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Abstract

Context: Clean drinking water is a very scarce and precious resource, a basic need
for life, and requires proper management. Inconspicuous water leaks over a long
period of time contribute to the loss of potable water. It also results in inexplicably
high water bills, low pressure and damage to property. Therefore, leak detection is a
conservation technique that has highly peaked research interest in the recent years.
There are quite a number of approaches to leak detection in existence but most are
inaccurate or expensive to implement.

Objectives: In order to address unnecessary water losses, the main objective of this
work is to implement an efficient method of water leak detection in real-time. As an
abundant library of research work on leak detection exits, there are plenty of meth-
ods with their own strengths and limitations. Therefore the second objective of this
thesis is to review existing literature to better understand their advantages.
Methods:To achieve the objectives stated, a research on the various methods used for
water leak detection is conducted, and having considered vibration interpretation as
an effective tool, a systematic literature review on the several analysis techniques is
done. From which a solution to implement on pipelines is tested and discussed.
Results: It was discovered from the literature review that although much effort has
been made towards leak detection in distribution systems, there is a limited num-
ber of studies on detection in small-diameter pipelines and end-user premises. To
address this, an experimental data set is analysed to detect leaks effectively using
vibration interpretation. An application of the detection system using a LoRaWAN
architecture is discussed.

Conclusion: In Conclusion, from the meta-analysis it was evident that a leak anal-
ysis system using vibration interpretation is feasible and that the study of leakage
detection in consumer networks is still in its infancy. Therefore, une-leak algorithm
that detects leaks by analysing vibration signals was developed and tested. How-
ever, the results were not tested in real time.
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1.1 Importance of Leak Detection

Fresh-water is a necessity for life and the loss of this resource is becoming more
apparent in recent years due to population growth and climate change. The Cape
Town water crisis in 2018 [1] is an example of the consequences of the growing wa-
ter shortage worldwide. In Botswana, water resources are limited and most of her
surface water is from rainfall. As there has been a decline in rainfall due to climate
changes the security of water access is at risk [2]. According to an article by Central
Statistics Office, about 90% of the residents of Botswana have access to tap water
[3]. Pipelines have been used over the years to transport water. These pipelines
cross populated areas and cover a vast area of land. Damage to pipelines may be
caused by corrosion, excessive stress due to pressure or land movements. A study
[4] carried out in Ramotswa, Botswana found that most of the water infrastructure
in the Gaborone-Ramotswa area are more than 25 years old. Although a leak may be
small, they are not insignificant as they grow larger with time and lead to clean wa-
ter wastage, economic loss and environmental damage [5]. A leak detection system
does not prevent leaks but will largely reduce the time needed to detect and locate
a leak and therefore reduce its consequences. Leak detection in water distribution
systems is a major research field and many solutions have been proposed to try to
rectify this problem.

Many households pay high water bills even when there are no obvious signs
of leakage and are not using a lot of water [6]. Water Utilities Corporation (WUC)
will not assist in finding or fixing any leaks in households [7]. As shown in Figure
1.1, once the water has passed the water meter, any water loss is the customer’s
responsibility to discover and resolve. A study on residential end uses of water
found that leaks accounted for 24.5 percent of the average daily use in the top 100
homes with the highest average of daily indoor water use [6]. Leaks can be very
costly and therefore it is important to find the fault as soon as they occur. A common
method of checking for leaks in a household is shutting all the taps and checking if
the scale on the water meter still moves, in which case, it indicates the presence of a
leak.

WUC's responsibility Customer’s responsibility

FIGURE 1.1: Separation of water meter between distributer and end-
user [8]
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1.1.1 What is a Water Leak?

A water leak in this context can be described as a crack, hole, or other gaps in a
water-carrying pipeline, through which water is lost. Water leaks can be classified
as apparent leaks and real leaks. Apparent leaks are leaks that cannot be found using
acoustic methods and they always exist in pipelines, these are losses due to billing
errors, theft, etc. Real leaks are those leaks whereby water is lost from a pipeline at
joints, through orifices or bursts. Real leaks can be further divided into reported and
unreported leaks[5]. Unreported leaks are leaks which are usually not noticeable be-
cause they’re hidden below ground whereas reported leaks eventually appear above
ground as shown in Figure 1.2 [9]. Table 1.1 shows the highest percentage of water
losses recorded between 2000 and 2009 in some towns in Botswana. These were non-
revenue leaks, water that was not billed as it was lost during transportation, outside
billing areas [4].

Supply pip[qlz'-:’/__:’:.‘g- Connected to a hillinlg meter

P

>

y Distribution pipe

| Unreported leak, | Reported leak, appearing
; hidden underground : on the ground surface

FIGURE 1.2: Types of real leaks [10]

TABLE 1.1: Water losses (%) recorded in major towns in Botswana [4]

Year Town Loss
2002 Molepolole 45%
2004 Ramotswa 57%
2005 Serowe 62%
2007 Kanye 43%

1.2 Motivation for Thesis

A significant amount of water is lost during water transmission due to undetected
leaks in the piping system. According to the Botswana Water Accounting Report
2014-15 [11], about 25 percent of the distributed water is lost before reaching the
consumers every year. The small amount of water lost at the domestic level may
seem insignificant but can lead to large loss of water and capital if lost over a long
period of time. It causes damage to property and individuals end up having to pay
for wasted water. It also poses as a health risk especially to children as leaks lead
to dampness in the house and drinking water may get contaminated through the
orifices [12]. Therefore, quick and reliable leak detection is very important. If leaks
can be found and fixed within a short period of time then it will bring about many
economic and health benefits.
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Many methods have been proposed to detect leaks in pipelines in general but few
have focused on detecting leaks at a smaller scale such as in households [13]. The
methods may either be uneconomic for most households to employ or too slow to
detect leaks and have complex procedures [14]. This shows that there is need for an
affordable method that can be implemented on a smaller scale.

1.3 Research Objectives

Water leaks can be very costly. Proper water management requires constant moni-
toring of the water pipe network and fast detection of leaks. Sometimes water leak-
age may go undetected for a long time, especially if it is below ground, concrete,
lawns or inside walls. Water leaks can be very costly if undetected for a long time as
it may lead to environmental damage, economical loss and clean water wastage [15].

In order to reduce water loss, the objectives of this research work are as follows:
1. To systematically evaluate leak detection methods in existence.

2. To propose and develop an algorithm for leak detection in small-diameter
pipelines.

3. To validate the proposed leak detection algorithm for accuracy and efficiency.

1.4 Scope of Work

Due to climatic changes and human activity leading to water pollution over the
years, conservation of clean water demands immediate attention in modern soci-
ety. Leak detection in water distribution pipelines is one of the water conservation
strategies implemented. Therefore, vast research has been done on leak detection
and many methods exist. This thesis focuses on leak detection in small-diameter
pipelines using vibration analysis. The data used for analysis is obtained from an
experimental setup by Ismail ef al.[16], on small-diameter pipelines.

1.5 Contribution to the Knowledge Base

The following publication is a result of the work done for this thesis.

Moni, N.A., Sigweni, B., Mangwala, M. and Kolobe, L., 2019, September. Water
Leak Detection from Irrigation Pipelines in Botswana using Vibration Interpretation
Technique. In 2019 IEEE AFRICON (pp. 1-6). IEEE.

1.6 Thesis structure

The introductory chapter outlines the issue of water loss and the need for research
on leak detection. The following chapter briefly explains the background and other
work pertaining to leak detection. Several methods used for leak detection are high-
lighted in this chapter. Chapter 3 discusses the process used to review different
vibration interpretation techniques used for leak detection by researchers. Theses
methods are compared and the trend over the years is determined. The different
pipeline materials used and the effectiveness of the leak detection methods on the
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material are also studied. Furthermore, research that focuses on the detection capa-
bility of the systems as the leak size changes is studied. Chapter 4 presents an algo-
rithm, describes its usability and discusses the results. Finally, chapter 5 concludes
the thesis by giving a summary of the work done, highlighting the drawbacks and
contributions of the study, and discusses future works to be done.



Chapter 2

Background and Related Work
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2.1 Water Leak Detection Methods

Potable water is a scarce resource and its conservation has become more important
with an increase in population and water demand. Therefore, discussions regarding
leak detection have dominated research in recent years and a large body of work
exists since a water leak is the most common and hardest to determine component
of overall water loss [9]. Most techniques used in leak detection work well in metal
pipes, hence more researchers have focused on improving these techniques for plas-
tic pipelines. According to a study by Dighade et al. [5], about 30-50% of freshwater
in developing countries is lost through leaks in water distribution networks.

The existence of a leak in pipelines can be detected by several techniques. In
an overview by Adedeji et al. [9], these are separated into two categories: internally-
based methods and externally-based methods. Internal methods discussed are mainly
software analysis techniques like signal processing, data analysis and model-based
methods, whereas external methods are hardware-based such as acoustic emission,
fiber optics and magnetic induction methods. Combining these methods to create
hybrid methods often gives improved results [9].

In a household, people take different measures to deal with leaks. Below are
some intervention methods practiced by homeowners.

1. Searching along the pipeline for any noticeable leaks and quickly mending the
leak.

2. When the owners are aware of an existing leak, but cannot locate it, they may
close the main stop tap before the water meter when the users are not at home.

Since these methods are neither very effective in reducing water loss nor eco-
nomical, algorithmic systems have been developed to help in detecting and locating
leaks. Some of the many algorithms proposed by researchers do not focus on house-
holds but on a larger distribution network.

2.1.1 Hardware-based leak detection

Hardware-based leak detection is the use of hardware devices to find leaks. These
include the use of acoustic equipment, Leakage area sampling, gas tracing, and vi-
sual equipment [10]. Some examples of these methods are as follows:

Acoustic Equipment

1. Listening rods

A Listening rod is a device that amplifies the vibrations along a pipeline. A user
wearing a headphone connected to the rod has to walk along a pipeline listening for
leak noises. A usual method of detecting leaks involve dividing the distribution net-
work into areas called District Metered Areas (DMA) and then using listening rods
to search for leaks in the DMA. These areas are too large to manually scan and the
method is very time consuming [17].

2. Leak Correlators
Leak correlators use acoustic sensors placed at either ends of a leak to estimate

the leak location, see Figure 2.1. Leak Correlators are widely used to estimate a leak
position with good precision [18]. The leak sound, which is a broadband noise with a
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lower Signal to Noise Ratio (SNR) than normal flow, is received by the sensors. The
time delay estimate (Tj) is evaluated by the peak in the cross correlation function
(Ryyx, (7)) of signal x;(t) and x2(t) from sensor 1 and sensor 2 respectively. Ty is
used to calculate the distance of the leak from the sensors. The distance d; to the leak
from sensor 1 in Figure 2.1 is given by Equation 2.1 taking into account propagation
speed c of the leak noise and the distance d between the two sensors [19].

d— CTO
g =-_"0 2.1)
2
x(?)
o I ATOR Cross-correlation
%,(£) function R,, (7)
Sensor 1 Sensor 2
: Surface of the Ground
"‘Leak
d, d,
- »le
" d

FIGURE 2.1: Using a leak correlator for leak detection [19]

Leakage Area Sampling

Conventional methods Hitachi's approach

(1) Leak surveys are conducted throughout
the DMA with acoustic equipment

(2) Repeat leak surveys throughout the DMA
over time, even after leaks are repaired

Water treatment plant .~

DMA(District Metered Area)

(1) Divide the DMA into areas and estimate the
leakage volume for each area

(2} Place survey priority on areas with a large
estimated volume of leakage to enhance
management efficiency

Rl Area 5:

T (g /e Wv=1001/5) LV=10l/s

* LV=Leakage Velume
* The number of divided areas depends
on the size of the DMA and other factors,

FIGURE 2.2: Hitachi’s approach [10]

A company called Hitachi proposed an approach (Figure 2.2) whereby the DMA
are divided into smaller areas and the leakage volume of each area is computed
[10]. The areas with a higher amount of leakage (leakage hotspots) are surveyed
more often than others. The aim of this method is to find the spots with a higher
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risk of leakage. This priority first model detects leaks in areas with leakage hotspots
quickly, hence reducing the water loss.

