provided, through numerical simulation and experiments, an introduc-

tion to the complexity of wave propagation in water-filled pipes as well as a presentation of the

variability of leak noise. In this chapter, the range limitations of existing methods of acoustic leak

detection are investigated. This is achieved primarily through experimental measurements of the

acoustic attenuation on plastic pipes.

The chapter is split into three sections. The first considers an extension of existing methods

to determine the age of pipes acoustically, this is a presentation of published work conducted

in collaboration with K. Makris [205]*. The second section considers the best method, as well

as the accuracy of methods, for finding the true sound speed in plastic pipes. This was driven

by the large errors encountered during the previous experiment, along with anecdotal accounts

that the speed of sound is challenging to determine in plastic pipes. Given the importance of an

accurate measurement of the speed of sound in determining the location of a leak from acoustic

measurements, any uncertainty in this limits the range of acoustic leak detection methods. Finally,

attenuation in plastic pipes is considered, including over different features in the pipe network.

This culminates in a consideration of the workability of existing logger-based methods of leak

localisation in plastic pipes.

It should be emphasised that due to the large difference in material properties between metal

and plastic, the findings presented here may not hold for metal pipes. Metal pipes exhibit signifi-

cantly lower attenuation and as such present a much easier environment for acoustic localisation

of leaks using existing methods [9, 181, 206].

4.1 Sonic assessment of physical ageing of plastic pipes

The age of a pipe is the dominant factor in its performance, with older pipes being considerably

more likely to fail. This is true for water [207], gas [18] and drainage [21] pipes. For plastic

pipes, the focus of this work, older pipes are more brittle and consequently have a lower resistance

*The initial idea of looking to find the age of a pipe from its material properties was some combination of Makris,
Langevald, Clemens-Meyer and Horoshenkov. Experimental work on the acoustic pipe measurements was conducted by
Makris and myself, with DMA measurements taken by Begum. The modelling work was conducted by Makris and myself.
Additional analytical modelling work conducted by Makris is not presented here, but can be found in [205].
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to impacts and soil loading [208]. This means more care needs to be taken when inspecting or

altering the pipe network in their vicinity. The age of a pipe may not be known from records,

and so must be found in-situ. Existing methods used to study aging in thermoplastic materials

are often destructive, for example differential scanning calorimetry [208], dynamic mechanical

analysis [208, 209] and tensile/torsional creep compliance measurements [210]. For in-situ mea-

surements to aid in pipe maintenance a non-destructive method is essential. Previous work has

considered micro-indentation [207] and non-collinear ultrasonics as alternative methods for pipe

ageing [211, 212]. However, micro-indentation only provides information about the properties on

the surface of the material, while the use of non-collinear ultrasonics requires precise alignment

and knowing the acoustic properties of the inspected medium [213, 214]. Finding these to the

accuracy required for calculating the age of the pipe has proved challenging within the ultrasonic

frequency range [210, 211].

Here, the use of low-frequency acoustics to determine the pipe’s age via the storage modulus of

its wall material is investigated as an a non-destructive, non-intrusive methodology. Low frequen-

cies were chosen since, as demonstrated in Section 3.1, fewer modes propagate at low frequencies,

simplifying analysis. At these frequencies the fluid-borne wave dominates because it attenuates

less than other modes in buried pipes and is affected less by joints and fittings [150].

This section will assess the viability of assuming the acoustic properties of a pipe, namely the

speed of sound in the pipe that is strongly linked to the pipe wall material storage modulus. The

published version of this work [205] achieved this by solving the equations of motion for the

problem such that the storage modulus can be determined from the speed of sound. Here similar

results are presented using the results of a numerical model to recover the storage modulus. A

short summary of the equations of motions from [205] is provided in Appendix C. The results of

an experiment aiming to relate the age of a pipe and its acoustical properties are provided along

with the estimated error. This is compared with a more direct approach (DMA) and the efficacy of

the acoustical approach evaluated.

4.1.1 Numerical model

Alternatively, the problem presented in the previous section can be solved with a numerical model,

such as a finite element model. A 2D axisymmetric model of a straight pipe of internal diameter

100 mm was introduced in Section 3.1. In order to consider the effect of changing Young’s modulus

on the acoustic properties of the pipe, this model has been modified such that the pipe wall material

has a range of Young’s moduli within the range possible for HDPE, including its variation due to

pipe ageing [205]. Table 4.1 presents a summary of the base values of the parameters used in the

numerical simulations (this is a reproduction of Table 3.1, with the material parameters of HDPE

included).

The results of this analysis are shown in Figure 4.1. Figure 4.1(a) presents the entire frequency-

speed plot, showing the effect of the change in the Young’s modulus via the colour of the scatter

points. The six main modes discussed in Section 3.1 are visible, and it can be seen that these are

affected by the variation in E to different extents. It can be seen that there is a clear increase in

wave speed with increased Young’s modulus for the two main modes of interest (the (0,1) mode

with speed around 800 m/s and the fluid-borne (0,0) mode with speed around 1,100 m/s). A more

detailed discussion of the modes in this figure has already been covered in Chapter 3. This increase

is linear with frequency in this frequency range, making an estimate of E based on c possible from
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Element Property Symbol (units) Value
Pipe internal radius* r (mm) 44.0±0.5

wall thickness* h (mm) 11.0±0.2
material - HDPE
density* ρ (kg/m3) 957.6±1.4
Poisson ratio ν (-) 0.40±0.05
loss factor η (-) 0.05±0.01

Fluid (water) density ρf (kg/m3) 998
compressional wave velocity cf (m/s) 1482

Soil (sand) density (bulk) ρs (kg/m3) 1950±350
compressional wave velocity cs (m/s) 250

Table 4.1: A summary of the pipe properties. Sources for generic values: [215] for HDPE proper-
ties, [194] for sandy soil properties and [195, 196] for water properties. Entries marked with a *
were measured from the experimental setup.

this information, as long as c is known. To aid in the visualisation of this Figure 4.1 has been

replotted to show c(E) for f = 500 Hz for the two modes of interest in Figure 4.1(b). Based on

this it was determined that c is sensitive enough to E that the proposed methodology is viable.

4.1.2 Experimental setup

Two sets of measurements were taken, on two different sections of a pipe loop: an above-ground

section surrounded by air and a buried pipe section surrounded by sand. Illustrations of the two

sections are provided in Figure 4.2, showing the relative positions of the relevant features and

measurement apparatus. The hydrophone mounting for each is shown in Figure 4.3. The pipe

loop was situated at the ICAIR facility at the University of Sheffield, in total it is 60 m long, with

a straight 30 m section buried to 0.5 m in sand and a return lying on supports above the sand.

The pipe properties and dimensions are the same as those shown in Table 4.1, where the density

of the pipe material was measured according to ISO 1183-1 [216] and the remaining geometrical

properties were measured using a tape measure; the sources of the other parameters are [194–

196, 215].

A rubber-tipped impact hammer (PCB 086C03) was used to excite low frequency waves in the

pipe. Hydrophones (B&K 8103) connected via a conditioning amplifier (B&K Nexus 2693-0S4)

to a data acquisition card (USB 4103) recorded the response of the system. All recordings were

performed with a 12 kHz sample rate. The locations of the hydrophones and accelerometers for

each of the two pipe sections are shown in Figures 4.2(b) and (c). Full part numbers are provided

in Appendix A.

4.1.3 Signal processing

The same signal processing steps were performed on multiple tests conducted as part of this ex-

periment. A representative example is provided here for pipe section B, where the impact hammer

was positioned 5.0 m from H0. The following process was applied to the signals from the two

hydrophones, the accelerometer and the impact hammer:

1. Record the raw signals sj(t) where j is the recording for the two hydrophones (H0 and H1)

and the impact hammer (IH).
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(a)

(b)

Figure 4.1: The results of the modal analysis of a 110 mm plastic pipe, showing the variation
in c(f) with material property (E) of the pipe. (a) shows the variation for frequencies between
0 and 1000 Hz, (b) shows a slice of c(f) from graph (a) for f = 500 Hz.
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Figure 4.2: (a) The two pipe sections used for the experiments to determine the age of a pipe from
its acoustical properties, (b) a detailed view of section A (below ground measurements) and (c) a
detailed view of section B (above ground measurements).

Chapter 4. Investigations of Acoustic Properties of Plastic Pipes 78



4.1. Sonic assessment of physical ageing of plastic pipes

(a) (b)

Figure 4.3: Hydrophone mounting locations for (a) below ground measurements and (b) above
ground measurements.

2. Apply a Tukey window [217] to the signals. A shorter window was applied to the impact

hammer since the signal of interest was significantly shorter. This is shown in Figure 4.4(a).

Both windows are applied relative to the peak of the impact hammer: the impact hammer

is windowed from 5 ms before to 5 ms after this peak, the hydrophone measurements are

windowed between 10 ms before and 0.2 s after the peak. A tukey window was chosen based

on its appropriateness for use with an FFT [218] and the long period over which the original

signal is preserved.

3. Apply a filter to the signals. In this case a third order bandpass Butterworth filter, with fre-

quency limits 10-1,000 Hz was used. Here, as elsewhere, the SciPy signal package [107] was

used, with the filter generated and applied using the ‘second-order section’ (sos) framework

given its relative numerical stability when compared with other frameworks [219]. The re-

sult of this is also shown in Figure 4.4.

4. Inspect the spectrum of the data (calculated using the Fast Fourier Transform) to choose

an appropriate frequency range to run calculations over. An example spectrum is shown in

Figure 4.5. The spectrum shows that the impact hammer predominantly excites frequencies

from 0 to 400 Hz, with the response at the hydrophones extending to 800 Hz.

5. Calculate the speed of sound based on the phase difference between the signals. The signal

was more aggressively windowed, as shown in Figure 4.6(a). This acts as a method of peak

detection. The speed of sound has then been calculated by considering the phase difference

between the combinations of signals using

c(ω) =
ωd

Phase(Tij(ω))
(4.1)

where Tij(ω) =
Si(ω)
Sj(ω) is the frequency response function (FRF) between two signals si(t) and

sj(t) recorded by sensors (i and j). Si(ω) and Sj(ω) represent the Fourier Transform of si(t)

and sj(t).

The results for c(f) are shown in Figure 4.6(b). It is clear that the sound speed estimates
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based on the two hydrophone signals do not make physical sense. This can be explained

by a relatively short separation between the two hydrophones. The use of an impact ham-

mer and hydrophone signal leads to a stable speed estimation over the frequency range of

420 ± 20 m/s; the impact hammer and hydrophone hammer have a relatively large (4 m)

separation, explaining this stability.

6. Estimate the Young’s modulus of the pipe, based on comparison of the measured value of c

and comparison with Figure 4.1(b).

These processing steps were carried out for 10 measurements in section B, where the pipe was

below ground and 10 in section A where the pipe was above the ground (see Figure 4.2). The

average of these measurements was carried forward from step 5 into the calculation of E in step 6.

As a reference point, Dynamic Mechanical Analysis (DMA) was performed to find the viscoelas-

tic properties, specifically the frequency dependent storage modulus, of the pipe material. This is

a standard technique, further details of which are given in [205]. A 20 mm x 10 mm x 11 mm

sample was milled from a spare length of the same pipe used to construct the main experimental

rig. DMA was conducted using a Matravib (VA 2000) analyzer at frequencies between 1 and 50 Hz

over a temperature range of -10 to 20oC at 5oC intervals. Time-temperature superposition [220]

was used to extend the maximum frequency of the estimations from 50 Hz to 800 Hz. This gives a

more standard value of E for the specific pipe used for testing.

4.1.4 Results

The calculated values of c for all these repeats are summarised in Figure 4.8. The results for c

calculated based on the comparison between the H0 and H1 signals have been included for com-

pleteness, it was already shown in Figure 4.6(b) that this method does not yield consistent results,

which Figure 4.8 corroborates, particularly for the below ground measurements. The results for

each hydrophone compared with the impact hammer give more consistent results, with the largest

uncertainty in c being 50 m/s for comparing H1 and IH below ground and the smallest being

between H0 and IH below ground, where apart from a single outlier the uncertainty is 15 m/s.

The spread of results for the above ground measurements is far more consistent at 30 m/s. This

increased repeatability for the above ground measurements makes sense given the improved SNR

expected in an above ground pipe. The very low variance (of 15 m/s) in the below ground results

based on H0-IH is somewhat surprising, especially given the much higher (30 m/s) variance for

the H1-IH results. Further measurements are required to understand the cause of this.

Combining all of these results leads to a value of c of 470 ± 60 m/s. Based on this value,

Figure 4.1(b) gives an estimated value of E of 2.8 ± 0.2 GPa. In contrast, the DMA measure-

ments (Figure 4.7) found the storage modulus to be in the range 1.7 to 1.8 GPa over 150-800 Hz.

This indicates a significant over-estimate has been made when measuring the material properties

acoustically. Based on this, further work is needed to reduce the error and increase the accuracy

of acoustical methods for finding the acoustical properties in buried pipes and relate it to the age

of the pipe.

Further work was conducted on the pipe loop, considering alternative methods of finding c,

these are presented in the following section, but none achieved a higher level of accuracy than the

method used here.
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(a)

(b)

(c)

Figure 4.4: An example of data used to find the pipe material properties, showing the original data
and the effect of adding windows and filters. The data, whether pressure, p or force F , has been
normalised by the peak of each series over the time range for this plot to aid in comparison. A Tukey
window with αT = 0.2 has been applied from -5 ms to 5 ms of the peak for the impact hammer
measurements (a) and from -10 ms to 0.2 ms of the peak in the impact hammer measurements
for the hydrophone measurements (b, c). The filtered data has been windowed and a third-order,
10-1000 Hz Butterworth filter applied.
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Figure 4.5: The spectra of the example data used to find the pipe material properties. Each data
set has been normalised by its maximum value within the range shown to aid in comparison.
Truncated at 1,000 Hz due to extreme loss of amplitude for higher frequencies.

(a)

(b)

Figure 4.6: An example of the process for finding the speed of sound from a dataset, showing (a)
the windowed and filtered time series and (b) the speed as calculated using the phase difference.
Again, the amplitudes of each time series in (a) have been normalised by their maximum value
within the time range to aid in comparison between the measurements.
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(a) (b)

Figure 4.7: (a) Storage modulus of an HDPE pipe sample as a function of frequency for multiple
temperatures as obtained using DMA, (b) the storage modulus calculated for the HDPE pipe sample
as a function of frequency after the application of time-temperature superposition for a reference
temperature of 10◦C. Reproduced from Makris et al. 2023 [205].

Figure 4.8: Comparison of speed of sound calculated using each combination of measurements
above and below ground, showing the range in calculated values over 10 repeats at each location.
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4.2 Speed of sound in pipes

As mentioned in Chapter 2, current methods of leak localisation are highly dependent on knowing

the speed of sound in the pipe since the leak’s location is calculated using Equation 2.13. The

previous section has presented some work to determine material properties acoustically. Large

errors were found in the acoustic method in comparison with the standard DMA method. This

section presents the results of an experiment to find the speed of sound on a straight section

of the HDPE pipe with sensors deployed at multiple locations using three different methods for

its estimation. These results demonstrate the difficulties in determining the speed of sound in a

relatively simple section of a plastic pipe, including a discussion of where these difficulties arise.

4.2.1 Methods for calculating the speed of sound

Three methods were used here to calculate the speed of sound:

1. From the cross-correlation: the lag, ∆t, between two signals can be found using the cross-

correlation, Cxy (defined in Equation 2.12. This is a means of finding the travel time between

either a source and a receiver or two receivers, at which point c = d/∆t.

2. From the phase of the FRF: if the FRF between two signals si and sj recorded by two sensors

(i and j) separated by a distance d, is defined in the frequency domain as

Tij =
Si(ω)

Sj(ω)
(4.2)

then the wave number k is defined by

Re{k(ω)} = −Phase{Tij}
d

(4.3)

and

c =
ω

Re{k}
= − ωd

Phase{Tij}
(4.4)

as shown previously in Equation 4.4.

3. From the travel time: this was suggested to be appropriate for use when an impact hammer

is the sound source, in which case the arrival time of the signal is relatively clear since the

initial sound is very short. An example of this is shown in Figure 4.11, for a recording of the

impact hammer impact and a hydrophone, and for an impact hammer and accelerometer.

There is a clear change in the recordings on the hydrophone and accelerometer as the signal

from the impact hammer arrives. Once the time difference between the impact hammer and

the hydrophone/accelerometer arrival times have been determined, c can again be calculated

using c = d/∆t. This was found to be a problematic method, so is not covered in detail here.

Some of the issues encountered are covered in Appendix D.
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Figure 4.9: Schematic of pipe used for testing methods for calculating c, showing the location of
the hydrophone and the accelerometer. The accelerometer is 0.08 m from H0. The impact hammer
was used to generate an impact at each of the positions shown in blue.

4.2.2 Experimental setup

A schematic of the pipe used for this experiment is shown in Figure 4.9, with pictures of the setup

in Figure 4.10. It is a HDPE pipe of diameter 110 mm and wall thickness 10 mm. It is installed

above ground, resting on wooden blocks on a concrete base. The pipe wall acceleration was mea-

sured using a monoaxial accelerometer, attached such that the measurement was perpendicular

to the pipe wall. This was a PCB 353B04 accelerometer, with sensitivity of 10 mV/g, labelled as

A0. A B&K 8103 hydrophone was inserted into the pipe using similar ports to those described

in Section 3.3.1 with the same hydrophones and amplifiers. The impact hammer used was a

PCB 086C03. The impact was delivered at 2 m intervals from 2 to 14 m from the hydrophone,

i.e. from 2.05 to 14.05 m from the accelerometer. A DAQ (USB-4103) was used to connect these

sensors to a laptop, with Labview code used to record the sensor data.

4.2.3 Signal processing

The signal processing steps are provided here for a single example in order to make the process

clear, as well as justifying some of the choices made during the process. The time domain results

for the accelerometer and hydrophone, unfiltered and unwindowed, are shown in Figure 4.11 for

the impact delivered 8 m from the hydrophone. The spectra of these data is shown in Figure 4.12.

The time domain results continue for a long period in comparison with the length of the impact

delivered. This indicates multiple reflections occur in this relatively simple above-ground pipe

setup. Assuming a speed of sound in plastic of approximately 600 m/s and a total pipe length of

30 m, it would be expected for reflections from the end of the pipe to take about 0.1 s to return

to the receiver. The signal clearly continues for much longer than this after the impact, and has

many features in the intervening time, indicating reflection from various features within the pipe,

e.g. joints and supports.

The data was windowed using a Tukey window with αT = 0.2 between 0.02 and 0.5 s, then it

was filtered using a 3rd order bandpass Butterworth filter. A selection of frequency ranges were

applied, between 25 and 1,000 Hz, the merits of each are discussed shortly. The speed of sound

was calculated using each of the three methods listed in Section 4.2.1.

An example of the cross-correlation between the traces is shown in Figure 4.13 for the data

between 0.02 and 0.5 s. The maximum of the cross-correlation indicates the point at which the

signals are most similar, so should be the point at which the impact is received, taking the time

delay of this point and dividing it by the separation of the two signals should give the speed of
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(a)

(b)

Figure 4.10: Pictures of the experimental setup used for calculating c. (a) shows the length of
the pipe rig, with the empty hydrophone ports in the foreground, (b) shows the hydrophone and
accelerometer attachment.
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(a)

(b)

Figure 4.11: The recording on the (a) accelerometer and (b) hydrophone for to an impact deliv-
ered at 8 m from the hydrophone. The impact hammer signal is shown in green on both graphs,
with the corresponding scale on the right hand axis.
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(a)

(b)

Figure 4.12: The (a) acceleration and (b) sound pressure spectra corresponding to the time series
shown in Figure 4.11. The impact hammer signal is shown in green on both graphs, with the
corresponding scale on the right hand axis. The background noise spectra are shown in grey.
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Figure 4.13: Example of finding speed of sound from cross-correlation. This is the cross-
correlation between the impact hammer and hydrophone recordings for the impact 8 m from
the hydrophone, with the three peaks of interest highlighted.

sound. As an example, here three peaks have been highlighted: the first peak, the largest peak and

the peak that gives the most sensible answer. These occur at ∆t = 0.00768, 0.188, 0.0133 s, giving

values of c of 40, 1040 and 600 m/s respectively. This result is discussed further in Section 4.2.4

when the results for all datasets are presented.

