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detection in pipelines by surveying the web of knowledge database and visualizing
the outputs using visualization software VOSviewer and CiteNetExplorer. The analysis
of the web of knowledge output presents a set of the ten most used keywords in
the field of leak detection in pipelines that are further described and analyzed.
Additionally, in-depth analysis of a randomly selected sample of papers was
conducted to draw a sense of the progress in the industry over the past four
decades. This article also defines a novel approach to define the leak detection
phases, i.e, the identify-localize-pinpoint approach. Furthermore, two classes of leak
detection systems are identified, static leak detection systems and dynamic leak
detection systems. The two systems are defined as well as their differentiative
capabilities. Finally, this article provides a summary of popular leak detection
technologies to provide a broad sense of understanding for the leak detection field
of research.
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Introduction

Water is a critical source of life on our planet; it plays paramount roles in agricul-
ture, manufacturing, production of electricity, and to keep humanity healthy. Ap-
proximately one billion individuals around the globe are unable to access clean
drinking water (Krchnak 2016). Urban water is regularly transmitted using under-
ground pipelines. Water transmission pipelines periodically lose an average of 20%
to 30% of the water transmitted through them, and those numbers can escalate
above 50% in old systems especially ones that have suffered from inefficient main-
tenance. There are multiple causes for loss of water in transmission pipelines
which include leakage, metering errors, public usage such as firefighting, and theft
(Hunaidi 2000; El-Abbasy et al. 2016). The most critical route for losses is a leak,
as they are considered to contribute an estimated of 70% of water loss in water
transmission systems, this value is expected to become higher in undermanaged
networks (Van Zyl and Clayton 2007). Comparatively, gas pipeline networks suffer
from similar fates, yet the outcomes of leaks in gas pipelines can be more
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hazardous and more expensive than water leaks (Inaudi et al. 2008). In one in-
stance, a study was conducted in the United Kingdom to identify the impact of
those leaks on an urban water network. On a yearly basis, the country is expected
to dig 4 million holes into its road network for pipe installations and leak repairs.
The monetary impact of the repairs is estimated to be at 7 billion £ (around 10
billion US$) annually. The overall cost can be divided into two main portions, 1.5
billion £ (around 2 billion US$) indirect damage costs and 5.5 billion £ (around 8
billion US$) in social impact costs (Royal et al. 2011). Another aspect of the dan-
gers of leaks is their tendency to grow. The growth of leaks can allow the intro-
duction of pathogens and contaminants from the surrounding environment into
the network in the case of water networks and quite the opposite in the case of
oil and gas networks which would result in dangerous impacts on human life
(Alkasseh et al. 2013).

The losses and damages created by leaks required novel techniques and approaches
to minimize their negative impact and deal with them as fast as possible. As a result,
multiple researchers dedicated their efforts for the development of a vast variety of
techniques for leak detection and leak location. This paper conducts an overview of the
used leak detection techniques and the progress in the field of leak detection. To sum
up the objectives of this review paper area:

(1) Conduct a thorough literature review on the topic of leak detection in pipelines.
(2) Present a study on the progress of leak detection approaches in recent years.

(3) Suggest approaches for evaluating leak detection techniques and technologies.

Methodology

The overall methodology of this literature survey can be summarized in Fig. 1. The first
step of this research is to gather a substantial amount of the published works on leak
detection in urban water mains. For this purpose, the Web of Knowledge (WoK) data-
base was selected as the main database to conduct the search. The main keywords of
the search are “leak detection in pipelines”. The data collected from the WoK database
will be analyzed to have a sense of the historical, technological, and demographical
trends in pipeline leak detection research. The second step is to randomly select be-
tween 30 to 35 papers on the topic and analyze the chosen papers with more depth.
This is based on the assumption that # =30 is a boundary between small and large
samples (Hogg and Tanis 2006). This approach creates two main datasets, the WoK
dataset which contains nearly 1000 papers on the topic of leak detection pipelines and
the in-depth dataset for this research article that studies a randomly selected collection
of papers. The in-depth dataset will be analyzed to inspect the capabilities and tech-
nologies used. Additionally, the papers will be assessed for their historical progression
and the distribution of the models on the level of technologies used and the capabilities
the models provide. This analysis allows the development of a general sense of the pro-
gression and flow of leak detection research.

Defining leak detection
In 2009, Hamilton defined leak detection as a subsidiary of three main phases know as
localize, locate, and pinpoint or LLP. In Table 1, localize is defined as narrowing down
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a leak to a specific segment within the network or a specific district metered area after
the suspicion of a leak. Several tools can be used in this domain such as district
metered area and fitting surveys (El-Abbasy et al. 2016; Li et al. 2011). The second
phase is locating, and it is the first phase where a location for the leak is determined.
According to Hamilton, the location of the leak is said to be within a radius of 30 cm.
Furthermore, multiple tools are available for utility in this phase including correlators
and microelectromechanical sensors (Hamilton 2009; El-abbasy et al. 2014; El-Zahab et
al. 2016; Martini et al. 2015). Finally, the third phase, according to Hamilton, would be
pinpointing. Pinpointing is another phase where another estimate for the exact location
of the leak is determined but within a radius of 20 cm. In this phase, a variety of tools
are available including hydrophones and geophones (Fantozzi et al. 2009; Royal et al.
2011). The difference provided by Hamilton between locating and pinpointing is a 10
cm-difference in radius, which is negligible and offers no actual differentiation between
the processes or the actual outcome of each phase. Therefore, it is more efficient to
merge the two phases due to similarity. In contrast, multiple researchers in the field of
leak detection have highlighted the existence of another challenging aspect in the

Table 1 Phases of Leak Detection - ILLP

Phase Definition

Identify Determine the existence of a leak and distinguish leaks from false alarms.
Localize Narrow down the location of a leak to a specific area or segment.