Visual Device

1.Thermal Infrared Imaging

This is the use of a thermal camera to scan along the pipelines for signs
of leakage. The thermal camera uses infrared radiation to create images
indicating temperature [20]. Figure 2.3 shows an image obtained from a
thermal camera of a leakage from hot water pipes. The difference between
temperature caused by leakages can be used to estimate the position of the
leak in the pipeline. Thermal Infrared Imaging is advantageous in terms of
precision, performance and real-time leak detection. However, it is easily
affected by soil type and weather conditions [21].

63

Trefl=68 Tatm=68:Est=6.6 FOV 24
1/ 1/07 6:47:54 PM 40 - +250 e=0.96 °F

FIGURE 2.3: Thermal Infrared camera output [22]
2.Ground Penetrating Radar (GPR)

A GPR uses a radar transmitter and receiver to search for leaks on the ground.
A pulse is sent into the ground and the echo is analysed for amplitude and strength
difference to determine the presence of water in the ground. This is easier to use in
drier areas where there is a high contrast between wet and dry soil.

2.1.2 Software-base leak detection
Audio fingerprinting method

Solomon et al. [15] used this method for household water leakage detection. An
audio fingerprint is a digital summary of an audio signal which can be used to iden-
tify an audio sample or to find similar signals in a database. For leak detection,
this method is used to profile water-use patterns referred to as fingerprints, which
are stored in a database. Any new fingerprint with a high variance from the ones
that are produced by normal household activity is identified as a possible leak and
the user is alerted. This method has high accuracy in detecting leaks, however, the
database needs to be trained every time it is installed into a new house to learn the
pattern of the water-use in the house. It will only detect the leaks which occur after
the installation of the system in a household. Which means it will not detect the
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leaks that are already existing at the time of installation. The steps of the audio fin-
gerprinting method are shown in Figure 2.4. Complexity and memory requirements
deem this method unsuitable.

Input signal ( 1
| Preprocessing | | Feature extraction |
| Framing/Overlap | [ Fingerprint generation |
| Transforming | / Fingerprint ‘

FIGURE 2.4: Audio fingerprinting method as described by [15]

Dictionary Learning

This is a model in the context of unsupervised learning using sparse coding. In leak
detection, the following steps are taken to identify and localize leaks [23].

¢ The set of nodes where the sensors will be mounted is obtained.

¢ The training data is constructed from the sensors.

The dictionary is trained.
¢ Any unusual data is recognised as a leak.
¢ The position of its largest entry is identified as the area/node with the fault.

This method is used in the detection of leaks in large distribution systems and
has shown high efficiency. It has not yet been tested on a smaller scale, therefore it
may be unsuitable for small-scale farmers.

Fault Model Approach

This algorithm assumes the presence of virtual leaks in the distribution system. An
extended Kalman filtering procedure is applied to the signal. The leak size and lo-
cation are estimated using an adaptive state estimator which is derived from a finite
difference method and discretized partial differential equations [24]. Complexity
and memory requirements deem this method unsuitable.

Another common technique that is used by researchers in other parts of the
world for leak interpretation is Basic Cross-Correlation(BCC). Sensors are placed
at two distinct points on a pipeline to obtain vibration/acoustic signals and BCC is
applied, a sharp peak can be seen in the cross-correlation of the two signals [25].
Time Delay Estimation is also a common technique which focuses on measuring the
time taken between the transmission of a pulse signal and the reception of its echo
to estimate a leak [26].
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2.2 Water Flow Characteristics

The microscopic view of the water flow in a pipeline is seen in Figure 2.5, though the
average water flow is in the x direction, the drag and turbulence causes molecules
to be pulled in different directions. This causes vibrations along the pipeline.

Fi
A
accelerometer
Average Water Flow > X
« w e L /
& 2 = Y e
® > @ >
= H A o —» = »

FIGURE 2.5: The microscopic view of water flow in a pipeline [16]

Water flow can either be laminar,transient or turbulent. Laminar flow is whereby
water layers slide over each other smoothly, giving a constant flow. Turbulent flow is
whereby the fluid flow fluctuates randomly and the layers mix vigorously. Transient
flow is both laminar and turbulent. Figure 2.6 shows the flow of water in these states
using a dye, known as the Reynold’s experiment [27], [28]. The Reynold’s number
Re (Equation 2.2) of a liquid with viscousity y can be used to determine the flow of
the fluid, where p is the density of the liquid, u is the velocity of the flow and L is
the lentgth of the pipeline. If Re is less than 2000, a laminar flow is expected and
a transient flow if Re is between 2000 and 3000. Turbulent flow is when the Re is
greater than 3000.

2.2)

In the pipelines, a turbulent flow is expected due to the low viscosity and the high
velocity of the input water [29]. Figure 2.7 shows a segment of a pipeline. Assuming
that the water in pipelines is an incompressible liquid, the principle of continuity of
fluids states that the mass entering a system is equal to the mass leaving the system
as mass can neither be created nor destroyed [27]. Therefore, the volume (V;) of
water input into the pipeline with velocity (u;) is expected to be the same volume of
water that is output on the other side (V, ) at a velocity (u,) and this can be calculated
by multiplying the Area (A;) of the cross-section of the pipeline by the velocity of the
water flow [27]. This is summarized by Equation (2.3) and it can be used to monitor
the amount of water used.

Vo = Aotlo = Vi = Ajuy; (23)
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Dye streak

Glass pipe g
) /

(b

/——\/\/\V _

()
instantaneous —

turbulent streamline

FIGURE 2.6: Reynolds experiment. (a) Laminar Flow, (b) Transient
flow, (c) Turbulent flow [28]

FIGURE 2.7: water flow in a pipeline: principle of continuity
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Chapter 3

A Review of Vibration
Interpretation Techniques for Leak
Detection in Buried Pipes of Water
Supply Networks
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Leak detection plays a vital role in the conservation of potable water. Unfortu-
nately, leak detection methods, used along pipelines, are often inaccurate. Many
water leak detection methods have been proposed including Vibration Interpreta-
tion Techniques (VIT) [14], [30]. In order to improve VIT detection accuracy, various
modification and implementations have been proposed by many researchers [14],
[18], [19], [31], [32]. This chapter is a systematic assessment of empirical evidence
in order to determine whether these vibration interpretation techniques lead to im-
proved leak detection. These techniques are analysed by looking at the approach,
strengths and weaknesses, leak evolution inclusion and performance with different
materials. A systematic literature review was conducted of published and refereed
primary studies on VIT, publicly available. 23 relevant primary studies and 2 sec-
ondary studies were identified. A range of different techniques were found from
these. Benchmark comparisons with standard VIT were made by only 4 out of 23
studies and 3 out of these 4 reports improved accuracy. The actionable conclusion
from the analysis of all appropriate empirical evidence in the study is that they sup-
port the use of VIT. Therefore, it is recommended that researchers should seriously
consider their adoption. However, studies on copper pipelines have been neglected,
only 1 study out of the 25 studies investigated copper pipes even though copper is
widely used as last mile pipeline.

VIT are methods used to analyse vibration/acoustic signals, are commonly used
to detect and estimate the leak positions. This systematic literature review (SLR)
identifies and evaluates existing VIT used in water leak detection, examining studies
published between 1999 and 2020, these are listed in Table 3.2. The adopted char-
acteristics for the SLR are summarised in Table 3.1 and elaborated in the following
subsections and sections. The results of the study show that most researchers fo-
cused on the detection of water leaks in buried plastic pipelines as the propagation
of vibration signals in plastic is slower than in corresponding metal pipes. They also
concentrate on using basic cross correlation (BCC) or TDE to detect and estimate the
existence and position of a leak.

The rest of the chapter is arranged as follows. The subsequent section sum-
marises the different VIT leak detection and estimation methods. Six research ques-
tions are then set out that we intend to address with the SLR. In section IV the results
are presented, arranged by research question. Finally, the paper discusses the impli-
cations of this meta-analysis for researchers and practitioners in conclusion.

3.1 Vibration Analysis

Acoustic emission/ vibration signal analysis often generate quite accurate results
and combining this method with software-based leak interpretation techniques can
give improved results. Vibration signals are measured over a period of time, com-
pared with the new measurements and analysed using a signal processing technique
such as Fourier transform and wavelet transform. Vibration can be defined in this
context as a periodic movement of particles of a body in alternately opposite direc-
tions, from a position of equilibrium when the equilibrium has been disturbed [33].
Water in transmission makes constant contact with the pipe walls causing vibration
due to drag and turbulence. The vibration signals can be detected and measured
using different sensors like accelerometers, geophones and hydrophones. The pipe
material may have an effect on the result obtained and several materials are used for
water transporting pipes including PVC,copper and concrete. Leak detection seems
to be more difficult in plastic pipes than metal pipes as vibration signals in plastic
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pipes are narrow-band and have a low frequency. Therefore, most users are scepti-
cal about the accuracy of detection in plastic pipes and a lot of research focuses on
increasing the detection accuracy in plastic pipes [34].

Leak detection using vibration analysis can be summarised by the following
steps:

1. Vibration detection
2. Vibration interpretation
3. Leak localization

Vibration Interpretation involves signal analysis and noise filtering [31]. VITs
are software based methods used for analysing vibration signals obtained from sen-
sors. It is important to be able to determine whether a VIT is effective or not. Water
pipelines are mostly found underground, in different types of soil, temperatures,
dimensions and materials, and level of external activities like vehicle movement.
These factors affect the readings from the sensors [19], [35]. Several standards for
determining the quality of leak detection has been introduced by societies like The
American Petroleum Institute(API) and Technische Regeln fiir Fernleitungen(TRFL).
They have documented standard parameters that can be used for evaluating leak
detection software[36][37][38]. The parameters set by API are sensitivity, reliability,
accuracy and robustness. Figure 3.1 gives a general overview of the requirements by
TRFL, an effective Leak Detection System (LDS) should be able to monitor a pipeline

TABLE 3.1: Systematic Literature Review Summary

Characteristic Value

Review type Systematic literature review

Research  ques- | What are the validation methods or techniques used in the
tion(s) studies (RQ1)? The range and diversity of VITs in leak de-

tection (RQ2), Has the method been used in households
(RQ3)? Their strengths and weaknesses (RQ4), does the
study include leak evolution (RQ5) and what is the trend
of study over the years (RQ6)?

Purpose Guide researchers and practitioners using estimation by
analogy techniques.

