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Abstract: The combined length of the sewerage and clean water pipe infrastructure in the UK is
estimated to be about 800,000 km. It is prone to failure due to its age and the inadequacies of
the current pipe inspection methods. Fibre-optic cable sensing is an attractive way to continuously
monitor this infrastructure to detect critical changes. This paper reviews the existing fibre-optic sensor
(FOS) technologies to suggest that these technologies have better sensing potential than traditional
inspection and performance monitoring methods. This review also discusses the requirements for
retrofitting an existing pipeline with an FOS. It also demonstrates that there is a need for further
research into methods applicable to non-pressurised pipelines, as there is very little existing literature
that focuses on partially filled pipes and pipes with gravity fed flows.
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1. Introduction

Over recent years, the benefits of accurate monitoring of buried pipe infrastructure
have become more and more apparent to asset owners. It is estimated that the total
length of the buried utilities network in the UK is about 1.5 million km [1], which includes
around 400,000 km of sewerage network and the clean water pipe network of a similar
length [2]. These assets are ageing and are prone to deterioration and unexpected failure.
Little is known about their condition, as the existing methods of pipe monitoring mostly
rely on infrequent single-location inspections, and they are expensive and slow. The
lack of knowledge about pipe condition results in unanticipated failures [3]; for example,
deteriorating clean water pipes result in leakages, by which the amount of lost water is
estimated to be 3000 million litres of water per day (or 20% of the total water supply)
in England alone, which has a significant impact on the total water demand [4]. Failing
pipes also lead to street works and the disruptions associated with them. It has been
estimated that around 4.25 million holes are dug in the streets in the UK every year, and
the cost of the utility trenching is over £1.5 billion per year [1]. These statistics make it clear
that possessing knowledge about the state of buried pipe infrastructure has money- and
labour-saving benefits because it can lead to a much more proactive economic maintenance
and rehabilitation programme that would result in a large reduction in unexpected failures.

The United Stated Environmental Protection Agency (US EPA) defines pipe condi-
tion assessment as, “The collection of data and information through direct inspection,
observation and investigation and in-direct monitoring and reporting, and the analysis
of the data and information to make a determination of the structural, operational and
performance status of capital infrastructure assets” [5]. Current methods of pipe inspection
are varied and have been extensively reviewed elsewhere [6–8]. These methods can be
divided into direct and indirect, where direct sensing methods involved visual inspection,
non-destructive testing and pipe sampling, whereas indirect methods rely on testing water
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and measuring such quantities as flow rate and soil resistivity to determine the degree of
pipe deterioration [6]. A summary of some common methods is as follows.

1.1. Direct Methods
1.1.1. Visual Inspection

This category includes closed-circuit television (CCTV) inspection and laser scanning
methods administered from inside the pipe. A CCTV inspection unit consists of a camera
and a lighting device installed on a carrier that can be moved through stormwater or sewage
pipes at speeds of between 15 and 30 cm/s. The recorded data are examined manually and
post-survey, which slows the process down. A laser scanning device acquires information
on the inner profile of a pipe for subsequent analysis to determine such quantities as
diameter, perimeter and cross-sectional area. The accuracy of this method depends on the
pipe roughness and colour, but some devices exhibit both high scanning speed and high
resolution [9]. It is unusual to run CCTV and laser scans in water-filled pipes.

1.1.2. Acoustic and Ultrasonic Methods

There is a wide variety of techniques and devices that employ these methods [8], so
only some will be reviewed here. The impact echo method is a common test for determining
the thickness and geometry of a pipe. It relies on hitting a test surface with an impact
hammer and recording its response with an accelerometer positioned in the vicinity of the
impact. It can be used for most pipe materials and sizes but requires access to the pipe wall,
either externally or internally. Several commercially-available devices have been widely
used for leak detection. These include LeakFinderRT [10] that detects leaks by using two
accelerometers or hydrophones attached to two contact points on a pipe and determining a
time lag between two leak-generated signals. This methods has an advantage of working
well for small leaks and high background noise. SmartBall technology [11] makes use of a
passive sensor that travels with water flow and detects the presence, location and size of
leaks. Sahara device [12] utilises a hydrophone to locate leaks in water mains. SewerBatt
instrument [13] is positioned at an entrance to a pipe through a manhole to detect wall
damage, lateral connections and blockages by analysing the acoustic wave reflected from
these artefacts. Ultrasonic methods include guided wave ultrasound, where the signal
propagates along the pipe and signature of the reflected signal determines the location and
size of a defect, ultrasound that utilises a point transducer to estimate the thickness of a
pipe wall to detect corrosion and the phased array technology [14] that employs sound
beams with different shape and direction, enabling the interpretation of complex defects
such as metal loss and wall cracks.

1.1.3. Electromagnetic Methods

The majority of electromagnetic methods employ eddy currents. The remote field eddy
current (RFEC) system uses an exciting coil driven by low-frequency alternating current
and one or more detector coils that are placed inside a pipe. An electromagnetic field
between these coils propagates freely through the pipe, and any changes in its magnitude
or phase can be attributed to discontinuities in the pipe. Broadband electromagnetic (BEM)
technique is similar to RFEC but uses a broadband signal rather than single-frequency.
Pulsed eddy current (PEC) testing enables the estimation of a steel pipe wall thickness by
measuring the strength of the magnetic field at a distance from the pipe surface and relating
it to the pipe thickness. Non-eddy current methods include the ground penetrating radar
(GPR) which relies on transmitting electromagnetic signal into the ground and relating the
reflected signal to underground events, such as voids caused by leaks or abnormal depth of
pipe caused by changes in signal propagation velocity as it travels through water-saturated
soil. The magnetic flux leakage (MFL) method creates magnetic fields in the wall of a
ferrous pipe using large magnets, where the anomalies will result in changing the magnetic
flux distribution. It can only be used on a pipe exterior and in clean, unlined pipes.
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1.1.4. Radiographic Methods

These methods use gamma (for ferrous and concrete pipes) and X-ray (for plastic pipes)
signals to map voids or material irregularities in a pipe by sending the signal through the
material onto a photographic plate or a digital camera. The X-ray method has a limitation
that pipes of a diameter of 381 mm or over have to be emptied before the inspection.

1.1.5. Thermography Methods

Thermographic testing uses an external source of heat to heat up a pipe to be inspected
and an infrared (IR) camera to monitor the cooling of the pipe. By examining its cooling
characteristics, it is possible to determine whether the pipe has any damage. The above
methods are relatively expensive and used mainly to inspect critical pipe infrastructure in
petrochemical and nuclear industries.

1.2. Indirect Methods

A comprehensive summary of indirect pipe inspection methods is given in a report by
Marlow et al. [15]. Some of these methods are reviewed below.

1.2.1. Soil Characterisation

This method explores soil parameters that can be related to deterioration of buried
pipes. There parameters include soil resistivity (lower resistivity is linked to higher corro-
sion), pH (values below 4 or above 8 are linked to corrosion of ferrous pipes), and sulfate
content (its variation can impact cement leaching leading to pipe wall thinning [15]).

1.2.2. Linear Polarisation Resistance (LPR) of Soil

Corrosion in pipes often happens due to being subjected to saturated soil that acts as
an electrolyte. One of the methods of deducing the rate of corrosion of a pipe is to measure
an electric current that is induced as a result of an applied weak potential difference
between two electrodes. This current will be directly proportional to the current that causes
corrosion, and subsequently, to the rate of corrosion of the pipe.

1.2.3. Pipe to Soil Potential Survey

This method can be applied to determine gaps in protective coating of a ferrous pipe or
its rate of corrosion. For the former application, the direct current voltage gradient (DCVG)
method can be used, where a direct current is applied to the pipe and two electrodes are
moved along its surface, looking for anomalies in measured voltage. For the latter, one
electrode is used to determine the pipe-to-soil potential around the pipe.

1.3. The Case for a New Method

However, these methods in general are slow, require direct contact with the pipe
surface and involve human intervention.

The outlined issues with existing pipe surveillance methods signify that there is the
need for novel monitoring techniques that can be applied to a variety of pipelines and can
detect defects with high accuracy and over a prolonged period of time. One of the potential
methods that meets these criteria is a sensor based on fibre-optic cable technology. Optical
fibres have been extensively used for communications and remote or distributed sensing
since the 1970s, when losses in them were reduced to 20 dB/km [16]. The advantages
of sensors based on optical fibres are numerous. Above all, fibre-optic sensors do not
require electrical power and combine low optical transmission losses and little signal
deterioration, which enables them to transmit massive volumes of information fast and
over long distances. The geometry of the sensor makes it compact, flexible and light-weight.
Fibre-optic sensors are impervious to electric and magnetic disturbances, and can withstand
harsh environments, such as high temperatures and corrosion. At the same time, they
are highly sensitive to physical disturbances such as strain, temperature and pressure,
among others. Finally, using a fibre-optic sensor eliminates the need for additional fibres,
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as the same fibre can be used for sensing and transmitting information. This is especially
beneficial when using distributed sensing as one fibre can act as multiple sensors while
only requiring one cable to connect it to a data acquisition system.

Fibre-optic sensors have been extensively used in a variety of civil engineering appli-
cations related to structural health monitoring (SHM) [17–19], including some hydraulic
applications, mainly in the oil and gas industry [20]. They are able to detect small leaks
with 1–2 m accuracy within 10 s of a leak occurring [21]. Fibre-optic sensors are also
highly durable, withstanding 30 years in service with minimum maintenance. However,
as it will be shown later in this review, the majority of all previous applications are imple-
mented in pressurised pipes. This reveals a gap in research on using fibre-optic sensors
in partially-filled pipes, such as sewer or drainage pipes, despite the significant length of
the non-pressurised pipeline network. This paper aims to review the existing literature
on using fibre-optic sensing techniques in hydraulic and hydrodynamic scenarios, and
create a summary of different sensing techniques and their applications. This will then
be used to inform research on the use of fibre-optic sensors for partially-filled pipes. It is
also important to note that the notion of temperature sensing with fibre-optic sensors is an
established research topic and will not be reviewed in this paper, where the main focus will
be acoustic and strain sensing, i.e., response of fibre-optic sensor to external pressure or
strain stimuli.