Locate Determine the location of a leak with a radius of 30 cm.

Pinpoint Determine the location of a leak with a radius of 20 cm.
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development of leak detection systems and approaches. The challenge lies in differenti-
ating the signs of leaks from other aspects such as pumps or an open hydrant. This
problem is vivid in acoustic noise loggers and accelerometers and other wireless sensor
devices that are used in leak detection. Sensors would pick up any form of signs and
signals similar to those of leaks and end up providing false alarms. False alarms create
an expenditure of workforce and funds for the bodies monitoring the respective net-
works (El-Zahab et al. 2016; Khulief et al. 2012; Stoianov et al. 2007a, 2007b). There-
fore, a new phase of leak detection is proposed, and that is the identification phase. As
described in Table 1, the identification phase works towards determining if the signs
detect and the signals derived indicate a leak in the network of pipelines or not and
how to differentiate between leaks and other factors affecting the network. Subse-
quently, the leak detection phases can now be summed up as ILLP, identify-localize-
locate-pinpoint. It is highly possible to merge locating and pinpointing due to the 10-
cm difference between the two phases. This approach helps in creating three distinct
and unambiguous phases. Thus, another approach would be the ILP approach,
identification-localization-pinpointing. Where the first step identifies the existence of a
leak, the second phase identifies the segment where the leak is, and finally, the third
phase would determine the exact location of the leak with a certain accuracy.

Progress in leak detection research
The advances in leak detection research have grown remarkably in recent years, but
the field of leak detection is not a new field of research. The damages created by leaks
in pipeline networks presented researches with the curiosity of developing reliable and
immediate solutions to fight the leakage epidemic. In a survey performed on the Web
of Knowledge database, 941 scholarly articles about the topic of leak detection in pipe-
lines were found. A timeline analysis was conducted for the most referenced papers in
the field of leak detection using the CitNetExplorer software for bibliometric analysis
(Van Eck and Waltman 2014). The results of this analysis are illustrated in Fig. 2, The
first paper found by this survey existed in the year 1968 by Zielke as displayed in Fig. 2,
who suggested the study of wall shear stress in laminar pipe flow along with the mean
velocity of the flow and the changes in the velocity can aid in detecting any anomalies
within the pipeline. The figure further displays that the research in the field of leak de-
tection started booming further in the mid-1980s. Beyond that point, the research field
started gaining more and more attention especially after 1994. After the year 2000, re-
search in leak detection saw numerous publications and contributions with the rise of
the importance of water conservation and water scarcity and the abundance of novel
technologies that are capable of facilitating and automating the leak detection process.
The dataset was further studied using another bibliometric analysis software that is
named VOSviewer (Van Eck and Waltman 2010). Figure 3 was established using the
software. The figure aims to establish the countries with the most interest in research-
ing the field of pipeline leak detection and to provide a sense of the number of publica-
tions provided by those countries. In the figure, the countries with at least 25
publications in the field of pipeline leak detection are displayed. Starting with Germany
with 25 publications in the field within the Web of Knowledge database and moving all
the way up to Canada with 58 publications in the field, then England with 74 publica-
tions in the field, exceeded by the United States of America with a sum of 144
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Fig. 2 Chronological display of the most cited papers to date. The y-axis represents the years in which the
represented papers in circles where published. The circles represent the most cited papers in the field of
leak detection. The connections represent the forward citations between those paper ie. the foremost
paper has cited the publication at the origin of the connection

publications, and finally on top of the list is the People’s Republic of China with 263
publications. The proximity between the globes highlights the amount of co-authored
works as well. Therefore, from the figure, it is deductible that the People’s Republic of
China had multiple co-authored works with England. Same goes for Australia and
South Korea as well as the United States of America, Germany, and Saudi Arabia.

After studying the geographical distribution of research interests, the next step is to
analyze the most repetitive keywords in the global dataset provided by WoK. Figure 4
displays the top ten most used words within the collected dataset. The figure starts at
number 1 and ends at number 10. The first keyword with the most prominent
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Fig. 3 Bubble graph showing the most publishing countries in the leak detection field. Each bubble represents
a country. The more publications a country has the bigger the bubble is. As bubbles grow larger, colors such as
yellow, orange and red are added for clarification
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Fig. 4 Top ten most utilized keywords in leak detection research. The upper x-axis in Fig. 4 represents the
progress of time from 1998 to 2016. The right y-axis represents the top ten most used keywords in the field
from most used on top to least used in the bottom. The lines in front of the keywords provide, in a
chronological fashion, impactful papers that utilized the keyword. The connections between papers
are forward citations