Audience Researchers

Search method Automated and hand search, citation analysis, previously

known articles plus approached authors.
Databases used Hindawi, EBSCOHost, IEEE Xplore, ScienceDirect, Google
scholar, MDPI , Springer Link and Scopus

Population Empirical studies relating to VITs in water leak detection
Study types Experiments, case studies, observational studies, simula-
tion.

Inclusion criteria | (i) Refereed paper (journal or conference) (ii) Empirical
study (iii) Copy of the article available

Language English language only

Search date February 2020

Article dates 2000-2019
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for leaks continuously during both turbulent and transient operation. It should also
be able to detect leaks when the water is not moving along the pipeline and grad-
ually growing leaks. An effective LDS should also be able to localize leaks quickly.
Machine learning techniques like artificial neural networks, deep learning and ge-
netic algorithms are applied by several researchers in leak detection[15][39] [40]. In-
ternet of things can be used in implementation of VITs as described by Ng et al. in
their design of an automatic leak detection system[41].

| LDS requirements by TRFL |

Turbulent opearation |
——{ Gontinuous monitoring
Transient operation |

—————  stanastill operation |

1 Leak evolution monitoring |

 — Fast leak location |

FIGURE 3.1: TRFL requirements for a leak detection system [38]

3.2 Methodology

This systematic literature review follows the steps used by Sigweni et al [42] in a
previous review. Therefore, our approach is also strongly influenced by the method-
ological work of Kitchenham and Charters [43]. However, we deviate from their
methodology in the following aspects, mainly because of the limited number of pa-
pers involved as our review was focusing on VITs for leak detection in buried water
pipelines only.

1. We did not seek an external review of our systematic review protocol.

2. No formal quality instrument was used for our studies. Hence, the quality of
the study was assessed in terms of peer review of the candidate studies only.

3. The authors of the papers used in this review were not contacted due to limited
number of papers located.

3.2.1 Research questions

This systematic literature review mainly answers whether vibration interpretation
techniques improve leak detection in water pipes. A range of proposed VITs need
to be reviewed and how they have been empirically evaluated has to be consid-
ered. This will act as a guidance that can be used by researchers and practitioners
to discover further research areas to enhance the capability of current leak detection
methods. In order to achieve this objective, six research questions were conceived
and are stated below.
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RQ1: What are the validation methods or techniques used in the study?
Rationale: To allow comparison between VITs to determine the best leak detec-
tion method as various factors affect their accuracy and some VITs may prove
to perform better under certain conditions. This enables one to determine the
effectiveness and accuracy of VITs in the detection of leakage in water supply
networks.

RQ2: What is the range and diversity of VITs in leak detection?
Rationale: Practitioners may use the identified VITs as candidate solutions in
their work.

RQ3: Has the method been used on small-diameter pipelines in the last mile?
Rationale: Research suggests that there is sparse literature on leak detection
methods in small-diameter pipelines. Therefore, this will help determine the
frequency of the application of the studied VITs in households.

RQ4: : What are the strengths and limitations of VITs?
Rationale: This may help practitioners to understand the capabilities of existing
VITs and to determine what improvements need to be made in future works.

RQ5: : Does the technique include leak evolution?
Rationale: This will aid in determining the severity of the leaks or early detec-
tion of leaks as most methods may only be good for detecting certain sizes of
leaks.

RQ6: : What is the trend of study carried out on VITs over the years?
Rationale: This may assist researchers to perceive which methods are most
focused on and the ones which are least studied.

3.2.2 Search Strategy

Search terms

The following criteria was used to create a search string to identify the documents.
1. Attain major terms from the research questions.
2. Determine alternative spellings and synonyms for major terms.

3. Using the Boolean logic AND and/or OR to incorporate and link alternative
spellings and synonyms.

The resulting search strings from the above criteria is described as follows: (Vi-
bration /OR Acoustic) AND water AND (leak /OR loss) AND (detection /OR iden-
tification /OR diagnosis) AND (methods /OR techniques) AND (Households /OR
"last mile" /OR "small diameter")

Literature sources

Several databases were used to obtain the literature used. The concepts of backward
and forward snowballing as described in [42] were applied to find papers that did
not appear in the search results. Other works by the authors of the selected papers
were also checked for useful content. To have a wider coverage, any paper that met
the inclusion criteria was selected.
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Eight electronic databases were searched using the search terms. The databases
are: EBSCOHost, IEEE Xplore, Google Scholar, Springer link, Science Direct, Hin-
dawi, MDPI and Scopus. The selected papers were compared and duplicates were
removed.

Search process

The search process used for this review can be broken down into two steps:

Step 1: Each database was individually scanned for papers that met the inclusion
criteria.

Step 2: The references of the selected literature and the papers that cited them were
searched for relevant work.

The references were stored and managed using database software. Figure 3.2
illustrates the search and selection process and the number of papers identified at

each phase.
IEEE Google Springer Science . :
S 5 N E
EBSCOHost | ks l Gt Link i Hindawi IDPI copus
T T T T
#f1 #T3 #12
I

#8 #17 #1 #3 #8
L 1 1 1 |

Remove Duplicates Apsly ‘:_nf:?\lgmn
criteria

19 relevant papers

30 Candidate Papers

citing papers relevant paper

references

b6 candidﬁt: papers

Apply inclusion
criteria

25 papers selected

FIGURE 3.2: Search and selection process

3.2.3 Study selection and data extraction

A total of 63 related papers were found. Since they were from independent sources,
duplicates were checked and removed, of which 30 papers remained. These papers
were rechecked to ensure they fall under the inclusion criteria. A total of 19 papers
were chosen, the references for these papers were searched for useful papers and
the papers that cited the work were also checked. 25 relevant papers were finally
selected for the review purpose.

3.2.4 Data Synthesis

Data were extracted from the selected papers to answer the review questions about
VITs. Different techniques were used to answer the review questions. The papers
were read, and the questions were answered in a table format on a spreadsheet. The
collected data was then visualised using graphs.
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TABLE 3.2: Selected studies

ID Year Source Pipe diameter  Detection Localisation Cite
[S01] 2000 Journal Large No No [44]
[S02] 2004 Conference Large Yes No [45]
[S03] 2005 Journal Large Yes No [30]
[S04] 2006 Journal Large Yes No [25]
[SO5] 2008 Journal 170mm Yes No [32]
[S06] 2009 Conference Various Yes No [46]
[S07] 2014 Journal Large Yes Yes [47]
[S08] 2014 Conference Various Yes No [48]
[S09] 2015 Journal Small Yes No [49]
[S10] 2015 Conference Small Yes No [16]
[S11] 2016 Journal Not reported No No [14]
[S12] 2016 Journal 54mm-60mm Yes No [39]
[S13] 2016 Journal Not reported Yes No [50]
[S14] 2016 Journal 90mm Yes No [51]
[S15] 2017 Journal Various Yes Yes [52]
[S16] 2017 Conference 170mm Yes Yes [53]
[S17] 2017 Conference 10mm-22mm Yes No [15]
[S18] 2017 Journal 32mm Yes No [54]
[S19] 2017 Conference 10mm-28mm Yes Yes [55]
[S20] 2017 Journal Large Yes No [19]
[S21] 2018 Journal 76mm-102mm  Yes No [56]
[S22] 2018 Journal 150mm-160mm Yes Yes [57]
[S23] 2018 Journal 25mm Yes No [58]
[S24] 2018 Conference Small Yes Yes [59]
[S25] 2019 Conference Not reported Yes No [60]

The goal of data synthesis is to find different VITs from the selected papers so
as to answer the research questions. The obtained data from the studies had both
quantitative data (e.g., Pipe diameter) and qualitative data (e.g., strengths and weak-
nesses of VITs). Different strategies were used to analyse the extracted data relating
the research questions and they are explained in detail below:

To answer RQ1, RQ2 and RQ6, The VITs were identified and tabulated. 10 differ-
ent VITs were identified and the exploitation of each VIT across the studied literature
was recorded. The results were then quantified and visualised.

For RQ3 to RQ5, the selected papers were studied to check if they have addressed
the matter in each question. The results from each paper recorded in table format
for easy analysis.
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3.3 Results

This section discusses the results from our SLR. An overview of the selected studies
is followed by the findings of this SLR for each research question.

TABLE 3.3: Vibration Interpretation Techniques

Technique Studies Total

Basic Cross Correlation (BCC) [S01],[S02],[S03],[S04],[S05],[S06], 13
[S07],[S10],[S15],[S16],[S20],[S22],[S25]

Fast Fourier Transform (FFT) [S03],[S10],[S11],[S13],[S14],[S19], 12
[S20],[S21],[S22], [S23],[S24],[S25]

Phase Transform (PHAT) [S04], [S15], [S22] 3

Time Delay Estimation (TDE) [S02],[S03],[S04],[S05],[S06],[S07], 16

[S11],[S12],[S13],[S14],[S15],[S16],
[S20],[S21],[S22],[S25]

Wavelet Transform (WT) [S06], [S11], [S12], [S15], [S17] 5
Standard Deviation (SD) [S08], [S09], [S18], [S25] 4
Support Vector Machines (SVM) [S11] 1
Maximum Likelihood

Estimators (MLE) [S04], [S06], [S15], [S23] 4
Monitoring Index Efficiency (MIE) [S08], [S09], [S18] 3
Finite Element Method (FEM) [S16] 1

A total of 24 original primary studies and 1 secondary study were identified
to be included in this SLR which were published between 2000 and 2019. Of the
25 selected studies, 16 (64%) were published in journals and 9 (36%) of the studies
appeared in conference proceedings and no papers from book chapters were located.
Table 3.2 shows the corresponding numbers, year of publication and the respective
sources of the selected studies. Only six papers were published in the first half of
this time period (2000-9) and a further 15 were published in the second half (2010-
19), which is more than twice the rate of output, this is a clear indication of the
topic gaining momentum over the years. Figure 3.3 shows the number of papers
that studied each method by year. Some researchers have mentioned more than one
method in some papers.

Of the 25 located papers, 24 were experimental and one was a review of differ-
ent pipeline fault detection methods. Lastly, it should be noted that the quality of
studies selected were linked to our inclusion criteria, which ensures that only pa-
pers from refereed sources that represent good experimental and research practice
are included.

The different leak estimation methods are highlighted in Table 3.3. The table
shows the selected papers that studied the VITs and they are further elaborated in
the section below.



Chapter 3. Vibration Interpretation Techniques... 21

15-

U-IIIIIII I

i ] (] ] ] ] ] (] I i 1 i
2001 2004 2005 2006 2008 2009 2014 2015 2046 2017 2018 2019
Year

pers
=

No_of Pa

FIGURE 3.3: Vibration Interpretation Methods used throughout the
papers

Propotion of VITs on selected studies
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FIGURE 3.4: Vibration Interpretation Methods used throughout the
papers

Cross-Correlation

There are two types of cross-correlation that can be seen across the documents re-
viewed, BCC and GCC. In BCC the signals are Fourier transformed, convolved and
the inverse Fourier transform of the signal is then obtained. Figure 3.5 shows the
process of BCC, two input signals x1(t) and x»(t) are transformed to the frequency
domain by Fourier transform to get the functions X;(w) and X, (w) respectively. *
represents conjugation and the inverse Fourier transform of Xj(w)Xz(w) is found
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to get the cross-correlation function Ry, y,(7).The difference between the two cross-
correlation techniques is that, for GCC, the signals are passed through filters before
performing the cross-correlation [25]. In leak detection, sensors are placed at two
distinct points on a pipeline to obtain acoustic signals and a sharp peak in the cross-
correlation function of the two signals indicates the presence of a leak [25].
Strengths: This is a common method used for leak detection throughout the papers
as it is easy to compute, insensitive to system resonances and efficient for use in
noisy areas.[39].