This paper is structured as follows. Section 2 covers principles of fibre-optic sensing,
including the physics of fibre optics and an overview of different types of fibre-optic
sensors. Section 3 reviews the existing research in using fibre-optic sensors for hydraulic
applications. Section 4 offers a summary of the presented information, and compares and
contrasts different sensing methods. Section 5 presents the conclusions of this review.

2. Principles of Fibre-Optic Sensing

Optical fibres came into widespread use in the second half of the 20th century. It
became possible due to the invention of the laser [22], the understanding that optical fibres
make suitable waveguides for light propagation [23] and reduction of transmission loss in
optical fibres to 20 dB/km [24]. These advances in technology enabled the development
of fibre-optic sensors starting with a fotonic sensor in 1967 [25] that accurately measured
the distance between a bundle of optical fibres and a given surface. Other areas of appli-
cation followed, including acoustic and strain sensing with optical fibres [26], fibre-optic
hydrophones [27] and strain gauges [28]. In order to proceed with an in-depth review of the
applications of fibre-optic sensors, it would be of benefit to review the physical principles
of fibre-optic sensing.

2.1. Fundamentals of Fibre Optics

The light propagation in an optical fibre relies on well understood optical phenomena.
The principle of refraction states that light is deflected from its original path when passing
obliquely between two media with different densities (or refractive indices). This can be
expressed mathematically with the following expression, also known as Snell’s law:

n1 sin θ1 = n2 sin θ2, (1)

where n1 is the refractive index of a medium in which light is travelling initially, n2 is the
refractive index of a medium into which the light is refracted, θ1 is the angle between an
incident ray and the normal line, and θ2 is the angle between a refracted ray and the normal
line. At smaller incident angles, when light travels from a more dense to a less dense
medium, both reflection and refraction occur at the same time. However, as the value of the
incident angle increases and reaches a certain value θc, the light ray does not refract into a
lower-index medium but instead it propagates along the interface between the two media.
With the increasing values of the incident angle θ1 > θc, light is fully reflected within the
higher-index medium. This phenomenon is called total internal reflection (TIR) and it
is used to enable long-range light propagation in an optical fibre, as shown in Figure 1.
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A light ray is incident on the interface between air and glass as it enters the core of the
optical fibre, resulting in its refraction on entry. As it propagates through the core, it fully
reflects off its wall, with no light refracting into a cladding, which has a lower refractive
index (n1 > n2 in this example). The difference between the refractive indices of core and
cladding is called the numerical aperture (NA), and it determines the light-acceptance
capability of an optical fibre. A larger NA enables the optical fibre to accept incident light
rays at higher incidence angles.

Figure 1. The geometry of an optical fibre.

The two basic types of optical fibres are single mode and multimode, which is de-
termined by the geometry of a fibre. In a single mode fibre, the diameter of the core is
much smaller than that in a multimode fibre, resulting in less dispersion associated with
multi-path propagation of light. Optical fibres can be step-index (both single mode and
multimode) or graded-index (only multimode). In a step-index optical fibre, the refractive
index that is constant throughout the core undergoes a step change at the interface to a
different value of the refractive index in the cladding. In a graded-index optical fibre, the
refractive index of the core gradually decreases with increasing distance from the fibre axis.
Graded-index optical fibres are mostly used to enable the transmission of high quantities
of information, and are not of great use in fibre-optic sensors [29].

The amount of light propagating in an optical fibre is dependent on the losses, or
attenuation in the fibre. The attenuation is typically measured in terms of losses in dB
per unit length, or dB/km. There are numerous causes for attenuation and these include
impurities or imperfections within the fibre core that can cause scattering or absorption,
micro- or macrobending, and fibre end loss due to end face defects. However, some of
these losses act as mechanisms underlying fibre-optic sensing and will be covered in more
detail in the next section.

2.2. Fibre-Optic Sensors

For an optical fibre to be used as a fibre-optic sensor (FOS), it has to change its optical
properties in response to external perturbations. Modern FOSs can detect a wide variety of
perturbations such as temperature, strain, pressure, acoustic vibrations, flow and others.
An FOS operates by external perturbations affecting one or more of the characteristics of an
optical system, e.g., light intensity, wavelength or phase. The change in a perturbation of
interest is correlated to the change in the optical characteristics.

2.2.1. Types of Fibre-Optic Sensors

There are several ways to characterise FOSs but here the categorisation from Krohn et al. [29]
will be adopted. According to it, FOSs can be subdivided into five categories: (i) phase-
modulated; (ii) intensity-modulated; (iii) wavelength-modulated; (iv) scattering-based; and
(v) polarisation-based. These categories and their subcategories are shown in Figure 2, with
grey shading applied to those that have been used in studies reviewed in this paper. It can
be observed that four out of five FOS categories have been used in the reviewed research
(all but polarisation-based FOSs). However, as it will be shown later in this paper, the
most common choice of FOSs in hydraulic applications are scattering-based (Rayleigh and
Brillouin scattering-based sensors) and wavelength-modulated (fibre Bragg grating, or FBG,
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sensors). This preference might be due to the fact that these sensing methods can act as
distributed sensor systems. This means that instead of measuring a perturbation at a single
point, these FOSs are able to detect and quantify perturbations along their whole length. It
is worth mentioning that there are several types of distributed sensing, such as distributed
temperature sensing (DTS), distributed strain sensing (DSS), and distributed vibration (or
acoustic) sensing (DVS, or DAS). DTS is insensitive to strain perturbations [30], hence it
will not be reviewed in this paper. DSS is sensitive to strain in the optical fibre and is the
sensing method employed in the Brillouin scattering. DVS and DAS are sensitive to acous-
tic vibrations, and are employed in Rayleigh scattering. The difference between the DVS
and DAS is that the former requires the movement of the optical fibre, whereas the latter
responds to acoustic pressure waves [29]. Despite the fact that the terms DVS and DAS are
often used interchangeably, it should be noted that the strain in an optical fibre in response
to a mechanical perturbation is not always caused by a pressure wave but also by shear
and surface waves, so the term DVS provides are more general description of this class
of distributed fibre-optic sensors [31]. Fibre Bragg grating sensors are commonly called
quasi-distributed, or multi-point, as their sensing capabilities depend on the placement of
Bragg gratings along the optical fibre. For completeness of the review of fibre-optic sensor
types, all five categories are briefly described in the following paragraphs.

Figure 2. Five categories of fibre-optic sensors (classification adapted from [29]). Shaded in grey:
FOSs mentioned in this review.

Phase-Modulated Sensors

Phase-modulated sensors have high sensitivity and accuracy, which makes them
popular. However, this also results in a high cost. Phase-modulated sensors employ the
interferometry principles where a relative phase change of two light signals is measured.
Generally, a laser light source is used for this type of sensing. A phase-modulated sensor
usually has two separate optical paths (or segments) that can be made of single mode optical
fibres, one of which is sensitive to perturbations and the other acts as a reference. When
the light is introduced into the optical segments, the light undergoes a phase change in the
segment that has been subjected to perturbations. This phase change is usually associated
with the change in the fibre length or refraction index in the fibre material that can be
measured by an interferometer. The most common interferometers are Mach–Zehnder,
Michelson, Fabry-Pérot and Sagnac.

Intensity-Modulated Sensors

In intensity-modulated sensors, a perturbation changes the intensity of the received
light, which is correlated to the quantity being measured. Intensity-modulated sensors
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can be divided into transmissive, reflective, intrinsic, and bending-based. Transmissive
sensors involve two fibres with a gap between them. When one fibre is displaced axially
or radially due to a perturbation, the intensity of transmitted light decreases. Reflective
sensors employ either a bundle of fibres or a pair of single fibres that are positioned close
to a reflective surface. Through a transmit leg, the light travels to the surface, gets reflected
and travels back to the detector via a receive leg. The intensity of the received light depends
on a distance from the surface. Sensors based on bending make use of light lost in a fibre.
They can be microbending-based, where the light is lost due to small bends in the fibre that
have been caused by a perturbation, or macrobending-based, where bends in a fibre reduce
light intensity. Finally, intrinsic sensors have an ability to change light intensity without
any external movement. This can be achieved by altering the chemistry of glass to make it
sensitive to certain phenomena, usually by doping the glass. Such sensors can be sensitive
to temperature and magnetic field perturbations.

Wavelength-Modulated Sensors

Wavelength-modulated sensors correlate the change in the wavelength of light with
a physical quantity resulting in a perturbation. The most common type of a wavelength-
modulated sensor is a fibre Bragg grating (FBG) sensor. The formation of gratings in
an optical fibre was first demonstrated by Hill et al. [32] and the fundamentals of fibre
Bragg grating technology were reviewed by Hill and Meltz [33]. An FBG is produced by
subjecting the core of an optical fibre to an intense optical interference pattern that results
in a periodic variation of the refractive index along the fibre. This leads to the grating being
resonant to a specific optical wavelength. If a wavelength does not match the Bragg grating
period, the light signal gets transmitted through the grating unaffected. However, the light
signal emitted at a resonant wavelength (or a Bragg wavelength) becomes reflected. If an
external perturbation (e.g., strain or temperature change) is applied to the FBG, the reflected
light will be subjected to a shift in the wavelength that is correlated with the magnitude
of the perturbation. Fibre Bragg grating profiles can be both uniform and non-uniform in
terms of the grating period and the refractive index change, which results in unique sensing
properties. One of the main advantages of fibre Bragg grating sensors is their ability to act
as either point or multi-location (quasi-distributed) sensors, depending on the application.