recurrence is “gas pipelines”. The importance of gas pipelines is relative to the critical-
ness of the material they transport. Natural gas and oil are hazardous materials that are
transported in a pressurized state. Therefore, any leakage will have a tremendous im-
pact in a small time. The impacts of leaks in gas pipelines include major economic
losses along with the pollution of the surrounding environment and a grand possibility
for injuring personnel (Geiger et al. 2006; Inaudi et al. 2008; Sun et al. 2011). The sec-
ond most common keyword is “short period analysis”. The keyword refers to the ana-
lysis that focuses on the first characteristic time of the pipe. The analysis revolves
mainly around pressure transients within pipelines due to leaks and conducts analysis
based on the time and frequency domains and it considers the conditions at minor
losses as boundaries for the analysis (Meniconi et al. 2010). The third keyword is “fore-
casting model” which are also known as prediction models. Prediction models play key
roles in leak detection as they utilize learned historical data to make a calculated deci-
sion for future leaks. Additionally, forecasting models can learn and progress through
time as they incur new information. Forecasting models are usually used with leak de-
tection technologies to develop thresholds and equations that are capable of detecting
and locating leaks (El-Abbasy et al. 2016; El-Zahab et al. 2016; Fahmy and Moselhi
2009; Whittle et al. 2010). The fourth most recurring keyword in the dataset is “energy
analysis”. The term energy analysis refers to the study of the anomalies created by the
reflected energy caused by leaks in pipelines. The term may also refer to the study of
the variation of energy consumption by pumps surrounding leaks to maintain a stable
pressure. In both cases, the persistence of a disruption indicates the existence of leak-
age and accordingly, it can be localized (Belouchrani et al. 2013; Mostafapour and
Davoudi 2013; Shibley 2013). The fifth most recurring keyword is “frequency response
diagram”. The figure shows that the frequency response analysis is the oldest recurring
keyword within the data set under study. Frequency response is one of the oldest tech-
niques in leak detection. It relies on studying the response to an excitation frequency
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within a pipeline. The method studies the frequency diagram provided as a result of
the excitation and accordingly detects leaks (Brennan et al. 2007; Mpesha et al. 2001).
The keyword with the sixth place in recurrences is “leak diagnosis algorithm”. Leak
diagnosis algorithms are mathematical or artificial intelligence and machine learning
models that utilize available data to automatically identify, locate, or pinpoint leaks.
Those algorithms can be paired with a wide variety of technologies such as infrared,
ground penetrating radar, and noise loggers. Some of the algorithms that are used in-
clude support vector machines, artificial neural networks, and genetic algorithms (EI-
Abbasy et al. 2016; El-Zahab et al. 2017; Fahmy and Moselhi 2009; Al Hawari et al.
2015, 2016). In the seventh place comes the keyword “zigzag pipeline” which refers to
pipelines that are not linear and have some turns and unique shapes within their struc-
ture. Those pipelines include pipelines that are part of an L-shape or T-shape structure.
The importance of those pipelines lies in the fact that the unique changes in their
shapes create new challenges and parameters for leak detection by altering the col-
lected data. Therefore, extra care and attention are invested in this abundant class
of pipelines (Datta and Sarkar 2016; Lay-Ekuakille et al. 2009, 2010). In the eighth
position of the list comes the keyword “pipe diameter”. The diameters of pipelines
that are studied for leaks have proven to be a critical factor in the leak detection
process for multiple technologies and techniques. The smaller a pipeline is, the
more likely it is for the leak signal to travel longer distances based on the leak
size. Therefore, the diameter of pipelines is an important parameter in multiple re-
search works (Covas et al. 2005; Hauge et al. 2007). In the ninth standing is the
keyword “underground pipe”. Underground pipelines are a crucial element in the
leak detection study as urban infrastructure systems are mostly deployed under-
ground. That is why a substantial amount of research is conducted on under-
ground pipes and also simulative experiments where pipes are tested in
underground-like conditions (Mashford et al. 2009; Rajani and Kleiner 2001; Stoia-
nov et al. 2007a, 2007b). Finally, in the tenth position is the keyword “in-pipe sys-
tem”, which a form of a static leak detection system. In-pipe systems rely on the
placement of sensors within networks. Those sensors are connected to a main data
collection server by means of communication technology such as 3G. The data is
then received in a timely fashion at the headquarters of the operator. Accordingly,
analysis can be conducted in a timely fashion as well or using software. In-pipe
systems allow for the immediate detection of leaks and that is why they are a
growing leak detection topic recently (El-Abbasy et al. 2016; El-Zahab et al. 2017;
Srirangarajan et al. 2013; Stoianov et al. 2007a, 2007b).

Classes of leak detection models

Through the observation of the literature and the applied works in leak detection, two
main categories of leak detection systems can be identified. The categories are static
(or stationary) leak detection and dynamic (or mobile) leak detection. Although each
class on its own is capable of identifying, locating, and pinpointing leaks, it is not un-
common to utilize a combination of both classes (Atef et al. 2016; Billmann and Iser-
mann 1987; Romano et al. 2017). The two classes of leak detection system can be
defined as follows:
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— Static leak detection systems: are systems that rely on sensors and data collectors
that are placed within the water network and on valves and are capable of
transmitting periodical data to the network management office. This data can be
used to identify, localize, and pinpoint leaks.

— Dynamic leak detection systems: are systems that rely on moving leak detection
devices to suspected leakage area to perform an investigation. Therefore, they rely
initially on suspicion of an existing leak. Another approach is performing regular
surveys around cities to identify leaks as soon as possible. Those systems can
confirm the existence of leaks and immediately localize and pinpoint them.

The main distinction between the two classes is that static leak detection systems can
inform the water network management of the existence of a leak almost immediately,
whereas dynamic leak detection systems are required to have information of a leak pos-
sibility so that they can be mobilized for investigation. On the other hand, dynamic leak
detection systems can pinpoint the exact location of a leak almost immediately under
ideal operating conditions, whereas static leak detection systems will provide a location
within a certain area and they are also more prone to false alarms. It is not uncommon
to use a static leak detection system to detect leaks and a dynamic leak detection sys-
tem to pinpoint them, but that is not expected to be the most affordable route (Cataldo
et al. 2014; Lee et al. 2005). The two classes encompass a wide variety of technologies
to provide an accurate leak detection system, but the technologies are not limited to
one class. For example, acoustic technologies, specifically noise loggers, can be dynamic
and moved from one location to the other periodically to detect leaks as in (Hunaidi
and Wang 2006) or they can be left in the network as in (El-Zahab et al. 2017).