Limitations: Cross correlation can often give misleading results when analysing non-
stationary signals.
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Input signals Process of the BCC

FIGURE 3.5: Process of basic cross correlation [25]

Time Delay Estimation

The travel time of an acoustic or electromagnetic wave between sensors can be es-
timated using TDE methods. TDE can be classified as either Time of Arrival (TOA)
estimation or the Time Difference of Arrival (TDOA) estimation [26]. In leak detec-
tion, TOA focuses on measuring the time taken between the transmission of a pulse
signal and the reception of its echo whereas TDOA focuses on finding the time dif-
ference between two spatially spaced sensors.

Strengths: It is a commonly used method throughout the texts. Time difference is an
easy to analyse characteristic of acoustic signals.

Limitations: TDE of acoustic signals can be greatly affected by high external noise,
the signal should be filtered to get a plausible signal to noise ratio [19].

Fast Fourier Transform

Fourier transform is an operation that converts data from the time domain to the
frequency domain [61].

Continuous Fourier Transform (CFT): This refers to fourier transform in contin-
uous time.

Discrete Fourier Transform (DFT): This refers to the discrete version (sampled
real-time signals) of the transform using a discrete time and frequency scale.

Fast Fourier Transform (FFT): This is a computational tool for efficiently com-
puting the discrete Fourier Transform of a series of data samples using a digital
computer [62].
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FFT can be used to analyse vibration data from the frequencies produced by nor-
mal and abnormal conditions of the water pipe [16].
Strengths: FFT algorithm is efficient as it is a time optimal method in comparison to
DFT. This is because to obtain DFT the same calculation is repeated several times.
FFT makes use of algebraic properties to reduce the amount of calculation required
to obtain the Fourier transform [63].
Limitations: The method is not very reliable as it is sensitive to factors such as back-
ground noise and geometry of the leak in the pipeline [39].

Phase Transform

Conventional BCC is used with FFT in most commercial leak noise correlators for
TDE. For plastic pipes that act as low pass filters because of their material proper-
ties, the TDE method is not very effective. Therefore, pre-whitening, a process that
makes the received signal behave like white noise, is applied to improve the resolu-
tion of the cross correlation. This is known as the Phase Transform (PHAT) [53]. The
PHAT correlator sharpens the peak in the cross-correlation function and suppresses
other additional peaks unrelated to the time delay information [25].

Strengths: It sharpens peaks to improve BCC and suppresses the undesired noise.
Limitations: It is sensitive to additional phase shifts caused by the dynamic charac-
teristics of the water flow [19].

Maximum Likelihood Estimators

The Maximum Likelihood Estimator (MLE) maximises the probability of sampling
a given parameter. Given a sample x; from a probability density function f(x;,6),
where 0 is the parameter of interest, the MLE L(0) is the product of the individual
independent probabilities as shown in the equation below[64].

L(6) = f(x1,0)f(x2,8)..f (xx, 6)

Strengths: It can be used for sharpening peaks to improve BCC.
Limitations: May give unreliable results in some situations as it can overestimate or
underestimate signals at certain frequencies[25].

Wavelet Transform

This is a time-frequency analysis method. A wavelet is a waveform of limited du-
ration with an average value of zero [39]. Wavelet analysis is whereby a signal is
divided into shifted and scaled versions of the original wavelet. It is used to accu-
rately analyse abrupt changes, and this method is very useful for analysing time-
variant acoustic signals produced by water in pipelines [46]. There are two types
of wavelet transforms, namely Continuous Wavelet Transform (CWT) and Discrete
Wavelet Transform (DWT). They differ based on how they discretise the scale and
translation parameters. CWT is used to obtain a simultaneous time-frequency [39]
[65].

Strengths: This method filters out excess noise effectively, giving better signal to
noise ratios and making the leak attributes more pronounced. It is also effective
for fast leak detection. This method is useful where resolution is important[66]. It is
also highly effective for analysing non-stationary signals[39].

Limitations: A challenge to using CWT is that the signal representation is redundant
and that of DWT is that it can be a challenge to identify the correct position of a leak
due to the system noise [67].
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Standard Deviation

According to Ye et al. and various researchers [68][25][48][52], the acoustic emis-
sion(AE) signal is directly proportional to the standard deviation, i.e. the stronger
the AE signals, the greater the standard deviation. Itis further established in [68] that
there is a linear relationship between the leakage rate and standard deviation(STD).
The standard deviation of the leakage signal increases linearly as the leakage rate
increases [68].

Strengths: STD is simple to compute and can be used on raw data without extra pro-
cessing [48]. It is also directly proportional to leakage rate, therefore it can be used
to measure the increment rate of leaks.

Limitations: The method may not be appropriate for analysing non-stationary sig-
nals.

Monitoring Index efficiency(MIE)

The Monitoring Index (MI) is the average of the 10 lowest STD values over a period
of time. The MIE is the ratio between the maximum value of the MI and the av-
eraged MIs over a period in non-leaking state, assuming that the maximum occurs
for measurements in a leaking condition. It is used to evaluate the efficiency of the
algorithm in terms of sensitivity to leaks. [48]

Strengths: This value can be used as a metric for leak detection as Martine et al.[48]
suggests because it is directly proportional to the leak, that is it increases in the pres-
ence of a leak.

Limitations: MIE has a poor prediction rate, and improvement in the algorithm is
needed for better outcomes.

Support Vector Machine

Given a set of training observations, two categories and a set of indicators attaching a
category to each observation, the Support Vector Machines (SVM) algorithm assigns
new observations to a category, therefore, acting as a non-probabilistic classifier. The
SVM based method discussed by [69] uses optical cables to sense vibration signals
in a pipeline. The signals are amplified and filtered for analysis.

Strengths: This method has proven to have high accuracy in leak detection and suit-
able for real time leak detection[70].

Limitations: The system has to be trained before SVM can correctly classify leaks[71].

Finite Element Method (FEM)

This method is used to solve problems with many unknowns. The domain of the
signal which is being analysed, the water pressure acoustic signal, can be divided
into numerous small sub-domains (finite elements) [53]. Polynomials are used to
estimate the displacement field of each element which are interpolated with respect
to prescribed points located on the boundary of the element[72].

Strengths: This numerical model can be used to easily compute acoustic wave speed
and attenuation.

Limitations: The results can be affected by background noise.

Figure 3.4 shows a graphical representation of how commonly VITs are used
across the studies. It is evident that there is a wide variety of methods but most
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researchers have adapted TDE and BCC, most often combining the two methods or
alongside other methods.

RQ3: The use of leak detection techniques in the last mile

TABLE 3.4: Pipe materials used in Santiago homes [73]

Material Pipe material between Pipe material between
meter and home home and tap
Frequency %  Frequency %
Copper 952 77.9 860 70.4
PVC 207 16.9 305 25.0
Galvanised steel 33 2.7 32 2.6
Lead 10 0.8 9 0.7
Wrought iron 7 0.6 7 0.6
Don’t know 13 1.1 9 0.7
Total 1222 100.0 1222 100.0

TABLE 3.5: Pipe materials used in Botswana homes [73]

Material Material between Material under- Material in the

meter and ground  ground house

Frequency %  Frequency %  Frequency %
PVC 212 21.2 940  94.0 0 0
Galv. steel 788 78.8 60 6.0 370  37.0
Copper 0 0 0 0 759 759
Total 1000  100.0 1000  100.0 1129 1129

Researchers have proposed solutions to leak detection in the last mile using tech-
niques such as Flow monitoring and pressure analysis [74][75][76][77]. These were
not using VITs and therefore was not selected for the review. From the selected
studies, only one paper focused on leak detection in households and 4 papers(20%)
on small-diameter(10mm-30mm) pipelines. Most researchers (80% of the selected
studies) targeted large diameter pipes in the distribution networks.

According to researchers [48] [16], the pipe materials and its surrounding soil
affect the accuracy of leak estimation. Plastic pipes give a higher error than metal
pipes and therefore most researchers in the selected papers, 16 out of 21, experi-
ment/research on plastic pipes. Plastic pipes have high elasticity as compared to
metallic pipes and external factors such as temperature affect the measurements.
Only 1 paper out of 21 investigated leak detection in households using copper pipes
although, Table 3.4, from a study conducted by Lagos et al. [73] in Santiago, shows
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that copper is the most commonly used material with more than 70% in the last mile
between the meter and taps.

A survey of 1000 households in Palapye, Botswana was done to determine the
most commonly used pipe material locally, Table 3.5 shows the statistics. The pipes
were divided into three sections as shown in Figure 3.6 because the materials differ
in the three sections. According to the data collected, 75.9% of the households use
copper within the house, between the ground and the tap, some households use
only galvanised steel while others use a combination of both copper and galvanised
steel.

Jq

in house

from water supply
—_—

i)

FIGURE 3.6: Materials in the three sections surveyed. 1. meter to
ground, 2. underground and 3. within the house

RQ4: Strengths and Limitations of the VITs

In order to leverage or identify gaps, selected studies’ strengths and limitations as
identified by their authors are presented in Table 3.6. It is evident that while re-
searchers look for ways to improve accuracy, these methods are mostly affected by
the distance between the leak and the sensors. Hence finding it a challenge to lo-
cate leaks. Only 6 of the selected studies detected and localised leaks as indicated in
Table 3.2. The common methods used in these studies are BCC and TDE which are
used to estimate the distance of the leaks from the sensor. Ferino et al [59] used FFT
for vibration analysis and discusses a Graphical User Interface(GUI) that pinpoints
the leak. This shows that although much effort has been put into detecting leaks,
pinpointing of leaks has not been well investigated.

RQ5: Leak Evolution Inclusion

In spite of the fact that studies [16] show that frequency and amplitude differences
could be used to monitor leak size as a leak grows, only 3 out of 25 investigated
on leak evolution. The 12% represents a very low return on an issue we consider
being quite significant as leak sizes are not static, that is, as time passes the leak sizes
grow. Therefore, techniques or methods that deal with leak evolution, whereby the
algorithm is able to detect leaks as the size changes, are required.
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Trends in the study of VMTs over the years
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FIGURE 3.7: VITs per year(2000-2018) with a Loess smoother

RQ6: Trends of VIT research over the years

A total of 10 VITs were identified from 25 distinct peer-reviewed papers. The in-
spection of Figure 3.7 indicates that the publication trend is upwards as illustrated
by the smoother. The results clearly show that the number of papers published is
growing. However, there is a considerable variation on an annual basis which is
hardly surprising given the arbitrary nature of publication bias. Consequently, we
apply a Loess smoother which illustrates a strong upward trend.