An example of the process for finding the speed of sound from the phase difference between

the signals is shown in Figure 4.14. Figure 4.14(a) shows the short window applied in order to

focus on the region of interest in the recorded signal. This segment of data was then converted to

the frequency domain using a Fourier Transform and converted to the phase difference shown in

Figure 4.14(b). The sound speed was calculated using Equation 4.4, the results of this are shown

in Figure 4.14(c). A single value for c over the frequency range 200 to 1,200 Hz was calculated as

the average of Figure 4.14(c), with the error as the standard deviation. For this example data set

this leads to c = 480± 40 m/s from the acceleration and 650± 50 m/s from the pressure.

4.2.4 Results

The methods demonstrated in the previous subsection were applied to data filtered using a band-

pass filter between a range of frequencies. It was hoped that this might allow the mode shapes

to be seen, including ensuring the correct modes are being measured given that the two modes of

interest here have constant c(f), c.f. Section 3.1. The values of c calculated for each method with

each filter range are shown in Figure 4.15 for each method plotted against the central frequency

of the filter applied. The frequency bands used are provided in Table 4.2. The variation in length

of filter are to ensure a stable response; more filters than this were tested, these give the most

sensible results. The errors in these measurements were calculated across three repeats, with the

error for the phase difference measurements being found by combining the error on each individ-

ual measurement, while that of the cross-correlation was simply the range of values found across

the repeats.
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(a)

(b)

(c)

Figure 4.14: Example of process for calculating speed of sound from the phase difference, showing
(a) the original signal in the time domain, (b) the phase difference between the two signals and
(c) the speed of sound as calculated for the two signals. This data has not been filtered.

Table 4.2: Frequency ranges used to filter impact hammer measurements. The unfiltered data has
been plotted at 0 Hz in order to allow comparison with the filtered data on the same graph.

central [Hz] 0 100 150 200 250 300 350 400 450 500 600
lower [Hz] None 25 75 125 175 225 275 325 375 400 400
upper [Hz] None 175 225 275 325 375 425 475 525 600 800
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Figure 4.15: A comparison of the speed of sound calculated for an example dataset with the
impact 8 m from the hydrophone. The speed of sound is plotted against the central frequency
of the filter applied to the data for an array of filters, the exact frequency ranges are provided in
Table 4.2. The shaded regions show the predicted values of c from Chapter 3, coloured by mode
type as per Figure 3.1.

It can be seen in Figure 4.15 that the results for c calculated using the cross-correlation and

phase difference give consistent results to within 50 m/s for f < 500 Hz. At frequencies of 500 Hz

or greater there is more variability in the results, particularly for the accelerometer measurements.

This is reflected in the larger values of c found for the unfiltered data (shown in the figure at

0 Hz). A comparison with the predicted values from Section 3.1, shown as the shaded regions

in Figure 4.15, does not identify which mode is being observed: it could be either the (0,1) tor-

sional mode shown in orange or the (0,1) breathing mode shown in blue. Consideration of Fig-

ures 3.3 and 4.1, which show the effect of changing the pipe dimensions and material properties

respectively, indicates that the Young’s modulus used to model the HDPE here may have been an

under-estimate. The variations in pipe dimensions (Figure 3.3 cannot explain the discrepancy since

changing the pipe diameter has very little impact on these two modes over the frequency range of

interest, while the pipe thickness would need to be unbelievably thin for the (0,1) breathing mode

to increase to 400 m/s. Figure 4.1 shows that increasing the Young’s modulus to 2.8 GPa brings

the breathing mode up to a speed of sound of approximately 400 m/s. As discussed previously in

Section 4.1.4, this contradicts the value of E measured for this pipe using DMA, which E to be

1.8 GPa.

To investigate the variability in these methods of calculating c further, the speed of sound was

calculated using the same method at a range of distances. This is shown in Figure 4.16. The

data was filtered between 125-275 Hz since this seemed to lead to some of the lowest errors in

Figure 4.15. The calculated values of c found using the phase difference between the impact

hammer and the accelerometer/hydrophone are shown in Figures 4.16(a) and (b) respectively.

These show a reassuring lack of variability across the different measurement locations, with none

of the calculated values of c differing by more than 50 m/s. In contrast, the calculated values of c
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found using the cross correlation between the impact hammer and the accelerometer/hydrophone

(Figures 4.16(c) and (d) respectively), show values of c varying from 300 to 1,000 m/s; a degree

of variation which make them unsuitable to the task. It is mainly at larger distances that the

calculated values deviate from the 400 m/s calculated using the phase difference. This will be due

to the lower signal to noise ratio as the attenuation of the signals increase.

Even using the phase difference, which here calculated c as 400±50 m/s, could lead to diffi-

culties in leak localisation. For two measurements separated by 100 m, with a time delay between

measurements of 0.1 s, if c is 350 m/s Equation 2.13, the leak is predicted to be 33 m from the first

measurement, whereas if c is 450 m/s the leak is predicted to be 27 m from the first measurement.

Given that leaks need to be located to within 2 m for a successful dig, this uncertainty in the the

measured value of c is not acceptable.
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(a)

(b)

(c)

(d)

Figure 4.16: A comparison of the speed of sound calculated using different methods at a range of
distances, for a filter of 125-275 Hz applied. The results have been calculated using (a) the phase
difference between the accelerometer and the impact hammer, (b) the phase difference between
the hydrophone and the impact hammer, (c) the cross-correlation between the accelerometer and
the impact hammer and (d) the cross-correlation between the hydrophone and the impact hammer.
The shaded regions show the predicted values of c from Chapter 3, coloured as per Figure 3.1.
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4.3 Acoustic attenuation in plastic pipes

It is established [8, 44, 49, 203] that successful techniques for locating leaks in metal pipes struggle

in plastic pipes. In part this is due to the greater variation in the speed of sound in plastic pipes:

plastic pipes couple to surrounding soil in a way that steel pipes do not [89], such that the speed

of sound in the pipe wall varies depending on the properties of their surroundings. This can

be ameliorated by taking in situ measurements of the speed of sound, as suggested by [108],

although the previous section has demonstrated the difficulties in doing so. Another problem for

acoustic leak detection is the high attenuation of sound in plastic pipes. Acoustic signals in plastic

pipes, including those produced by leaks, attenuate quickly, as already demonstrated in Chapter 3,

Section 3.4. In this section we estimate the attenuation in both buried and unburied HDPE pipes,

as well as across several features that may be found in a pipe network.

4.3.1 Calculating attenuation

The acoustic attenuation (1/m) can be found using signals recorded on two sensors attached to

the pipe and separated by a distance d according to:

α = − ln |Tij(ω)|
d

(4.5)

in which the transfer function Tij is defined in Equation 4.2.

4.3.2 Experimental setup

The same pipe setup as described in Section 4.2.2 was used for these experiments. The sections

used here are shown in Figure 4.17. To determine the attenuation in a straight section of pipe,

both above (pipe sections B and C) and below (pipe section A) ground measurements were taken.

Sections D and E were used to investigate the effect of more complex pipe features on the acoustic

attenuation in a plastic pipe.

28.5m

0.5m

6.0m 6.0m 6.0m 6.0m

1.5m

1.2m

Pumps
and Tank

section B

section A

section C

section D

section E

Flange
joint

units: mm

60

70

150

Legend

MDPE pipe, 100 mm radius

MDPE pipe, 110 mm radius

Sloped pipe section

Buried pipe

Figure 4.17: The location of the five test sections used to study the acoustic attenuation in HDPE
pipes.
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Figure 4.18: The shaker and accelerometer setup on the HDPE pipe used to measure the acoustic
attenuation.

A sine sweep excitation signal was used so the frequency dependence of the acoustic attenua-

tion across a broad frequency range could be determined. For these measurements a sine sweep

from 100 to 6,000 Hz was used with a ramp up in amplitude for the first 1 s. The minimum

frequency was chosen such that the sweep was at its full amplitude by 200 Hz. This signal was

introduced into the system using the shaker arrangement shown in Figure 4.18. The shaker was

a Dayton Audio DAEX25CT-4. It was driven via a Fosi Audio TDA7498E amplifier with the signal

generated in a Labview script run on a laptop connected to a DAQ card (USB-4431). A monoaxial

(PCB 356B21) accelerometer was used as the reference measurement (aref ) taken at a constant

50 mm from the shaker, while a triaxial accelerometer (3 x PCB 353B18 with sensitivity 10 mV/g)

was used to measure the acceleration in three axes at a range of distances from the shaker. The

triaxial accelerometer was attached to the pipe using wax with the z-axis oriented in the radial di-

rection, x-axis along the pipe axis and the y-axis in the horizontal direction. The sampling rate was

12 kHz in all the experiments so that the maximum frequency of the sine sweep was the Nyquist

frequency. Full details of parts used are provided in Appendix A.

In order to understand the repeatability of the shaker as a sound source a series of experiments

were run. In the first of these, the triaxial accelerometer was placed on top of the shaker, to see the

vibrational response of the shaker at the source. In the second experiment, 5 measurements were

taken with the triaxial accelerometer 1 m from the shaker, with the shaker and accelerometers

not moved between repeats. When compared with the first experiment, this shows the effect of

the shaker coupling to the pipe on the acoustic response to the shaker, as well as showing the

repeatability of measurements at a distance. This experiment was repeated twice more, with the

shaker moved between experiments, to see how repeatably the shaker could be attached. For each

of these experiments a background measurement was taken, with no output sent to the shaker.

Table 4.3: Summary of measurements conducted investigating the repeatability of the shaker as a
sound source

Experiment Description Repeats
1 Triaxial accelerometer on shaker 5 + 1 background
2 Triaxial accelerometer 1 m from shaker, attachment (i) 5 + 1 background
3 Triaxial accelerometer 1 m from shaker, attachment (ii) 5 + 1 background
4 Triaxial accelerometer 1 m from shaker, attachment (iii) 5 + 1 background
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Figure 4.19: The variability in the acceleration spectra recorded on the monoaxial accelerometer
0.05 m from the shaker and triaxial accelerometer at 0.5 m from the shaker. 10 repeats are overlaid
in different colours, the background measurements are shown in black.

These experiments are summarised in Table 4.3.

The results of these experiments are shown in Figure 4.19. The response on the shaker (aref )

is consistent between repeats and between experiments, with a linear output from 200 Hz. The

response on the shaker when measured using the triaxial accelerometer (the blue traces) is simi-

larly linear in the z axis, unsurprising given that the monoaxial accelerometer was measuring the

acceleration in this axis. In an ideal set up the shaker would only vibrate in the z axis; considera-

tion of the x and y measurements show that this is very much not the case here, with a significant

proportion of the energy going into vibration in these axes. This effect is particularly pronounced

between 200 and 400 Hz. Some work was conducted to reduce these off-axis vibration by short-

ening the attachment of the shaker to the collar, and adding weight to the shaker, but no effective

solution could be found.

Moving on to consider the acceleration measured 1 m from the shaker, it can be seen that the
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shaker ref acc.tri acc.test C.1

(m) 0 0.2-5.8 0.51.02.03.04.05.0

(a)

shaker ref acc.
tri acc.test C.2

(m) 0-2.95 0.5 1.0 2.0 3.0

(b)

Figure 4.20: The locations of the shaker and triaxial accelerometers for the two sets of measure-
ments taken on segment C of the pipe loop.

linearity with frequency is significantly reduced, with variations of an order of magnitude across

this frequency range in all three axes. The z acceleration is most consistent across the frequency

range, although there are still significant losses in amplitude due to resonances, e.g. at 1,450,

1,850 and 2,150 Hz. The x and y accelerations measured on the pipe increase from 10−4 to

10−2 m/s2 over the range 200 to 1,500 Hz, before stabilising (to an extent). This means that

at frequencies of less the 500 Hz ax and ay are an order of magnitude less than az. az shows a

remarkably level of repeatability, both between shaker attachments (i), (ii) and (iii) and within

them. The only slight exception to this is between 1,200 and 1,400 Hz where the three traces can

just be distinguished. The x and y accelerations show a similar level of repeatability within shaker

attachments, with the 5 repeat measurements being indistinguishable, however, the repeatability

between shaker attachments is much poorer. This is particularly true for frequencies greater than

1,500 Hz where the results for the three attachments diverge clearly.

Based on this, it was taken that while the pipe response to the shaker is not linear with fre-

quency, the pipe response is consistent between repeats. Given that re-attaching the shaker led

to large differences in ax and ay for higher frequencies, any measurements comparing recordings

were taken with the shaker in the same position for all recordings.

4.3.3 Attenuation in a straight pipe

Two sets of measurements were taken with the shaker in different positions relative to features on

pipe section C (as labelled in Figure 4.17). These are labelled test C.1, where the shaker was 0.2 m

from a joint with 5 measurements taken at 1 m increments, and test C.2 where the shaker was in

the middle of the pipe section and 3 measurements were taken at 1 m increments. A detailed view

of these test positions is shown in Figure 4.20 with the location of the shaker and sensors for each

of the sets of measurements taken. The reference accelerometer (aref ) was kept 0.05 m from the

shaker, while the position of the triaxial accelerometer was varied, with the locations labelled as

shown in Figure 4.20.

The recordings on each axis of the triaxial accelerometer and for the reference accelerometer
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Figure 4.21: The spectra of accelerometer measurements in pipe section C for test C.1, showing
the effect of distance on the triaxial acceleration spectra for a straight pipe (b-d), as well as the
reference accelerometer spectrum (a). The data has been smoothed with a 101 point savgol filter.

are shown in Figures 4.21 and 4.22 for test C.1. In Figure 4.21 the reference accelerometer (aref )

measurements are consistent between the measurements at different locations, showing that the

triaxial accelerometer measurements at different distances can be meaningfully compared, given

that the acceleration next to the source was very similar. In contrast to the relatively smooth aref

measurements, it can be seen immediately in Figure 4.21 that the recordings on all three axes of the

triaxial accelerometer are very complex, with many nodes and anti-nodes. These are likely to be

associated with some complex wave interference pattern due to strong reflections from features in

the pipe network. This complexity has been somewhat reduced by applying a 101 point† Savitzky-

Golay (‘savgol’) filter [201] to remove very fine detail. This complexity seems to increase with

distance from the source, with the measurements 5 m from the source showing a very complex

†A 101 point filter was chosen as a balance between removing very fine detail, without compromising the shape of the
data. A wider filter could have been used instead of the step function introduced in Figure 4.22 however it was felt that this
led to such a change in behaviour that such a smooth function was a misrepresentation of the underlying data. A savgol
filter requires an odd number of samples.
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Figure 4.22: The spectra of accelerometer measurements in pipe section C for test C.1, showing
the effect of distance on the triaxial acceleration spectra for a straight pipe (b-d), as well as the
reference accelerometer spectrum (a). The data has been grouped to every 333 Hz, with the mean
of each band plotted.

spectrum, particularly in az. In this analysis we are mainly focussing on the changes in behaviour

over distance, therefore this level of complexity is unhelpful. To make the data easier to compare

over distance, the mean of every 333 Hz‡ has been found and re-plotted in Figure 4.22.

The z-component of the acceleration shows the clearest reduction in amplitude with distance,

particularly for higher frequencies with f > 1, 000 Hz. The x-component attenuates less, particu-

larly below 2,000 Hz. The attenuation of the y-component of the acceleration is between that found

for z- and x-components. However, the amplitude of the x- and y-components is approximately an

order of magnitude less that that of z-component. In general, the acceleration amplitude reduces

down to that of background noise at 5 m away from the position of impact for f > 5, 000 Hz.

Calculating the attenuation using Equation 4.5 from these measurements leads to Figure 4.23.

The calculated values for 0.5 m and 1.0 m have been excluded since they were much higher (up

‡Again, this was chosen based on a balance between maintaining enough detail to gain a sense of the behaviour, while
removing the necessary level of fine detail.
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Figure 4.23: The attenuation of accelerometer measurements in pipe section C for test C.1. The
data has been smoothed with a 101 point savgol filter to aid in interpretation.

to 5 /m for measurements 1 m from the source and up to 10 /m for measurements 0.5 m from

the source). This was considered to be due to near-field effects, rather than an interesting phe-

nomenon for discussion. The attenuation shown in Figure 4.23 varies with measurement location,

but follows the same trends in behaviour with frequency. αaz shows the most consistency be-

tween measurement locations, presumably because the initial amplitude of az was higher than for

the other two axes. αaz is also lower than αax and αay, particularly for f < 1,000 Hz, where

αaz is less than 0.5 /m, while αax and αay are between 0.5 and 1.0 /m. All three axes show a

trend towards increasing with frequency, bar a small decrease in attenuation at between 2,000 and

2,500 Hz. This is most pronounced for αaz. The lower attenuation for f < 1,000 Hz makes this

frequency range more practical for acoustic inspection of plastic pipes.

So far, this only considers the effect of distance for a single set of measurements, for the source

in a single location. Comparing the measurements at site C.1 and C.2 allows for some of the effects

of source location to be seen. The source being close the joint for measurements C.1 allowed for

measurements over a larger distance, but the joint is a stiffer section of pipe, so may inhibit the

pipe oscillations, in addition to being a large source of reflections. The attenuation calculated for

each axis where the triaxial accelerometer was 3 m from the source location is compared for C.1

and C.2 in Figure 4.24, where the data has been grouped into 333 Hz bins for a less cluttered

graph. For lower (< 2,500 Hz) frequencies, there is little divergence between the two setups, save

perhaps an increase in αay for location C.1 around 1,500 Hz. αaz is very similar across the entire

frequency range. αax and αay show more of a divergence in behaviour for f > 2,500 Hz, particular

around 3,500 and 4,500 Hz respectively. For the x and y axes the attenuation is higher for location

C.1 at these higher frequencies. This implies that the joint close to the source has more of an

effect on the x and y axes, and only at higher frequencies, with a nearby joint leading to higher
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Figure 4.24: Attenuation calculated for each axis for tests C.1 and C.2, both of which measured
the triaxial acceleration 3 m from a shaker on a straight MDPE pipe. The results for test C.1 are
shown in blue and those for test C.2 in orange. The average of every 333 Hz has been taken to aid
in interpretation.

attenuation. Intuitively it makes sense that an electrofusion joint would inhibit the longitudinal

and torsional motion more than the radial expansion of the pipe.

These experiments have shown that there is significant attenuation on a plastic pipe, even over

3 m, with a reduction in amplitude down to background levels over 5 m. This attenuation is highly

frequency dependent, with frequencies of less than 1,000 Hz showing a lower attenuation in all

axes than for higher frequencies. It has also shown how a nearby electrofusion joint impacts the

sound transmission through a pipe, this is taken further in the following subsections.

The sound source used for this work was not ideal, given the poor transmission from the source

to the pipe wall demonstrated in Figure 4.19, making it difficult to say how much of fine variations

in frequency across this section have been due to the shaker vs. a highly frequency dependent

attenuation profile of the plastic pipe. It seems likely that a large proportion of this came from the

sound source, but that does not explain the increase in variability for az in Figure 4.21 with distance

from the source. Furthermore, a wide band sinusoidal sweep is clearly not representative of the

noise made by a leak. However, it was felt that gaining information on the frequency dependence

of the attenuation was of more worth than the attenuation of specific leak, particularly given the

large variation in leak noise seen in Chapter 3. The minimum frequency of these investigations

was limited by the capabilities of the shaker, which struggled to produce repeatable pipe wall

accelerations for frequencies less than 200 Hz, given that the attenuation was lowest for lower

frequencies it would be beneficial to decrease this lower frequency limit.
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Figure 4.25: Location of shaker and accelerometers for measurements across an electrofusion
joint, showing (a) the schematic for tests 1 and 2, (b) a picture of test 1, (c) a picture of test 2, (d)
the schematic for tests 3 and 4, (e) a picture of test 3 and (f) a picture of test 4.

4.3.4 Attenuation across an electrofusion joint

Electrofusion joints are very common on PVC pipes. On the test rig used here they occur every

6 m, in the ‘wild’ they would be more widely spaced than that, but still occur every time two

plastic pipes are joined together. The attenuation over two joints was measured, and compared

with measurements taken with the shaker in the same place but the accelerometers moved such

that there was a straight line to the shaker rather than a joint in the middle. Schematics and

images of each of the four measurement location are shown in Figure 4.25. The shaker was placed

close to the joint to reduce attenuation between the shaker position and the start of the feature of

interest, this was based on the high attenuation seen in Section 4.3.3. Its position was also chosen

to match the relative proximity of the shaker and feature in later experiments, where the possible

positions for the shaker were more limited. Unfortunately, this does mean that the measurements

are in the extreme near field of the source - future work might consider a larger separation.