Analysis of selected papers

This analysis aims to get a sense of the research work published in leak detection in
pipelines. Therefore, the first goal was to collect between 30 to 35 papers at random
and analyze the models described in those papers in depth. At first 50 papers were se-
lected from the original 941 papers and then those papers are filtered for redundancy
and similarity to keep only distinct papers. If after the filtering the number of journals
is between 30 and 35, no further search is needed. Otherwise, ten new random papers
would be selected. Table 2 shows that from the original 50 papers selected only 31
remained after filtering and therefore no further search was conducted. Table 2 sum-
marizes the titles, year of publications, and respective reference of each paper.

The first step of the analysis is to study the distribution of the randomly selected
journals over the years. This study provides insight into the condition of the research
field over the years. Figure 5 shows that research into the field of leak detection in pipe-
lines commenced in the 1980s but had little attention due to it being a new concept.
The interest started growing over the years as double the amount of the randomly se-
lected papers in the following decade. With the beginning of the twenty-first century,
the field of leak detection in pipelines started gathering more attention and funding
creating a burst of research that continues until today.

Through the study of the literature, two classes of leak detection systems were identi-
fied. The classes are (1) static leak detection and (2) dynamic leak detection. Static leak
detection represents a leak detection system that is left in the network and does not
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No Title Year Reference

1 Identifying Water Main Leaks With Trihalomethane 1985 (Hargesheimer et al. 1985)
Tracers

2 Leak Detection Methods for Pipelines 1987 (Billmann and Isermann 1987)

3 Ten Years of Experience with Leak Detection by 1991 (Fuchs and Riehle 1991)
Acoustic Signal Analysis

4 Designing a Cost Effective and Reliable Pipeline Leak 1997 (Zhang 1997)
Detection System

5 Ground-penetrating radar for detection of leaks in 1998 (Hunaidi and Giamou 1998)
buried plastic water distribution pipes

6 Acoustical characteristics of leak signals in plastic water 1999 (Hunaidi and Chu 1999)
distribution pipes

7 Leak Detection And Calibration Using Transients And 2000 (Vitkovsky et al. 2000)
Genetic Algorithms

8 Detecting Leak in Plastic Pipes 2000 (Hunaidi et al. 2000)

9 Acoustic methods for locating leaks in municipal water 2004 (Hunaidi et al. 2004)
pipe networks

10 Frequency domain analysis for detecting pipeline leaks 2005 (Lee et al. 2005)

1 Pipeline Network Features and Leak Detection by Cross- 2005 (Beck et al. 2005)
Correlation Analysis of Reflected Waves

12 A New system for locating leaks in urban water distribution 2006 (Hunaidi and Wang 2006)
pipes

13 PIPENET: A Wireless Sensor Network for Pipeline Monitoring 2007 (Stoianov et al. 2007a, 2007b)

14 Comparison of two Detection Algorithms for Pipeline Leaks 2007 (Begovich et al. 2007)

15 Fiber optic in-line distributed sensor for detection and 2007 (Huang et al. 2007)
localization of the pipeline leaks

16 Water loss detection via genetic algorithm optimization-based 2008 (Wu and Sage 2008)
model calibration

17 Detecting and locating leaks in underground water mains 2009 (Fahmy and Moselhi 2009)
using thermography

18 A selective literature review of transient-based leak detection 2009 (Colombo et al. 2009)
methods

19 Pressure-dependent leak detection model and its application 2009 (Wu et al. 2009)
to a district water system

20 Leak detection and isolation in water distribution networks 2010 (Gertler et al. 2010)
using principal component analysis and structured residuals

21 Detecting and Locating Leaks in Water Distribution 2010 (Pal et al. 2010)
Polyethylene Pipes

22 Acoustic Detection of Leaks in Water Pipelines Using 2011 (Khulief et al. 2011)
Measurements inside Pipe

23 Time domain reflectometry, ground penetrating radar and 2014 (Cataldo et al. 2014)
electrical resistivity tomography: a comparative analysis of
alternative approaches for leak detection in underground pipes

24 SmartPipes: Smart Wireless Sensor Networks for Leak Detection 2014 (Sadeghioon et al. 2014)
in Water Pipelines

25 Multi-tier method using infrared photography and GPR to 2016 (Atef et al. 2016)
detect and locate water leaks

26 Mobile sensor networks for optimal leak and backflow detection 2016 (Gong et al. 2016)
and localization in municipal water networks

27 Wireless Gas Leak Detection and Localization 2016 (Chraim et al. 2016)

28 Leak Detection, Size Estimation and Localization in Pipe Flows 2016 (Aamo 2016)

29 Perturbation mapping of water leak in buried water pipes via 2016 (Lai et al. 2016)
laboratory validation experiments with high-frequency ground
penetrating radar (GPR)

30 Locating leaks in water mains using noise loggers 2016 (El-Abbasy et al. 2016)

31 Statistical process control-based system for approximate location 2017 (Romano et al. 2017)

pipe bursts and leaks in water distribution systems
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Fig. 5 Cumulative distribution of randomly selected papers over the past four decades. The x-axis represents
four decades in chronological order. The y-axis represents the number of papers. Each box adds up to the
previous box chronologically with the height of the box representing the total number of papers studied from
the given decade

require the arrival of an inspection crew to detect leaks. Static leak detection systems
rely on sensors of any leak detection capable technology coupled with a communication
technology such as broadband or GSM. On the other hand, dynamic leak detection sys-
tems require the mobilization of a leak inspection team that delivers the devices to the
suspected leak site to perform an inspection and confirm or clear the suspicion. Some
examples of such systems include moving infrared cars, moving ground penetrating
radar cars, and hydrophone systems. Figure 6 presents a study of capabilities amidst
the randomly selected models. The two papers found in the 1980s encompassed three
models. Two dynamic models were investigated, and one static model was proposed
using devices that are currently referred to as noise loggers. With the advancement of
device communication technology, the field of static leak detection has received grow-
ing attention starting in the 1990s where new devices and models were proposed. The
main difference between the two classes is that static leak detection systems are capable
of identifying the existence of leak as soon as a leak occurs, whereas dynamic leak