Scattering-Based Sensors

Scattering in optical fibres is one of the sensing mechanisms that is rather popular
in SHM as some types of scattering are sensitive to strain changes. Scattering can occur
for a variety of reasons, such as inhomogeneities or impurities in the core of an optical
fibre or photons interacting with molecular vibrations. Three main types of scattering are
reviewed below.

Rayleigh scattering: Rayleigh scattering occurs when incident light encounters random
imperfections in the fibre core such as density variations, voids or impurities, which causes
microscopic changes in the refractive index. The size of these imperfections must be much
smaller (10% or less) than the wavelength of incident light. Rayleigh scattering is a type of
elastic scattering as backscattered photons do not undergo energy transfer and preserve
their original wavelength. Rayleigh scattering-based sensors are sensitive to both strain
and temperature perturbations.

One of the most popular measurement methods based on Rayleigh scattering is optical
time-domain reflectometry (OTDR). It relies on detecting backscattered light to investigate
attenuation. It was proposed by Barnoski and Jensen [34] and has since been employed
for Rayleigh scattering methods extensively. There are three main types of OTDR, namely,
correlation-OTDR (COTDR), polarisation-OTDR (POTDR) and phase-OTDR (ϕ-OTDR)
but so far only the latter has been capable of quantifying external perturbations [35].
Another measurement method based on Rayleigh scattering is optical frequency-domain
reflectometry (OFDR) first introduced by Eickhoff and Ulrich [36], where the distance that
optical signal travelled in an optical fibre is determined by its frequency distribution.
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Brillouin scattering: Spontaneous Brillouin scattering is caused by thermally induced
molecular vibrations. These produce a travelling acoustic wave in the core of an optical
fibre that results in refractive index variations in the fibre core that incident photons interact
with. The refractive index variations are periodic, which causes them to act as a Bragg
grating and results in light of a certain wavelength being reflected. Due to the propagation
of the acoustic wave, there is also a Doppler shift between the incident and scattered light
waves. Two components of a scattered light beam are produced, a Stokes component with
a wavelength longer than that of an incident light beam and anti-Stokes component with
a shorter wavelength. Stimulated Brillouin scattering follows a similar principle but the
molecular vibrations are induced by a very intense incident optical signal.

A measurement method that makes use of spontaneous Brillouin scattering is called
Brillouin optical time-domain reflectometry (BOTDR) [37]. Brillouin optical time-domain
analysis (BOTDA) is a more complex version of BOTDR, involving stimulated Brillouin scat-
tering [38]. The third Brillouin scattering-based method is called Brillouin optical correlation-
domain analysis (BOCDA), which is the most complex of the three [39]. All Brillouin
scattering-based sensing methods can detect both strain and temperature perturbations.

Raman scattering: Raman scattering occurs when the incident light interacts with
vibrations of thermally excited molecules in glass [40]. It results in scattered photons
with wavelengths that are longer and shorter than that of the incident light, which are
called Stokes and anti-Stokes components, respectively. This type of scattering is inelastic
as incident photons undergo energy exchange. The anti-Stokes components are highly
sensitive to temperature change, which makes Raman scattering-based sensors well-suited
for temperature sensing; however, they are fully insensitive to strain perturbations. As this
paper focuses on strain sensing, Raman scattering will not be reviewed in further detail.

Polarisation-Based Sensors

Polarisation-based sensors make use of the birefringence phenomenon in an optical fi-
bre. Birefringence is an optical property of a material where the refractive index depends on
the direction of light propagation (or polarisation). The polarisation of an electromagnetic
wave indicates the plane in which its electric and magnetic fields are vibrating. In an optical
fibre, this results in vertical and horizontal modes of light travelling at different phase
velocities through the fibre core. The effect of birefringence can be achieved by applying
stress or strain to the optical fibre, which will induce a phase difference in the output mode.
This phase difference can be detected and correlated to the perturbation that caused it.
Polarisation-based sensors can be extrinsic or intrinsic. The former rely on an external
birefringent component to perform the polarisation modulation, whereas the latter make
use of Faraday rotation [41] or certain Bragg gratings written in polarisation-maintaining
optical fibres.

2.2.2. Geometry of Fibre-Optic Sensors

As it will be discussed in the following section, there is a multitude of approaches when
it comes to installing a fibre-optic sensor onto a pipeline. However, three configurations
demonstrated in Figure 3 seem to be common. The first configuration is axial, when an
FOS is installed on the surface of a pipe along the main axis of the pipe. The outer pipe
surface is more commonly used for this configuration, but the inner surface was used in
some studies as well. As it will be shown later, this configuration is the most common for
pipeline condition monitoring applications. Figure 3a shows a fibre-optic sensor installed
along the crown of the pipe but alternative positioning is also possible, e.g., on the sides or
bottom of the pipe. Axial sensor geometry is of benefit when monitoring the condition of a
long pipeline. Another popular fibre-optic sensor configuration is hoop, or loop, shown
in Figure 3b. In this configuration, the optical fibre curves around the outer surface of the
pipe to form closed loops. This method is often used to monitor the internal pressure of
pressurised pipes and is a common tool in leak detection. The third configuration is helical
and is shown in Figure 3c. This approach is similar to the one described previously but
instead of closed loops, the optical fibre curves around the pipe in a spiral manner.
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Figure 3. Three main sensor geometry types: (a) axial, (b) loop or hoop and (c) helical. Orange curves
denote fibre-optic sensors.

It has to be noted that in addition to the above described three configurations, other
sensor geometries have been used in the studies reviewed in the next section. However, as
these geometries are unique, their details are described together with the studies that they
were used in.

2.3. Parameters of Fibre-Optic Sensors

When studying characteristics and performance of fibre-optic sensors, it is useful
to understand some definitions of parameters of fibre-optic sensors. A brief review of
the main parameters relevant to fibre-optic sensing, namely, spatial resolution and gauge
length, is provided below.

2.3.1. Spatial Resolution

For a distributed sensor, its spatial resolution is the accuracy with which a signal,
modulated by physical parameters of a fibre, can be located along the optical fibre [42]. The
spatial resolution for time-domain systems can be calculated as follows:

∆z =
τc

2ne f f
, (2)

where τ is the pulse width of the pulsed signal, c is the speed of light, ne f f is the effective
refractive index of the optical fibre, related to the group index and the factor of 2 arises
from accounting for the travel time of both forward- and backward-propagating signal.

For frequency-domain systems, the spatial resolution is calculated differently:

∆z =
c

2ne f f ∆F
, (3)

where ∆F is the spatial frequency range of the system that is defined by the tunable
laser source.

Another commonly used definition of spatial resolution has been proposed by Hartog
et al. [43]. Here, the authors suggest measuring the 10–90% rise time of a received signal,
which can then be converted to the spatial resolution. This measurement should be per-
formed at a location in an optical fibre where the signal-to-noise ratio (SNR) is the worst to
be relevant for the entire sensing length.

For commercial systems, the quoted spatial resolution often refers to a spatial separa-
tion of two adjacent time domain points, which is determined by the sampling rate of a
digitiser that converts an analog optical signal to a digital signal [42].
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2.3.2. Gauge Length

Gauge length is another important parameter of fibre-optic systems that determines
the quality of a received signal. When a measurement is performed using a distributed fibre-
optic sensor, it differs from those performed by conventional sensors. While conventional
sensors measure a perturbation at a single point, fibre-optic sensors do so along a certain
section of an optical fibre that can be described as a moving average filter [44]. This length
is called gauge length, and is demonstrated in Figure 4. The measured signal is summed
along the gauge length before and after the perturbation and phase difference between the
two sums is correlated to the value of perturbation.

It is important to choose an optimal gauge length for high-quality measurements. If
the gauge length is too small, a SNR will be low as well. However, if the gauge length
is increased, there is going to be a trade-off between a higher SNR and lower spatial
resolution [45].

Figure 4. Diagram of spatial resolution and gauge length. DAQ stands for data acquisition system.

3. Hydraulic Applications

The following section presents an overview of published research papers on fibre-
optic sensing for hydraulic applications. The reviewed papers have been identified using
the Scopus database, Google Scholar and references in relevant papers. The search was
conducted using such key words as ‘fibre-optic sensor’, ‘pipe’, ‘water’ and ‘hydraulics’.
In total, 153 papers were identified at this stage. Through a screening process, a large
number of papers was excluded from further review for the following reasons: (i) focus
on distributed temperature sensing rather than strain sensing; (ii) unrelated application,
such as multiphase flow; and (iii) lack of details on the methodology or results, especially
in conference papers. Through this screening process, 35 papers have been selected for
further review and discussed in this section.

The applications of the fibre-optic sensors described in these papers have been cat-
egorised by their main focus for this review. The first category targets monitoring the
condition of pipes. It should be emphasised that not all research in this category is focused
explicitly on pipes with flow but rather on pipes in general. The second category introduces
research on leak detection in pipes. Finally, the third category summarises applications of
FOSs to measuring flow parameters, such as flow rate, velocity, water level and others, in
both pressurised and non-pressurised environments.