A comparison of the spectrum in each location is shown in Figure 4.26, given the significant
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Figure 4.26: Spectrum of recordings for each accelerometer axis comparing the effect across two
electrofusion joins with comparable measurements on a straight pipe. This means the shaker is in
the same place for tests 1 and 2, was then moved and then is in the same place for tests 3 and 4.
The tests are numbered as per Figure 4.25. The data has been smoothed using a 101 point savgol
filter.

effect of shaker location on the pipe response, these graphs have been coloured by shaker location,

with the measurements along the straight section shown as paler, ‘background’ traces, while the

measurements across the joint are shown in the foreground. It can be seen in Figure 4.26 (a), that

moving the shaker only had a large effect for frequencies above 2,500 Hz.

The joint has the largest attenuating effect on the radial (z) acceleration, particularly for fre-

quencies less than 1,000 Hz. Over the length of the joint the signal amplitude is not reduced to the

background level, but does diminish by a factor of 10 for az for f between 500 and 800 Hz. This is

most pronounced at 500 Hz. In contrast the radial acceleration for f between 900 and 1,250 Hz is

positively affected by the presence of the joint, with higher attenuation on the unobstructed pipe.

For frequencies from 1,250 to 2,250 Hz the presence of the joint has minimal effect. At frequen-

cies greater than this it is difficult to tell where the differences are due to the shaker attachment

varying vs. the presence of a joint, although in general up to 4,000 Hz the joint does lead to some

reduction in the signal received.

The torsional (y) acceleration is less affected by the joint, and is smaller in general. There is

some loss of amplitude for f < 1, 000 Hz, and there are some sharp discrete drops in amplitude

when the joint is in the middle of the measurements, e.g. at 400, 600 Hz. For higher frequencies

there is less agreement between the two datasets but generally the joint has little effect on ay. The

axial (x) acceleration is also barely affected by the joint. The low (<1,000 Hz) frequencies are
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Figure 4.27: Attenuation calculated with respect to the reference accelerometer (aref ). Results
have been smoothed using a 2501 point savgol filter.

more affected by the presence of the joint, but in this case the effect is much smaller. Between

1,000 and 1,500 Hz it is the straight pipe where ax loses most amplitude and for f > 1, 750 Hz

there is little difference.

The attenuation calculated using Equation 4.5 is shown in Figure 4.27, with the attenuation

calculated with respect to the reference acceleration measured for each test. It has been smoothed

with a more aggressive 2501 point§ savgol filter. As could be seen in the previous figure, the joint

has the largest attenuating effect on az below 1,000 Hz. At other frequencies and for other axes

the effect of the joint is less clear.

The accuracy of these calculations of αa are believed to be compromised by the extreme near-

field in which they have been recorded, so while trends in behaviour can be determined, more

extensive testing would be required to understand the quantitative effect of the joint.

These measurements have demonstrated the benefit of measuring the acceleration on more

than one axis as different components of the acceleration are more affected by the join.

§Again, this has been chosen based on a balance of being able to see trends in behaviour, while not removing too much
detail. A savgol filter requires an odd number of points.
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4.3.5 Attenuation across a flange joint

Flange joints comprise a metal gasket sandwiched between two flange plates, held together by

bolts, a picture is provided in Figure 4.28(a). The ends here have been connected to the main pipe

using electrofusion joints. There are many of these on the test rig used; they are less common on

the network at large, but do happen, particularly between pipes of different materials.

Measurements were taken at four locations across a joint (Figure 4.28(b)), with the shaker

0.25 m from the join. The accelerometer was positioned such that these measurements provide

information about the effect of the flange joint (positions B and C) as opposed to the effect of the

pipe only (positions A and D). The spectra recorded at each location are shown in Figure 4.29 and

the attenuation calculated with respect to the measurements 0.24 m from the joint is shown in

Figure 4.30 for each axis.

Looking at the recordings at the two positions before the flange joint (0.24 m and 1.0 m) in

Figure 4.29, the recording at 0.24 m from the source is larger than that 1.0 m from the source in

most cases. The exceptions to this are at localised reductions in frequency, such as that at 2,400 Hz

in ax, and for frequencies less that 1,000 Hz, where there is very little difference in magnitude of

the acceleration in any axis. ay shows more of a frequency dependence in magnitude for these

two measurements, with the measurements at point D reducing by an order of magnitude from

1,000 Hz to 4,000 Hz.

The measurements from the other side of the flange joint show that the joint has a significant

impact, with ax and az reducing by an order of magnitude over the majority of this frequency

range. ay also reduces over the flange joint when compared with the measurement 0.24 m from

the source, however the difference is no greater than that of the measurements at -1.0 m with

1 m of straight pipe in the intervening distance instead, particularly for f > 2,500 Hz, where the

acceleration at -1.0 m was particularly reduced. The joint has a smaller impact around 1,000 Hz on

all axes, with all three axes showing almost no change from the acceleration at -1.0 m. Comparing

(a)

shakerref acc.tri acc.

0-0.1-1.0m 0.24 0.75 1.0

(b)

Figure 4.28: Flange joint. (a) Picture of example flange joint, (b) measurement locations. The
measurement was taken 0.24 m from the shaker to avoid clashing with the joint.
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Figure 4.29: Spectrum of recordings for each accelerometer for measurements across a flange
join, with the positions in the legend corresponding to those in Figure 4.28(b). The data has been
smoothed with a 101 point savgol filter.

the measurements at 0.75 and +1.0 m, both of which are past the flange joint, in general there

is little attenuation between these two, however what differences there are are very frequency

dependent. For f < 1,000 Hz there is almost no difference, but for frequencies greater than this

the transmission between the two is inconsistent.

The attenuation for each position, calculated with respect to the recording at 0.24 m from

the shaker, is shown in Figure 4.30. As with the calculated attenuation across the electrofusion

join, these measurements are too close together to be in the far field. It is believed that this, in

combination with the large number of reflections in the system, is the cause of the high level of

complexity in the signal, which led to an aggressive smoothing function being applied. This shows

the same trends just discussed, with the attenuation of az being generally higher across the joint

for all frequency ranges.

Again, this demonstrates the difficulty in measuring leak noise when dependent on transmission

through such joins. The difficulties lie not only in the reduction in amplitude, but also in the strong

frequency dependence of the attenuation. This would undermine any frequency-based approach

to leak classification.
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Figure 4.30: Attenuation calculated with respect to the measurements 0.24 m from the shaker.
Results have been smoothed using a 2501 point savgol filter.

(a) (b)

Figure 4.31: Location of shaker and accelerometers for measurements across a 90 degree join,
showing (a) the positions of the shaker and accelerometers for measurements along a straight pipe
section and (b) around the corner, with the monoaxial accelerometer acting as a reference.

4.3.6 Attenuation around a corner

A similar set of measurements to those described in the previous section were performed for the

90 degree bend shown in Figure 4.31, this is segment E of Figure 4.17. In this case the shaker was

kept in the position shown and the accelerometers were moved such that they were 0.3 m from the

shaker along a straight length of pipe and then 0.3 m from the shaker around the corner, shown in

Figures 4.31(a) and (b) respectively. The reference accelerometer was not moved.

A comparison of the spectra for the recordings of a straight pipe and across the corner is shown

in Figure 4.32. Again, the reference acceleration for both sets of measurements is almost indistin-

guishable, save a few points between 2,500 and 3,000 Hz where the measurements for the straight
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Figure 4.32: Spectrum of recordings for each accelerometer across a corner joint, comparing
acceleration measured 0.3 m from the shaker along a straight pipe and across a corner joint. The
data has been smoothed with a 101 point savgol filter.

pipe are marginally larger. This means the measurements taken by the triaxial accelerometer can

be compared with confidence.

The x and y components of acceleration have very similar magnitudes between the two mea-

surements, of around 10−3 m/s2. There is some attenuation of ax across the corner for f <

1, 000 Hz, and a general change in behaviour for f > 2, 000 Hz where the measurements in the two

scenarios do not overlay each other well. az again exhibits the most attenuation due to the corner.

For most of the frequency range tested az measured across the corner is approximately 1/10 that

measured along the straight pipe section. There is less of a drop for frequencies between 800 and

1,200 Hz, and around 4,000 Hz, but the corner still has an attenuating effect. The final feature of

note here is the increased ‘spikiness’ of the frequency response, particularly in az but also in ax for

f less than 1, 250, where the data exhibits sharp drops in amplitude at discrete frequencies.

The attenuation calculated with respect to aref is shown for each axis in Figure 4.33, where the

same trends just discussed can be seen. The corner has the largest effect on αaz, with a consistent

increase in αaz except for 1250 < f < 1700 Hz, where the corner has little effect. The corner
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Figure 4.33: Attenuation calculated with respect to the reference accelerometer (aref ) for the
measurements around a corner described in Section 4.3.6. Results have been smoothed using a
2501 point savgol filter.

increases the αax between 400 and 800 Hz, but otherwise has little effect on αax or αay

Based on these measurements, the corner has more of an attenuating effect than the electro-

fusion joint across most of the frequency range, although it is less attenuating for f < 1, 000 Hz.

It has slightly less of an effect than the flange joint over the entire frequency range, although it,

too increases the number of strongly attenuated frequencies, leading to increased ‘spikiness’ in the

spectrum.

4.3.7 Attenuation underground

Finally, the effect of burying the pipe was considered. This is arguably the most important aspect

to be considered, given most pipes are buried, although it has already been investigated elsewhere,

e.g. in [38, 59, 62, 63].

The layout of this experiment is shown in Figure 4.34(a), where this is pipe section A of the

network shown in Figure 4.17. The shaker was placed underground, 4.0 m from where the pipe

emerges from the ground, as shown in Figure 4.34(b). Measurements were taken from 4.0 m

away from the impact with an accelerometer placed on the pipe at another excavated section, a

photograph of this is provided in Figure 4.34(c). These were compared with the measurements on
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shaker ref acc. tri acc.

0 m2.15 -4.0

3.7

4.3

5.4

2.45

(a)

(b) (c)

Figure 4.34: The test layout for measurements of the attenuation in a buried pipe, showing (a) a
schematic of the setup, (b) the shaker attachment and (c) the accelerometer attachment.

pipe section C, described in Section 4.3.3, for measurements 4 m apart on an above-ground pipe.

The spectra of these two recordings, both 4.0 m from the shaker are shown in Figure 4.35, with

the acceleration 0.05 m from the shaker included as a reference. aref is more dissimilar for these

two cases than for the other experiments in this section. The magnitude is generally within ±0.1×
10−2 m/s2, except at specific frequencies where the frequency drops, e.g. 2,160 and 2,400 Hz for

the above ground measurements and 3,150 and 4,300 Hz for the below ground measurements.

There is also a much lower amplitude between 250 and 400 Hz at aref for the below ground

measurements. These differences are likely due to the increased challenge of tightening the jubilee

clip for the shaker on the below ground experiment.

These discrepancies in aref are of less concern once the measured triaxial acceleration is con-

sidered: the acceleration measured on the below ground section is indistinguishable from the

background measurements for all but a few cases. The differences in aref cannot justify such a

large change in behaviour. In all three axes it looks as though there is a deviation in acceleration

from the background for f between 60 and 100 Hz. However, closer inspection reveals that there

is a similar increase in the background acceleration for the below ground measurements. Once

this has been discounted as background noise, the only measurements which are above the back-

ground for the below ground case is az for frequencies between 525 and 600 Hz. Even here the

loss in amplitude compared with the above ground case is two orders of magnitude.

Even with an anticipated increase in attenuation when the pipe is buried, this is an extreme

change in behaviour between the below and above ground measurements. It should be noted

that the magnitude of this attenuation does match that of the measurements in Section 3.4 which

considered the attenuation of the noise profile of a leak over 4 m underground. Further work is

needed here, measuring the below ground acceleration at shorter intervals or with more sensitive

accelerometers and hydrophones to fully understand what is happening and to get a true value of

the attenuation in the buried HDPE pipe. The sound source should be moved inside the pipe, since
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Figure 4.35: Spectrum of recordings for each accelerometer for above and below ground mea-
surements.

the sand close to the shaker will have inhibited its ability to move the pipe wall.
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4.4 Summary

In this chapter, the use of acoustics to extract the properties of plastic pipes has been attempted,

including finding the age of the pipe from calculation of E. The complications and complexities of

this endeavour have been shown, particularly the large errors in measuring the speed of sound in

the pipe and the commensurate effect on leak localisation using traditional methods.

Further, the significant attenuation experienced by sound in plastic pipes has been measured.

It has been shown how frequency dependent the attenuation in plastic pipes is, with greater at-

tenuation at higher frequencies, including a 100-fold reduction in amplitude seen for transmission

down 5 m of a straight, above-ground pipe at 5 kHz. The effect of various common features on

the network has been explored, with flange joints having the largest attenuating effect of those

studied and corners the least. The significant attenuation in buried pipes has also been shown.

Low (< 1, 000 Hz) frequencies were found to travel furthest on straight pipes, even though these

were most affected by features on the pipe. This is most likely because higher order modes are

attenuated more with distance, but the dominant breathing mode at low frequencies is strongly

attenuated by breaks in the continuity of the pipe wall.

Based on these results, it was concluded that while acoustic loggers located at key points on

the network may work for metal pipes and for very noisy or nearby leaks on plastic pipes, they are

unlikely to be sufficient on their own to find smaller leaks on plastic pipes. The following chapters

present an alternative methodology for use in highly attenuating pipes.
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Chapter 5

Detection of Pipe Wall Damage with

Low-Frequency Acoustics

The previous chapters have provided an introduction to the theory of sound wave propagation in

water-filled pipes for the detection of existing leaks. However, the advent of smart no-dig and core

drilling technologies, such as described in [221, 222], means that detecting the early signs of pipe

wall damage has become an important research question as an enabler for optimal use of these

no-dig maintenance solutions. Currently, detailed pipe wall inspection mainly requires ultrasonic

scanning of the pipe wall [223, 224]. This gives a very accurate view of the pipe wall, but is slow

and requires a good connection between the sensor and the pipe wall. Ultrasonic guided waves

can also be used to detect defects in the pipe wall, although it lacks sensitivity with distance [225].

In this chapter, novel sensing options are investigated, that move beyond on-pipe accelerome-

ters and hydrophones such that smaller leaks and defects can be detected. The use of the fluid ve-

locity coupled with low-frequency acoustics is posited as a method of detecting damage to the pipe

wall. This technology can be delivered with mobile robots such as that proposed by pipebots [181].

This technology is more practical for large scale pipe inspection than ultrasonic sensor technologies

because it is based on sound waves with wavelengths that are much greater than the pipe diame-

ter. These waves propagate considerable distance with little attenuation and do not experience the

typical coupling problems associated with ultrasonic waves which limit the rate at which scanning

can be undertaken, and the pipe conditions which it can inspect. The volume of data produced

by this kind of low frequency acoustic scanning is also significantly lower than that produced by a

full ultrasonic survey. It is proposed that this method would be used as a preliminary investigation

method, to find regions of interest which could then be inspected in more detail either visually or

ultrasonically. On a robotic platform, these three inspection methods could be used in conjunction

for increased efficiency in terms of scan speed and data storage.

The problem of defect detection is a problem not only on the WDN but also on rising mains.

From an inspection point of view, rising mains are more similar to pressurised water pipes than

gravity sewers in some ways: any inspection vehicle needs to be resistant to pressurised fluids and

acoustic propagation is in a pressurised water column. From the perspective of prototype testing,

rising mains offer a more appealing prospect than the WDN due to the less demanding regulations

for access (e.g. water quality is not a concern). As such, at this point this thesis shifts focus from

water pipes to rising mains. The theoretical work should apply equally to both, but experimental

work from here on has been conducted exclusively on rising mains.
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5.1 Investigating the acoustic environment of rising mains

As a first step to understanding the situation, work was conducted measuring the acoustics of live

rising mains. The data set described here was collected with the assistance of Wessex Water on a

pair of large diameter rising mains which were known to be in need of repair - there have been

three bursts on the pipes since 2014. These measurements allowed us to gain an insight into the

acoustic environment of rising mains, in particular the effect of the pumping cycle used to move

material through the pipes. Depending on the volume and consistency of pump noise between

and within pipes, the pump noise has the potential to be useful as the sound source for acoustic

analysis of the pipe.

5.1.1 Experimental setup

The Wessex Water site consists of two rising mains which travel next to each other in a tunnel

for 6+ kilometers under a town with limited access points. The access point chosen was a large

chamber accessible by manhole.

Measurements were taken using two PCB 393B04 accelerometers, with a sensitivity of 1 V/g.

The accelerometers were attached at 3 different locations within the chamber, with one accelerom-

eter placed on top of the pipe and the other to the side. Two of these measurement locations were

on the 800 mm diameter pipe, in the centre of the chamber and within the tunnel, the other mea-

surement was on the 1,100 mm pipe within the tunnel. Pictures of each of the three measurement

locations are shown in Figure 5.1.

Within the chamber, the pipes were buried in concrete up to 1/3 of their height, whereas within

the tunnel the pipes were resting on the floor. The measurement in the access chamber was to de-

termine whether the change in conditions due to the larger surroundings and the encasement in

concrete had a significant impact on the pipe wall vibrations. The measurements in the tunnel are

assumed to be more representative of the acoustics of the majority of the pipe length; these mea-

surement positions are only 1 m from the access chamber due to safety-related access restrictions.

(a) (b) (c)

Figure 5.1: Location of accelerometers when measuring pump noise on the large diameter rising
mains managed by Wessex Water: (a) 800 mm diameter pipe, in centre of access chamber, (b)
800 mm pipe, in tunnel, (c) 1,100 mm pipe, in tunnel.
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(a)

(b)

(c)

Figure 5.2: Recordings for each location on the Wessex Water pipes: (a) location a, 800 mm pipe
within chamber, (b) location b, 800 mm pipe in tunnel, (c) location c, 1,100 mm pipe in tunnel.
The measurement at the top of the pipe is shown in blue, the measurement at the side of the pipe
in orange. The bounds of the regions of interest are marked by vertical dashed lines, the colour of
which correspond to those used in the following plots.

This proximity to the semi-buried pipe sections may mean that there are more acoustic reflections

within the pipe than in a longer straight section, however the discontinuities in the pipe at joints

are likely to be a larger contributor to complexities in the acoustic environment.

The data was recorded using LabView via a NI DAQ (4431). The data was captured at a

2,000 Hz sample rate. The accelerometers were attached to the pipes magnetically.

Throughout this analysis, the different measurement locations are labelled a-c as per Figure 5.1.

5.1.2 Results

The time series recorded at each of the three locations on the Wessex Water pipes is shown in

Figure 5.2 with a wide filter, from 10 to 990 Hz, applied to remove spurious data beyond the sam-
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(a)

(b)

(c)

Figure 5.3: Recordings for each location on the Wessex Water pipes, zoomed in to see the be-
haviour during a period when the pumps were running: (a) location a, 800 mm pipe within
chamber, (b) location b, 800 mm pipe in tunnel, (c) location c, 1,100 mm pipe in tunnel. The
measurement at the top of the pipe is shown in blue, the measurement at the side of the pipe in
orange. Note the change in scale on the y axis.

pling rate of the data, and to remove very low frequency noise. The noise from the pumps is clearly

visible in subplots 5.2(b) and (c), with a marked increase in amplitude. The time stamps of these

regions have been compared with logs from the pumping station and they do correspond to the

timings of the pumps turning on and off. There is some increase in amplitude in the recording at

location (a) (Figure 5.2(a)) when the pumps were turned on, although there is more background

noise at this location and a lower acceleration measured due to the pumps. Again, the pumping

station logs have been used to designate the regions between the coloured dashed lines as con-

taining pump noise. The significantly lower wall acceleration measured at location (a) as opposed

to (b) and (c) may be because at this position the pipe is buried up to half its height in concrete,

which would reduce the freedom of the pipe wall. In each of these time series, two sections have

been selected within the pump noise for further analysis, along with one section outside of the

pump noise to serve as a reference measurement of the background noise. The boundaries of these
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(a)

(b)

Figure 5.4: Spectrum calculated for each of the regions designated in Figure 5.1(a), coloured by
region. Here (a) shows the result for the accelerometer on top of the pipe while (b) shows the
result for the accelerometer on the side of the pipe.

regions are shown with dashed lines in each subplot, the colours of which match the traces used

in Figures 5.4, 5.5 and 5.6.