PERCENT DISTRIBUTION OF MODEL
CLASSES AMIDST SELECTED MODELS

m Static ®m Dynamic

50 38.5 50
66.7

50 61.5 50
33.3

1980-1990 1991-2000 2001-2010 2011-2017

Fig. 6 Distribution of static and dynamic models over the past four decades. The x-axis represents the
decades under study. Each bar represents the papers for that specific decade and has a value of 100%.
Dynamic models are represented in orange and static models are in blue. The values inside the boxes
represent the percentage that each class contributes to the overall amount of papers
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detection systems require suspicion and transport. On the other hand, once dynamic
leak detection systems arrive at the suspected leak site, they can confirm the existence
of the leak and identify its exact leak location with high accuracy. The random data
gathered during the decade between 2001 and 2010, shows that research interest is be-
coming prevalent in static leak detection as it provides municipalities with the comfort
of detecting leaks with minimum manpower. The field is increasing in demand today
with a sizable amount of companies providing different technologies and services for
static leak detection. Regardless, due to the inaccuracies due to false alarms and noise
interference in static leak detection, municipalities still rely on dynamic leak detection
to give the final answer in cases of doubt. Accordingly, both static and dynamic leak de-
tection receive a similar amount of research interest today.

In Fig. 7, the models were assessed for their capabilities throughout the years. Ini-
tially, an early static identification model was suggested but not implemented. The ap-
plied models favored application to localize or pinpoint leaks. With more experience in
leak detection, new challenges arise regarding leak identification, specifically, identifying
leak data from other sorts of data such as pump data in acoustic studies. The challenge
of differentiating between leaks and other sources grows as the percentage of identifica-
tion models between 2001 and 2010 reaches 56.3% of the selected models for the dec-
ade. In the current decade, localization and identification of leaks are still major topics
with each having 38.5% of the selected papers from the current decade. This shows that
with the rise of static leak detection, the need to eliminate noise and other non-leak
sources became a critical aspect of leak detection. Additionally, the shift towards static
leak pinpointing provides a big room for contribution in the field.

Another aspect of the study is to identify the uses of static and dynamic models. Fig-
ure 8 shows that static models are mostly used for the identification of leaks with 50%
of the developed research models are for either identifying leak existence or differenti-
ating leak sources from other sources. The remaining 50% for static leak detection sys-
tems is distributed equally between localizing a leak area and pinpointing the exact

DISTRIBUTION OF MODEL
CAPABILITIES IN SELECTED MODELS

u Identify ®Localize =Pinpoint

38.5

1980-1990 1991-2000 2001-2010 2011-2017

Fig. 7 Capabilities of the randomly selected models from the past four decades. The x-axis represents the
decades under study. Each bar represents the papers for that specific decade and has a value of 100%. The
three capabilities of leak detection models are identified via distinctive colors. Identify is in blue, localize is
in orange, and pinpoint is in grey. The values inside the boxes represent the percentage that each capability
contributes to the overall amount of papers for a given decade
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DISTRIBUTION OF CAPABILITIES PER CLASS

u Identify mLocalize mPinpoint

STATIC DYNAMIC

Fig. 8 Distribution of capabilities per class of models. The x-axis represents the classes of models, static or
dynamic. Each bar represents the population of papers in that class. The three capabilities of leak detection
models are identified via distinctive colors. Identify is in blue, localize is in orange, and pinpoint is in grey.
The values inside the boxes represent the percentage that each capability contributes to the overall
number of models per class

location of a leak. On the other hand, dynamic leak detection systems are mostly used
to identify and pinpoint leaks. That is mainly due to their capabilities of identifying
anomalies on the spot when applied. Dynamic leak detection systems can also be used
for leak identification through regular surveying of leak susceptible areas. Even then,
dynamic leak detection systems can pinpoint the leak location after identifying it.

With the progression of the years, more technologies were utilized in various areas of
leak detection. Figure 9 shows that the initial technologies found in the sample under
study were acoustic technologies and tracer gases. Both technologies are relatively sim-
ple to use and implement. New technologies were introduced in the following decade
including vibration measurements, pressure measurement sensors, and ground pene-
trating radar. Those technologies may have been used earlier, especially pressure, but

DISTRIBUTION OF SELECTED MODELS BY MAIN

TECHNOLOGY
1 6.25 = On-site
90 20 125
80 33.3 S| m Tracer Gas
70 20 12.5 ‘ u Flow Rate
§o 60 = Vibration
§ 50 = GPR
S 40 40 . d
& phe 66.7 » Infrare
u Fiber Optic
20 mA ti
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Fig. 9 Distribution of technologies amidst the selected models over the past four decades. The x-axis
represents the decades under study. Each bar represents the papers for that specific decade and has a
value of 100%. The on-site investigation is in dark grey, tracer gas is in brown, flow rate measurement is
dark blue, vibration measurement is in green, GPR is in light blue, IR is in yellow, fiber optic is in grey,
acoustic is in orange, and pressure measurement is in blue. The values inside the boxes represent the
percentage that each capability contributes to the overall number of models per decade
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the set of papers at hand does not provide models using pressure measurement tech-
nologies until the 1990s. In the 2000s a greater variety of technologies is present with
the addition of fiber optic sensors, infrared photogrammetry, and flow rate analysis.
This attests to the growth in leak detection research and the wide set of technologies
and contributions available. This shows that acoustic and pressure-based leak detection
approaches are the most established leak detection methods available today, but they
both still have sufficient rooms for contribution in research yet not as much as the
novel technologies that are on the rise.