3.1. Condition Monitoring

A considerable number of published research papers investigating condition monitor-
ing in pipes report on the application of distributed Brillouin sensing (DBS). Yasue et al. [46]
used an optical fibre to measure distributed strain in a concrete pipe employing the BOTDR
method. A reinforced concrete pipe with the internal diameter of 3000 mm, length of
2300 mm, wall thickness of 250 mm and two reinforcement rings was used in their ex-
periments. Two fibre-optic cable configurations either were bonded continuously along
the pipe circumference with an adhesive, or at intervals to prevent the optical fibre from
breaking once cracks appeared in the pipe (see loop configuration in Figure 3) were studied.
It was later discovered that the continuously bonded fibre did not break. An external
loading was applied to the crown of the pipe in increments of about 20 kN starting from
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crack generation to the pipe fracturing. The circumferential strain values obtained with
the optical fibre were compared to those obtained by a displacement meter and strain
gauge that were glued to the inside of the pipe. The three sets of results were generally
in good agreement with the exception of strain gauge values at high stresses due to their
positioning. The authors concluded that, firstly, an optical fibre makes an effective strain
sensor even when the measured section is smaller that the spatial resolution of BOTDR.
Secondly, it remains an effective method of measuring strain even after a crack has occurred,
which cannot be accomplished with a strain gauge.

Sasaki et al. [47] used both BOTDR and BOTDA to measure the strain distribution in a
well subjected to tensile loading. The proposed experimental method was firstly validated
via finite element analysis, and once its validity had been established, an experimental
setup simulating a well was developed at the Richmond Field Station experimental facility
of the University of California, Berkeley. It consisted of two annular pipes of the length
of 3.1 m. The outer diameter of the inner pipe was 0.24 m, the inner diameter of the outer
pipe was 0.31 m and the space between the two pipes was filled with cement. The fibre-
optic sensors with varying coating characteristics were installed in the cement at different
circumferential coordinates to measure axial strain distribution (see Figure 5). The well
was subjected to tensile cyclic loading between 111 and 778 kN which acted from the top of
the well. The results of the proposed fibre-optic sensor were validated against the strain
gauge measurements, and the Real-Time Compaction Imager (RTCI) [48,49] that relied on
FBG measurements. The spatial resolutions for BOTDR and BOTDA were 1 m and 0.5 m,
respectively, but only the results of the former method were reported due to fibre-optic
cable breakage. The spatial resolution of RTCI was 20 mm. The findings of this work
showed that the BOTDR-based fibre-optic sensor was capable of accurately measuring
axial deformation of the well within the limitation of its spatial resolution. These results
were in good agreement with those obtained by strain gauges and RTCI. The authors also
concluded that a reduced number of coating layers and tight buffering around optical
fibres contributed to higher measurement accuracy. This work was developed further
to study characteristics of fibre-optic cables that affect the accuracy of BOTDR/BOTDA
and OFDR measurements [50]. A similar setup to the one described in [47] was used
with a three-point loading in three different directions. The results of these measurements
were validated against those obtained by strain gauges and linear variable displacement
transducers (LVDTs). It was discovered that the highest measurement accuracy can be
achieved by a tightly-buffered fibre-optic sensor, by enclosing it in a metal tube (fibre in
metal tube, or FIMT) and applying a polymer coating to it. This geometry resulted in the
ability to accurately measure both elastic and plastic bending deformations, and exhibited
robustness to the harsh installation process.

Figure 5. Schematic diagram of an axially-distributed fibre-optic sensor described in [47].
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However, a number of papers suggest that the use of the BOTDA method in condition
monitoring is preferred over the BOTDR method. Ravet et al. [51] applied the BOTDA
method to detect cracks appearing in long-distance buried pipes due to such events as
landslides, leakage and intrusion. The authors did not elaborate on the details of all the
pipes that were tested in this study. However, it can be implied from this paper that a mix
of non-pressurised and pressurised (oil, gas) pipes was used. The authors reviewed the
performance of the Omnisens DITEST (DIstributed TEmperature and STrain) sensor that
was proposed by Thévenaz et al. [52]. The temperature sensing capabilities of the sensor
were used for a considerable part of this study. However, the authors also used strain
sensing to detect cracks, pipeline deformation and ground movement. The authors claim
that the sensor has the ability to perform measurements with 20 µε strain resolution, and
the spatial resolution of 1 m over the first 10 km and 1.5 m thereafter. The authors also state
that the fibre-optic sensor attached axially (see Figure 3) to a 3 m long pipe and subjected
to lateral external loading can successfully detect compression and tension, resulting in
displacements between 5 and 50 mm. However, a more detailed information on pipe size
and material, or strain resolution was not provided.

The authors subsequently extended their method to study submillimetre crack de-
tection [53]. They used the DITEST interrogator with a SMARTape technology proposed
originally by Inaudi and Glisic [54]. SMARTape is a fibre-optic cable embedded in a thermo-
plastic tape that acts as a DBS. Such design enhanced the bonding between the sensor and
the surface, which ensured optimum strain transfer. The method was tested by creating
controlled cracks between two metal bars, on the surface of which the SMARTape was
glued, and examining whether the sensor can determine the location of the crack. The
sensor could detect a delaminated region with a 1 m spatial resolution which included
the crack. The instrument sampling resolution then allowed sampling at 0.1 m intervals
to locate the crack more precisely. The authors claim that DBS has an advantage over
Rayleigh-based reflectometers as it can detect an event that is smaller than the spatial
resolution of the sensor.

BOTDA can also be used for long-range sensing as was demonstrated by Inaudi and
Glisic [55]. The authors used the previously mentioned DITEST monitoring system and
SMARTape for several pipeline monitoring applications described below. The SMARTape had
a spatial resolution of 1.5 m and a gauge length of 0.25 m, and a strain resolution of 20 µε.
The purpose of the study was to validate the DITEST system in a variety of real-life scenarios.
Those mostly included critical locations where earthquakes, landslides and human activity
could introduce dangerous strains to existing infrastructure and where long-range sensing
could help to prevent asset failure. The majority of scenarios made use of temperature sensing
for leak detection, but some use strain sensing as well. One of the applications was monitoring
a 500 m long stretch of a 35-year-old gas pipeline that was located in an unstable area. The
pipeline was under a risk of being damaged by a landslide and put out of service. Details
on pipe size and material were not provided. The SMARTape sensor was able to provide
information on average axial strains and bending along the pipeline. While conventional
strain sensors only provided information at every 50–100 m of the pipeline, the SMARTape
sensor was capable of monitoring strain continuously across the whole length of the pipeline
with the aforementioned spatial resolution. The authors also used the DITEST system for
monitoring the condition of composite coiled tubing. Fibre-optic sensors were embedded in a
power and data transmission (PDT) composite coiled tubing to assess its structural integrity. It
was shown that the DITEST system obtained strain data with high resolution (around ±30 µε)
and short measuring time (less than 5 min).

The authors later expanded their research to study the application of the fibre-optic
sensor for structural health monitoring of underground concrete pipes that are subjected to
an earthquake [56]. The authors adopted the BOTDA method and explored the following
three sensors in their experiments: (i) “Tape” sensor, consisting of a single optical fibre
embedded in a thermoplastic composite tape; (ii) “Profile” sensor, containing four optical
fibres in a polyethylene profile, two of which are firmly embedded and the other two are
loose; and (iii) “Cord” sensor, also having two firmly embedded and two loose fibres,
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where the embedded fibres are compressed between an inner and outer plastic tubes. The
three sensors were installed on the pipe network at the Cornell Large-Scale Lifelines testing
facility at Cornell University which can simulate ground movement. The sensors were
either glued to the pipe or buried in soil in the vicinity of the pipe. The “Tape” sensor was
installed directly on the pipeline, in both axial and hoop configurations (see Figure 3), the
“Cord” sensor was both installed on the pipeline and buried next to it, and the “Profile”
sensor was only buried in soil. The pipeline consisted of five segments, each 2.44 m
long, assembled using bell-and-spigot joints and sealed with grout. The inner and outer
diameters of the pipe were 30.5 cm and 40.6 cm, respectively. Relative ground displacement
was subsequently simulated in one part of the pipeline. The “Tape” sensor provided the
highest strain transfer accuracy, but it was the most expensive out of the three and the least
mechanically robust. The “Cord” sensor provided a low strain transfer accuracy, but it was
relatively cheap and highly robust, making it attractive for pipeline condition monitoring
applications. The “Profile” sensor was not tested on the pipeline but it was capable of
detecting and localising ground movement. The results obtained with the “Tape” sensor
were validated against the results obtained by strain gauges, and the correlation between
the two was good. The authors did not quantify the agreement which is demonstrated
qualitatively in Figure 15 in the original paper by Glisic and Yao [56]. This shows that
the Tape sensors can provide very accurate damage detection and localisation. However,
optical fibres delaminated from the composite plate during testing, which reduced the
amount of data usable for the subsequent analysis. The “Cord” and “Profile” sensors were
more robust and survived testing intact. However, the data they provided were of lower
accuracy as fibres were able to move within the sensor, which reduced the ability to transfer
strain. The authors concluded that even though the “Cord” and “Profile” sensors could
detect and localise the damage, they were most accurate at high levels of displacement and
reliable data interpretation was possible only after additional data analysis. The authors
also emphasised the need for collecting large amounts of historical fibre-optic data on a
non-damaged pipeline to be able to apply machine learning principles to detect damage, as
an alternative manual processing can be time-consuming.