3.4 Summary

This SLR located a total of 25 primary studies that were published from 2000 up to
2019, these are the studies that explored the application of vibration interpretation
techniques in the effort to enhance the water leak detection in last mile pipes. Our
main findings are:

1. A plethora of VITs were proposed and with comparatively fewer studies fo-
cusing on replications.

2. Case studies are lacking, as well as studies on action research and other de-
tailed studies on household water leak detection. This implies that the appli-
cation of VITs in the households is still in its infancy.

3. The actionable conclusion from the study is that, with the exception of some
methodological reservations concerning our meta-analysis, it is evident that
VITs are valuable.

4. Though leak detection is highly studied, there is a need for improvement in
localising leaks.

5. The VITs are mostly algorithmic therefore human inspection is not officially
studied for leak detection either as an independent technique or to supplement
other techniques.

In the same manner as any systematic review there are limitations:
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1. All relevant primary studies may not have been located, but it is our belief
that the combination of manual search and automation should be sufficiently
effective.

2. Due to the limited amount of articles included in the review, our ability to
conduct the meta-analysis is also limited, specifically to make comparisons
between distinct VITs.

In spite of the latter limitations, the most conspicuous and actionable result of
this literature review is that vibration interpretation techniques are invariably bene-
ficial for water leak detection in water pipes. Moreover, we believe researchers will
find this information useful.
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TABLE 3.6: Evaluation methods used by FWTs

Study

Strengths

Limitations

[SO01]

[S02]

[S03]

[S04]

[S05]

[S06]

[S07]

[S08]

The effectiveness of different meth-
ods of acoustic and non-acoustic
leak detection in detecting water
leaks in plastic pipes are compared.

The system can work with different
materials. User has to input ma-
terial and size data before use. It
is effective in finding small leaks or
in situations with high background
noise.

Experiment suggests that ac-
celerometers are most suitable
in multi-leak and coherent noise
situations.

In leak detection in plastic pipes, the
error that is caused by random noise
in time delay estimate is not signif-
icant as compared to the resolution
of the time delay estimate.

This paper gives a good under-
standing on how leak waves propa-
gate in plastic pipes, when different
techniques should be used and the
development of a signal processing
procedure improving BCC.

MLE has a feature of sharpening the
peak in cross-correlation function

All three sensors discussed in the
paper can detect strong leaks

The methods used obtained consis-
tent results

Modification of automatic mode al-
gorithms and use of more sensitive
sensors may improve the effective-
ness of leak detection

Signal amplitudes become ex-
tremely small at higher frequencies
and as distance increases.

Peak cross-correlation coefficient of
greater than about 0.5 are only pos-
sible when the ratio of distances sat-
isfy certain values for pressure, ve-
locity and acceleration responses.

"The results in the research needs
to be validated by a programme of
measurements in a variety of field
conditions"

Only the hydrophone sensor could
not detect the weak leak. Time de-
lay is given by the slope of the gra-
dient which is affected by the type
of sensor used.

They do not pin point leak location.
Poor performance for leaks far from
the sensor.
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[S09]

[S10]

[S11]

[S12]

[S13]

[S14]

[S15]

[S16]

[S17]

[S18]

the algorithm is capable of deal-
ing with issues affecting measure-
ments such as transient environ-
mental perturbations or saturation
effects

The sensor can estimate the leak size
at pressures between 60 and 100kPa
but not for pressures above 120kPa

The authors discuss several pipeline
fault detection methods. It is estab-
lished that vibration analysis allows
easy fault detection.

Desicion tree, Naive-Bayes and
Deep Learning techniques have
been implemented to distinguish
leak from non-leak with high accu-
racy.

Acoustic emission technique is used
to detect leaks giving satisfactory re-
sults

The proposed MLE method has
higher leak detection than other
methods when the distance be-
tween sensors are equal.Sensor dis-
tance can be higher with the MLE
filter.

The method is not sensitive to water
use by showers/faucets

An algorithm that uses STD was
successfully tested on hydrophone
signals.

Measurements did not follow the
natural evolution of leaks over time

need to enhance the experimental
and the measurement of vibration
data with different triple accelerom-
eter sensors

Cost of the different fault detection
techniques were not compared as
they could not be found in the stud-
ied literature.

The fixed thresholds are unsuit-
able due to the presence of non-
stationary noise therefore there is
a need for adaptive thresholding
techniques

Pipe material and soil presence af-
fected the detection of leaks.

The shear stiffness of the surround-
ing soil has an effect on the noise
propagation and attenuation of the
noise along the pipeline

The fingerprinting database must be
built every time the sensor is in-
stalled in a new household

Distant leaks could not be detected
using accelerometers.
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[S19]

[S20]

[S21]

[S22]

[S23]

[S24]

[S25]

Bending loss of optical fibre in-
duced by acoustic vibration is used
as a sensor to detect leaks and
the time-domain signal is converted
into frequency spectrum using FFT.

This paper discusses a method that
results in an accurate time delay es-
timation

The proposed method can assess the
severity of leaks and the onset.

BCC is better for leak detection in
plastic pipes as it is insensitive to
system resonances

This paper shows that the use of
multiple axes for leak detection in-
creases accuracy

These researchers developed a LDS
that meets good API standards of
sensitivity, accuracy, reliability and
robustness. It is also able to estimate
the leak size by vibration analysis.

This paper proposes a new block av-
erage based method for TDE

Does not focus on the detection of
leak location

The procedure discussed in this pa-
per has to be applied manually and
therefore is not very practical.

Does not address the effect of sur-
rounding soil on vibrational char-
acteristics, the sensitivity of the
approach, sudden and legitimate
system demands, the ability of
the approach to identify multiple
leaks,etc.

PHAT is sensitive to additional
phase shifts due to resonance.

The system gave accurate results for
leaks above 3mm but not for leaks of
Imm diameter.

The method proposed was not
tested in real-time on a water
pipeline.
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Chapter 4

Leak Detection from Irrigation
Pipelines in Botswana using
Vibration Interpretation Technique
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4.1 Leak Detection Approach in Botswana

Botswana is a landlocked country with only a few sources of fresh-water. According
to a policy brief on Botswana’s Agriculture and water resources, the agriculture sec-
tor is the leading water user and the irrigation sector is expected to expand over the
years as the country adjusts to climate change [78]. Currently farmers try to detect
leaks by observation. Leak detection by observation prove difficult due to the water
moving vertically downwards from the leak site instead of spreading in sandy soil
[79], Figure 4.1. Additionally, colour of wet sandy soil is not much different from
the dry sand and it will take longer to notice a change especially if the leak is un-
derground (water pipes are buried underground to prevent damage due to UV rays
and animals(e.g. hyenas) biting into the pipes). However, if a leak water should
rise above ground the high temperatures and low humidity result in quick evapo-
ration [80] and it may not be visible until much water has been lost and vegetation
starts to grow in the leaking area. Another method is the one used by Water Utilities
Cooperation Botswana which employs tracer gas and it is used to find leaks in the
distribution network only. When the pressure is constantly low in an area, a leak is
suspected and the pipeline network is scanned along its length either using inspec-
tion by sight or by using tracer gas. The use of a leak detection system can highly
improve water management in the country [81].

FIGURE 4.1: Shape of water bulb under the dripper in different soil
types [82]

4.2 Irrigation Pipelines in Botswana

Arable farms in Botswana have large irrigation systems that are used for horticul-
ture especially in areas with low rainfall [83]. Drip irrigation is a common method
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of irrigation. Technology-based Water management in a country with a semi-arid
climate is very important in order to save water and thereby water leak detection is
necessary. Crop production is mostly rain-fed and horticulture is whereby irrigation
is highly used. Water is sourced from nearby water reservoirs, villages, government
irrigation schemes, water treatment plants or from boreholes [81]. Irrigation is com-
mon in the drier areas of Botswana like the Kgalagadi desert [80]. The soil in this
area is sandy and does not hold moisture for long as it is well aerated and has a
grain texture. Crop production in sandy soil requires regular addition of nutrients
and regular irrigation due to the high seepage rate.

Some water sources may be up to a kilometer away from the farming area and
cover a vast area of land. Thus pipelines are used, above or underground, to trans-
port water typically with no means of metering or protection. Damage to pipelines
may be caused by corrosion, excessive stress due to pressure or by animals on the
farm. A leak detection system can be installed to detect leaks that may occur along
these networks and reduce the unwanted wastage of water. The system does not
prevent leaks but will largely reduce the time needed to detect and locate a leak
and therefore reduce its consequences. About 70-350 Mm? of water is consumed by
agriculture and irrigation per annum [81].

This chapter discusses an algorithm to monitor water leaks and data analysis
techniques that can be used for detecting leaks in crop irrigation systems. Following
this section of agriculture and irrigation practices in Botswana, the remainder of this
chapter will discuss how accelerometers work, different leak estimation techniques,
the proposed method of leak detection, the dataset and the results.

4.3 Vibration Interpretation Technique (VIT) for Leak Detec-
tion

The vibrations along a pipeline can be measured using an accelerometer. A triple
axis accelerometer is a sensor that measures acceleration in three linear axes x,y and
z, therfore improving accuracy. A suitable accelerometer for leak detection would
be one with low-power consumption and high sensitivity. Ismail et al. [58] com-
pare three accelerometers and determined ADXL335 to be a suitable accelerometer
for leak detection based on its performance. This triple axis accelerometer has four
dynamically selectable scales of +2g, +4g, £8g and +16g [84]. A scale of +2g can
be used to pick up the small vibration caused by flowing water. In order to calculate
the volume of water, that is flowing past the accelerometer as in (2.3) following the
principle of continuity, the acceleration in each axis can be integrated with respect
to time to find the velocity in each direction (4.1), where a and b are consecutive
sampling times.

/ bf (x,y,z)dt @.1)

Figure 4.2 shows a typical setup for a system using VIT and accelerometers.

The interpreted data would need to be communicated to the farmer to report
leak, LoRa is a good candidate as an enabling technology due to its coverage as well
as resillience to noise corruption. Hence, the next subsection briefly discusses LoRa.
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FIGURE 4.2: A layout of the water leak detection system using VIT

4.3.1 LoRa Wireless

LoRa otherwise known as LoRaWAN is a chirp spread spectrum physical layer tech-
nology with forward error correction abilities [85]. Ayoub et al. [86] provides an
overview of several Low Power Wide Area Networks (LPWAN) including LoRa.
DASHY7 and NB-IoT are other alternatives to LoRa. However, they do not provide
the wide coverage provided by LoRa. DASH7 and NB-IoT have a coverage of up to
1Km only whereas LoRa can ranges between 2-5Km. LoRa uses unlicensed bands
and therefore can be easily deployed. LoRa runs the default LoRaWAN protocol
but maybe made to run any protocol of choice. The technology operates in the sub
1GHz ISM bands. In addition, LoRa’s transmission abilities are of considerable re-
pute, with the technology being able to transmit packets upto 20Km with no packet
loss [87]. Moreover, interest in the technology lies in the use of very low transmission
powers as well as resilience to noise corruption by utilising six different spreading
factors to sacrifice data rates for improved transmission distance [87]. LoRaWAN
permits nodes to function in three distinct classes: A, B, and C where class A allows
an edge node one uplink followed by two downlink windows from the gateway
[88] refer to Figure 4.3. The edge node controls the uplinks and thus this class will
often consume the least amount of energy. Class B has scheduled uplinks with the
gateway, as well as random/self-determined uplinks similar to class A. Downlink
windows are made using time synchronising message from the gateway [88]. Class
C has continuous uplink windows that close when there is a downlink in progress
from the gateway. LoORaWAN connections are set to star topologies by default. As a
result nodes have independent connections to the gateway with packets capable of
being 243 bytes in size.