An abundance of leak detection technologies is noticed within the selected sample of
papers. This variety is further illustrated in Fig. 10. The figure shows that more than
50% of the models relied on either acoustic based hardware or pressure-based hardware
with 29% and 26.4% respectively. This level of use can be explained by the promising
results provided by each technology over the years in addition to them being two of the
oldest technologies in the field as well. Additionally, new and promising technologies
are available in the sample including GPR and infrared which have received a substan-
tial amount of attention that is directed towards maximizing their operational limits
along with vibration sensors which are providing promising results on multiple aspects
of leak detection.

Leak detection technologies overview

Multiple technologies have been developed throughout the years to help identify and
locate leaks within water networks. In this review, the modern state-of-the-art tech-
niques will be reviewed, and their advantages and disadvantages will be pointed out.

Listening devices

Both electrical and mechanical geophones are used to listen to buried water pipelines
from the surface. These devices are accurate and highly sensitive that they can detect
the exact location of the leak, and also cheap to purchase and easy to set up. The

DISTRIBUTION OF TECHNOLOGIES THROUGH THE SELECTED
MODELS
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Infrared,

105
Pressure, 26.4 @
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Flow Rate, 2.6

Acoustic, 29 On-site, 2.6

Fig. 10 Distribution of technologies amidst the selected models. The pie chart represents the distribution
of technologies amidst all the studied models. The on-site investigation is in dark grey, tracer gas is in
green, flow rate measurement is in brown, vibration measurement is in grey, GPR is in yellow, IR is in blue,
fiber optic is in dark blue, acoustic is in light blue, and pressure measurement is in orange. The values
inside the boxes represent the percentage that each capability contributes to the overall number of models
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accuracy of geophones depends highly on the proficiency and the experience of the op-
erator, and it also might fail to detect some leak classes. Furthermore, the exact location
of the pipeline to be assessed must be marked so that the operator would know where
to put the device. The examination renders the area above the pipe unusable in case it
is a street or highly utilized area. Similar to Geophones, Hydrophones try to listen to
leaks by sometimes being placed in the system and rarely on the surface of the ground.
Hydrophones can be more accurate than geophones in detecting leaks but they require
more training than geophones to operate, and they are approximately seven times more
expensive than geophones (United States Environmental Protection Agency 2009). To
detect a leak, these devices rely on the high-frequency acoustic signals sent by the re-
lease of pressurized fluids, to detect leak existence and leak locations. Sound frequen-
cies are then amplified and filtered at 1kHz using a preamplifier to remove high-
frequency noises that are not related to the network. By measuring the time delay be-
tween two detection instants between two given listeners the leak can be pinpointed by
relating propagation speed within the medium with time and distance.

Another listening approach would be the use of listening sticks which are extended
earpieces. This approach is highly dependent on the ability of the operator to listen and
distinguish leak sounds properly. This approach is most suited for metallic pipelines be-
tween 75mm and 250 mm in diameter and having preferably a pressure equal to or
higher than 10 m or 15 psi. The accuracy of listening rods is independent of material
type and thus it can be used in a versatile manner yet the overall hearing experience is
deterred by the existence of external noise (Hamilton and Charalambous 2013).

The aforementioned technologies are versatile and provide fast on-site leak detection
in suspected areas for any type of transmission pipelines. On the other hand, they rely
heavily on human senses and interpretation and are susceptible to inaccuracies due to
external mechanical noise. Therefore, such models can be improved further by redu-
cing the impact of noise using advanced signal analysis and filtering in addition to pro-
cessing automation which eliminates the dependency on human listening and replaces
it with computer analysis (Hamilton and Charalambous 2013).

Leak noise loggers

Leak Noise loggers are placed in utility holes without any trenching or drilling; they
can be used as a permanent monitoring, semi-permanent monitoring, or leak surveying
technique. They can be placed in networks as displayed in Fig. 11. Noise Loggers oper-
ate by implementing sophisticated algorithms to identify the sound emitted by normal
operations compared to that of the leak, thus identifying leaks immediately as they
occur. Also, this technology is automatic thus eliminating human error. Noise loggers
also have low maintenance and battery replacement cost for long-term use. This tech-
nology has a very high initial cost for a real-time monitoring system, and it does not
identify the exact leak location without the use of correlators (Datamatic Inc. 2008).

A logger system is usually composed of a set of loggers that are placed throughout
the network, a communication base that delivers collected data, and an analysis base
that can be a desktop computer or a cloud engine using big data platforms. The main
advantages of this system include the ability to preprogram the correlation and analysis
which allows for faster analysis and detection and allows for conducting analysis at
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Fig. 11 Infrared image of a floor showing the distinctive color of entrapped moisture. The image displays
an infrared of a floor with an adjacent legend that displays the variation in temperature

N

night which reduces the noise that may affect the loggers and can be done without the
need for humans. Additionally, this system is utilized in highly pressurized water net-
works which allow the extended propagation of leak signal. Furthermore, multiple log-
gers may operate at the same time to provide multiple detections for more accurate
results.

On the other hand, such systems have a room for improvement in correlation-
accuracy by means of self-learning algorithms or collective thinking algorithms which
allow the computational end of the system to keep improving constantly with new data.
Additionally, logger systems require more efficient filtering algorithms that can elimin-
ate “non-leak” noises that are often confused for leaks by such systems (El-Zahab et al.
2017; Hamilton and Charalambous 2013).