In another study, BOTDA was used to measure longitudinal strains in steel pipes [57].
Three loading conditions were applied to the pipe specimen: (a) internal water pressure,
(b) external axial tensile force, and (c) external bending moments. Brillouin peak fitting was
used together with the broadening factor of the Brillouin spectrum to identify the location
of buckling and measure the associated strain. In addition, this setup included two types of
optic fibres, carbon-coated and standard telecommunication, to assess their strain detection
capabilities. Two pipes of the diameter of 508 mm and wall thickness of 6.35 mm were
tested under different loading conditions. Two sensing fibres were installed on each pipe
in the axial configuration (see Figure 3a) at the locations of the maximum compressive
and tensile strains. Strain gauges were used to validate the data obtained by fibre-optic
sensors. It was found that the results obtained by FOSs and strain gauges are in good
agreement, and the results obtained with carbon-coated fibres exhibit a better match than
those obtained with a standard telecom fibre. The authors did not quantify the agreement
or provide sensitivity values, but they stated that the measured strain was between 200
and 500 µε. It was also found that the carbon-coated fibres can measure significantly larger
strains as it can withstand larger stresses and strains before the fibre was broken. The
fibre-optic sensor was able to sense the location of a buckle before it became visible.

It was also shown that the BOTDA technique can be used to detect strain in pipes with
an initial non-circular cross-section [58]. A single-mode optical fibre was bonded to the
outer surface of a simply supported polyvinyl chloride (PVC) pipe in a helical configuration.
The pipe was filled with water but not pressurised. The spatial resolution of the fibre-optic
sensor was 0.1 m, and its measurement uncertainty was ±10 µε. The pressure of the water
inside the pipe was gradually increased and it was observed that the mean strain increased
with the increasing internal pressure. The fibre-optic sensor was also able to pick up the
locations of the maximum strain on the circumference of the pipe—these moved from the
sides of the pipe when the pipe was filled with water to the top and bottom of the pipe
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when the pipe was pressurised. In addition, authors used reinforcing steel shims as local
stiffness irregularities, attaching them to the surface of the pipe. Three configurations were
tested, and it was subsequently concluded that the fibre-optic sensor was able to recognise
the change in the local stiffness.

Fibre-optic sensors based on the Rayleigh scattering have also been widely used
for condition monitoring. Simpson et al. [59] used an optical backscatter reflectometer
(OBR) based on the Rayleigh OFDR method to measure distributed strain on common
pipe materials such as steel, concrete and high density polyethylene (HDPE). The authors
tested three pipe specimens, the characteristics of which were as follows: (i) specimen 1
was a deteriorated corrugated steel pipe with the inner diameter of 1800 mm, the length
of 3000 m and the wall thickness of 4 mm; (ii) specimen 2 was a deteriorated reinforced
concrete pipe with the inner diameter of 1220 mm, the length of 2440 mm and the wall
thickness of 125 mm; and (iii) specimen 3 was an undamaged HDPE pipe with the inner
diameter of 1524 mm, the length of 3400 mm and the wall thickness of 162 mm. Two types
of fibre were tested: nylon and polyimide. Nylon fibres are cost-effective but can have
poor strain transfer capabilities. Polyimide fibres are about 30 times more expensive than
nylon fibres and are more at risk of being damaged but they provide outstanding strain
transfer between the fibre and the material it is adhered to. The optical fibres were attached
to pipe specimens in a hoop configuration (see Figure 3). Nylon fibres were used for all
three specimens, whereas polyimide fibres only for specimens 1 and 3 due to cracks on
specimen 2 that could damage polyimide fibre. Strain gauges were used as well to validate
the results obtained with optical fibres. The pipe specimens were buried in soil, with each
specimen backfilled with soil during the process The top of the soil was subjected to loads
of 100 and 224 kN. The load was applied via a steel spreader beam resting on steel pads
that mimic a standard wheel pair. The strain data measured with polyimide fibres were in
excellent agreement with the results obtained with strain gauges for both specimens 1 and
3 (less than 8% and less than 2% average difference, respectively). The data obtained with
nylon fibres were less accurate than those obtained with polyimide fibres (10% average
difference for specimen 1, unquantified for specimens 2 and 3 but good visual agreement
in Figures 10 and 11 of the original paper by Simpson et al. [59]). However, the difference
in accuracy between nylon and polyimide fibres was not significant. Furthermore, nylon
fibres have an added benefit of being able to measure strain in damaged environments as
they are more robust.

OFDR can also be used to monitor corrosion in a pipe. Jiang et al. [60] glued optical
fibres to the outer surface of a steel pipe in a hoop manner. The 1.35 m long steel pipe
had the external diameter of 273 mm but varying wall thickness (between 3 and 6 mm),
which simulated uniform corrosion. The pipe was subjected to up to 1 MPa of internal
water pressure. Four pipe sections of different internal diameters were tested, and it was
observed that higher hoop strain corresponded to reduced wall thickness. Subsequently,
local corrosion was simulated by reducing wall thickness of segments of different size
from the inside of the pipe. It was discovered that sudden drop in strain values indicated
a boundary of a corroded region, with the strain concentration occurring in the local
corroded area, hence it was possible to locate the corroded segment with a high accuracy.
The drop in strain values was between 50 and 400 µε, depending on the size of the corroded
patch and the value of internal pressure. The error was quantified and was shown to be
consistently less than 5%. The findings of these two tests were combined for a further local
corrosion study which revealed that it is possible to deduce the load by examining the
strain concentration phenomenon at the edges of the corroded region. Furthermore, the
strain in corroded regions was consistently higher that in corrosion-free regions.

It was also shown that OFDR can be employed to monitor the growth of crack due to
material fatigue [61]. The authors introduced an artificial corroded patch of an elliptical
form to a 660 mm diameter, 18 mm thick cast iron pipe. The length and width of the
corroded patch were 400 and 160 mm, respectively, and the remaining wall thickness at
the patch was 3.5 mm. A single-mode optical fibre was glued to the pipe surface, going
across the patch and the adjacent surface several times in a serpentine manner, with fibres
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oriented in the hoop direction. The pipe was cyclically subjected to internal water pressure
loading and progression of the crack was monitored. The authors concluded that the use of
the distributed optical fibre sensor is promising in crack detection and monitoring. The
proposed fibre-optic sensor demonstrated a significant change in strain values correlated
with crack growth. However, the success of this technique depends on the fibre orientation,
crack length and the distance between the sensor and the crack.

There have been several studies that used fibre Bragg grating (FBG) methodology
to monitor pipeline condition. One of the options of installing FBG sensors onto existing
infrastructure is embedding them in a sleeve [62]. A sketch of the sensor design is shown
in Figure 6. Here, FBG fibres were embedded in a glass fibre/epoxy composite carrier to
monitor strain in subsea pipelines. The composite carrier could be moulded into any shape
to follow the shape of a structure to be monitored and is strapped onto it, which makes an
on-site installation relatively simple. The authors provided an overview of several potential
applications for the sensor and compared its performance with conventional sensors. The
agreement between the two methods was not quantified but the authors state that the FOS
showed promising results, displaying very good repeatability and linearity of the results.

Figure 6. Schematic diagram of an FBG sleeve sensor described in [62].

In another study, a composite epoxy sleeve with an integrated FBG optical fibre was
used for pressure monitoring in offshore oil and gas pipelines [63]. The composite epoxy
sleeve was made of polyethylene (PE) layer, carbon fibre (CF) strip and epoxy grout as a
top layer, the FBG fibre embedded between the CF and epoxy grout layers. The authors
tested the sleeve sample in an external loading test under different loads up to 5 kN. The
sensor achieved a sensitivity of 0.9 nm/mm and demonstrated a good fit between Bragg
wavelength shift and measured displacement, with R2 of 0.9597. The impact of temperature
was also tested and was found negligible under 55 ◦C, which was deemed acceptable for
subsea applications. However, the authors also noticed that the sensitivity of the sensor
increased with each subsequent test, which signifies that the sensor detects the weakening
of the composite sample.

FBG sensors can also be employed in a hoop configuration to measure circumferential
strain for pipe integrity monitoring [64]. The FBG fibre was enclosed in a protective tube
that was in turn closely mounted on a pipe to be monitored, as shown in Figure 7. The
sensor was tested on a 250 mm diameter, 10 m long PVC pipe with the wall thickness
of 6.2 mm. The pipe was internally pressurised with air between 20 and 150 kPa with
an increasing load and the results of the hoop FBG sensor were compared to bare FBG
optical fibres mounted on the circumference of the pipe. Both sensors reflected a change in
circumferential strain but the sensitivity of the bare FBG fibre was on average 3–10 times
smaller than that of the hoop FBG sensor. The hoop FBG sensor also had good stability and
reliability, and the ability to monitor dynamic strain.
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Figure 7. Schematic diagram of an FBG hoop-strain sensor described in [64].

In addition to monitoring pipeline condition, it was demonstrated that an FBG sensor
can be used for pressure wave separation in a pressurised pipe [65]. The authors enclosed
an optical fibre with five FBGs in a 5.37 m long protective cable, which had openings
covered by flexible sleeves at each FBG sensor. The sensor cable was subsequently attached
axially to a 37 m long pipe that consisted of five sections, two of which had thinner walls
to simulate corrosion. The internal diameter of uncorroded sections was 22.14 mm and
the wall thickness was 1.63 mm. For the two corroded sections, the inner diameter of the
pipe was 22.96 and 23.58 mm, respectively, and the wall thickness was 1.22 and 0.91 mm,
respectively. The pipe was made of copper and was pressurised with water. The pressure
wave was generated by abruptly closing a previously open valve, which resulted in two
pressure waves propagating in both directions from the valve, increasing the pressure head
of the system from 30 to 37 m. The authors did not quantify the agreement between the
results obtained with FBG sensors, conventional sensors and numerically; however, the
comparison figures in the original paper showed the FBG sensor successfully detected a
pressure head increase of about 6 m and fluctuations of ±1 m in the pipe, along with the
separation of the directional pressure waves.