4.4 The pipeline monitoring and leak detection system

Accelerometers can be placed along the water pipes as shown in Figure 4.2 creating
a mesh network. The measurements from the sensor can be used to monitor the
flow of water. The data will be collected using LoRa wireless modules and sent
to a network server. Any abnormality in the flow rate will be reported to the user
by SMS, and the user may choose to shut the water flow remotely by SMS using
the LoRa module connected to the valve. The possible position of the leak will be
estimated by calculating the distance from the accelerometers using the principle of
continuity of water between the sensors.
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FIGURE 4.3: LoRaWAN architecture

4,5 Data for VIT

TABLE 4.1: A snippet of data used for analysis purpose [16]

Time(s) No Leak Leak

X Y Z RMS X’ Y’ 7 RMS’
0.01 -0.0500 -0.3133 1.0667 1.1167 | -0.0900 -0.1667 1.0700 1.0900
0.02 -0.0733 -0.3133 1.0667 1.1200 | -0.0867 -0.0567 0.9933 1.0067
0.03 -0.0500 -0.2800 1.0667 1.1067 | -0.0667 -0.0567 0.9767 0.9900
0.04 -0.0800 -0.2900 1.0700 1.1167 | -0.0600 -0.267 1.0400 1.0633
0.05 -0.0800 -0.2700 1.0600 1.1000 | -0.1400 -0.2267 1.0100 1.0467

A sample data was obtained from [16] who conducted an experiment on leak
detection in Universiti Teknologi Malaysia. Data was collected in leak and no-leak
conditions from a testbed with an inch of ABS pipe diameter and 10 meters length.
An MPU6050 3-axis accelerometer was used to measure the acceleration along the
pipeline, with the x-axis of the accelerometer in the direction of the water flow. The
measured values are in gravitational acceleration(g) which is approximately 10m /s>
The data was collected at a 10ms interval for 30 seconds and transmitted to a laptop
over a Zigbee network. The sample leak and no-leak data were compared against
each other, and python scripts were used to identify a distinction between each con-
dition. More details of this experiment can be found on [16]

Table 4.1 shows a snippet of the data obtained from the first five readings of the
accelerometer. RMS can be calculated by (4.2). The X’,Y’,Z" and RMS’ values are the
measurements obtained in the Leak condition.
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FIGURE 4.4: Comparing ‘No leak” with "leak” values

RMS = VX2 + Y2+ 72 (4.2)

The next section discuss the data analysis for designing the algorithm for leak
detection.

4.6 Data analysis and Algorithm development

Visual inspection of data in Table 4.1 suggest that RMS’ (leak) is always smaller than
RMS (no leak). The trend can be observed in Figure 4.4a which shows a scatter plot
of the values obtained in the first 30 seconds.

(RMS, 41 — RMS,42) < (RMS,, — RMSn 1)

and(Xn—H - Xn+2) ( l)

or(Yut1 — Yui2) > (Y Yn 1)

and(Zn—H - Zn+2) (Zn - Zn—l)

Unfortunately, implementation of this observation/assumption using Equation
(4.3) resulted in 99.2% true positives, and 45.8% false positives. See Table 4.2. Mean-
ing that about half of the time the system would indicate that there is a leak when

there is no leak. This can be costly and time consuming for the users. Hence, further
analysis of the data was required.

(4.3)

TABLE 4.2: Results of comparing only the RMSs

True Positive | False Positive
Leak 99.2% 45.8%
No Leak 54.2% 0.8%

Further analysis of the data suggested overlapping of X and Y values in leak
conditions. Fluctuations in the individual axes were considered. Figures 4.4a and
4.4b show how the X,Y,Z and RMS values differ for the leak and no leak conditions
respectively. Compare the square labelled A to B. These values were compared in
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FIGURE 4.5: A layout of the water monitoring and leak detection sys-
tem

small grouped samples (10 seconds worth of data) to improve accuracy. The mean
(1) of X is clearly different to Y for all the data recorded for no leak condition (see
Figure 4.4a).
Data from both leak and no leak condition is normally distributed and independent
therefore t-test [89] can be used to compare the samples.

Pooled sample variance:

o _ (n= 1)S% + (m—1)S%
P n4+m-—2 '

Let Xy, -+ ,X,and Y1, - -+, Y}, be two independent samples from normal distri-
butions with the same population variance. The test statistic for testing

Ho:“l/lX:“l/lyVS.Hli‘uxﬁ]/ly

7o XY (ux—py) ~ b,
SpV/1/n+1/m e

Reject Ho if |T| > ty/2ntm—2-

We compared XYZ (No leak) with X"Y’Z’" (leak) values, our vibration interpre-
tation technique (VIT) algorithm whose pseudocode is shown in (Algorithm 1), use
pooled sample variance and t-test, the results are discussed in the next section. Typ-
ical setup for the entire system is shown in Figure 4.5.

4.7 Results Analysis

The results of this test are shown in Table 4.4. It detected that there is a leak when
there was a leak with 87.9% accuracy and that there is no leak when there is no leak
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Algorithm 1 Vibration Interpretation Technique

1: procedure LEAK DETECTION
2 top:

3 xyz < values of xyz

4: X < mean of x

5: i < mean of y

6 [+ 0

7 if X # 7 then return False
8 [0 > leak not detected
9 goto top.

10: j < patlen

11: if ¥ ~ i then

12: I+ 1

13: l+1+1 > possible leak detected
14: goto loop.

15: goto top.

16: loop:

17: if [ > 1 then > leak confirmed.
18: close;

19: goto top.

with 96.3% accuracy. A framework [90], [91] to evaluate prediction systems was
proposed by Shepperd and MacDonell (SM) based on Standardised Accuracy (SA),
an unbiased statistic, to test the likelihood of the result relative to the baseline tech-
nique of random “predictions’ (guessing), and effect size calculations. The results
interpretation described in this paper is based on the SM framework. The Standard-
ised Accuracy (SA) is relative to random prediction based on 1000 permutations. To
establish practical significance, the Effect Size is also considered [92], [93]. Thus, the
SA of each approach and the effect size is shown by Table 4.3. These results are in-
terpreted as follows using the SM framework: From the SA, it is evident that VIT is
78% better than random predictions. In this paper, the effect size is measured as A
[92]. The effect size of VIT relative to random prediction is interpreted as a ‘medium’
effect size.

TABLE 4.3: SA and effect size A

Technique Criteria
SA (%) | A
VIT 78.28 | 0.442

Our results show that VIT outperforms random guessing with also a superior
effect size A.

TABLE 4.4: Results of comparing XY with XY’ values

True Positive | False Positive
Leak 87.9% 3.7%
No Leak 96.3% 12.1%
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The false positives may be observed in Figure 4.6. Basing on the size of the con-
tribution of either A or B to the sampled data, the results could be positive or falsely
negative. For example; if “A” dominates the result will be No leak, while that in-fact
would be the start of a leak. We tried to minimise this by sampling at least twice
before confirming a leak (see Algorithm 1) line 15.

=
L=}
]

value (g)

Time is)

FIGURE 4.6: Scatter plot of XY (A) and XY’ (B) values

4.8 Conclusion

VIT uses vibrations of the pipeline to determine the existence of a leak, hence, the
soil type does not play a large role in the leak detection. The water monitoring
and leak detection system discussed has not been implemented and tested. Looking
at the effect size, A VIT offers results that have practical significance and therefore
farmers could adopt the use of vibration interpretation techniques to detect water
leaks in their farms’ irrigation systems. The results from the data analysis show a
significant difference in the leak and No leak conditions. Therefore in conclusion,the
data analysis technique used is able to detect that there is a leak with high accuracy
as shown by the results in Table 4.4.
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This chapter is a synopsis of the thesis, highlighting the contributions and limita-
tions of the work done. A summary of the work done is below, followed by a discus-
sion of the contributions made by the study, constraints and possible improvements
for the future works.

5.1 Summary of Work Done

The work done as a part of this master thesis is outlined briefly in this section.

1. A systematic literature review of the vibration interpretation techniques used
for water leak detection in buried pipes was conducted.

The literature review includes the following:

1. Several databases were scanned for peer-reviewed studies on VITs used
for leak detection in buried water pipelines. The search resulted in 65
papers, of which 25 were selected after removing duplicates and applying
the inclusion criteria.

2. Anarrative review of the selected studies.

3. Results have been submitted for publication.
From the meta-analysis of the selected papers, it was evident that a lot of re-
search has been conducted on the use of vibration interpretation techniques for

leak detection, however not many focused on leak detection in small-diameter,
end-user pipelines.

2. Presented a vibration interpretation method using qualitative data analysis to
classify leaks
As a need for leak detection in end-user premises was identified in the SLR,
the predictability of leaks in small diameter pipelines was investigated.
1. Vibration data from an experimental water pipeline setup was obtained
and analysed to identify the leak and no leak situations.
2. Proposed the use of VITs for leak detection in irrigation pipelines in Botswana.

3. The results were presented at the IEEE Africon 2019 conference (Pub-
lished [94]).

5.2 Contribution of This Thesis

The work done in this thesis contributes in the following ways:

1. A systematic literature review of carefully selected studies, showing that the
application of VITs is significant for leak detection.

2. The meta-analysis showed that although leak detection using vibration analy-
sis is widely studied, case studies on end-user pipelines have not been highly
focused on.

3. A solution for detecting leaks in water pipelines for agricultural uses in Botswana
was given using VITs and IOTs in a LoRaWAN architecture was discussed and
tested.
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5.3 Limitations and Possible Future Work

This thesis focuses on leak detection methods and a solution that detects the pres-
ence of leaks with high accuracy is presented. However, it should be noted that there
are some drawbacks. This section discusses these limitations and possible improve-
ments for continuing research.

5.3.1 Limitations to Approach and Analysis

The approach proposed in this thesis was used for analyzing leak data from small di-
ameter plastic pipelines. A prototype of the proposed network was not created and
tested. The algorithm was not tested on pipelines of different diameters and mate-
rials. The usability of the method in real-time has not been tested.The limitations to
the analysis are as follows;

1. The dataset conditions such as noise, water pressure and flow rate were un-
known. These conditions may affect the results differently as they were not
tested.

2. The proposed algorithm was not tested in real-time. A prototype was not made
and tested on pipelines to determine the accuracy in natural conditions.

3. The data collected was from a small-scale laboratory set up. The results may
differ for a large scale network.

5.3.2 Possible Future Work

In this study, a method of leak detection and its implementation has been proposed.
The following is a list of improvements for future work based on the current study;

1. The VIT Algorithm may be affected by natural conditions such as noise, pres-
sure and flow rate. This needs to be tested to determine its performance and
accuracy in real-time.

2. In the dataset used for analysis, the sensors were placed 2m from the leakage
point for every scenario. The sensor placement for effective leak detection in
the network was not studied.



Bibliography

[1]

2]

3]

[4]

[5]

[6]

[7]

[8]

[9]

A. Maxmen, “As cape town water crisis deepens, scientists prepare for’day
zero’,” Nature, vol. 554, no. 7690, 2018.

R. Gorata Matenge, “Rainwater harvesting for irrigation in the wake of climate
change: A model-based design,” M.S. thesis, PAUWES, 2018.