A small section of each of these plots is shown in Figure 5.3, showing a section of the time series

where the pumps are on. In Figures 5.3(b) and (c) the measurements at the two accelerometers

are out of phase for the entirety of the segment. Inspection of the rest of the time series shows

this behaviour continuing while the pumps are on. There is a higher frequency component in Fig-

ure 5.3(b) which does not overwhelm the behaviour. This is in strong contrast with the time series

recorded at location (a) (Figure 5.3(a)), where the signal is dominated by much higher frequencies

and there is no such relationship between the phase of the signals from the two accelerometers.

The spectrum of each of the regions where the pumps were known to be on was calculated,

along with a section of the same length as a reference background measurement. These are shown

for each of the three locations in Figures 5.4, 5.5 and 5.6.

As expected given the visibly tonal nature of the time domain signals in Figure 5.3, the spectra

for locations (b) and (c) (Figures 5.5 and 5.6 respectively) show a peak at 50 Hz which is approx-

imately an order of magnitude larger than any other frequency components in these spectra. This

peak is very similar for both of the two pump events at each location. The spectra recorded at

location (b) (Figure 5.5) show a much wider peak around 50 Hz than the recordings at location

(c), with an acceleration amplitude of more the 1× 10−4 m/s2 (an equivalent of ∼ 0.3× 10−6 m/s

in terms of the radial acoustic velocity) for most of the range from 15 to 60 Hz, and an amplitude
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(a)

(b)

Figure 5.5: Spectrum calculated for each of the regions designated in Figure 5.1(b), coloured by
region. Here (a) shows the result for the accelerometer on top of the pipe while (b) shows the
result for the accelerometer on the side of the pipe.

an order of magnitude above the background for the range 15 to 100 Hz. The two spectra from

location (c) (Figure 5.6) show a similar narrow peak at 50 Hz. Both of these locations are in the

tunnel with (b) on the 800 mm diameter pipe and (c) on the 1,100 mm diameter pipe. Without

more results it is difficult to say whether the difference in behaviour on the two pipes is due to

specifics of how the accelerometers were attached or due to the difference in pipe geometry.

At higher frequencies, pump event 1 at location (b) (Figure 5.5) shows a strong divergence

from the background noise, while pump event 2 shows almost no change in behaviour from the

background for frequencies greater than 200 Hz. Again, without more information it is difficult

to determine the cause of these discrepancies, although it seems likely that there was some other

noise source present during pump event 1. In retrospect, further measurements taken at a distance

from the pipes would have been a useful point of reference, in order to filter out transitory back-

ground noise sources. The recordings taken at location (c) (Figure 5.6) show more consistent high

frequency components between the two pump events, with several broad peaks that are clearly

above the background measurements, for example at 200, 330, 490 and 660 Hz, as well as above

760 Hz.

Returning to the measurements at location (a), which Figure 5.3(a) has shown is more complex

than the measurements at locations (b) and (c), Figure 5.4 shows the spectra for the pump events

at this location. There is some tonal behaviour at 50 Hz, however the peak amplitude at 50 Hz is

only 1 × 10−4 m/s2 here, as opposed to 1 × 10−3 m/s2 at locations (b) and (c). Furthermore, the

background has much higher amplitude components, for example at 120 Hz and at 245 Hz, than
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(a)

(b)

Figure 5.6: Spectrum calculated for each of the regions designated in Figure 5.1(c), coloured by
region. Here (a) shows the result for the accelerometer on top of the pipe while (b) shows the
result for the accelerometer on the side of the pipe.

for the other two locations. The higher amplitude of the background components is probably due

to the pipe being half buried in concrete, due to which it is coupling more strongly to background

noise sources. It is interesting that there is a similar increase in amplitude for frequencies above

400 Hz in pump event 1 as was seen in Figure 5.5 for location (b), adding credence to the theory

that this is caused by another transitory but repeating background noise source, which could be

road noise.

The spectra at the two accelerometers, positioned on the top and side of the pipe in subfigures

(a) and (b) respectively for Figures 5.4, 5.5 and 5.6 show small differences in their spectra, but in

general are very similar.

To summarise, these experiments with the wall acceleration on pipes several kilometres from

a pumping station have shown a tone at 50 Hz measured at 6 locations covering different pipe

diameters, surroundings and positions around the pipe circumference. The background noise was

significantly louder for the half-buried pipe, making the tonal behaviour impossible to see in the

time series analysis, although it was visible in a frequency analysis of the data. Beyond this differ-

ence in the background noise, there was also the broader peak seen for the larger diameter pipe,

stretching from 15 to 100 Hz (Figure 5.5) as opposed to the narrow peaks in the spectra seen at

50 Hz for the other two locations. Without further measurements it is difficult to determine the

cause of this signal.

To understand this behaviour better it would be useful to take reference measurements close to
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the pump, in order to understand how the pump noise is changing from the source to this detection

point. Similarly, it would be useful to measure at more points at varying distances from the pumps.

As ever, longer measurements allowing more of an understanding of transient background noise

sources as well as measuring more pump cycles would be beneficial.

5.1.3 Summary

Based on these recordings, it is clear that should pump noise be used as a sound source, any

receiver would need to be focusing on very lower frequencies, of around 50 Hz since this is where

the majority of the pump noise is. Conversely, should a different noise source be used these

frequencies clearly propagate for large distances, rendering them similarly worth consideration,

although in this case steps would need to be taken to remove ‘background’ pump noise from any

recordings.

These conclusions are based on a single pump source and two similar pipes, therefore while

these low frequencies can be used as a focus for initial investigations, further work is required to

corroborate the use of low frequencies. Nevertheless, the results of these experiments suggest that

the pipe wall vibration is detectable at these frequencies with a standard measurement accelerom-

eter, i.e. the corresponding fluid acceleration and acoustic velocity can also be measured inside the

pipe with a suitable accelerometer device suspended in fluid.
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5.2 Finding a parameter sensitive to defects

The work of the previous section has highlighted low frequencies as a viable avenue of exploration

for long distance inspection of rising mains, either using a synthetic sound source or the pump

noise itself, since these low frequencies are clearly propagating effectively through the pipe system.

However, accelerometers mounted on the pipe wall are not an ideal means of inspecting the pipe

system, for all the reasons highlighted in Chapter 2. In addition to this, the accelerometers used in

Section 5.1 were much more sensitive than the accelerometers normally used for leak detection.

In order to investigate alternatives to measuring the wall acceleration, the modelling work from

Chapter 3 was modified and extended to consider the effect of defects on the in-pipe acoustics.

From this, the parameter most sensitive to the presence of defects could be determined. Chapter 6

reports on the experimental work undertaken to verify these results.

This section focuses on a COMSOL Multiphysics®[193] model of a 310 mm diameter ductile

iron (DI) pipe, with wall thickness 10 mm. This is representative of a reasonable proportion of the

rising main network, and matches the pipe available for further testing as described in Chapter 6.

The effect of deviating from these dimensions and materials is considered in Section 5.4.

5.2.1 The model

To investigate the system further, a numerical model of a pipe was created in COMSOL Multi-

physics®. Initially this was a defect-free pipe, of diameter 800 mm, which was compared with

the measurements taken in Section 5.1 to determine a realistic source amplitude. The diameter of

the model was then reduced to 310 mm to match the pipe available for testing and two different

shapes of defect were introduced to the pipe wall. The effect of these defects on the acoustic envi-

ronment considered. From this decisions could be made for designing a more sensitive sensor for

defect detection in pipes.

The model is an extension of the work already described in Section 3.1, so is not described

in detail again here. The radial acceleration on the pipe is shown in Figure 5.7 for a planar

source located at -20 m with a range of amplitudes from 10 to 1,000 Pa on a pipe with radius

800 mm and length 56 m. Adjusting the amplitude of this source led to the choice of 600 Pa as the

source excitation pressure, since this led to a wall acceleration of the same order as the 0.02 m/s2

measured in Section 5.1.

This model was adjusted to match more closely the pipe available for testing, the relevant

parameters are provided in Table 5.1 and Figure 5.8(a) shows a schematic of the setup. This table

includes the dimensions of the two defects modelled: a hole in the pipe wall and thinning of the

pipe wall. The length of the pipe in the model was set to 56 m to make it greater than the acoustic

wavelength and to help control the reflections from the pipe ends while maintaining fast solve

times. An analysis of the mesh chosen is provided in Appendix E.

Three pipe models were set up and run:

i) an intact pipe without any wall defects,

ii) a pipe with localized wall thinning to 1/3 of its normal thickness,

iii) a pipe with a wall hole of radius 0.01 m.
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Figure 5.7: Radial acceleration on the surface of an 800 mm pipe with planar sound sources of
the amplitude provided.

Table 5.1: The values of key parameters used in the COMSOL Multiphysics model.

property value unit comment
Young’s modulus 172 GPa pipe material:

loss factor 0.0015 - DI
Poisson’s ratio 0.275 -

density 7150 kg/m3

Young’s modulus 1 GPa pipe material:
loss factor 0.05 - HDPE

Poisson’s ratio 0.4 -
density 950 kg/m3

length 56 m pipe dimensions
inner diameter 0.31 m
wall thickness 10 mm
hole diameter 15 mm 1/20 pipe diameter
cutout depth 6.6 mm 2/3 pipe thickness

A section of the mesh around the defects are shown in Figures 5.8(b) and (c) for model configura-

tions (ii) and (iii). The construction of the hole in the pipe wall was a simple case of removing a

cylinder of the appropriate thickness from the pipe wall. The pipe wall thinning was constructed

by removing a sphere of radius

In all of these models the frequency response to a planar pressure source operating at 170 Hz

was considered. At this frequency the wavelength in water is approximately 8.6 m, considerably

greater than the pipe’s diameter of 0.31 m. This frequency was chosen based on an analysis of the

sensitivity of multiple frequencies, provided in Section 5.4.2.
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(a)

(b) (c)

Figure 5.8: The model. (a) shows a schematic of the model, (b) and (c) show the mesh around
the two defects modelled: thinning of the pipe wall and a hole in the pipe wall respectively.

Table 5.2: The maximum percentage change in the absolute value each variable, v, shown in
Figure 5.9 for each type of defect. Calculated as the maximum difference in v along the axial
coordinate divided by the maximum of v along that coordinate.

defect awall p vx vy vz

hole 5.0 0.7 0.4 410 45
cutout 0.4 0.2 0.2 7800 37

5.2.2 FEM results

The amplitude and phase of the pipe wall acceleration, pressure in the fluid column and the acous-

tic velocity in all three axes were compared. This comparison is provided in Figure 5.9 for each of

the three cases modelled, along with a quantitative comparison of the maximum difference caused

by each type of defect for each parameter in Table 5.2. The acoustic pressure and velocity compo-

nents shown were calculated along a line in the fluid offset 0.06 m from the defective pipe wall

(this is the distance used in the experiment described in Chapter 6, and is shown in Figure 5.8(a)).

It should be noted that the described model does not account for the attenuation in the fluid

and pipe wall, however for metal pipes this effect should be minimal.

The results presented in Figures 5.9 (a), (b) and (c) demonstrate that the wall acceleration,

awall, acoustic pressure, p, and axial fluid velocity, vx, are relatively insensitive to the presence of

these defects. This can be seen in Table 5.2 where the maximum difference caused by a defect over

the length of the pipe is less than 1% of the amplitude of each parameter in all cases except awall,

where it is less than 5%. In contrast, the horizontal fluid velocity, vy, (Figure 5.9 (d)) shows a
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Figure 5.9: The results from the numerical simulation for sound propagation along an ‘infinite’
pipe with and without a defect. The amplitude and phase are shown for: (a) the wall acceleration;
(b) the acoustic pressure; (c) the axial component of velocity (vx); (d) the horizontal component
of velocity (vy); and (e) the vertical/radial component of velocity (vz). The results in (b-e) are for
a receiver line that runs 0.06 m from the edge of the pipe closest to the defect. The defect is at 0 m
and the planar sound source is at -24 m, oscillating at 170 Hz.

pronounced localised increase in its amplitude and much less localised change in the phase when

a defect is present. Similarly, the amplitude of the vertical component of the acoustic velocity

vector in the fluid, vz (see Figure 5.9 (e)) shows a marked change in behaviour in the presence of

a defect: its amplitude increases considerably and oscillates as a function of the axial position, x,

while there is a phase shift in vz downstream of the defect. The change in amplitude of vz can be

detected at a significant distance to either side of the defect, although it is again most pronounced

downstream from the defect. The maximum percentage change in vz due to a defect is significant:

between 30% and 50% depending on the type of defect (see Table 5.2). Given the pipe geometry,

vy and vz were combined to form a ‘radial’ velocity, which is the amplitude of the velocity on the

pipe cross-section, where

vr =
√
v2x + v2y (5.1)
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To understand better the behaviour of the pressure and velocities, the amplitude of these quan-

tities were plotted across a section of the pipe as shown in Figure 5.10. These plots show that the

acoustic pressure (Figures 5.10(a), (b) and (c)) is visibly unaffected by the presence of a defect

across the entire width of the pipe so that it would be difficult or impossible to use this information

to detect the wall thinning or perforation. On the other hand, the vr shows a clear change in its

behaviour when the defect is present (Figures 5.10(d) and (f)) as opposed to when there are no

defects on the pipe (Figure 5.10(e)). In the presence of the defect the symmetry of the system is

broken in the entire region shown, and close to the defect there is strong increase in the velocity.

This localised increase is different for the two defects, with the hole (Figure 5.10(d)) showing a

larger increase than the pitting defect (Figure 5.10(f)). The same information is shown for slices

across the pipe in Figures 5.11 and 5.12.

These results all rely on measuring changes in the velocity of the order 10−5 m/s, for velocities

that are of a similar order. This will require a sensitive velocity sensor, in addition to minimal

background noise due to external sources such as road noise and fluid motion through additional

features on the pipe. The magnitude of these external sources on the background fluid velocity has

not been studied previously; doing so will form an important future step in the development of the

acoustic velocity vector as a method for detecting defects in pipes.

5.3 An analytical consideration

Here we take a brief detour to consider these findings, that the radial component of the fluid

acceleration is more sensitive to defects than the pressure or axial acceleration.

For waves with frequencies below the ring frequency, defined in Equation 2.6, the fluid-borne

waves are planar. A planar wave travelling along the x-axis can be expressed in terms of pressure

as

p(x, t) = p0e
i(ωt−kx) (5.2)

Extending this to find the total pressure, pt, near a damaged region requires incorporating the

acoustic field due to scattering from the defect ps, so

pt(x, y, z, t) = p(x, t) + ps(x, y, z, t). (5.3)

At low frequencies |ps| ≪ |p| it can be challenging to detect the presence of a defect using the

pressure alone. If, instead, we consider the acoustic velocity

v =
∇p

iωρf
, (5.4)

with ρf as the density of the fluid, we can see that, combining equations (5.3) and (5.4), the total

velocity in the y and z directions comes from the scattering defect, while the x velocity component

is a combination of the planar and scattered velocities. The amplitudes of vy and vz are negligibly

small in the pipe without a defect because of the form of eq. (5.2). The presence of the defect in

the pipe wall causes vy and vz to increase significantly, as is illustrated in the following sections, to

become measurable with an AVVS.
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(a) (b) (c)

(d) (e) (f)

Figure 5.10: The results from numerical simulations with a 170 Hz planar source, for sound
propagation showing the amplitudes of the acoustic pressure (a-c) and radial fluid velocity (d-f)
for a cut plane through the middle of the pipe, showing 2.2 m to either side of the defect at 0 m.
(a) and (d) the effect of pipe wall thinning. (b) and (e) pipe with no defect. (c) and (f) the effect
of the hole in the pipe wall.
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Figure 5.11: The results from numerical simulations for sound propagation with a 170 Hz planar
source, showing the amplitude of the radial velocity at slices across the pipe for a pipe with a hole
in the side.
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Figure 5.12: The results from numerical simulations for sound propagation with a 170 Hz planar
source, showing the amplitude of the radial velocity at slices across the pipe, for a pipe with a
pitting defect in the side.
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5.4 The sensitivity of the radial velocity as a method for defect

detection

The above results stand as a proof of concept. It was considered beneficial to run similar models

investigating the effects of pipe material, dimensions and source frequency. Each of these are

covered in the following sections. The pipe length was found to have minimal effect - as should be

the case if the PMLs are set up appropriately to model an infinite pipe.

5.4.1 Pipe material

The model covered in section 5.2 was run for a pipe made of HDPE and DI, with the wall thinning

defect described previously. The material properties are those provided in Table 3.2. A comparison

of the radial velocity across a slice of the pipe, cutting through the defect is shown in Figures 5.13

and 5.14 for a model of a 50 m long pipe, with source frequencies of 65 and 170 Hz and pipe

diameter of 310 mm. For each frequency and pipe material, the result for the wall thinning defect

is displayed next to the result for an intact pipe.

The presence of the defect has a clear effect in all four of these cases. The impact is clearest

in the DI pipe, with a localised increase in radial velocity close to the defect for both source

frequencies shown here. For the 65 Hz source this is an increase from a consistent background

vr of approximately 2 × 10−6 m/s to approximately 1 × 10−5 m/s within 0.1 m of the defect. For

the 170 Hz source there is a higher amplitude standing wave in the pipe in the background case,

(a) (b) (c) (d)

Figure 5.13: Radial velocity predicted for an HDPE pipe with diameter 310 mm, length 50 m, with
a source located at -10 m from the defect at 0 m. (a) shows the results with a 65 Hz source and a
pitting defect at 0 m, (b) a 65 Hz source and no defect, (c) a 170 Hz source and a pitting defect at
0 m, (d) a 170 Hz source and no defect. Note the change in range between figures.
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(a) (b) (c) (d)

Figure 5.14: Radial velocity predicted for an HDPE pipe with diameter 310 mm, length 50 m, with
a source located at -10 m from the defect at 0 m. (a) shows the results with a 65 Hz source and a
pitting defect at 0 m, (b) a 65 Hz source and no defect, (c) a 170 Hz source and a pitting defect at
0 m, (d) a 170 Hz source and no defect. Note the change in range between figures.

however the antinode of this standing wave is shifted by 1 m from its position in the intact pipe

to coincide with the location of the defect. The defect itself leads to a similar increase in vr to

approximately 1×10−5 m/s within 0.1 m of the defect. The shift in antinode for the 170 Hz source

may be detectable in a pipe with strong internal reflections such that an obvious standing wave is

set up, however the large number of reflections in a complex pipe network would be more likely to

obscure the signal from the defect itself. The strong localised increase in vr for the 65 Hz source is

more likely to be detectable, although given that it does not influence the entire pipe cross section

at the defect position, any sensor would need to scan close to the pipe wall (within 0.1 m in this

case). This should be considered in any sensor design decisions.

The impact of the defect on the HDPE pipe (Figures 5.14(a), (b), (c) and (d)) is more subtle

and may prove more difficult to detect. For the 65 Hz source, substantially higher amplitude

standing waves are set up in the pipe when there is a defect in the pipe wall, with the antinode of

these waves sitting at the location of the defect. In the model, these higher amplitudes continue

for the length of the modelled pipe. There is no localised increase in vr close to the defect for the

HDPE pipe with a 65 Hz source. For the 170 Hz source in the HDPE pipe, the antinode of the

standing wave also shifts slightly to align with the defect. In this case, the antinode was close to

the defect position in the intact pipe, consequently, this shift is more difficult to see, demonstrating

an obvious issue with such a means of defect detection. There is also a localised increase in vr,

from 0.5 × 10−3 m/s to 4 × 10−3 m/s within 0.05 m of the defect. This should be observable to a

sensor scanning along the edge of the pipe given that the antinode of the standing wave has also

aligned with the defect. However, it is a more subtle difference than those predicted to occur in a

DI pipe.
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Both of these models indicate that the impact of the defect is localised, such that any sensor

would need to scan close to the pipe wall (within 0.05 m). They also indicate that different source

frequencies may be appropriate for different pipe materials, with a 65 Hz source showing a clearer

defect ‘signature’ for DI, while a 170 Hz source shows a more identifiable effect for an HDPE pipe.