3.2. Leak Detection

Fibre-optic sensors have also been employed for leak detection. Stajanca et al. [66]
used a Rayleigh OTDR-based method to detect small leaks in a 38 m long DN100 (nominal
diameter of 100 mm) gas pipe with an optical fibre directly glued to the pipe. The authors
did not report the material of which the pipe was made but the visual inspection of setup
pictures in the original paper suggests that it was likely to be steel. The optical fibre was
applied to four regions on the pipe, three of which were adjacent to each other and the
fourth was remote and served as a reference region. 40 m of fibre was applied in a helical
pattern to the external surface of the pipe, with 25 mm spacing between consecutive fibre
loops. A series of measurements were taken with different combinations of the pipe internal
pressure (4 to 25 bar) and leak sizes (circular holes with diameters between 1 and 8 mm).
The authors discovered that the frequency range of interest that represented actual vibration
signals was between 500 and 5000 Hz. The results obtained with the FOS were compared to
the data obtained by conventional accelerometers. The agreement was not quantified by the
authors but according to Figure 6 in the original paper [66], the two sets of results exhibited
a close match. The FOS was shown to be capable of detecting vibration accelerations down
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to single µg. This sensing system was also capable of detecting very small leaks that usually
would not be picked up by conventional leak detection methods. The authors remarked
on the possible difficulty in separating leak-induced signals from background noise that
includes vibrations from the medium flow through the pipeline or other external noise
sources, related to the pipeline operation or the environment in the vicinity of the pipeline.
In their experiments, the leak-induced signals resulted in frequencies above 1 kHz, whereas
the background noise caused vibrations below 500 Hz, which allowed for a successful
separation. However, practically this may not always be the case.

Another Rayleigh scattering-based method was proposed by Wong et al. [67]. The
authors suggested an ’attachment-free’ method of leak monitoring for old and buried pipes,
where an application of an optical fibre to their surface is not feasible. The submersible
optical fibre-based pressure sensor consisted of a strand of a single mode fibre encased
in a water-proofed PVC tube that was 100 mm long, 25 mm diameter and 1 mm thick.
The geometry of the sensor is shown in Figure 8. The sensor was placed inside the pipe
via a hydrant and relied on the OFDR method. The authors tested the sensor for such
applications as determining the operating condition of the pipe, detecting a leak under
hydrostatic pressure or pressure transients and performing a pipe burst detection. The
sensing frequency range was not stated in the original paper. The results of the optical fibre
sensor were compared to those of a conventional pressure transducer and were found to be
in a good agreement, with the error less than 4%. The sensor showed the strain resolution
of 1 µε. However, the authors remarked on a short monitoring range of the proposed sensor
(about 20 m) and suggested that an FBG technique would be better-suited.

Figure 8. Schematic of the attachment-free fibre-optic pressure sensor described in [67].

Another sensor that did not require attachment to the pipe and was based on the
FBG technique was developed by Gong et al. [68]. The sensor consisted of a 5.37 m long
optical fibre with five FBG sensors located on it with the distances between 0.5 and 0.725 m
separating them. Each FBG sensor was enclosed in a metal substrate and covered in an
elastomeric sleeve, with a downward arc preload on each sensor. The sensor design is
shown in Figure 9. The sensor was tested in a 37.43 m long pressurised copper pipe that
had an internal diameter of 2.14 mm and a wall thickness of 1.63 mm. The sensor was
used for hydraulic transient measurement, leak detection and localisation, and was shown
to perform as successfully as a conventional pressure transducer (error not quantified in
the original paper). It was stated that the frequency range of interest was below 500 Hz,
with the maximum frequency of transient pressure waves less than 100 Hz. This work
demonstrated that the FOS was capable of measuring dynamic pressure in a water pipe
network. However, the authors remarked that the background noise level might be rather
high when performing field measurement so that the optical signal would require more
post-processing to identify features related to true leaks.
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Figure 9. Schematic of the fibre-optic pressure sensor described in [68].

Hoop-geometry FBG-based sensors were shown to be capable of monitoring leakage
events in pressurised gas pipes [69]. The authors used 8 FBG hoop strain sensors on an
11 m long, 273 mm diameter pressurised steel pipe. For safety reasons, air was used
instead of natural gas at a maximum pressure of 1 MPa. Three valves on the pipe acted
as potential leak simulators. It was concluded that the sensors were sufficiently sensitive
to respond to varying pressure and leakage events. Furthermore, an automatic leakage
detection algorithm was developed based on the least-squares support-vector machine
(LS-SVM) to reduce the likelihood of false alarms and showed very high accuracy (97.3%)
after being tested.

Another FBG hoop sensor design has been proposed by Jia et al. [70], together with an
alternative machine learning technique, known as back-propagation (BP) neural network.
The description of the sensor was given in the paper by Ren et al. [64] (reviewed in the
previous section), where the sensor was used to monitor circumferential strain on a pipe
subjected to increasing internal pressure. In this paper, the authors used the sensor and
conventional pressure gauges to perform leak localisation. The FBG hoop sensor performed
similarly to the pressure gauge, with an added advantage of the ability to install it flexibly
and non-destructively. The authors also performed a simulation where they studied the
impact of background noise on the results and discovered that up to 10% noise levels, the
regression coefficient between the actual and predicted leak locations is over 0.99.

Other measurement methods to detect and localise leaks have also been pursued in
recent research. Ong et al. [71] developed a single-mode-fibre-based vibration sensor that
relied on macrobending loss, where some of the guided light refracts out of the fibre, when
the fibre is bent from the straight arrangement (see Section 2.2.1). The sensor was made by
bending an optical fibre to form a full 360◦ loop and securing it flat onto a test surface with
an adhesive tape. A diagram demonstrating the sensor setup is shown in Figure 10. The
sensor was tested in both laboratory and field conditions, on a water pipeline with an iron
block placed on top of it to ensure a better coupling with the pipeline, but no further details
of the setup were provided. The authors tested different bend radii to find out the best
sensitivity, and the bend radius of 5 mm was found to be optimal. The sensor was capable
of detecting the leak but requires further work in order to be able to localise leaks. The
authors did not quantify the sensitivity of the sensor but stated that it can detect vibrations
between 20 and 2500 Hz.

Figure 10. Diagram demonstrating the geometry of an FOS described in [71].
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Interferometry-based techniques have also been shown capable of detecting leak-
age [72]. Here, the authors developed a fibre-optic sensor based on a loop integrated
Mach–Zehnder interferometer (LMZI) for pipeline monitoring and leak detection. The
sensor had two tapers on either side of the fibre loop that split the travelling signal into
fundamental and cladding modes, where the latter is very sensitive to bending and vibra-
tion. The sensor was tested on a 40 m long, 80 mm internal diameter galvanised steel water
pipe. A 3 mm leak was introduced 10 m from the inlet. The sensor was installed at 1, 2, 3
and 4 m from the leak and was able to detect leakage at 2 and 3 bar with the sensitivity of a
conventional accelerometer. The sensing range of this sensor was below 500 Hz. However,
while the sensor could detect leaks, it could not localise them.

3.3. Measurement of Flow Parameters

In addition to condition monitoring and performing leak detection, some research
has been done to measure hydraulic parameters such as pressure, velocity, flow rate and
water level in pipes. FBG-based sensing methods have proven themselves to be a popular
choice for this application. Takashima et al. [73] devised a flowmeter based on FBG strain
sensors that consisted of FBGs and metal cantilevers. The authors used the smoothed
correlation function to estimate the time delay between two consecutive vortices created by
a bluff body of the size of 3 mm placed in the flow in a PVC pipe with an inner diameter
of 20 mm. Subsequently, the flow velocity was determined from the time delay and the
distance between the two adjacent FBG sensors. The sensor was also able to determine
the flow velocity from Karman vortex shedding frequency. The diagram of the setup is
shown in Figure 11. The results were compared to those of a conventional strain sensor
and exhibited a good match. The FBG sensor was tested and shown to operate linearly
in the flow velocity range between 0 and 1 m/s, with the minimum detectable velocity
of 0.05 m/s. The authors did not provide the sensor dimensions or description of the
installation procedure, but it can be assumed from the given diagrams that its installation
requires creating a hole in the pipe wall, making it less suitable for retrofitting existing or
buried pipes.

Figure 11. Diagram demonstrating the geometry of an FOS setup described in [73].

FBG-based sensing has also been used to determine the flow velocity in a high-pressure,
high-temperature environment [74]. The measurements were performed in a pipe under a
pressure of 62.5 bar and at a temperature of 35.6 ◦C. The single-phase air flow loop facility
was used located at Colorado Engineering Experiment Station, Inc., but no further details
of the setup were given. The author did not explicitly state in their paper what sensing
method they employed for local strain-based measurements. Private correspondence with
the author suggests that low-reflectivity FBGs were used. The author used eddy tracking
and speed of sound measurement to obtain the flow velocity. The optical fibre was wrapped
around a flow loop pipe in helical manner and reacted to strain in the pipe due to sound
waves and turbulent eddies generated by the flow. The experiments were performed
in a pipe with pressurised air and water flows. It was discovered that for the gas flow,
the agreement of eddy- and sound-based velocities with a reference measurement was
very good (within ±1% and ±5%, respectively). However, for the water flow, eddy-based
velocities were much more accurate than sound-based velocities (within ±1% and ±400%,
respectively). The sound-based measurements were deemed unstable and unreliable due
to the fact that in the case of water flow, the flow velocity made up a small fraction of the
speed of sound and was within the uncertainty of the speed of sound measurement.
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In some studies, FBG-based methods have been employed to measure water pres-
sure [75]. Here, the sensor was enclosed in a rigid metal tube and covered in a pressure-
sensitive outer sleeve. The optical fibre was constrained to form a pre-load arc, as shown
in Figure 12. The authors used these sensors to monitor vertical and horizontal pressures
in a wave tank by placing one sensor array (consisting of 35 sensors) vertically and the
other (consisting of 90 sensors) along the bottom of the tank. The resolution of the sensors
was about 2000 Pa but the authors remarked that that depends on the data acquisition
equipment and it is possible to achieve the resolution as low as 10 Pa. The FBG sensor array
results were validated against conventional piezoelectric pressure transducers and authors
reported a close agreement (error values were not quoted but Figure 8 in [75] demonstrated
a good match).