Infrared thermography

According to Fahmy and Moselhi (2009) “Thermography (IR) camera measures and
images the emitted infrared radiation from an object. It can detect thermal con-
trasts on pavement surface due to water leaks.” This technology has been tested
on non-metallic pipelines and has shown accurate results, yet these results were
not as accurate as the results provided by acoustic technologies such as geophones
and are unreliable under the cases of damaged pipelines. Furthermore, IR Camera
requires marking of the pipeline on the ground surface so that the machine can
move above the pipeline. Also, the machine is profoundly affected by the surround-
ing weather and any variations in soil conditions and temperature. The infrared
technology relies on the energy released by the vibration and motion of particles
that release energy emissions based on their temperature. Infrared energy is not
visible to the naked eye. Infrared thermography utilizes wavelengths that are lim-
ited to the electromagnetic range between 0.4 and 0.7 um. Infrared technologies
detect wavelength ranges larger than 0.7 pm, thus detecting the temperature
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distribution inside the pipe and in the surrounding environment to identify any
temperature anomalies that might indicate the existence of a leak as shown in
Fig. 12 (Varone and Varsalona 2012).

IR thermography is a powerful tool when utilized under the appropriate
operating conditions, but it can merely provide a heat map of the surveyed area.
The map cannot identify the causes of discoloration. The technology then
requires advanced algorithms and mathematical approaches, specifically in image
processing to allow for more accurate leak oriented analysis (Hamilton and
Charalambous 2013).

Tracer gas

Tracer gasses is a leak detection technique that utilizes pressurizing nontoxic and insol-
uble gasses into leaks, these gasses contain ammonia, halogens, and helium, where he-
lium is the most sensitive. Given that the utilized gasses are lighter than air they will
tend to go out through leaks and then seep out through the soil or pavements. Later
on, these gasses are traced and detected using a man operated detector to identify the
locations of leaks through detecting the seepage of tracer gasses (KVS 2015).

The gas injection approach is reliable in all types of materials as it is not material
type dependent. Additionally, tracer gases can detect leaks in pipelines that range from
75mm to 1000 mm in diameter. Tracer gases are not conventionally used in larger
pipelines due to the great expense associated with pumping a substantial amount of gas
into the system. The method relies on knowing the flow of the water and blocking the
gas from finding easier routes to exit the system. Blocking other routes is done by clos-
ing branches and cutting off the suspected leak area; this may cause interruption to the
water distribution service. Furthermore, the gas may exit the ground from a different
location than that of the leak; this is common in buried pipelines (Hamilton and Chara-
lambous 2013; KVS 2015).

=809

30.5
30.0
29.5
29.0;
28.5
28.0;
27.5

*<27.4°

Fig. 12 Infrared image of a floor showing the distinctive color of entrapped moisture. (Kaplan 2007). The
figure shows multiple loggers that are colored in yellow while being placed within the service openings in
a pressurized water network




El-Zahab and Zayed Smart Water (2019) 4:5 Page 17 of 23

Ground penetrating radar
The Ground Penetrating Radar (GPR) technology utilizes electromagnetic waves (between
125 Mhz and 370 MHz) and transmits them into the ground to identify leak location via
imaging the sub-terrain including the pipe and the leak. The advantages of this technology
lie in its capability to detect leaks regardless of the material of the pipe, for any diameter
size above one inch and reaching to a depth of 5 m. Furthermore, this device can be easily
transported between sites, and it does not require a lot of experience or training on behalf
of the operator to operate it (Eyuboglu et al. 2003; Hamilton and Charalambous 2013).
On the other hand, this technology has multiple disadvantages namely requiring access to
the road above the pipeline — thus disturbing traffic —, experience and training are required
to accurately indicate the position of the leak and the dependency on the pipeline’s bedding
and surrounding conditions. Also, this technology is expensive where the machine price can
range between 15,000$ to 31,000% (United States Environmental Protection Agency 2009).
Eyuboglu et al. (2003) developed a mathematical model that utilizes the amplitude of radar
reflection to visualize the state of the pipe and detect precisely where the leak occurred. Fig-
ure 13 illustrates how the GPR is moved above the soil to detect the condition of the pipeline
and the reflected imagery as a result of the movement. GPR systems require further support
by means of decision support systems and competent algorithms that allow for faster and
more accurate detection of leaks (Eyuboglu et al. 2003; Hamilton and Charalambous 2013).

Leak detecting robots
Multiple robotic devices were developed to perform in pipe inspection and determine
leak locations in sewers. These devices can be wireless devices or cord connected.

Long axis of the antenna is parallel to the pipe Long axis of the antenna is
perpendicular to the pipe
ANTENNA —» Survey ANTENNA |—»
Direction Survey Direction

V&N e

I Profiling with different antenna directions I

Fig. 13 GPR Leak detection of a simulated leak at multiple angles. (Eyuboglu et al. 2003). The image shows
two forms of experimental surveillance of an embedded pipeline with their respective spectrums. The
disruptions in the pattern show the location of the induced leak
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Furthermore, some leak detection robots can also perform leak repair tasks. One ex-
ample to present in leak detection robots is “smart ball”.

Smart-ball

Smart-Ball is a free-swimming technology developed to detect leaks from within live
large water pipelines. Smart-ball technology is composed of a foam ball with an
aluminum alloy core, within the aluminum core, a highly sensitive detection instrument
is placed. Smart-ball does not create any noise when passing through the pipeline.
Therefore, it can detect tiny leaks. Also, the Smart-ball has a location accuracy within
3 m of estimated leak location, it is very flexible due to its small size and can enter mul-
tiple sizes of pipelines. The Smart-ball requires two points of access to assess a pipe, a
point for insertion and a point for extraction, and it is a non-destructive technology for
leak detection. On the other hand, Smart-ball can only be operated by the manufactur-
ing company only, and the ball might divert from the path it was required to search, or
even the ball might get stuck (Puretech Ltd. 2015). PureTech Limited utilizes the acous-
tic sensor within the smart-ball device to listen to all the sounds emitted inside the pipe.
Furthermore, PureTech utilizes its software to analyze the sounds they are hearing and
identify the locations of leaks, valves, as well as air pockets. Figure 14 Further illustrates a
smart ball passing through a pipeline and its possible outputs. The “SmartBall” system pro-
vided results within 3 m or closer in an experiment in Ankara in November 2011 were it de-
tected 10 leaks during a 15-km inspection (Hamilton and Charalambous 2013).