5.4.2 Wider frequency range

The choice of frequency up to this point has been based on the field work reported in Section 5.1,

which was a very small survey of pump noise in a specific pair of rising mains which cannot be

taken as representative.

The previous section considered the response of HDPE and DI pipes to a wall defect with a

65 Hz and a 170 Hz source and has demonstrated that different frequency ranges are likely to be

of interest for different pipe materials. Given that the focus of the remainder of this project is on

DI pipes, this section considers the frequency dependence of the response of a DI pipe to a wall

defect and to a hole in the pipe wall. The models from Section 5.2 were run for a selection of

frequencies between 65 and 1000 Hz. The lower end of these frequencies were chosen to be 65,

130 and 170 Hz, to cover the range 50 to 200 Hz while avoiding multiples of the mains frequency

in the UK (50 Hz), which can be a significant source of background noise during experiments.

The results for the radial velocity for slices across the pipe at the position of the wall thinning

and hole are shown in Figures 5.15 and 5.16 respectively. The same results for an intact pipe have

been plotted as subfigures (i) to (p) in both figures for reference purposes.

Figures 5.15 (a), (b), (c) and (d) (frequencies 65, 130, 170 and 200 Hz) show a similar pattern

of behaviour, with a strong increase in the radial velocity close to the thinner area of pipe, extend-

ing to approximately half the pipe diameter in all directions. There is also a shift in the standing

wave in the pipe, with the minima of the standing wave moving to coincide with the wall thinning.

This can also be seen in Figure 5.16 for the hole in the pipe wall, although the increase in radial

velocity is even more localised, extending only approximately 0.05 m from the pipe wall.

For frequencies higher than 200 Hz, the standing waves in the pipe tend to overwhelm the

signal from the defect. There is still a localised increase in vr, but it is only visible when the

standing wave does not coincide with it, as is the case for the 800 Hz source in Figures 5.15 (g)

and 5.16 (g). This would make deploying a sensor to scan along the pipe wall challenging, as the

SNR would be low.

Based on this analysis, efforts will continue to focus on very low frequency sources, with fre-

quencies less than 200 Hz.
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5.4.3 Adding soil

Soil was added surrounding the pipe, with material parameters:

Gs = 2× 107 N/m2

Ks = 5.3× 107 N/m2

ρs = 2, 000 kg/m3

The soil surrounded the pipe to 0.5 m in all directions, with a free boundary at its outer edge. This

model is for a 310 mm diameter pipe, with a planar source located 10 m from the defect, which is

at 0 m. The pipe model is 25 m long with PMLs at either end to simulate an infinite pipe. Only a

wall thinning defect, of the same dimensions as previous instances, was simulated here, since the

impact of water egress into the soil from a hole in the pipe wall was considered too important to

ignore and too complex to simulate accurately using this methodology.

The results for the radial velocity around the defect for a DI and an HDPE pipe are shown

in Figures 5.17 and 5.18 respectively. These figures correspond to those shown in Section 5.4.1

(Figures 5.13 and 5.14), which considered the effect of a change in material in an unburied pipe.

Again, there is a clear change of behaviour in the proximity of the defect for both materials and

both frequencies.

For the 65 Hz source frequency, the DI pipe shows a pronounced increase in radial velocity up

to approximately a pipe radius from the defect (Figure 5.17(a) and (b)). There is also an increase

in the amplitude and phase of the standing waves, visible at -2 m and 1 m in these figures. The

HDPE pipe (Figure 5.18(a) and (b)) shows much less of an impact of the defect. There is some

very localised increase in vr next to the defect, but no substantial changes to the behaviour in the

(a) (b) (c) (d)

Figure 5.17: Response of the radial velocity to the presence of a defect for a 300 mm diameter DI
pipe with a source 10 m from the defect at 0 m, showing (a) pipe with a defect, source frequency
65 Hz, (b) pipe with no defects, source frequency 65 Hz, (c) pipe with a defect, source frequency
170 Hz, (d) pipe with no defects, source frequency 170 Hz. The colormaps both show the radial
velocity, one for the inside of the pipe, the other for the soil outside the pipe, note the changes in
scale between these two as well as between the sets of figures.
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(a) (b) (c) (d)

Figure 5.18: Response of the radial velocity to the presence of a defect for a 300 mm diameter
HDPE pipe with a source 10 m from the defect at 0 m, showing (a) pipe with a defect, source
frequency 65 Hz, (b) pipe with no defects, source frequency 65 Hz, (c) pipe with a defect, source
frequency 170 Hz, (d) pipe with no defects, source frequency 170 Hz. The colormaps both show
the radial velocity, one for the inside of the pipe, the other for the soil outside the pipe, note the
changes in scale between these two as well as between the sets of figures.

rest of the pipe. This is a change from the case where there was no soil surrounding the pipe

(Figure 5.14(a) and (b)), where the presence of the defect led to a change in the behaviour of the

standing waves in the pipe.

For the 170 Hz source frequency, the DI pipe shows an increase in radial velocity close to the

defect (Figure 5.17(c) and (d)). It is interesting that with the introduction of the soil layer the

increase in vr close to the defect is much more localised, but also has more of an impact on the be-

haviour of the rest of the pipe than for the model where there was no soil (Figure 5.13(c) and (d),

with a substantial increase in vr on the wall opposite the defect. The HDPE pipe (Figure 5.18(c)

and (d)) shows a general decrease in amplitude of the standing waves in the pipe, and the symme-

try of the standing waves is broken. The defect itself causes a small increase in vr very close to the

defect, but this is overwhelmed by the amplitude of the standing wave. This is very similar to the

behaviour seen in Figures 5.14(c) and (d), although the effect on the standing wave is far more

pronounced in this case where there is soil.

Based on these results, the soil clearly has an impact. The range of change in behaviour is

larger with the soil present than without, with the standing waves in the pipe being significantly

distorted for the defective pipe. The defect itself has less of localised effect. This may make it more

difficult to detect the defect using a scanning robot-based approach, but more testing is needed to

determine this. Testing in a more realistic set up would also be beneficial to test the effect on the

standing waves in a more complex pipe, since the standing waves are dominating these results. As

with the unburied pipe, the HDPE pipe was more sensitive to the defect for a source frequency of

170 Hz, which the DI pipe was more affected for a source frequency of 65 Hz.
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5.5 Summary

Based on the analysis presented here, the radial velocity shows potential as a method of defect

detection in pipes. The models indicate that the radial velocity shows an increase in amplitude

close to a defect for a metal pipe, with frequencies of less than 400 Hz identified as having the

highest signal to noise ratio. Further testing in more environments is required to verify that this

SNR is sufficient for detectability when other sources of background noise are present. Coupled

with the measurements of pump noise propagation on a working rising main, where frequencies of

around 100 Hz showed the most response to the pump, this leads to frequencies of around 100 Hz

being proposed for the sound source used for experimental testing of an AVVS for defect detection

in a metal pipe. The next chapters test this finding experimentally.
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Chapter 6

Experiments with Acoustic Velocity

Vector Sensors in a Rising Main

Informed by the findings from the measurements and numerical simulations reported in the pre-

vious chapter, a laboratory experiment for two different types of acoustic velocity vector sensors

(AVVSs) was designed and carried out to determine how effectively these sensors could detect

defects on the pipe wall. This chapter is primarily concerned with the laboratory setup, sensors

and experimental results. For completeness, the numerical results from Chapter 5 are compared

with the experimental results. The specifics of the experimental setup meant that significant mod-

ifications were made to these models before comparing them with the experimental results. These

modifications are described and their effect discussed before the numerical results of the modified

models are compared with the experimental results.

6.1 Laboratory setup

Measurements were conducted in a 2.0 m long, 0.31 m (internal) diameter ductile iron rising main

section exhumed for this purpose by Thames Water. As is common in rising mains, it exhibited

significant deterioration of its pipe wall due corrosion and also of its bottom pipe wall surface due

to scouring. The pipe wall damage and its arrangement in the water tank are shown in Figure 6.1

- the pipe has been inverted, so the wall damage is visible on the top of the pipe. The points

where this scouring has caused holes in the pipe wall have been treated as discrete ‘defects’ during

testing.

The pipe was placed in a large water-tight PVC container (see Figure 6.1). The container was

filled with water such that the pipe was fully submerged and covered with water to 0.025 m above

its crown. The relevant dimensions of the setup are included in Table 6.1. The same dimen-

sions were used in the COMSOL model discussed in the following section to simulate the specific

conditions of the experiment. An underwater speaker (Visaton FR8WP amplified by Fosi Audio

TDA7498E) was installed in the centre of the pipe’s cross-section at one end of the pipe. The

speaker was mounted using four spokes of equal length to fix it in the centre of the pipe cross-

section. The speaker mounting is visible in Figure 6.10(b). It was operated at 170 Hz to generate

acoustic pressures of a few hundred Pascals. The sensor was moved along the pipe using a ten-

sioned wire at the top of the pipe, taking into account the size of the sensor, this meant that the
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(a)

(b)

Figure 6.1: The experimental setup with a 2 m long, 0.31 m (internal) diameter ductile iron
pipe in the ICAIR laboratory at Sheffield. The pipe has been inverted so its damaged surface is at
the top. (a) shows a picture of the setup while (b) is a schematic showing the key dimensions,
including the line along which measurements were taken using each of the sensors.
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sensor itself moved along a line 0.06 m from the top of the pipe, as shown by the ‘sensor line’ in

Figure 6.1(b).

Table 6.1: Key dimensions of the experimental setup. All distances are measured with respect to
the start of the pipe and the bottom of the pipe (see Figure 6.1(b)). The same parameters are used
in the numerical model described in Section 6.2

Property Value Unit Comment
Pipe length 2 m

Pipe diameter 0.31 m internal
Speaker location 0.09 m central to pipe
Speaker length 0.1 m
Source pressure 450 Pa at speaker

Tank start location -0.156 m
Tank length 2.375 m
Tank height 0.473 m
Tank width 0.57 m

Tank wall thickness 10 mm
Frame height 0.118 m
Tank material PVC

Young’s modulus 2.9 GPa tank material
Poisson ratio 0.4 (PVC)

Density 1760 kg/m3
Sensor elevation 0.25 m from bottom

Hydrophone elevation 0.3 m of pipe
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6.2 Modelling the sensor performance in a laboratory tank

COMSOL MultiPhysics®simulations were carried out to support the experiments reported in this

chapter. The simulations presented in Chapter 5 assumed that the pipe was infinitely long and/or

surrounded by soil. This section presents a model modified to predict the performance of the

AVVSs in the laboratory tank used in the subsequent experiments. The pipe is significantly shorter

than infinite, and the pipe is submerged in water within a space-limited tank, this made the models

of the infinite pipe a poor match to the experimental setup. The main purpose of these simulations

was to determine the requirements for the sensitivity of the AVVSs that would be necessary to

detect the pipe wall damage. The simulations were also used to explain the physical meaning of

the experimental data.

A schematic of the experimental setup is shown in Figure 6.1(b). There are significant differ-

ences between this and an infinite pipe, the most relevant of these are:

• finite pipe length: based on a frequency range of 100-1000 Hz, the wavelength in water is

between 1.5 and 15 m, so much larger than the length of this pipe section for the majority of

the frequency range.

• pipe surroundings: the pipe is surrounded by water rather than soil or air.

• the pipe and water are enclosed by a tank which is very much within the near field of the

source and receiver. This tank is flexible so liable to produce reflections.

• there are many consecutive defects.

The model used is shown in Figure 6.2(b), the values of all the relevant parameters used in

the model are provided in Table 6.1. ‘Defects’, i.e. holes in the pipe walls, have been modelled

at the positions of the holes in the pipe used for the experiments. They were generated in the

model by removing cylinders from the pipe wall of a radius to match each hole in the pipe used

for experiments.

6.2.1 Mesh sensitivity analysis

Two meshes were considered here for the sake of brevity. One is the mesh used in the final model,

the other is a significantly finer mesh used to check that the resolution of the mesh used is sufficient

to describe the situation. The maximum element size of each component of the model for the two

cases is provided in Table 6.2, an image of the mesh in each of the two cases is shown in Figure 6.2.

The calculated value of each parameter of interest (x) is shown in Figure 6.3. This also shows

the relative error, ϵx = (xmodel − xfine)/(xfine + ζ), was calculated for each of the parameters of

interest for the mesh used in the main model (xmodel) and for the finer mesh (xfine), where ζ is

a regularisation constant. The maximum relative error was ϵp at 0.078, while the lowest was ϵvy

at 0.038 and the other two parameters of interest sat between these two at 0.048 and 0.057 for

ϵvz and ϵvx respectively. These are relatively high, however an inspection of the relevant graphs

(Figure 6.3) shows that the main contributions to these errors are close to the speaker and at

minima in the signals. The speaker is intentionally placed at a distance from the measurements,

to minimise the near-field effects, therefore the accuracy of the model close to the speaker is not

of as much interest as its performance elsewhere. Based on the relative speed of the coarse mesh,
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Table 6.2: The maximum element size, in m, for the mesh in each component in the model.

Component Mesh used Finer mesh
tank 0.25 0.05

pipe wall 0.25 0.01
pipe interior 0.25 0.01

speaker 0.08 0.01
defect 0.005 0.001

(a) (b)

Figure 6.2: The mesh used for (a) the validation model, which has a much finer mesh, and (b)
the main model.

and the fact that this model is for experimental design purposes rather than extensive numerical

validation, the relatively coarse mesh was used for comparison with experimental results.

6.2.2 Results

The results for the amplitude of the acoustic pressure and vertical acoustic velocity predicted with

the finite element model are shown in Figure 6.4. These plots are for a slice across the pipe, such

that the speaker is visible at -0.91 m and the sensor line as defined in Figure 6.1(b) is at the top of

the pipe. Isolines have been included to aid in interpretation of the figures.

In Figures 6.4(a) and (b), which show the results for the pressure, there is very little dis-

cernible difference between the pressure field for a pipe with defects along the top of the pipe

(Figure 6.4(a)) and without (Figure 6.4(b)). The isolines show some small changes in the direc-

tion of the pressure gradient at the bottom of the pipe, with the symmetry of the system broken
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Figure 6.3: Effect of different sized meshes on the model results. The mesh sizes for each section
of the model are summarised in Table 6.2. The left hand axis of each graph shows the scale for the
blue and orange traces (describing the results for the fine and coarse meshes respectively) while
the right hand axis shows the scale for the black dashed line (the error).

in the case with defects, however these changes are very small. The axial velocity has not been

plotted since it showed very similar behaviour to p. In contrast, there is a clear change in the hor-

izontal, y, and vertical, z, velocity fields, as shown in Figures 6.4(c)-(f). When there is no defect

both vy and vz are largely constant. In the case of vz there is a gradient down the pipe in the z

direction, but it is constant down the length of the pipe, while vy is largely static with only a small

increase in the x axis. Once defects are introduced there are large localised increases in both vy

and vz next to the defects, visible as concentrations of contours along the top of the pipe. These

continue away from the pipe wall such that they have a visible effect at the sensor line. In addition

to this localised effect they distort the vz field through the pipe, with a much more static vz across

the z axis than in the case with no defects. This could be utilised in sensing by measuring the

velocity around the pipe wall, such that the difference in velocity at the top and bottom of the pipe

becomes a factor in determining the presence of defects on the pipe wall.

These results have been plotted for the sensor line (as shown in Figure 6.1(b)) in Figure 6.5.

In this graph the differences between the intact and defective pipe is clearer. There is a decrease

in the pressure when there are defects, presumably because the holes in the wall act as pressure

release points. Regardless of the presence of the defects, the behaviour of the acoustic pressure

along the pipe is a smooth function of the axial distance. The presence of the defects in the pipe
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 6.4: A comparison of the acoustic response of the fluid to a 170 Hz source positioned at
x =-0.8 m, the response is shown for a vertical cut plane along the centre line of the pipe for (a, b)
the acoustic pressure, (c, d) the horizontal component of the acoustic velocity vector and (e, f) the
vertical velocity component. (a, c, e) show the acoustic response for a pipe with defects along its
upper edge, (b, d, f) show the acoustic response for a pipe rotated by 90◦ such that the top edge is
intact. The isolines are 50 Pa apart for the pressure graphs and 5× 10−5 m/s apart for the velocity
graphs.
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Figure 6.5: Results for defective (solid line) and intact (dashed line) pipe, showing (a) the pres-
sure, then the x-, y- and z-components of velocity normalised by pressure in plots (b) through (d)
for a line 0.06 m from the defect surface of the pipe. The locations of holes in the pipe are shown
by the grey shaded areas.

causes the amplitude of the acoustic pressure to reduce by approximately 50% across the entire

pipe length. However, given that this change is not related to the proximity of the defect, it cannot

be used to determine the location of the defect.

The ratio vx/p shows some change in behaviour in the presence of the defects, with localised

increases in the amplitude of the normalised axial velocity, leading to a less smooth measurement

along the length of the pipe. In Figure 6.5(c), vy/p shows large localised increases in amplitude at

the defects, this is discussed further in Section 6.3 with comparison to experimental results, and

has already been discussed with reference to Figure 6.4(c). The normalised vertical component of

velocity (vz/p) also shows a large difference in behaviour when there are defects in the pipe. In the

centre of the pipe, between 0.8 and 1.6 m the increases in amplitude correspond closely with the

presence of defects, however at the ends of the pipe this relation reduces, particularly for the large

peak at 1.7 m. This is likely due to end effects induced by the finite length of the setup, coupled

with the very large defects at the end (1.9-2.0 m) of the pipe. This limitation should be considered

during testing and any further application.

In general, these results demonstrate that, as for the case of an infinite pipe, the acoustic

velocity is at least an order of magnitude more sensitive to the presence of a defect than the

acoustic pressure. Some limitations in the experimental setup have been identified, and as such

most of the experimental work will be conducted on the central (1.0-1.6 m) section of the pipe.
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6.2.3 Rotated vs defect-free

The only pipe available for testing had a line of defects along the top of the pipe. This meant that a

direct comparison with an intact, defect-free pipe was not possible in this experiment, instead the

pipe was rotated 90º so that a relatively intact side of pipe that had no holes in the pipe wall was

next to the sensor, this is shown in Figure 6.6.

Figure 6.7 shows the results from the model of an intact pipe, vs. the rotated defective pipe

used as a proxy for an intact pipe and an unrotated defective pipe, where the defects are next

to the sensor. This shows that the rotated pipe is far from an ideal proxy for a truly intact pipe,

with the pressure in the defective pipe being the same regardless of whether it is rotated and

significantly below the pressure for an intact pipe. The shape of the graph of the axial (x) velocity

amplitude for an intact pipe is the same as for the rotated defective pipe, the small difference in

amplitude can be explained by the difference in pressure (these velocities have been normalised by

the pressure). The horizontal (y) and vertical (z) velocities for the rotated defective pipe bear little

resemblance to either the intact pipe or the measurements next to the defect. vy/p is several times

larger for the rotated pipe than for either the intact or defective pipes, particularly at the damaged

end (x > 1.6 m) and for 0.6 < x < 1.0 m where there are many consecutive defects. Given that

the defects are now aligned with this axis, these predicted increased in the horizontal velocity are

not unexpected. While vy/p and vz/p are larger for the rotated pipe than for the intact pipe, they

(a) (b)

(c)

Figure 6.6: Models of the pipe rotations used during the experiment and modelling. The sensor
line is shown in black. Pipe shown at (a) 0o, (b) 9o and (c) 90o.
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Figure 6.7: Comparison of an actually defect-free pipe with a defective pipe rotated 90º such that
the defects are far from the sensor and not rotated such that the defects are right next to the sensor.

still lack the localised changes at the defects exhibited for the model of the defective pipe. Based

on this, the rotated pipe was still used as an ‘intact’ baseline during the experiments.
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6.2.4 Model sensitivity analysis

The water level in the tank and visco-elastic properties of PVC panels of which the tank was made

are two parameters that can affect the acoustic pressure and velocity predicted with the COMSOL

model. An investigation into these effects were carried out accordingly. In this investigation:

i) the elastic properties of the PVC panels was changed from E = 2.9 GPa, as used in the main

model, to E = 4.0 GPa and the pipe walls were modelled as rigid boundary conditions.

ii) the depth of the water in the tank was varied from its base value of 0.025 m to 0.1 m, 0.25 m

and 0.5 m above the crest of the pipe.