Figure 12. Diagram demonstrating the geometry of an FOS described in [75]. Orange curve denotes
an optical fibre.

An FBG-based, multiple flow parameter sensor has been proposed by Zhao et al. [76].
The sensor could measure pressure, flow rate and temperature and consisted of a hollow
cylindrical cantilever with a round target at its free end and fixed to a thin-walled cylinder
at the other end. In a pipeline, the sensor was installed perpendicular to the direction of
the water flow, which ranged between 0 and 5 l/s. No other details of the setup were
provided. One FBG was fixed at the free end of the cylindrical cantilever for temperature
measurement. The flow rate was measured by a pair of FBGs fixed to the inner wall of
the cylindrical cantilever in a streamwise direction. Another pair of FBGs was fixed to the
outer wall of the thin-walled cylinder, which expanded under hydraulic pressure. Figure 13
provides a sketch of the FOS used by Zhao et al. [76]. The sensor was tested via simulations
and laboratory experiments to achieve the accuracy for measuring temperature, flow rate
and pressure of 0.12%, 1.5% and 0.5%, respectively.

Figure 13. Diagram demonstrating the geometry of an FOS described in [76]. Solid orange line
denotes an optical fibre on the outside; dashed orange line denotes an optical fibre on the inside.

Another FBG multi-parameter sensor capable of measuring pressure, strain, accel-
eration and temperature was introduced by Huang et al. [77]. Their setup consisted of
12 FBG sensors which could measure the temperature, pressure and acceleration and
nine sensors which could measure the strain. The strain sensors were fixed on the outer
wall of a 1000 mm long pipe at a 100 mm step, whereas the temperature, pressure and
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acceleration sensors were positioned in a hydraulic oil tank, on the valves of the tank and
on the hydraulic valves, respectively, each with a corresponding conventional sensor for
result validation. The results from FBG and conventional sensors were in good agreement
(temperature, pressure and acceleration differences of 0.7 ◦C, 0.15 MPa and 0.05 g, respec-
tively, in the time domain). Furthermore, the proposed FBG sensor platform allowed for
a simultaneous measurement of multiple parameters in a dynamic environment and at
several locations.

Rayleigh-based sensing methods have also been chosen in some studies to determine
flow parameters. Rosolem et al. [78] used the bending loss method and Rayleigh OTDR
principles to monitor water level. The sensor consisted of three free loops of single-mode
optical fibre, with the loop radius of 8 mm. The fibre-optic sensor was enclosed in an
aluminium protection tube and elastomeric membrane covered the fibre-optic end acting
as an interface between the water and the fibre. An air tube was inserted into the sensor
to maintain it at the atmospheric pressure. A diagram depicting this sensor is shown in
Figure 14. The membrane reacted to water pressure and deformed the fibre-optic ring,
causing a macrobend and a subsequent signal attenuation in it. The authors conducted
both laboratory and field measurements to test the sensor. In the lab, the sensor was tested
in a 6 m long pipe, whereas in field it was tested in an intake structure of an embankment
dam. They remarked on imprecision issues that the sensor might be susceptible to due
to hysteresis and whispering gallery mode peaks. However, they also mentioned the
advantages of low production cost and availability of the sensor to detect the change in
the water level (increasing or decreasing). The authors reported that the resolution of the
sensor, or the smallest change in the water level that it could detect, was approximately
0.15 m, and the accuracy, or how much the sensor measurement differed from the true
value, was 0.4 m in the worst case scenario.

Figure 14. Diagram demonstrating the geometry of an FOS described in [78].

Another water pressure sensor, this time hydrostatic, was developed by
Schenato et al. [79]. This single-point sensor based on Rayleigh OFDR technique was able
to measure both strain and temperature in water. It consisted of an aluminium tube with
two chambers separated by an aluminium disk. A pre-strained optical fibre ran through the
tube axially and was cemented to both sides of the tube and to the aluminium disk. One
of the chambers had round windows and was filled with rubber, whereas the other was
left empty. Under pressure, the fibre in the rubber-filled chamber would lengthen, which
could be converted to strain, and subsequently, pressure. A sketch of the sensor designed
is provided in Figure 15. The empty chamber provided temperature measurements. The
sensor was tested in an L-shaped tube filled with water, for which the authors did not provide
any size or material details. The sensor exhibited the accuracy in pressure measurement of
0.3 kPa, which was deemed fit for the purpose of riverbank monitoring and could be further
enhanced by using a different polymer in a sensor chamber that had been originally filled
with rubber or optimising the aluminium disk size. The authors have since developed a
distributed fibre-optic strain sensor with resolution of up to 8.5 cm of water depth [80] and
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accuracy of 0.5 kPa (or 5 cm of water depth), and a single point FBG-based sensor [81] with
0.1 kPa accuracy and the ability to resolve fast pressure variations up to 100 Hz.

Figure 15. Diagram demonstrating the geometry of an FOS described in [79].

Rayleigh OTDR has also been employed to measure the radial strain of a pipe and use it
to estimate the flow velocity [82]. The authors suggested three methods of data processing:
(i) cross-correlation; (ii) K-means clustering and Hough transform line detection; and
(iii) radial integration algorithm. The data were obtained by deploying FOSs in the axial
configuration on real-world, vertical, oil, water and gas wells. The authors discovered that
overall, the most reliable method for the estimation of flow velocity was cross-correlation.
However, the results were strongly dependent on a type of fluid and measurement depth.
For example, in gas and water pipes radial integration worked well at deeper locations and
K-means clustering at shallower locations. In addition, radial integration did not perform
well if noise levels were high.

One study has shown that white light interferometry-based methods are capable of
measuring flow rate [83]. Here, the self-compensation fibre-optic sensor employed the
principles of cantilever beam mechanics. Two optical fibres with air gaps in the middle
were situated on either side of the cantilever beam. The cantilever beam was positioned
perpendicularly to the direction of flow, and by detecting the change in air gaps caused by
the bending of the cantilever beam, the flow rate could be obtained. The sensor geometry
also allowed compensating for temperature and pressure changes. The sensor was tested in
a laboratory in a 1.5-inch diameter water flow loop, and in field in 1.5-inch and variable 3- to
6-inch diameter flow loops; and its ability to measure the flow rate was demonstrated with
high repeatability and stability. However, one downside of this sensor is that it required an
opening in the wall of a pipe in order to be inserted.

Hu and Huang [84] designed a fibre-optic flowmeter based on bending loss. An optical
fibre was bent to form a loop and secured at three points onto a water channel. In order
to increase sensitivity, a metal block was attached to the loop to hang from it in the flow.
The sensor was tested in a 35 mm wide, 15 mm deep free water channel. It was discovered
that the bend radius of 8 mm had the best performance for both lower and higher flow
rates, and that the presence of a metal block significantly increased bending loss and thus
sensitivity. The results were shown to be stable and repeatable but have not been compared
to those from any conventional sensors.

4. Discussion

In order to facilitate a discussion about the research reviewed in the previous section,
it may be helpful to summarise the main points. Table 1 presents a selective summary
of information covered in papers that have been reviewed in Section 3. This includes
information on study parameters such as the type of sensing used, sensor geometry and
ease of installation, type of environment where the sensor was tested (pressurised or non-
pressurised pipes) and how the data were validated. It should be noted that the notion of
the ease of sensor installation is subjective, hence the reasoning used to categorise sensing
systems proposed in the reviewed papers is provided. It was assumed that retrofitting a
sensing system onto the existing infrastructure is an important parameter when it comes
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to the usability of the sensing system. It was implied that if a proposed sensing system
requires installation onto the outer surface of the pipe, which would necessitate digging
and potential disruption associated with it, this would be categorised as a system that is
difficult to retrofit. Sensing systems that are installed through the pipe wall and require
a separate hole being drilled to accommodate them are also considered to be difficult to
retrofit. Sensors that can be installed on the inside of the pipe were considered as moderate
to retrofit. Finally, sensors that can be inserted in the pipe through an existing hole and do
not require special fitting once they are inside the pipe were considered as easy to retrofit.
It should be noted that for some sensors described in the reviewed research the installation
procedure was not explicitly detailed, e.g., [80], so it was not possible to assess its ease
of retrofitting. It has been marked as N/A (Not Available) in Table 1. For each parameter,
statistics are provided in brackets, where the quantity in brackets is the absolute number of
studies we found corresponding to this parameter. The numbers of corresponding studies
in the Validation column add up to more than the total number of studies for the last two
rows as some studies used more than one validation method in their research.

Table 1. A selective summary of information presented in papers reviewed in Section 3. The figures
in the brackets correspond to the numbers of related papers.