Central Statistics Office, “Botswana water statistics,” Department of Printing
and Puclishing Services, no. October, pp. 1-91, 2009.

E. Kholoma, A survey of water losses—the case of the ramotswa village in botswana.
2011.

R. Dighade, M. Kadu, and A. Pande, “Challenges in water loss management of
water distribution systems in developing countries,” International Journal of In-
novative Research in Science, Engineering and Technology, vol. 3, no. 6, pp. 13 838—
13 846, 2014.

P.W. Mayer, W. B. DeOreo, E. M. Opitz, ]. C. Kiefer, W. Y. Davis, B. Dziegielewski,
and J. O. Nelson, Residential end uses of water, 1999.

Reporting a Water Leak, en-US. [Online]. Available: https://www. epcor. com/
learn/safety/owner - responsibility / Pages /reporting - a- leak . aspx
(visited on 11/08/2020).

Stop problems occurring, en. [Online]. Available: https : //www . unitywater .
com:443/en/Residential /Manageyourwaterusage/Stopproblemsoccurring

(visited on 11/16/2020).

K.B. Adedeji, Y. Hamam, B. T. Abe, and A. M. Abu-Mahfouz, “Towards achiev-
ing a reliable leakage detection and localization algorithm for application in
water piping networks: An overview,” IEEE Access, vol. 5, pp. 20272-20285,
2017.

H. Ltd, A New Water Leakage Management Technology Finding Groups of Small
Leaks, en. [Online]. Available: http://www.hitachi.com/rd/portal/contents/
story/waterleakage_control/index.html (visited on 05/21/2018).

Botswana Water Accounting Report 2014_15, 2016. [Online]. Available: https :
//www .water .gov.bw/images/Reports/DWA_Website/Botswana},20Water
20Accounting?%20Report#%202014_15.pdf.

K Vairavamoorthy, ] Yan, and S. Gorantiwar, “Modelling the risk of contami-
nant intrusion in water mains,” in Proceedings of the Institution of Civil Engineers-
Water Management, Thomas Telford Ltd, vol. 160, 2007, pp. 123-132.

S. A. S. Alarefi and S. Walker, “Innovative shunt measurement for residen-
tial water micro-leakage detection,” in 2017 8th International Renewable Energy
Congress (IREC), IEEE, 2017, pp. 1-6.

S. Datta and S. Sarkar, “A review on different pipeline fault detection meth-
ods,” Journal of Loss Prevention in the Process Industries, vol. 41, pp. 97-106, 2016.



Bibliography 45

[15] S. Seyoum, L. Alfonso, S. J. van Andel, W. Koole, A. Groenewegen, and N.
van de Giesen, “A shazam-like household water leakage detection method,”
Procedia Engineering, vol. 186, pp. 452-459, 2017.

[16] M.Ismail, R. A. Dziyauddin, and N. A. A. Salleh, “Performance evaluation of
wireless accelerometer sensor for water pipeline leakage,” in Robotics and Intel-
ligent Sensors (IRIS), 2015 IEEE International Symposium on, IEEE, 2015, pp. 120-
125.

[17] A. G. Rajakumar, A. A. Cornelio, and M. Mohan Kumar, “Leak management
in district metered areas with internal-pressure reducing valves,” Urban Water
Journal, pp. 1-9, 2020.

[18] R.Li, H. Huang, K. Xin, and T. Tao, “A review of methods for burst/leakage
detection and location in water distribution systems,” Water Science and Tech-
nology: Water Supply, vol. 15, no. 3, pp. 429441, 2015.

[19] Y. Gao, M. ]. Brennan, Y. Liu, E C. Almeida, and P. F. Joseph, “Improving the
shape of the cross-correlation function for leak detection in a plastic water
distribution pipe using acoustic signals,” Applied Acoustics, vol. 127, pp. 24-33,
2017.

[20] A. Atef, T. Zayed, A. Hawari, M. Khader, and O. Moselhi, “Multi-tier method
using infrared photography and gpr to detect and locate water leaks,” Automa-
tion in Construction, vol. 61, pp. 162-170, 2016.

[21] R. K. Parida, V. Thyagarajan, and S. Menon, “A thermal imaging based wire-
less sensor network for automatic water leakage detection in distribution pipes,”
in 2013 IEEE International Conference on Electronics, Computing and Communica-
tion Technologies, IEEE, 2013, pp. 1-6.

[22] How To Detect A Water Leak with Thermal Imaging | FLIR Systems. [Online].
Available: https : //www . flir . eu/discover /professional - tools /how -
to-detect-a-water-leak-with-thermal - imaging/https://www.flir.
com/discover/professional-tools/how-to-detect-a-water-leak-with-
thermal-imaging/ (visited on 11/09/2020).

[23] P Irofti and F. Stoican, “Dictionary learning strategies for sensor placement
and leakage isolation in water networks,” IFAC-PapersOnLine, vol. 50, no. 1,
pp. 1553-1558, 2017.

[24] O.Begovich, A. Navarro, E. N. Sanchez, and G. Besancon, “Comparison of two
detection algorithms for pipeline leaks,” in 2007 IEEE International Conference
on Control Applications, IEEE, 2007, pp. 777-782.

[25] Y Gao, M. Brennan, and P. Joseph, “A comparison of time delay estimators for
the detection of leak noise signals in plastic water distribution pipes,” Journal
of sound and vibration, vol. 292, no. 3-5, pp. 552-570, 2006.

[26] C. Garcia, A. S. Potts, R. J. C. de Godoy, V. A. O. Alves, and T. S. da Silva, “Al-
gorithms and methods for identification of multivariable plants,” in 24th Eu-
ropean Symposium on Computer Aided Process Engineering, ser. Computer Aided
Chemical Engineering, J. J. Klemes, P. S. Varbanov, and P. Y. Liew, Eds., vol. 33,
Elsevier, 2014, pp. 667 —672. DOI: https://doi.org/10.1016/B978-0-444-
63456 - 6 . 50112 - 5. [Online]. Available: http://www . sciencedirect . com/
science/article/pii/B9780444634566501125.

[27] ]. H. Ferziger and M. Peric, Computational methods for fluid dynamics. Springer
Science & Business Media, 2012.



Bibliography 46

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[40]

[41]

[42]

G Francisco and C. Santos, “Transition to turbulence in the reynolds” exper-
iment,” Physica A: Statistical Mechanics and its Applications, vol. 297, no. 1-2,
pp. 73-78, 2001.

Y. Lyu, W. Liu, T.-t. Chow, H. Su, and X. Qi, “Pipe-work optimization of water
flow window,” Renewable Energy, vol. 139, pp. 136 —146, 2019, 1SSN: 0960-1481.
DOI: https://doi.org/10.1016/j.renene.2019.02.078.

Y Gao, M. Brennan, P. Joseph, ]. Muggleton, and O Hunaidi, “On the selection
of acoustic/vibration sensors for leak detection in plastic water pipes,” Journal
of Sound and Vibration, vol. 283, no. 3-5, pp. 927-941, 2005.

Q. Wang, K. X. Hong, X. X. Chen, and H. Huang, “Design of a vibration-based
pipeline leak detection system,” in Applied Mechanics and Materials, Trans Tech
Publ, vol. 530, 2014, pp. 266-272.

M. Brennan, P. Joseph, ]J. Muggleton, and Y Gao, “Some recent research re-
sults on the use of acoustic methods to detect water leaks in buried plastic
water pipes,” Institute of Sound and Vibration Research, University of Southamp-
ton, pp. 1-7, 2008.

R. F. Steidel et al., An introduction to mechanical vibrations. Wiley New York,
1979.

O. Hunaidi and W. T. Chu, “Acoustical characteristics of leak signals in plastic
water distribution pipes,” Applied Acoustics, vol. 58, no. 3, pp. 235-254, 1999.

P. Stajanca, S. Chruscicki, T. Homann, S. Seifert, D. Schmidt, and A. Habib,
“Detection of leak-induced pipeline vibrations using fiber—optic distributed
acoustic sensing,” Sensors, vol. 18, no. 9, p. 2841, 2018.

“Evaluation Methodology for Software Based Leak Detection Systems,” Amer-
ican Petroleum Institute, New York, NY, USA, Tech. Rep., Feb. 1995.

“Technische Regeln fiir Fernleitungen, Technical rules for pipelines,” TRFL,
Germany, Tech. Rep., 2003.

G. Geiger, D. Vogt, and R. Tetzner, “State-of-the-art in leak detection and lo-
calization,” Oil Gas European Magazine, vol. 32, no. 4, p. 193, 2006.

M. Bentoumi, D. Chikouche, A. Mezache, and H. Bakhti, “Wavelet dt method
for water leak-detection using a vibration sensor: An experimental analysis,”
IET Signal Processing, vol. 11, no. 4, pp. 396405, 2016.

J. Mashford, D. De Silva, S. Burn, and D. Marney, “Leak detection in simulated
water pipe networks using svm,” Applied Artificial Intelligence, vol. 26, no. 5,
pp. 429-444, 2012.

K.S.Ng, P-Y. Chen, and Y.-C. Tseng, “A design of automatic water leak detec-
tion device,” in 2017 IEEE 2nd International Conference on Opto-Electronic Infor-
mation Processing (ICOIP), IEEE, 2017, pp. 70-73.

B. Sigweni and M. Shepperd, “Feature weighting techniques for cbr in soft-
ware effort estimation studies: A review and empirical evaluation,” in Pro-
ceedings of the 10th International Conference on Predictive Models in Software Engi-
neering, ACM, 2014, pp. 32—41.

B. Kitchenham and S. Charters, “Guidelines for performing systematic litera-
ture reviews in software engineering,” 2007.

O. Hunaidi, W. Chu, A. Wang, and W. Guan, “Detecting leaks in plastic pipes,”
Journal-American Water Works Association, vol. 92, no. 2, pp. 82-94, 2000.



Bibliography 47

[45] O.Hunaidi, A. Wang, M. Bracken, T. Gambino, and C. Fricke, “Acoustic meth-
ods for locating leaks in municipal water pipe networks,” in International Con-
ference on Water Demand Management, Dead Sea Jordan, 2004, pp. 1-14.

[46] X. Tang, Y. Liu, L. Zheng, C. Ma, and H. Wang, “Leak detection of water
pipeline using wavelet transform method,” in Environmental Science and In-
formation Application Technology, 2009. ESIAT 2009. International Conference on,
IEEE, vol. 2, 2009, pp. 217-220.

[47] F. Almeida, M. Brennan, P. Joseph, S. Whitfield, S. Dray, and A. Paschoalini,
“On the acoustic filtering of the pipe and sensor in a buried plastic water
pipe and its effect on leak detection: An experimental investigation,” Sensors,
vol. 14, no. 3, pp. 5595-5610, 2014.

[48] A. Martini, M. Troncossi, and A. Rivola, “Vibration monitoring as a tool for
leak detection in water distribution networks,” Proc. Surveillance 7 (Institute of
Technology of Chartres, France, October 29-30, 2013), pp. 1-9, 2014.

[49] A. Martini, M. Troncossi, and A. Rivola, “Automatic leak detection in buried
plastic pipes of water supply networks by means of vibration measurements,”
Shock and Vibration, vol. 2015, 2015.