The results of these permutations were compared against those from a ‘baseline’ model taken

forward into the rest of the chapter. The geometry of the model was not varied from that shown in

Figure 6.1(b) and detailed in Table 6.2. Figures 6.8 and 6.9 present the results that illustrate the

effect of the tank wall definition and water level in the tank, respectively. The solid lines shown in

these figures correspond to the case with the damaged pipe wall, the dashed lines correspond to

the case of the undamaged pipe. The velocity amplitudes were normalised by the acoustic pressure

for consistency with the rest of chapter.

It can be seen in Figures 6.8(a) and (b) that changing the elastic behaviour of the PVC panels

has very little effect on the amplitude of the acoustic pressure and axial velocity component: the

Figure 6.8: Comparison of results for different tank walls, showing the pressure and the x-, y-
and z-components of velocity normalised by pressure in plots (a) through (d). The results for a
defective pipe are shown with solid lines and the complementary results for an intact pipe are
shown with dashed lines.
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plots for the two cases are indistinguishable in all four subplots. In contrast, modeling the panels as

hard boundaries has a much more pronounced effect on the horizontal (Figure 6.8(c)) and vertical

(Figure 6.8(d)) components of the acoustic velocity, particularly as the receiver approaches the

source. There is a significant, approximately two-fold, increase in the amplitude of the vertical

velocity in the case when the walls of the tank are acoustically rigid for x < 1.4 m. The behaviour

of the horizontal component of the acoustic velocity is more complex and somewhat random. The

difference between the results for E = 2.9 GPa and E = 4.0 GPa for this velocity component is very

small. Since the panels are made of PVC, the model taken forward did not use a rigid boundary,

instead letting E = 2.9 GPa, a standard value for PVC, the exact value of which has been shown to

have little bearing on the results of the model.

Figure 6.9 demonstrates the effect of water level on the four acoustics quantities. In these

calculations the tank walls were assumed to be rigid. The acoustic velocities were again normalised

by the acoustic pressure. These results suggest that the effect of the water level on the acoustic

pressure is small (see Figure 6.9(a)), but stronger than the effect of the value for E (see Figure

6.8(a)). Generally, the acoustic pressure amplitude slightly increases by a few percent with the

increased water level. The effect of water level on the amplitude of the three acoustic velocity

components is also small, except at distances farther away from the speaker and near the far end

of the tank (see Figures 6.9(b-d)). For example, the amplitude of vz/p can vary by up to a factor of

2 at x = 1.8 m (see Figure 6.9(d)). Based on this analysis, the water depth was measured carefully

during experiments such that it matched the depth modelled.

Figure 6.9: Comparison of results for different tank water levels, showing the pressure and the x-,
y- and z-components of velocity normalised by pressure in plots (a) through (d). The free water
depth has been measured from the crown of the pipe. The results for a defective pipe are shown
with solid lines and the complementary results for an intact pipe are shown with dashed lines.
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6.3 Sensor 1: suspended triaxial accelerometer

As a starting point for verification of the model results, an off the shelf accelerometer (G-link-200)

was adapted to operate underwater as shown in Figure 6.10. The G-link-200 is a battery powered,

wireless 3-axis accelerometer, which is designed for vibration monitoring applications. It was

chosen for this project primarily based on its high sensitivity, although the cable-less nature of the

product did simplify water-proofing and mounting the sensor. For a 2g range, the accelerometer

has a sensitivity of 0.19 µm/s2. The system is designed such that it can capture data for a pre-

defined period of time, then the data can be downloaded wirelessly.

6.3.1 Experimental setup

The accelerometer was constrained vertically by a piece of string. The elastic bands to either side

were to hold it in a known orientation; measurements performed without these were very chal-

lenging to extract meaningful data from as the sensor span in place unpredictably. The presence

of these bands may reduce the amplitude of axial vibration detected by the accelerometer, but

given that the axial motion was predicted to be the largest it was considered an acceptable solu-

tion. This sensor was attached to a taut wire such that its vertical position was constant and its

axial position could be controlled to within 2 mm. The wire was positioned such that the centre

of the accelerometer was 0.06 m from the top of the pipe: the ‘sensor line’ from Section 6.2. A

hydrophone was attached above the accelerometer to measure the pressure, the hydrophone used

was a B&K 8103, the signal from which was amplified using a B&K 2693-0S4 conditioning ampli-

fier. The speaker was a Visaton FR8WP in a metal housing for waterproofing and mounting. It was

supported by four metal struts, allowing it to be positioned in the centre of the pipe, this is shown

in Figure 6.10(b). For these experiments the speaker produced a 5 s tone at 170 Hz. The signal

was generated by LabView and sent to the speaker via a DAQ (NI 4431) and an amplifier (Fosi

Audio TDA7498E), the same DAQ was used to record the hydrophone signal. The accelerometer

data was recorded locally to the accelerometer and extracted using software provided with the

sensor. The hydrophone and speaker were operated at a sampling rate of 12,000 Hz while the

accelerometer recorded at 2,046 Hz. Full part numbers are provided in Appendix A.

The amplitudes of the axial, ax, horizontal, ay and vertical, az, components of the fluid accel-

eration were measured and converted into the acoustic velocity components using the well-known

(a) (b) (c)

Figure 6.10: (a) Sensor used for verification of the model results, shown suspended as during
test, positioned just before entry into pipe, with hydrophone visible above the accelerometer, (b)
speaker in position for testing, with accelerometer in foreground, (c) schematic of modifications to
G-link.
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Figure 6.11: Flow chart of experimental process.

relations vx,y,z = ax,y,z/iω. The results of the numerical simulations described in Section 6.2 sug-

gested that for these acoustic pressures the accelerometer needed to be sensitive enough to detect

accelerations of above 10−3 m/s2 (or 9.36× 10−7 m/s at 170 Hz in terms of the acoustic velocity).

The accelerometer chosen for this work had a 20-bit resolution with range ±2 g, giving a sensitiv-

ity of 4 × 10−5 m/s2 (or 3.74 × 10−9 m/s at 170 Hz in terms of the acoustic velocity); more than

adequate to detect the changes in the acoustic velocity field.

Measurements were taken for a range of sensor positions and pipe orientations. The position of

the sensor was varied using a pulley system which moved the accelerometer along a wire 0.06 m

from the top of the pipe. Measurements were taken across a 1 m range at 0.2 m increments to

validate the model along the pipe length and across a smaller 0.4 m range centred on a large defect

at 0.025 m intervals to investigate the sensitivity of the sensor to defects as a function of distance

from the defect. The angle between the sensor and the line of defects was varied by installing a

frame under the pipe to enable accurate rotation of the pipe. This allowed the sensor to be exposed

to both damaged and undamaged parts of the pipe’s wall while moving the sensor along the length

of the pipe. It also allowed for an investigation of the sensitivity of the sensor to the presence

of a defect with respect to this pipe angle. Ideally the pipe would have been at 0 and 90◦ for the

‘defect’ and ‘no-defect’/‘intact’ cases, respectively. However, the geometry of the speaker prohibited

measurements at those exact angles. Consequently the closest measurements to the defect were

for a pipe angle of 9◦ and the farthest were for a pipe angle of 89◦.

The process used during the experiment, including the signal processing steps, are shown in

Figure 6.11. After down-sampling the hydrophone data to match the sample rate of the accelerom-

eter, the data from the two sensors were detrended and filtered in the frequency range between

140 and 200 Hz using a 4th order Butterworth filter to focus on the signal broadcast at 170 Hz.

For each position a 5 s recording was taken, from which the average of the Hilbert envelope of the

middle 1 s was calculated, to give a single amplitude for each location.
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6.3.2 Results

There are four sets of results presented in the following sub-sections. The first compares the varia-

tion in measurements, the second set aims to compare the numerical model against experimental

data taken over a 1 m length of pipe centred 1.3 m from the end of the pipe. The third set presents

data and their variability in close proximity to a defect between 1.025 and 1.425 m. It also presents

a comparison with the results of the numerical simulation in this region, thereby supporting the

veracity of the observed behaviour of the acoustic pressure and velocity. Finally, the angular depen-

dence of the acoustic velocity measured along the pipe’s circumference is studied for two different

axial locations in order to assess the sensitivity of the method to orientation.

Repeatability

Figure 6.12 shows the variation in measurements for two locations along the length of the pipe,

one close to a defect and one on a relatively intact section of the pipe wall. There were 12 repeat

measurements for the location closest to the defect and 9 for the location further from the defect.

The acceleration has been normalised by the pressure: this reduces some of the variability caused

by the different distances of measurements from the sensor. While the measurements vary by 25%

from the mean in the worst cases (particularly the axial direction), it is still possible to clearly

separate the cases where there is and is not a defect using the axial or vertical acceleration.

Model calibration

In order to evaluate the accuracy of the model, measurements were taken at 0.2 m intervals along

the length of the pipe. To study cases close to and distant from defects, the pipe was rotated to

move the line of defects closer to or further away from the sensor. In this experiment the two cases

were realised with the pipe rotated to 9◦ and 89◦, respectively. A comparison of the results of the

(a) (b) (c)

Figure 6.12: Variation in measurements across 10 measurements at 2 locations, one under a defect
and one under an intact section of pipe, showing the variation in (a) vx/p, (b) vy/p and (c) vz/p).
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Figure 6.13: A comparison of the measured (markers) and modelled (lines) acoustic quantities.
The error bars are calculated as the standard deviation of 2 x 9 repeated measurements on an
intact and defective section of pipe. The location of the holes are indicated by the shaded regions
in gray. The green ∆ markers and lines are the results corresponding to the receiver being next to
intact pipe wall. The purple × markers and lines are for the results corresponding to the receiver
being next to the defects.

model and the experiment is provided in Figure 6.13 for the acoustic pressure measurements and

for the three components of the acoustic velocity vector normalised by the pressure amplitude.

There is good agreement between model and experiment for the pressure measurements where

x > 1.2 m. It was determined that the lower amplitude for the measurements at 0.8 and 1.0 m

was due to overheating of the speaker; these two measurements were taken last for all repeats.

The amplitude of the each acoustic velocity component was normalised by the acoustic pressure

amplitude measured at the same time. This removed the drift observed in the speaker output.

Aside from the drift in amplitude, the measured pressure are very similar for the two pipe orienta-

tions, as expected based on the model. For the first few measurements, from x = 1.6 to 1.8 m the

amplitude of the measured and predicted pressures are also very similar.

There are strong similarities in the behaviour of the measured and modeled velocities near and

away from the line of defects. The axial component of the acoustic velocity, vx, displays the most

similarities between the modeled and measured data, with the dominant behaviour being a clear

increase in amplitude along the length of the pipe. The measurements of vx have a variability

(as measured by repeating measurements 9 times at two locations and calculating the standard

deviation) of 1.2×10−7 m/s/Pa. Given this level of error there is little difference between the axial

velocity measured in the presence or absence of the defects, i.e. vx is relatively unaffected by the
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presence of the defects.

In contrast, a key influence of the line of defects on the acoustic field in the pipe is a much more

complex variation in the horizontal and vertical components of the acoustic velocity (vy and vz)

when compared to the case where the sensor is close to an ‘intact’ section of pipe. The horizontal

component of the acoustic velocity vector, vy, is very sensitive to the presence of the line of defects

(compare the purple line and the green line in Figure 6.13). The agreement between the model

and experiment deteriorates for x > 1.6 m, with the maximum difference of 4.3 × 10−7 m/s/Pa

between the model and data at x = 1.8 m corresponding to a relative error of 300%. It should

be noted that the amplitude of vy is at least an order of magnitude smaller in comparison with

that measured for vx and vz, this may make it challenging to measure vy outside of a laboratory

environment, in areas with higher background noise.

The predicted vertical component, vz, of the acoustic velocity also shows a close agreement

between the experimental data and the model for the case when the line of defects was near the

sensor and for x ≤ 1.6 m. For x > 1.6 m the measured amplitude of the vertical velocity component

is significantly larger than predicted. For most of the measured range, the model over-predicted

the amplitude of the vertical velocity component for the case when the sensor is away from the

line of defects. The discrepancy is particularly acute for x > 1.6 m, where the measured velocity

has remained constant but the model predicts an increase towards the end of the pipe.

The consistent discrepancies between the model and data towards the end of the pipe may be

due to the increasing deterioration of the pipe condition in that region such that the model is a

poor representation the conditions: the model has assumed that the edges of defects are smooth, it

can be seen in Figure 6.1 that this is not always the case. Further, the model assumes the internal

walls are smooth and of consistent thickness, in fact ultrasonic gauge measurements show that the

pipe wall thickness varied from 10.6 to 11.9 mm, and the pipe wall is visibly corroded. Finally, the

walls of the water tank caused a large number of reflections resulting in a complicated pattern of

standing waves.

Acoustic field near a defect and measurement repeatability

A more granular set of measurements was taken at 0.025 m increments over a 0.4 m range around

a 0.05 m diameter hole, ‘the defect’, at 1.225 m in order to determine how sensitive the acoustic

pressure and velocity vector components are to the presence of the defect. The measurements were

supported with COMSOL simulations to determine the ability of the model to reproduce the fine

structure of the acoustic field in the vicinity of the defect. The results are shown in Figure 6.14 for

the sensor installed at 9◦ (near the defects) and 89◦ (away from the defect). As in Section 6.3.2,

the three velocity components shown in Figures 6.14(b-d) were normalised by the amplitude of

the corresponding pressure measurement. The data in this figure are presented with error bars

showing the variation in measurements over 3 repeats at each location.

The analysis of the measured and predicted acoustic pressures shown in Figure 6.14(a) suggests

that this quantity is insensitive to the presence of the defect. The predicted amplitude of the

acoustic pressure reduces with distance from the speaker. This behaviour is not supported with

the measured data which are relatively independent of the distance, however the variation in the

pressure measurements is relatively large, nearly 50% of the pressure magnitude, making trends

difficult to see. It is believed that this is due to the variability in the speaker output described

previously.
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Figure 6.14: A comparison at a higher resolution of the measured (markers) and modelled (lines)
acoustic quantities around a 0.05 m hole at x = 1.225 m (the shaded region in gray). The green ∆
markers and lines are the results corresponding to the receiver being next to intact pipe wall. The
purple × markers and lines are for the results corresponding to the receiver being next to the hole.
The error bars show the repeatability of measurements.

The analysis of the measured and predicted acoustic velocities shown in Figures 6.14(b-d) for

the amplitude of the three components of the acoustic velocity vector suggests that the model

captures well the general behaviour of the measured data at 9◦. The maximum relative error is

220% for the data at 9◦ (for vz at x = 1.402 m).

The defect has a relatively small effect on vx, in line with the modelled result (see Figure

6.14(b)). The horizontal component of the acoustic velocity, vy, is sensitive to the presence of

the defect as shown in Figure 6.14(c). The data show that its amplitude increased by a factor

of 7 when the sensor was placed close to the defect. The model captures particularly well the

behaviour of vy with the maximum relative error being 120% at x = 1.252 m for angle 9◦ and the

mean relative error being 46%. For this component of the acoustic velocity the model is mostly

within the experimental error both near the defect and away from the defect. In the case when

the sensor is away from the defect, the behaviour of the model and data is much less complex and

relatively independent of the distance.

Similar behaviour can be observed in the vz data to demonstrate further the potential of using

the acoustic velocity to detect the pipe wall thinning. There are more pronounced differences

between the modelled and measured values of vz for x < 1.15 m and x > 1.30 m (up to a relative

error of 220% at 1.402 m for 9◦). There are two possible reasons for these differences. Firstly,

the thickness of the pipe was not constant. The level of corrosion and graphitisation in the pipe
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Figure 6.15: The effect of the angle between the sensor and line of defect on the amplitude
of the three components of the acoustic velocity vector. The data were taken at x = 1.227 m,
corresponding to the pipe cross-section with a 0.025 m diameter hole at 0◦.

material was not known. The pipe wall thickness was measured using an ultrasonic thickness

guage for points on the wall corresponding to each of the data points shown in Figure 6.14. Over

this range the pipe wall thickness varied by 1.3 mm with the average being 11.2 mm. Also, the

results shown in Section 6.2.4 suggest that the effect of the tank wall can be rather complex to

capture accurately with the proposed model because the predicted acoustic pressure and velocity

components are dependent on the choice of the Young’s modulus for the PVC panel material and

the quality of the tank assembly.

Effect of pipe angle

When scanning a pipe in a laboratory or in the field there is no guarantee that the sensor will be

aligned perfectly beneath any defects, i.e. within a given pipe cross-section there may be some an-

gle between the defect line and the sensor. An additional experiment was carried out to determine

the effect of this pipe angle on the amplitude of the three velocity components measured with the

triaxial accelerometer.

The results from this experiment, shown in Figure 6.15 and summarised in Table 6.3, suggest

that the horizontal component of the acoustic velocity vector is the most sensitive to the angle at

which a defect is approached. The amplitude of this component increases progressively when the

angle reduces below 40◦ (see 6.15(b)). A 5.5-fold maximum increase in the amplitude is observed
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Max. Angle Min. Angle Change
vx/P 5.3 9.24 4.6 36.97 14%
vy/P 2.1 18.48 0.29 90.56 150%
vz/P 3.3 9.24 1.3 83.17 90%

Table 6.3: Summary of variation in each parameter over angle, in x10−7 m/s/Pa.

in the vy data when the sensor is at 9◦. The behaviour of the amplitude of the vertical velocity

component as a function of pipe angle is more complicated as illustrated in Figure 6.15(c). The

maximum vz amplitude is for the minimum angle of 9◦. It is a 3-fold increase with respect to that

recorded at 89◦ and it is approximately 2.5 times greater than the maximum of vy at 9◦. Between

these angles vz oscillates suggesting that it can be possible to use this quantity as an indicator of

the wall damage presence even if the sensor is not in the immediate vicinity of it, e.g. at 40-50◦. In

contrast, the angle has little effect on the amplitude of the axial component of the acoustic velocity,

vx (see Figure 6.15(a)). There is still some increase in vx when the angle reduces from 89◦ to 9◦,

but its amplitude does not change by more than 16% confirming that this velocity component is

much less sensitive to the presence of damage.
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6.4 Sensor 2: a vector hydrophone

Since the axial acceleration is of less interest here than the vertical and horizontal acceleration

an alternative arrangement was trialed. This was a MEMS vector hydrophone, provided by the

State Key Laboratory of Dynamic Measurement Technology, China. This work was conducted in

collaboration with P. Shi from the State Key Laboratory as well as Y. Yu from the University of

Sheffield, this work has been published in [226]*. It consists of a cantilevered cilia-crossbeam

and is in principle more sensitive to the acoustic velocity than the accelerometer presented in Sec-

tion 6.3, but only in two axes. It also contains a pressure sensor. Images of the sensor are provided

in Figures 6.16(a) and (b), showing the sensor casing, the cilia crossbeam and the deployment of

the sensor. More details on the sensor are provided in [226], including a discussion of the effect of

sensor orientation on the results.

6.4.1 Experimental setup

Tests were conducted in the same test rig as described in Section 6.1, with the vector sensor

suspended from the same tensioned cable as in Section 6.3. The sensor suspended in the tank is

shown in Figure 6.16(c), with the eyelets used the mounting the sensor shown.

The sensor was moved in 50 mm increments along the length of the pipe. A 65 Hz and 170 Hz

tone were used with the same speaker setup described in Section 6.1. All data was recorded using

the NI DAQ, with data saved using LabView with a 12 kHz sample rate. The data was processed in

the same way as depicted in Figure 6.11, excluding the resampling in step 1. This allowed a single

metric for each measurement location to be compared.

Due to issues when running the experiment, only the 65 Hz data was recorded for the entire

pipe length, as such the 170 Hz data is not presented here.

6.4.2 Results

The results for each of the velocity components, again normalised by pressure, are shown in Fig-

ure 6.17 for a 65 Hz source tone. These show a much less convincing correlation with defects than

for the accelerometer in Section 6.3. There is a sudden increase in vy/p at 1.25 ≤ x ≤ 1.3 m, and a

similar increase at x = 1.5 m and for x ≤ 0.75 m. The increases around 1.5 and 1.25 m correspond

to the location of two large defects which are far removed from other defects; these two defects

have lengths of 45 and 46 mm respectively, as opposed to the defects further from the speaker,

which have maximum length 21 mm. An image of the full length of the pipe, with the defects

labelled is provided in Figure 6.16(d). The increase in vy/p for x ≤ 0.75 m also corresponds to a

region with a large number of defects. Considering vx/p (Figure 6.17(a), there is a significant de-

crease in this parameter at the location of the defect at 1.5 m, and another decrease at x < 0.75 m

where there are multiple defects. However the response of vx/p is largely flat for the remainder of

the pipe length, regardless of the presence of defects.