Wireless micro-electro-mechanical systems (MEMS)
Micro-Electro-Mechanical Systems are microfabricated mechanical and electro-
mechanical devices and structures. MEMS are usually composed of four main

elements:

— Micro-Sensors
— Micro-Actuators

B smartgall is
compressedand
i intothe

Fde——

Fig. 14 Movement of Smart-Ball within a pipeline with results. (Puretech Ltd. 2015). The figure highlights
the motion of a smart ball within a given tube and beneath it, the respective sound profile for each
possible phenomenon within a pipeline
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— Micro-Electronics
— Micro-Structures (MEMS and Nanotechnology Exchange 2015).

Multiple types of MEMS were used in leak detection of water mains mainly ac-
celerometers, acoustic, and thermal. MEMS technology provides continuous water
network monitoring for any leaks from the moment they are placed. MEMS have
proven to be cost-effective tools when it comes to the detection of leaks with their
low cost and high sensitivity to signal anomalies. On the other hand, MEMS are
viable when used in metallic pipelines, whereas other material types require further
research due to the material-induced attenuation of high-frequency signals. Add-
itionally, the application of MEMS is still mostly theoretical and requires further
research. Furthermore, MEMS needs further testing on long pipes. As in loggers,
the field of MEMS requires software and signal analysis improvements to become
more viable as a realistic solution for leak detection (Hamilton and Charalambous
2013; Kim et al. 2011).

Data analysis based methods

In recent years, novel approaches have been developed that can be integrated with
existing technologies to improve leak detection accuracy on all levels. Those ap-
proaches rely on have data analysis and range from statistical approaches to artificial-
intelligence based approaches.

One of the most common methods is regression analysis. Regression analysis relies
on having a sizable collection of data points that represent multiple aspects of a se-
lected study. For example, in the case of leak detection using noise loggers, the factors
can include the highest and lowest amplitude of the signal, the incremental distance be-
tween two sensors, and the frequency of the collected signals. Regression analysis then
tries to determine an equation that best fits the collected set of data points. After
model development, the model is checked for statistical soundness using a series of
statistical tests. Regression analysis is having a lot of success as an emerging approach
in leak detection with pinpointing accuracies reaching 93%. On the other hand, a devel-
oped model by regression analysis is situational, i.e. it can not be used for different
pipelines or networks as they may have different operating conditions than the condi-
tions where the model was developed. Regression models can be improved by integrat-
ing them with artificial intelligence, such that the model can be constantly improved
with new data. Additionally, current regression models may acquire further accuracy by
considering new characteristics of water networks such as pipeline material, soil type,
pipeline age, and water pressure (El-Abbasy et al. 2016; El-Zahab et al. 2016).

Another popular method is artificial neural networks (ANN). ANN helps compensate
for the incompleteness or randomness of collected data. The approach mimics the hu-
man cerebral network of neurons in operation. Their uses vary from leak detection in
water networks to condition assessment. ANN is a directed learning approach, in other
words, it relies on previously collected high-quality data to develop a baseline. The data
is placed in an input layer and then analyzed in at least one hidden layer. Finally, the
desired outputs are placed in a single output layer. ANN does not provide an equation
as in regression analysis as its approach relies on black-box-like algorithms, yet it may
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provide better results in the field of leak detection than that of regression analysis (Al-
Barqawi and Zayed 2008; El-Abbasy et al. 2016).

Multiple other techniques are being utilized as well for leak identification and detec-
tion. Such techniques include Naive Bayes algorithm (NB), Decision Trees (DTs), and
Support Vector Machines (SVMs). The aforementioned techniques have presented
great success in distinguishing leaks from other noises within the water network. Add-
itionally, when the aforementioned techniques are coupled with a collective thinking
code, their accuracy may reach 100% (El-Zahab et al. 2017).

Conclusions

Leak detection in pipelines is a growing research field and a growing industry that is
driven by the criticalness of saving precious resources and preventing the fallout result-
ing from leaks. The early detection of leaks can prevent major gas spills, water seeping
into the soil under highways resulting in sinkholes, minimizing infrastructure damage,
preventing damages to the surrounding environment or personnel, and save money.
Leak detection used to be divided into three phases according to the LLP system, but
this system is deemed ambiguous, and therefore a new system is proposed, the ILP sys-
tem. The ILP approach defines the boundaries between research fields. Identification
comes first which is the phase that defines if the leak exists or not and differentiates
leak data from other sources of data. Followed by localization, which narrows down the
location of the leak to a specific element or segment. The final phase is pinpointing
which specifies the exact leak location with high precision. Furthermore, two broad
classes of leak detection systems are highlighted, and they are static leak detection sys-
tems and dynamic leak detection systems. Static leak detection systems provide early
leak detection with minimal human interference. They can also localize and pinpoint.
On the other hand, dynamic leak detection systems are used to verify the existence of
leaks by mobilizing devices and personnel to suspected areas. This approach provides
immediate localization and pinpointing for leaks, but allows leaks to grow if the re-
sponse is not immediate. The best practice currently is a combination of both systems
where the static system provides early detection and the dynamic system provides
localization and pinpointing. The research in the static systems field promises that in
the future, static leak detection systems will be highly capable of conducting the full
ILP within seconds. The field of leak detection in pipelines is growing regarding
technological uses as multiple new technologies are being utilized continuously to ex-
plore faster and more capable aspects. The field is expected to grow more as the need
is increasing in the gas and water network sectors.
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