[50] S. El-Zahab, A. Asaad, E. M. Abdelkader, and T. Zayed, “Collective thinking
approach for improving leak detection systems,” Smart Water, vol. 2,no. 1, p. 3,
2016.

[51] A. Martini, M. Troncossi, and A. Rivola, “Leak detection in water-filled small-
diameter polyethylene pipes by means of acoustic emission measurements,”
Applied Sciences, vol. 7, no. 1, p. 2, 2016.

[52] ].Choi,]. Shin, C. Song, S. Han, and D. I. Park, “Leak detection and location of
water pipes using vibration sensors and modified ml prefilter,” Sensors, vol. 17,
no. 9, p. 2104, 2017.

[63] M. Brennan, M Karimi, F. Almeida, F. K. de Lima, P. Ayala, D Obata, A. Paschoalini,
and N Kessissoglou, “On the role of vibro-acoustics in leak detection for plastic
water distribution pipes,” Procedia engineering, vol. 199, pp. 1350-1355, 2017.

[54] A. Martini, M. Troncossi, and A. Rivola, “Vibroacoustic measurements for de-
tecting water leaks in buried small-diameter plastic pipes,” Journal of Pipeline
Systems Engineering and Practice, vol. 8, no. 4, p. 04017 022, 2017.

[65] K. Ong, W. Png, H. Lin, C. Pua, and F. Rahman, “Acoustic vibration sensor
based on macro-bend coated fiber for pipeline leakage detection,” in Control,
Automation and Systems (ICCAS), 2017 17th International Conference on, IEEE,
2017, pp. 167-171.

[56] S. Yazdekhasti, K. R. Piratla, S. Atamturktur, and A. Khan, “Experimental
evaluation of a vibration-based leak detection technique for water pipelines,”
Structure and Infrastructure Engineering, vol. 14, no. 1, pp. 46-55, 2018.

[57] E C. Almeida, M. J. Brennan, P. F. Joseph, Y. Gao, and A. T. Paschoalini, “The
effects of resonances on time delay estimation for water leak detection in plas-
tic pipes,” Journal of Sound and Vibration, vol. 420, pp. 315-329, 2018.

[58] M. I M. Ismail, R. A. Dziyauddin, N. A. M. Salleh, R. Ahmad, M. H. Azmi,
and H. M. Kaidi, “Analysis and procedures for water pipeline leakage using
three-axis accelerometer sensors: Adx1335 and mma7361,” IEEE Access, vol. 6,
pp. 71249-71261, 2018.



Bibliography 48

[59]

[60]

[61]
[62]

[65]

[66]

[67]

D. C. Ferino, R. P. Jose, J. R. M. Ochoa, V. V. Villamiel, and E. J]. M. P. Arana,
“Development of Leak Detection System for PVC Pipeline Through Vibro-
Acoustic Emission,” IEEE, 2018, pp. 2557-2560, ISBN: 1-5386-5457-1.

K. Kim, H. Oh, and ]. Choi, “Block averaging based leak detection for wa-
ter pipes based on vibration sensors,” in 2019 34th International Technical Con-
ference on Circuits/Systems, Computers and Communications (ITC-CSCC), IEEE,
2019, pp. 1-3.

W. Van Drongelen, Signal processing for neuroscientists. Academic press, 2018.

W. T. Cochran, J. W. Cooley, D. L. Favin, H. D. Helms, R. A. Kaenel, W. W.
Lang, G. C. Maling, D. E. Nelson, C. M. Rader, and P. D. Welch, “What is the
fast fourier transform?” Proceedings of the IEEE, vol. 55, no. 10, pp. 1664-1674,
1967.

R. Oshana, “4 - overview of digital signal processing algorithms,” in DSP Soft-
ware Development Techniques for Embedded and Real-Time Systems, ser. Embedded
Technology, R. Oshana, Ed., Burlington: Newnes, 2006, pp. 59 —121, ISBN: 978-
0-7506-7759-2. DOL: https://doi.org/10.1016/B978-075067759-2/50006-5.
[Online]. Available: http://www.sciencedirect.com/science/article/pii/
B9780750677592500065.

R. Thomson and W. Emery, “Chapter 3—statistical methods and error han-
dling,” Data Analysis Methods in Physical Oceanography, vol. 3, pp. 219-311,
2014.

M. Ahadi and M. S. Bakhtiar, “Leak detection in water-filled plastic pipes
through the application of tuned wavelet transforms to acoustic emission sig-
nals,” Applied Acoustics, vol. 71, no. 7, pp. 634-639, 2010.

Z.Liu, X. Niu, X. Guo, G. My, and Y. Pang, “Method for acoustic leak detection
of fast reactor steam generator based on wavelet noise elimination,” in 2006
International Conference on Machine Learning and Cybernetics, 2006, pp. 957-961.

S. Rashid, S. Qaisar, H. Saeed, and E. Felemban, “A method for distributed
pipeline burst and leakage detection in wireless sensor networks using trans-

form analysis,” International Journal of Distributed Sensor Networks, vol. 10, no. 7,
p- 939657, 2014.

G.-Y. Ye, K.-]. Xu, and W.-K. Wu, “Standard deviation based acoustic emission
signal analysis for detecting valve internal leakage,” Sensors and Actuators A:
Physical, vol. 283, pp. 340-347, 2018.

Z.Qu, H. Feng, Z. Zeng, J. Zhuge, and S. Jin, “A svm-based pipeline leakage
detection and pre-warning system,” Measurement, vol. 43, no. 4, pp. 513 -519,
2010, 1SSN: 0263-2241. DOI: https://doi.org/10.1016/ j . measurement .
2009.12.022. [Online]. Available: http://wwuw.sciencedirect.com/science/
article/pii/S026322410900270X.

S. El-Zahab and T. Zayed, “Leak detection in water distribution networks: An
introductory overview,” Smart Water, vol. 4, no. 1, p. 5, 2019.

L. Bo and C. Y. Yuan, “The research of intrusion detection based on support
vector machine,” in 2009 International Conference on Computer and Communica-
tions Security, IEEE, 2009, pp. 21-23.



Bibliography 49

[72]

[73]

[74]

[75]

[76]

[85]

[86]

D. G. Pavlou, “Chapter 1 - An Overview of the Finite Element Method,” in
Essentials of the Finite Element Method, D. G. Pavlou, Ed., Academic Press, Jan.
2015, pp. 1-18, 1SBN: 978-0-12-802386-0. DOI: 10.1016/B978-0- 12-802386 -
0.00001 - 3. [Online]. Available: http://www.sciencedirect.com/science/
article/pii/B9780128023860000013 (visited on 10/04/2018).

G. Lagos, L. Maggi, D Peters, and F Reveco, “Model for estimation of human
exposure to copper in drinking water,” Science of the total environment, vol. 239,
no. 1-3, pp. 49-70, 1999.

T Britton, G Cole, R Stewart, and D Wiskar, “Remote diagnosis of leakage in
residential households,” Journal of Australian Water Association, vol. 35, no. 6,
pp- 89-93, 2008.

T. Britton, G. Cole, R. Stewart, and D. Wiskar, “Smart metering as a tool for the
remote diagnosis of leakage in residential households,” URL: www. iwawsp11.
com (Accessed December 2011), 2011.

N. Rosli, I. A. Aziz, and N. S. M. Jaafar, “Home underground pipeline leak-
age alert system based on water pressure,” in 2018 IEEE Conference on Wireless
Sensors (ICWiSe), IEEE, 2018, pp. 12-16.

K. A. Nguyen, R. A. Stewart, H. Zhang, O. Sahin, and N. Siriwardene, “Re-
engineering traditional urban water management practices with smart meter-
ing and informatics,” Environmental Modelling & Software, vol. 101, pp. 256—
267, 2018.

C. f. A. R. Department of Water Affairs, “Policy Brief Botswana’s Agriculture
and Water Resources.,” 8 pages, (visited on 05/25/2019).

W. H. Gardner, “How water moves in the soil,” Crops Soils, vol. 32, no. 2,
pp. 13-18, 1979.

N. King, H. Biggs, R. Loon, et al., “Seeking common ground: How natural and
social scientists might jointly create an overlapping worldview for sustainable
livelihoods: A south african perspective,” Conservation and Society, vol. 5,no. 1,
p- 88, 2007.

U. N. D. Programme, “Agriculture and Food Security Policy Brief Reflecting
on the Challenges of Attaining a Green Economy for Botswana.,” 7 pages, (vis-
ited on 05/25/2019).

R. Vaughan, “The shape of the water bulb under the dripper in different soil
types,” [Online]. Available: http://hortfreshjournal . com/fertigation-
facts/.

A. C. Mosha, “Urban agriculture in botswana,” Commonwealth Journal of Local
Governance, pp. 48-67, 2015.

InvenSense, “Mpu-6000 and mpu-6050 product specification revision 3.4,” [On-
line]. Available: https://datasheet.octopart.com/MPU-6050-InvenSense-
datasheet-21631037.pdf.

Semtech, “LoRa™Modulation Basics Semtech,” Tech. Rep. May, 2015, pp. 1-
26.

W. Ayoub, A. E. Samhat, F. Nouvel, M. Mroue, and J. Prévotet, “Internet of
mobile things: Overview of lorawan, dash?, and nb-iot in lpwans standards
and supported mobility,” IEEE Communications Surveys Tutorials, vol. 21, no. 2,
pp- 1561-1581, 2019. DOI: 10.1109/COMST.2018.2877382.



Bibliography 50

[87]

[88]

[89]

[90]

[91]

“A comparative study of LPWAN technologies for large-scale IoT deploy-
ment,” ICT Express, 2018, ISSN: 24059595. [Online]. Available: https://doi .
org/10.1016/j.icte.2017.12.005.

LoRaAlliance and LoRa Alliance, “LoRaWAN 1.1 Specification,” LoRa Alliance,
no. 1.1, p. 101, 2017. [Online]. Available: https : / / lora - alliance . org/
resource-hub/lorawantm-specification-vii.

C. A. Boneau, “The effects of violations of assumptions underlying the t test,”
Psychological bulletin, vol. 57, no. 1, pp. 49-64, 1960.

M. Shepperd and S. MacDonell, “Evaluating prediction systems in software
project estimation,” Information and Software Technology, vol. 54, no. 8, pp. 820-
827, Jan. 2012.

B. Sigweni and M. Shepperd, “Feature weighting techniques for CBR in soft-
ware effort estimation studies: A review and empirical evaluation,” in The 10th
International Conference on Predictive Models in Software Engineering, ACM, 2014,
pp- 32-41.

P. Ellis, The Essential Guide to Effect Sizes: Statistical Power, Meta-Analysis, and the
Interpretation of Research Results. Cambridge University Press, 2010.

B. Sigweni and M. Shepperd, “Using blind analysis for software engineering
experiments,” in Proceedings of the 19th International Conference on Evaluation
and Assessment in Software Engineering, ACM, 2015, p. 32.

N. A. Moni, B. Sigweni, M. Mangwala, and L. Kolobe, “Water leak detec-
tion from irrigation pipelines in botswana using vibration interpretation tech-
nique,” in 2019 IEEE AFRICON, IEEE, 2019, pp. 1-6.