*The sensor was designed and build by P. Shi and G. Zhang, experiments were conducted by P. Shi, Y. Yu and myself,
experimental analysis was conducted by all authors cited in [226]. Modelling work (presented earlier in this thesis) was
conducted by myself with analysis and refinement suggestions from Y. Yu and K. Horoshenkov.
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(a) (b)

(c)

(d)

Figure 6.16: The MEMS vector sensor and experimental setup, showing (a) each component of
the MEMS vector sensor, (b) the MEMS vector sensor, (c) the deployment of the vector sensor and
(d) the location of each of the defects on the pipe, with the locations of interest from the main text
highlighted.
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(a)

(b)

(c)

Figure 6.17: Results for each of the two components of velocity, normalised by the pressure,
measured using the vector hydrophone, showing the location of the defects shaded in grey.
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6.4.3 Discussion

The results for this sensor are less conclusive than for the sensor described in Section 6.3. There is

a reasonable level of correlation between the y-velocity and the location of defects, with all peaks

in vy/p corresponding to the location of defects, although not all defects lead to an increase in

vy/p. Some correlation between vx/p and the location of defects can be seen, but there are many

more defects without a corresponding change in vx/p. Furthermore, these results are based on a

single dataset, with no baseline case recorded for comparison. Unfortunately, the sensor suffered

from debilitating water-ingress after the set of results presented here was captured. Should the

opportunity arise, further measurements should be taken to validate these results, including taking

measurements at smaller intervals close to the defects, once further waterproofing of the electron-

ics has been achieved.
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6.5 Summary

In this chapter the efficacy of a triaxial accelerometer based sensor at detecting a small defect in

the wall of a pressurised rising main has been demonstrated. The difference between measure-

ments taken close to a defect and those next to an intact section of pipe is within the limits of

the repeatability of the sensor measurements, and the deviation in behaviour close to a defect is

striking enough to be detectable in a scan along the pipe length. This result has been proven ex-

perimentally in a limited setting, for the specific case of small holes in a pipe wall. It has been

used to validate the results of numerical models which predicted that the vertical and horizontal

components of the acoustic velocity would be more sensitive to small defects in a pipe than the

pressure or axial velocity. These models go beyond the results of the experiment and predict that

the acoustic velocity vector can be used to find not only small holes in the pipe wall, but also

internal and external pitting defects. Further work is required to investigate the limitations of this

result experimentally, although the range of the sensor in terms of axial distance from a defect and

angle between the sensor and the defect has been shown. This work stands as a proof of concept

that this kind of sensor can be used to detect small defects in pipe walls, allowing for improved

predictive and preventative maintenance of pipes.

The next stages of this work require testing the triaxial acceleration sensor in a more realistic

environment, at which point a more flexible deployment solution is required. The next chapter

reports on this.
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Chapter 7

Robotic Deployment of Acoustic

Velocity Vector Sensors

The previous chapters have shown that some of the acoustic velocity components are sensitive to

the proximity of a defect in the pipe wall. This has been shown both numerically, for two types

of wall defect, and experimentally for holes in the pipe wall. These experiments were limited by

access to the inside of the laboratory pipe; a different method of deployment was considered for in-

spection of a longer pipe. To this end, work was conducted in collaboration with Synthotech [227],

who designed and built an in-pipe robot, including a ‘halo’ of triaxial accelerometers which could

be used to measure the acoustic velocity vector close to the pipe wall while the robot was moving.

The robot is shown in Figure 7.1. It is based on a crawler robot, controlled via the yellow cable

visible in the right of Figure 7.1. There is also a camera on the robot, with pictures transmitted

live via this cable. The six accelerometers are equally spaced around the halo, they have been

suspended at a distance from the halo to reduce the halo’s impact on the acoustics.

This chapter covers experiments with the robotic platform in the same section of exhumed

rising main pipe as introduced in Chapter 6.

Figure 7.1: The robotic platform used for defect detection, showing the 6 accelerometers on
the ‘halo’, they are encased in black resin to protect them from the in-pipe environment. The
accelerometers are labelled anti-clockwise when viewed from the rear, with accelerometer 1 on
the bottom left. The sensor described in Section 6.3 was attached for comparison.
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7.1 Modelling the effect of the robot

The robot proposed by Synthotech was not insubstantial in size, with a height 1/3 the pipe diam-

eter and a width that filled the pipe, and the effect of this on the in-pipe acoustics was a concern.

Based on this the model described in Section 6.2 was modified to include a basic representation

of the robot, as shown in Figure 7.2, with the key model properties summarised in Table 7.1. It

is assumed that the robot is moving away from the speaker located at -3 m, so the robot body is

between the sound source and the halo.

7.1.1 Effect of robot

Initially, let us consider the case where the robot halo is directly under a defect, where the defect

is at the top of the pipe (‘0o’, as shown in Figure 7.3(b)). The horizontal and vertical components

of the velocity have been combined to give a ‘radial’ velocity

vr =
√

v2x + v2y (7.1)

The horizontal and vertical velocities make a different angle to the pipe wall depending on the

Figure 7.2: Robot as modelled in COMSOL, showing the geometry and mesh close to the robot/de-
fect. The pipe next to the robot has been removed for improved visibility. The defect has been offset
by 45º from the top of the pipe here as part of the analysis of the robot sensitivity in Section 7.1.2.

Table 7.1: Key properties of the model used to investigate the effect of adding a robot to detecting
wall defects. The dimensions of the robot are based on a simplified representation of the robot
shown in Figure 7.1.

Property Value Units
source frequency 65 Hz

location -3 m
cutout depth 6.6 mm

location 0 m
pipe length 43 m

radius 150 mm
thickness 10 mm
material ductile iron

crawler height 110 mm
length 245 mm
width 145 mm

material steel
halo radius 117 mm

thickness 15 mm
material PVC
location 0 m
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(a) (b)

Figure 7.3: Schematics showing (a) the angular measurements around the halo used as the x-axis
of Figures 7.4, 7.5 and 7.6 and (b) the location of the defect for the varying angles described in
Section 7.1.2, with the approximate extent of the defect shown as the grey line to either side of
each angle label.

placement of the sensor around the pipe radius, combining them in this way reduces the complexity

of the problem while allowing for meaningful comparisons between sensor positions.

Figure 7.4 shows the radial and axial (vz) velocities predicted at the halo at 5o intervals around

the halo. The left hand column shows the results with and without a defect with no robot, and the

right hand column shows the results with and without a defect with a steel robot and a PVC halo.

The positions measured around the halo, and the location of the defect are shown in Figures 7.3(a)

and (b) respectively.

The first thing to note is the order of magnitude change in the predicted velocities: when the

robot is in the pipe vr and vz have similar magnitude of ∼0.01 m/s (Figures 7.4(b) and (d)),

whereas when there is no robot in the pipe vr is ∼0.007 m/s (Figure 7.4(a)) and vz is ∼0.04 m/s

(Figure 7.4(c)). This reflects unsurprising changes in the fluid/halo motion when there is a robot

in the pipe: the robot constricts the motion in the z direction, reducing vz by a factor of 10, and

the halo couples the motion of the r and z axes, such that vr increases by a factor of 100 when

measured on the halo as opposed to measurement in a free fluid. As long as the accelerometer on

the halo is still sensitive to the presence of a defect these are not insurmountable changes, although

the extent of the change (particularly in vr) certainly justifies the current investigation.

As in Section 6.2, vz is insensitive to the presence of a defect. There is a small reduction in

amplitude at 90o when the robot is present and there is a defect (Figure 7.4(d)), but it would

be difficult to distinguish in practice. In contrast, again in line with findings in Section 6.2, vr is

sensitive to the presence of a defect. When there is no robot, this is an angle-independent increase

in vr (Figure 7.4(a)). With the robot this is heavily angle dependent (Figure 7.4(b)). The angle

dependence can be explained in terms of the physics of the setup: the halo is attached to the robot

at the bottom (between approximately 100 and 220o), this coincides with the strong reduction in

vr in Figure 7.4(b). The fact that vr is still significantly above the baseline (defect free) case for

angles outside this range indicates that it can still be used to detect defect on such a contraption.
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(a) (b)

(c) (d)

Figure 7.4: Results showing the effect of the robot on the sensitivity of measurements on the halo
to the presence of a defect. Each plot shows the results with a defect at 0o in orange, and the
results for an intact pipe in dashed black, the halo is directly below the defect. (a) and (b) show
the radial velocity while (c) and (d) show the axial velocity; (a) and (c) show the results without
a robot while (b) and (d) show the results with a robot. These results are for points around the
halo, with the angles labelled as per Figure 7.3 with 0o directly above the robot. Note the change
in scales on the y-axis.

7.1.2 Effect of defect angle

The situation considered thus far has the defect directly above the robot. Based on the angular

response of vr to this defect, which was strongly curtailed at the base of the halo where it attached

to the robot body, the effect of the defect angle with respect to the robot body was investigated.

This was achieved by moving the defect around the circumference of the pipe in 45o increments

as shown schematically in Figure 7.3(b). The results of this are shown in Figure 7.5(a) and (b) for

the radial and axial velocities respectively.

The axial velocity in Figure 7.5(b) shows small changes in value between the with- and without

defect cases, but no deviation in behaviour. The radial velocity (Figure 7.5(a)) shows a distinct

change in behaviour for all defect positions. The defect at 0o, shown in orange, has the most

symmetric behaviour, while the asymmetric placement of the defect in the other cases leads to

asymmetry in the measured value of vr. As expected given that the halo is attached to the robot

body at the bottom (180o on this figure), there is very little response to the defect at this point
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on the halo for all defect positions. Instead, the largest response is almost exclusively at the top

of the halo. The exception to this is for the defect at 90o to the robot, where there is the smallest

response in the halo to the defect, and this is exhibited as a decrease in vr, rather than the increase

seen for other defect angles.

Based on this work, it would be worthwhile investigating alternative configurations of robot

and sensor which allow for better sensitivity at all points around the pipe circumference. The

poor sensitivity predicted here at 90o is a cause for concern. It would also be beneficial to see

whether alternative positioning of the accelerometers allows the angle of the defect to the robot

to be determined from measurements at different points on the halo. The results of this model

show a distinct lack of correlation between where around the pipe circumference the defect is, and

where on the halo the largest response is; it would be useful for certain types of maintenance work

if the location of the defect could be found around the pipe circumference as well as along the pipe

length.

(a)

(b)

Figure 7.5: Results showing the effect of the angle of the defect with respect to the robot on the
(a) radial and (b) axial velocity. The dashed lines in (a) and (b) are for results without a defect,
while the solid lines are for results with a defect. The legend in (b) applies to both (a) and (b), the
defect angles are shown schematically in Figure 7.3(b).
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7.1.3 Effect of robot position

Extending this work further to consider how the axial position of the robot effects the detection of

defects leads to Figure 7.6. This figure shows results for the robot halo positioned between -0.5

and 0.5 m from the defect. This range was chosen since it is expected that it is within this distance

that the robot body will have most influence.

Again, the axial velocity, vz, shows little sensitivity to the defect, regardless of the axial distance

between the robot and the defect. vr is more interesting, showing that the defective pipe is distin-

guishable from the intact pipe for the entirety of this distance. As expected, the largest response

to the defect is when the halo is directly beneath the defect, at which point vr is 0.031 m/s for

measurements at the top of the halo (0o). Moving the robot away in either direction reduces the

(a)

(b)

Figure 7.6: Results showing the effect of the distance of the robot from the defect on the (a) radial
and (b) axial velocity. The distance is measured from the halo since this is where the sensors are
located. The defect is at 0o, directly above the robot. The dashed lines are for results without a
defect, while the solid lines are for results with a defect.
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measured value of vr to 0.023 m/s at -0.5 m from the defect and 0.021 m/s at +0.5 m from the

defect. The more significant decrease when the robot moves to +0.5 m from the defect as opposed

to -0.5 m is likely because the robot body is between the speaker and the defect when the halo is

+0.5 m from the defect, so reduces the transmission. Based on this, deployment designs should

try to ensure that the halo is on the side of the robot closest to the speaker to increase sensitivity.
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7.2 Testing the robotic platform

7.2.1 Experimental setup

The robot was deployed in the same pipe as was used in the experiments reported in Chapter 6,

with measurements taken at four locations in the pipe. One was on a defect free section of pipe, the

other three were directly below defects of various sizes. All the defects were chosen based on their

being relatively isolated, to make the acoustic environment as simple as possible. The locations

of the four measurements are shown in Figure 7.7, where it is the position of the accelerometers

that is being monitored. The size of each of the three defects is provided in Table 7.2. The

accelerometers were aligned as shown in Figure 7.7, with the z-axis along the pipe and the x-axis

directed vertically. The accelerometers are spaced equidistant from each other around the halo,

which is a ring of radius 117 mm, supported by the robot body on its bottom edge.

The same speaker was used as a sound source as in Chapter 6, although here a 5 s, 100 Hz tone

was used as the signal. The results were processed as shown previously in Figure 6.11, without

the requirement for resampling. The part numbers for the amplifier and speaker are provided in

Appendix A. The data was recorded at 12,000 Hz.

Both the hydrophone and the accelerometer from Chapter 6 were attached to the robot, as

shown in Figure 7.1. It was originally intended to compare the measurements from these sensors

with those collected from the new accelerometers, however the configuration of sensors led to this

data being too noisy.

7.2.2 Results

The amplitudes of the radial and axial components of the acceleration at each location are shown

in Figure 7.8, with the same results presented on a cartesian and polar plot. The defect is located

Table 7.2: Location and length of each of the defects in Figure 7.7, where the location is the
distance from the centre of the defect to the end of the pipe in the left hand side of Figure 7.7.

Defect Location (m) Length (m)
1 0.60 0.01
2 0.99 0.02
3 1.23 0.05

No defect 0.57 N/A

Figure 7.7: Set up for measurements using a robotic platform showing the locations of testing for
robotic platform. Locations are labeled by the position of the accelerometers.
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(a) (b)

(c) (d)

(e)

Figure 7.8: Acceleration measured on each axis for each accelerometer around the halo, the same
data is shown in two formats. In (a) and (c) the radial and axial accelerations are shown on
a cartesian graph, in (b) and (d) the same information is presented on a polar graph with the
measurement for each accelerometer shown at the position of that accelerometer on the halo. The
legend shown in (e) applies to all subfigures. The error bars are calculated based on the five scans
taken at each location and show 1 standard deviation from the mean. The approximate defect
position is shown in each figure.

at 0o, the ‘top’ of the polar plots. This discussion focuses on the polar plots shown in Figures 7.8(b)

and (d), the linear plots provided in Figures 7.8(a) and (c) give an unwrapped view of the rela-

tive amplitudes and error bars. The results for each accelerometer around the halo are plotted in

Figures 7.8(b) and (d) at the accelerometer location around the halo, with the top of the pipe and

the line of defects between accelerometer 3 and 4, at the top of the plots. Accelerometer 6 was

not working during this testing, so has been excluded from the presented data. The measurements

taken on an intact stretch of pipe are shown in black, with each of the other three defects plotted

in a different colour. Five scans were performed at each location, the mean and standard deviation

of these measurements form the basis of the error bars in each plot. The location of the accelerom-

eters was determined by the robot designers, future work should consider more accelerometers or

rotating the accelerometers to have one at the top of the pipe.

Figures 7.8(c) and (d) show that that the axial acceleration is within a 15 mm/s2 range around

Chapter 7. Robotic Deployment of Acoustic Velocity Vector Sensors 170



7.2. Testing the robotic platform

the halo for all accelerometers except accelerometer 5, and the measurements for each accelerom-

eter are within 5 mm/s2 of each other for all defect and non-defect measurements, except for

accelerometers 3 and 5. The measurement at accelerometer 5, at the side of the pipe, shows a

value of az at defects 1 and 3 of 2-3 times that at defect 1 and for the intact section of pipe. This is

a larger change than is expected at this position in the pipe based on consideration of the results in

Section 7.1. Further testing is needed to fully understand this anomaly, but it is most likely caused

by the presence of the robot. Accelerometer 3 also shows a slight (approx. 2 times) increase in az

for defects 1 and 3. This is close to the defect and may be caused by some leakage of the accel-

erations in the other directions into these measurements; it can be seen in Figure 7.1 that these

accelerometers are not as well aligned with the axes of the pipe as for the previous two methods.

Considering ar in Figures 7.8(a) and (b), which modelling and previous measurements predict

will be more affected by defects, this axis does show more of a change between the no-defect and

defect measurements. All the accelerometers except accelerometer 4 show an increase in ar at

the defects. The largest changes are measured at defect 3 for accelerometers 3-5 where there is

a 2-fold increase in ar. The increase in ar measured on accelerometers 3-5 increases from defect

1, which has a length of 0.001 m to defect 2, which has a length of 0.002 m to defect 3 which

has a length of 0.005 m, indicating a correlation between the size of the defect and the change

in the amplitude of the acceleration. The consistency of the measurements at accelerometer 4

when compared with those at accelerometer 3, implies that either the side of the pipe which

accelerometer 4 was measuring was considerably smoother than that of accelerometer 3, or there

was some problem with accelerometer 4 since it would be expected that they be similar given the

symmetry of the system. This may have been the attachment method: accelerometer 3 has a much

looser attachment, as can be seen in Figure 7.1.

Instead of considering the value of the acceleration at each accelerometer, Figure 7.9 considers

the range of acceleration around the halo for each axis and defect. Here the ‘range’ has been

calculated as the standard deviation, σ, in acceleration around the halo for each scan, the error

bars in the plot show the mean and standard deviation of this range across the scans in each

location. The mean range for the measurements on the intact (no-defect) section of pipe has

been extended by a dashed line to cover the plot since it acts as a reference point for the other

measurements. The first point of interest is how similar the range for the two accelerations is in the

no-defect case. The mean accelerations are within 10% of each other and the error bars overlap.

This is also the case for defect 1, which the previous analysis has shown did not lead to a significant

change in acceleration from the baseline, defect-free, case. In contrast, for defects 2 and 3, the

axial acceleration is significantly less than the radial acceleration, at least 3σ in both cases.

Based on this, further investigations are needed to determine why defect 1 was below the

sensitivity of this measurement method, when it is similar in size to defect 2. This was the defect

furthest from the speaker, so modifying the speaker location could form the first element of this

work.
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Figure 7.9: Comparison of the range in acceleration around the halo for each defect, showing
each acceleration axis in a different colour, with the mean range in acceleration measured for the
no defect case extended by a dashed line to cover the rest of the plot.

7.3 Summary

Based on this experiment, there is a reasonably clear correlation between the presence of a defect

and the amplitude of the radial acceleration. There is a similar correlation between the presence

of a defect and the difference between the axial and radial accelerations, with the axial and radial

accelerations being very similar for a defect-free pipe, while the radial velocity is larger than the

axial velocity close to a defect. Further testing is required to determine the efficacy of this for

detecting defects in a more realistic scenario, and to ascertain the cause of a few oddities in the

data, namely the large increase in az for accelerometer 1 close to defects, and the lack of response

by accelerometer 4. This testing was not conducted at the time due to limited access to the robot.

The work presented in this chapter demonstrates the potential capabilities of this combination

of robot and sensor halo. In the test pipe, ar detected the largest of the defects studied, and with

further data to better understand the background noise, it may be that the smaller holes were also

detectable. Considerably more work is needed to improve and test this design. The halo design

needs further testing to determine the optimal spacing of the accelerometers and the best size

of the halo to get close enough to the pipe wall. Ideally this would be some kind of adjustable

system, so the accelerometers travel a consistent distance from the pipe wall regardless of pipe

radius. The robot needs to be tested in a larger pipe system, with more features and with a blind

test to find pipe defects and leaks. It would also be beneficial from a robot localisation perspective

to use acoustics to detect features, such as joints, using the robot, which has not been tested or

investigated here.
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Chapter 8

Conclusions and Recommendations

This thesis has presented a body of work considering the limitations in current acoustic methods

for leak detection in plastic pipes before presenting a more sensitive method for detecting leaks

and defects in pipes in water distribution networks and wastewater rising mains. Through a com-

bination of numerical modelling and experimental validation, this work has demonstrated that

using acoustic velocity vector sensors (AVVSs) to measure the full acoustic velocity vector from

an in-pipe platform provides more sensitive diagnostic capabilities than traditional monoaxial or

pressure-based acoustic approaches.

Initial investigations demonstrated the variability in acoustic signatures produced by leaks,

where the variability was found to be caused by the leak shape as well as back pressure and the

distance between the measurement device and the leak location. The use of machine learning

methods was initially anticipated to address the scope of this problem, however it was felt that the

significant amount of data collection required for such an approach made it impractical within the

time-frame of the project, especially since commercial options for such a methodology were already

under development. Further work was conducted quantifying the severe and frequency-dependent

attenuation of sound in plastic pipes, confirming that only low-frequency waves propagate effec-

tively. It was found that standard pipe features such as joints and burial conditions increase con-

siderably the acoustic wave attenuation and limit further leak signal transmission. These results

provide an explanation for the poor performance of conventional correlation methods in plastic

pipe systems and underscore the need for proximate, in-pipe measurement approaches ideally

based on robotic sensing platforms.

Building upon this understanding of the challenges in detecting waves in plastic pipes at any

realistic distance from the sound source using conventional methods, numerical models were used

to explore the response of different acoustic velocity components to holes and pitting in pipes of

various materials and dimensions. The results showed that the radial velocity components exhibit

significant amplitude changes near defects, providing a new basis for acoustic defect and leak

detection. This contrasted with the behaviour of the pressure and axial velocity, which were not

affected by the proximity of a defect. These predictions were confirmed experimentally using an

AVVS inside a section of ex-rising main, where the AVVS successfully identified small holes in the

pipe wall.

The final phase of this project concerned the deployment of AVVSs on a robotic platform and

the effect of the robot’s body on the sensor performance. The results show that a larger hole in the

pipe wall leads to a clear response in the acoustic velocity vector. While further work is required

173



8.1. Proposed Future Work

to optimise the sensor geometry and deployment method to improve robustness, and to evaluate

its performance in more realistic buried networks, the results establish that such a platform offers

a viable route towards autonomous in-pipe inspection.

Overall, this thesis contributes both new physical understanding and technological innovation

to the field of leak and defect detection in buried pipes. It advances the state of the art by intro-

ducing acoustic vector sensing as a next-generation approach for monitoring plastic and ferrous

water pipes, offering improved sensitivity, adaptability, and compatibility with robotic inspection

systems. With further refinement, the results of this work can significantly enhance the reliability

and efficiency of water infrastructure maintenance in the coming decades and paves the way for

no dig in-pipe rehabilitation with autonomous robotics.

8.1 Proposed Future Work

This work has justified and conducted tests on an acoustic velocity vector-based approach to robotic

pipeline inspection. The proposed next steps based on this work include:

1. Further, systematic measurement of the attenuation in pipes over different features.

This has been started in this thesis, with Chapter 4 measuring the attenuation across multi-

ple features in a plastic pipe loop. However, these measurements were conducted on a pipe

network designed for other purposes, with many additional features which led to multiple

reflections, interference within the system and often short pipe sections between features,

which limited the distance over which reliable measurements could be conducted. These

measurements should be repeated on simpler pipe sections in the acoustic far-field for im-

proved accuracy. The sound source used in these experiments was also not ideal, since it was

limited at low frequencies and led to a non-linear excitation on the pipe at all frequencies.

Finally, the measurements taken should be compared with predictions from theory and nu-

merical simulations.

2. Testing of the proposed AVVS methodology on a more realistic pipe setup. Initially this

would be a longer pipe section with the fluid only inside the pipe, and either air or soil outside

the pipe. It would be beneficial to run tests on different pipe diameters, pipe materials and

with a variety of defects of various sizes. The numerical work should also be extended to

cover this increased scope of investigations. These experiments should culminate in work

on a larger pipe network, including blind detection of defects, the location of which is not

known during processing.

3. Further validation of the robotic platform. The next stages of this work should consider

the ideal placement of a sound source with respect to the robot, as well as testing the robot

on a more realistic section of pipe. This testing should be continued for a range of pipe

materials and dimensions, with a range of defects tested. The aim of these tests should be

to ensure the AVVSs perform on a robotic platform in a similar way to on their own, and to

test the practicalities of the robotic deployment. For example, its range, any traction issues it

might have, etc.

4. Optimisation of the robot design. The shape of the robot should be adjusted to minimise

its effect on the surrounding fluid and sensor performance. The design of the halo should

be optimised to allow free motion of the sensors in the water. The halo design needs further
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work to adapt it to potentially varying pipe diameters, where the sensors will either be dif-

ferent distances from the pipe wall, or the size of the halo needs to be adjustable to allow the

distance to pipe wall to be maintained. Currently, the robot body is very square, and has a

noticeable impact on the projected in-pipe acoustic field, this should be modified into a more

acoustically quiet form factor.

5. Extension of the modelling work to account for the fluid dynamics of the system. The

frequencies being considered allow for static fluids to be used as a first approximation. How-

ever, these are not static systems, with typical flow speeds of 1 m/s and leakage being an

inherently mobile phenomenon. Modelling work should progress from a purely acoustic

model to a fluid dynamics model, this would be a continuation of the work presented by

Adesina [228], which used Ansys Fluent to predict leak noise from the fluid dynamics of the

system.

6. Extension of the AVVSs to detect other features in the pipe network. This work has

concentrated on leaks in pipes and defects in the pipe wall, with a focus on holes in the

pipe wall. There are many different issues in the pipe network, including different forms of

corrosion and bubbles forming within the pipes. A full survey should be done of which are

detectable acoustically using this platform.

7. Integration with complementary sensors. The work presented here aims to provide infor-

mation on areas where defects are likely to be. The use of such low frequencies limits the

resolution of detection, therefore any robotic platform using this would probably want to

have a higher resolution tool to more accurately inspect the issue. This might be a camera

or some kind of ultrasonic sensor. More information is needed on the limits of the sensor

proposed in this thesis before complementary sensors could be identified. Once the best

choice of sensor suite is determined, significant development would be required on power

management, data processing and memory consumption optimisation.
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Appendix A

Part numbers

Table A.1: Part numbers of equipment used during this thesis. The chapters in which the equip-
ment was used has been provided.

Description Part number Documentation Chapters
hydrophone B&K 8103 [229] 4

hydrophone amplifier B&K Nexus 2693-0S4 [230] 4
data acquisition card (DAQ) USB-4431 [231] 3, 4
monoaxial accelerometers PCB 353B04 [232] 3, 4

triaxial accelerometers 3 x PCB 353B18 [233] 4
high resolution monoaxial accelerometers PCB 393B04 [234] 5

impact hammer PCB 086C03 [235] 4
shaker Dayton Audio DAEX25CT-4 [236] 4
speaker Visaton FR8 [237] 6, 7

amplifier (for shaker and speaker) TDA7498E [238] 4
underwater triaxial accelerometer G-link-200 [239] 6
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Appendix B

Mesh analysis for modal analysis of

MDPE pipe

The model used to generate the results in Sections 3.1 and 4.1 was a 2D axisymmetric model. A

free triangular mesh was used for the pipe interior, and a mapped mesh for the pipe wall.

To validate the mesh, three parameters within the mesh were changed:

1. the number of mesh elements in the pipe wall thickness, nwt

2. the number of mesh elements in the pipe wall circumference, nwc

3. the largest element size allowed in the pipe interior, mp

An example of a mesh with nwt = 5, nwc = 24 and mp = 8 mm is shown in Figure B.1.

The effect of varying each of these parameters is shown in Figure B.2. It can be seen that the

number of mesh elements in the pipe wall thickness (mwt) has minimal effect on the results, as

does changing the minimum element size in the pipe interior (mp). Increasing the number of el-

ements around the pipe wall circumference (nwc) does have an effect, mainly at higher frequen-

cies and in the evanescent modes. Based on these results a value in the centre of each of these

ranges has been determined to give a good representation of the solution.
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Figure B.1: Example of mesh used in model with nwt = 5, nwc = 24 and mp = 8 mm.

Figure B.2: Effect of varying the size of each part of the mesh, with the legends in each figure
showing the value being changed. The other two variables are held at their finest value while the
third is changed.
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Appendix C

Estimating the storage modulus

acoustically

The dispersion relation for axisymmetric wave propagation in a fluid filled pipe surrounded by

soil can derived from the equations of motion for the fluid and soil. The dispersion relation in

terms of displacement amplitudes, Uz, Uθ and Ur is described by:

[Q] +
(1− ν2)R2

Eh

[L][K]−1 + P

0 0 0

0 0 0

0 0 −1





Uz

Uθ

Ur

 = 0 (C.1)

By way of introduction to each of the terms in this equation a very brief outline of the derivation

of this equation is provided, however the reader is referred to Appendix A of [205] for a more

complete derivation.

For a pipe shell, the equation of motion can be written as

[Q][Uj ] = 0 (C.2)

where [Q] is a matrix differential operator acting on the displacement. The choice of [Q] depends

on the shell theory being used, here that from the Donnel-Mushtari theory is appropriate [240]:

Q =

Ω
2 − k2zR

2 − n2 (1−ν)
2 kzRn (1+ν)

2 −kzRνi

kzRn (1+ν)
2 Ω2 − k2zR

2 (1−ν)
2 − n2 ni

−kzRνi ni −Ω2 + 1 + h2

12R2 (n
2 + k2zR

2)2

 (C.3)

with Ω = ωR
√
ρ(1− ν2)/E for a mode of order n (n = 0 for axisymmetric modes). Here E =

E′(1 + ηi) is the complex modulus for a storage modulus E′ and loss factor η, kz is the axial

wavenumber and ω is the angular frequency. The values of these used during testing are shown

in Table 4.1.

Including the pipe-soil interface requires consideration of the pressure exerted by the pipe shell

on the soil. This can be derived for a homogeneous, isotropic, linear elastic soil by combining

Navier’s wave equation with Hooke’s law to find
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σrz

σrθ

σrr

 = [L][K]−1

Uz

Uθ

Ur

 einθei(ωt−kzz) (C.4)

where σij are the stresses in the soil acting from direction i to direction j, [L] is a matrix sum-

marising the stresses in the soil and [K] is a matrix expressing the soil displacement. The compo-

nents of [L] and [K], for an axisymmetric wave where the dependence on θ is removed are:

K11 = −kzHn(k
r
dr)i (C.5)
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In the above equations Hn and Πn are Hankel functions of the first and second kind of order n,

krd and krτ are radial wavenumbers relating the compressional (kd) and shear (kτ ) to the axial

wavenumber kz such that krx =
√
k2x − k2z , x ∈ (d, τ). This derivation assumes a homogeneous,

isotropic, linearly elastic soil such that it can be described by the Lame constants µs and λs.

It is possible to solve these equations, such that if the radial wavenumber is known the storage

modulus of the pipe wall can be calculated. The solution for these equations is presented in [205]

for the experimental setup described below. This author presents an alternative methodology in

Chapter 4 based on comparison with numerical results from COMSOL®.
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Appendix D

Finding the speed of sound from

crossing points on impact hammer

measurements

In Section 4.2.1, the time difference between the arrival times of impact hammer measurements

was proposed as a method of finding c. An example of the time series for such a measurement is

shown in Figure D.1. This example shows the results for a threshold of 4x the background noise,

where the background noise was calculated as the maximum of the signal for 0.5 s before the

impact. This choice of threshold was a crucial element of the process and no sensible way of de-

ciding it could be found.

This is demonstrated in Figure D.2, where thresholds of between 1 and 100 times the background

recordings have been applied, and the speed of sound calculated. There is a huge range in the

calculated value of c, with no obvious way of differentiating the actual value.

Figure D.3 shows a similar set of results as Figure 4.15, with c calculated from the peaks, with

the thresholds given in the legend. It was hoped that this method might allow more visibility

of other modes, and to an extent this seems to be the case. The lower thresholds lead to values

of c grouped around 800 m/s, as would be expected for the fluid borne mode, while the higher

thresholds lead to a value of c similar to that found using the cross-correlation and phase-based

methods, of around 400 m/s. This is interesting, however the large span of values limits the prac-

ticality of this method. It could be made more manual, and potentially more accurate, by visu-

ally inspecting the data to find features related to the impact reaching each meter, however this

would be laborious for large data sets and it was felt it was highly liable to bias.
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(a)

(b)

Figure D.1: An example of identifying the speed of sound based on either the first time a signal
crosses a threshold value, or the first peak greater than this threshold, where the thresholds have
been determined as a multiple of the background. In these figures the data has been filtered to
between 25 and 175 Hz.
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Figure D.2: Speed of sound calculated from the arrival time of impact hammer measurements
on the wall acceleration, where the data has been filtered according to the legend, and detection
thresholds from 1 to 100x the background measurements have been applied.

Figure D.3: A comparison of the speed of sound calculated for an example dataset with the
impact 8 m from the hydrophone/accelerometer. The speed of sound is plotted against the cen-
tral frequency of the filter applied to the data for an array of filters, the exact frequency ranges
are provided in Table 4.2. The shaded regions show the predicted values of c from Chapter 3,
coloured as per Figure 3.1.
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Appendix E

Mesh analysis for model of defective

pipe

This section describes the steps taken to optimise the mesh for the model described in Chapter 5.

A schematic view of the mesh used in the model described in Section 5.2 is provided in Figure

E.1 showing each of the meshing elements. Based on this there are 6 main parameters than can

be modified within the mesh:

• mp, the maximum element size of the free triangular mesh that is swept along the majority

of the pipe.

• dp, the distance between elements in this swept mesh.

• nw, nw,3D, the number of elements in the pipe wall, in the main pipe wall and close to the

defect (in the 3D section).

• mt, the maximum element size of the tetrahedral mesh close to the defect.

• md, mh, the maximum element size on the surface of the defect/at the location of the hole

in the pipe.

Figure E.1: Schematic of the mesh for the model described in Section 5.2.

184



Table E.1: A representative selection of the mesh sizes tested for basic model, where R is the
radius of the pipe, h is the pipe wall thickness and r is the radius of the hole in the pipe wall.

mp,mt dp (m) nw nw,3D md mh d3D (m) description
R/2 0.3 1 3 h r 1 very coarse
R/3 0.25 1 5 h/3 r/3 1 coarse
R/5 0.25 2 7 h/4 r/5 1 medium
R/8 0.2 3 10 h/4 r/8 1 ultra-fine
R/3 0.25 3 5 h/3 n/a 2 fine, long 3D
R/8 0.1 5 5 h/4 r/8 0.25 med., short 3D

• d3D, the length of the 3D mesh.

In order to simplify the problem, we set mp = mt in all cases.

The size of the mesh used in each test for each section of the model is summarised in Table E.1,

with the results compared in Figure E.2. The error here is calculated as ϵ = (xmodel−xfine)/(xfine+

ζ), where ζ is a regularisation constant. It can be seen that the error in the results is similar for

both the medium and fine meshes, however the fine mesh has lower errors close to the defect for

p and vx, so was chosen for the model described in the main text. The results along the length of

the pipe for each parameter are shown in Figure E.3 for a subset of the mesh sizes shown above.

The relative error as a function of the mesh size is also shown. Inspection of Figure E.3 shows

that the relatively high error in vy is dominated by a very dissimilar result immediately next to

the defect, removing this increases the similarity in the results of the fine and ultra-fine meshes,

the remaining high relative error can be explained by the very low values of vy being measured.

There is a similar very localised increase in the error of vz close to the defect, largely due to the

sudden decrease in vz distorting the error calculation. In general the low level of difference seen

between the medium and ultra-fine meshes led to the selection of the medium mesh for the re-

sults presented in this paper, as such the final mesh parameters used are:

• mp = mt = R/5

• dp = 0.25 m

• nw = 2

• nw,3D = 7

• md = h/4

• d3D = 1
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Figure E.2: Effect of different sized meshes on the error in the value of each parameter along the
sensor line. The error has been calculated with respect to the ’ultra-fine’ model. The mesh sizes
for each section of the model are summarised in Table E.1.
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Figure E.3: Effect of different sized meshes on the model results along the sensor line for 3
different meshes. The error is between the fine and ultra-fine meshes. The mesh sizes for each
section of the model are summarised in Table E.1.
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Appendix F

Sensitivity of acoustic velocity to

frequency

In Section 5.4.2, the effect of varying source frequency on the pressure, axial velocity and radial

velocity response to a defect was shown.

For the sake of brevity the figures for each frequency are provided here rather than in the main

text.
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Figure F.1: The results from the numerical simulation for sound propagation along an ‘infinite’
pipe with (blue) and without (orange) a defect. The amplitude of the pressure, axial velocity and
radial velocity are shown in the left hand figures, while the difference between the amplitudes
of the with and without defect cases is shown in the right hand figures. The results are for a re-
ceiver line that runs 0.06 m from the edge of the pipe closest to the defect. The defect is at 0 m
and the planar sound source is at -10 m, oscillating at 65 Hz.
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Figure F.2: The results from the numerical simulation for sound propagation along an ‘infinite’
pipe with (blue) and without (orange) a defect. The amplitude of the pressure, axial velocity and
radial velocity are shown in the left hand figures, while the difference between the amplitudes
of the with and without defect cases is shown in the right hand figures. The results are for a re-
ceiver line that runs 0.06 m from the edge of the pipe closest to the defect. The defect is at 0 m
and the planar sound source is at -10 m, oscillating at 130 Hz
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Figure F.3: The results from the numerical simulation for sound propagation along an ‘infinite’
pipe with (blue) and without (orange) a defect. The amplitude of the pressure, axial velocity and
radial velocity are shown in the left hand figures, while the difference between the amplitudes
of the with and without defect cases is shown in the right hand figures. The results are for a re-
ceiver line that runs 0.06 m from the edge of the pipe closest to the defect. The defect is at 0 m
and the planar sound source is at -10 m, oscillating at 170 Hz
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Figure F.4: The results from the numerical simulation for sound propagation along an ‘infinite’
pipe with (blue) and without (orange) a defect. The amplitude of the pressure, axial velocity and
radial velocity are shown in the left hand figures, while the difference between the amplitudes
of the with and without defect cases is shown in the right hand figures. The results are for a re-
ceiver line that runs 0.06 m from the edge of the pipe closest to the defect. The defect is at 0 m
and the planar sound source is at -10 m, oscillating at 200 Hz
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Figure F.5: The results from the numerical simulation for sound propagation along an ‘infinite’
pipe with (blue) and without (orange) a defect. The amplitude of the pressure, axial velocity and
radial velocity are shown in the left hand figures, while the difference between the amplitudes
of the with and without defect cases is shown in the right hand figures. The results are for a re-
ceiver line that runs 0.06 m from the edge of the pipe closest to the defect. The defect is at 0 m
and the planar sound source is at -10 m, oscillating at 400 Hz

Appendix F. Sensitivity of acoustic velocity to frequency 193



Figure F.6: The results from the numerical simulation for sound propagation along an ‘infinite’
pipe with (blue) and without (orange) a defect. The amplitude of the pressure, axial velocity and
radial velocity are shown in the left hand figures, while the difference between the amplitudes
of the with and without defect cases is shown in the right hand figures. The results are for a re-
ceiver line that runs 0.06 m from the edge of the pipe closest to the defect. The defect is at 0 m
and the planar sound source is at -10 m, oscillating at 600 Hz
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Figure F.7: The results from the numerical simulation for sound propagation along an ‘infinite’
pipe with (blue) and without (orange) a defect. The amplitude of the pressure, axial velocity and
radial velocity are shown in the left hand figures, while the difference between the amplitudes
of the with and without defect cases is shown in the right hand figures. The results are for a re-
ceiver line that runs 0.06 m from the edge of the pipe closest to the defect. The defect is at 0 m
and the planar sound source is at -10 m, oscillating at 800 Hz
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Figure F.8: The results from the numerical simulation for sound propagation along an ‘infinite’
pipe with (blue) and without (orange) a defect. The amplitude of the pressure, axial velocity and
radial velocity are shown in the left hand figures, while the difference between the amplitudes
of the with and without defect cases is shown in the right hand figures. The results are for a re-
ceiver line that runs 0.06 m from the edge of the pipe closest to the defect. The defect is at 0 m
and the planar sound source is at -10 m, oscillating at 1,000 Hz
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