Application Method Geometry Retrofitting Type of Environment Validation

Condition monitoring (16) Rayleigh OFDR (3) Axial (9) Easy (1) Pressurised (10) Lab (13)
BOTDR (3) Hoop (4) Moderate (1) Non-pressurised (6) Field (3)
BOTDA (6) Helical (2) Difficult (14)

FBG (4) Other (1)

Leak detection (7) Rayleigh OTDR (1) Axial (1) Easy (2) Pressurised (7) Lab (6)
Rayleigh OFDR (1) Hoop (4) Moderate (0) Non-pressurised (0) Field (1)

FBG (3) Helical (1) Difficult (5)
Bend loss (1) Other (1)

Interferometry (1)

Measurement of flow Rayleigh OTDR (2) Axial (3) Easy (3) Pressurised (7) Lab (11)
parameters (12) Rayleigh OFDR (2) Helical (1) Moderate (1) Non-pressurised (5) Field (2)

FBG (6) Other (8) Difficult (7) Simulation (1)
Bend loss (1) N/A (1)

Interferometry (1)

Total (35) Rayleigh OTDR (3) Axial (13) Easy (6) Pressurised (24) Lab (30)
Rayleigh OFDR (6) Hoop (8) Moderate (2) Non-pressurised (11) Field (5)

BOTDR (3) Helical (4) Difficult (26) Simulation (2)
BOTDA (6) Other (10) N/A (1)

FBG (13)
Bend loss (2)

Interferometry (2)

One parameter that is not included in Table 1 is the strain resolution reported in the
reviewed papers, as this information was not provided in every paper. In those that quoted
the strain resolution, it was of the order of tens on µε, with the smallest resolution reported
in the paper by Wong et al. [67], who achieved the strain resolution of 1 µε.

The comparison of fibre-optic sensing methods have been extensively studied and
presented elsewhere (e.g., [35,85]), so a quick overview is provided below based on the
findings of this review. FBG sensors have been used the most commonly in the research
reviewed in this paper. In addition to advantages that any fibre-optic sensors possess, FBGs
have a reasonable cost per channel, good linearity, wavelength multiplexing capacity and
self-referencing capabilities that offer an absolute measurement method [86]. Therefore, it
is not surprising that many researchers preferred FBG-based methods over other sensing
mechanisms. However, it should be noted here that there is an upper limit on the number
of FBGs per channel that depends on the method of interrogation [87], which could be a
disadvantage for long-distance pipeline monitoring. The reported maximum number of
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FBGs has been between 20 and 100 gratings per channel depending on technology [87,88],
but recently it was estimated that this number can be increased to 192 gratings [89]. Here,
the authors state that the upper limit of number of the fibre Bragg gratings is dependent
on the interrogation unit, and while employing the minimum spectral spacing between
consecutive gratings, the entire available bandwidth can be employed, increasing the
number of measurement points. Other authors have also refrained from defining the
maximum number of gratings as a fixed number, and instead defined it as a function of the
source profile width and operational walenegth bandwidth for each grating [90].

It is interesting to note that time-domain-based distributed sensing methods, such as
Rayleigh and Brillouin OTDR have not been a popular choice among researchers for any of
the applications, despite being the simplest of interrogation methods. At the same time,
Rayleigh OFDR and BOTDA have been employed much more extensively. This partiality
may be caused by several reasons. Rayleigh OTDR-based sensors can suffer from non-linear
response and signal fading, while BOTDR requires a significant amount of measurements
to be performed in order to achieve a good-quality signal. Furthermore, for the both
OTDR techniques there is a trade-off between the spatial resolution and sensing range,
which might result in these two sensing methods being an uncommon choice especially
for long-range applications [85]. Rayleigh OFDR-based sensors do not experience these
shortcomings, their main drawbacks being the limited strain ranges they can measure
and their limited measurement distances (below 1 km) [35]. However, if the application is
bounded by strains between 0.1 and 1 µε, the Rayleigh OFDR technique would perform
well. In addition, it is likely that the BOTDA measurement method has been preferred for
SHM applications due to the fact that it enables the achievement of better resolution, range
and accuracy compared to the BOTDR method [42].

A variety of sensor geometries have been explored by authors of the reviewed papers.
Axial sensor positioning allows for larger asset coverage, hence this may be the reason
why it is a preferred geometry type, especially for condition monitoring. The ability to
assess a longer pipeline section with one sensor is advantageous as it provides cost-saving
benefits. Hoop sensors perform well in detecting cracks and leaks in a pipe as they offer
strain information across the whole circumference. However, hoop sensors do not provide
axially-distributed sensing so they may be impractical for locating damage in long pipelines.
Helical sensors were a less common type of sensor to use for any of the applications, with
a slightly higher proportion of them used for condition monitoring, which is likely due
to their ability to offer a combined axial and radial strain measurements. Other sensor
geometry types that do not fit into the three categories described above have been prevalent
for flow parameter measurements. These sensors often are single-point and positioned
perpendicularly to the direction of a flow, resulting in a range of setups that commonly
look like an elongated probe.

The criteria for assessing the ease of retrofitting have been discussed earlier. According
to these criteria, the majority of the proposed sensing platforms (26 out of 35) are difficult to
retrofit. These sensing platforms predominantly require installation on the outer surface of
a pipe. This might be easily achievable for pipeline infrastructure that is above ground, but
presents a challenge for buried infrastructure. Retrofitting on the outer surface of a pipe is
especially complicated when the sensing system is axially-distributed as this would require
excavating the whole length of the pipe. This observation signifies that the practicalities
of using a laboratory prototype sensing system in real-life scenarios are often overlooked
when devising the system. This is further emphasised by the information compiled in the
last column of Table 1, which shows that only 5 of the proposed sensing systems have
been tested in field conditions. Sensing systems that are easy to retrofit usually involve
a probe-type sensor that is inserted into a pipe through a tapping hole or other existing
opening and is supported by liquid inside the pipe. However, as can be seen from Table 1
this type of sensor is not applicable to condition monitoring, as it is difficult to infer the
condition of a pipe from a point sensor. This emphasises the need for sensors that are both
capable of monitoring the condition of a certain length of a pipeline and easy to install in
the existing infrastructure.
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Another issue that has been uncovered in the process of this review is the lack of re-
search in non-pressurised in-pipe environments. Out of 35 papers that have been reviewed,
only 11 dealt with pipe or open channels that were non-pressurised. A substantial amount
of research on the use of fibre-optic sensors in pipelines has been done in the oil and gas
field, the environments that are inherently pressurised. Furthermore, the research in leak
detection has been mostly done in clean water pipes that are pressurised as well. This
indicates that partially-filled environments that are non-pressurised by their nature, such
as sewers, drainage pipes or free-surface channels have been overlooked when it comes to
using fibre-optic sensing systems in them.

5. Conclusions

This paper is a review of existing fibre-optic sensing systems with pipe applications,
and is focused on the areas of condition monitoring, leak detection and flow parameter mea-
surement. Three main conclusions can be drawn from this review. Firstly, although there is
some variety in sensing methods behind the proposed FOSs, there are clear preferences for
certain sensing methods, especially FBG. This is likely due to the multi-point measurement
capabilities of FBG sensors, along with their affordability and ability to measure absolute
values. This may signify that there is scope for research using other sensing methods in
hydraulics.

Secondly, this review emphasised that the practicalities of retrofitting the proposed
sensing systems onto existing infrastructure that is often buried are commonly overlooked.
It is essential that researchers take into consideration how the sensing systems will be
installed on actual pipelines to enable their usage in real-life scenarios. Another important
question to consider is bonding of the optical fibre to the pipe, and one more is the quality
of strain transfer. A few of the papers reviewed here specified the adhesives that were
used for attaching the fibre to the pipe, but none commented on the effectiveness of these
adhesives in terms of durability of the fibre-pipe bond or how well they transferred strain
to the fibre. Bonding practicalities are also a major issue when the FOS is retrofitted to an
existing pipe, as the bonding procedure not only has to result in a durable attachment but
also has to be practical in terms of installing the fibre in potentially hard-to-access pipe
sections.

Finally, the lack of research in using fibre-optic sensing systems in non-pressurised
pipes that carry free surface flows has become apparent, which again means that there is
scope for development of FOSs that could be used in partially filled pipes. It is obvious
that there are a number of approaches that have been used to measure pipe wall strain (in
radial and axial directions) in order to infer or predict the mechanical failure of pressurised
pipes. Flow measurement applications are much more limited in number. There are a
few vibration-based approaches that are used in high pressure environments. Another
approach that is used in both pressurised and non-pressurised environments involves the
insertion of an element that elastically deforms in response to changing fluid conditions,
resulting in the deformation of the optical fibre, from which the hydraulic conditions can
be inferred. The difference in pressures in pressurised and non-pressurised environments
can be up to three orders of magnitude, which can result in approaches for pressurised
pipes being ineffective for non-pressurised pipes. However, the number of approaches that
are suitable for non-pressurised environments is limited, and those existing methods can
suffer from low accuracy, retrofitting difficulties or high costs when opting for pervasive
sensing. The large number of pipes with unpressurised flow and the small number of
existing studies are both good reasons to carry out more studies into fibre-optic-based
approaches that are suitable for non-pressurised environments.
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Abbreviations
The following abbreviations are used in this manuscript:

BOCDA Brillouin optical correlation-domain analysis
BOTDA Brillouin optical time-domain analysis
BOTDR Brillouin optical time-domain reflectometry
BP back propagation
CF carbon fibre
COTDR correlation optical time-domain reflectometry
DAQ data acquisition system
DAS distributed acoustic sensing
DBS distributed Brillouin sensing
DITEST distributed temperature and strain sensor
DSS distributed strain sensing
DTS distributed temperature sensing
DVS distributed vibration sensing
EPA Environmental Protection Agency
FBG fibre Bragg grating
FIMT fibre in metal tube
FOS fibre-optic sensor
HDPE high-density polyethylene
LMZI loop integrated Mach–Zehnder interferometer
LS-SVM least-squares support-vector machine
LVDT linear variable displacement transducer
NA numerical aperture
OBR optical backscatter reflectometer
OFDR optical frequency-domain reflectometry
OTDR optical time-domain reflectometry
PDT power and data transmission
PE polyethylene
PIG pipeline inspection gauge
POTDR polarisation optical time-domain reflectometry
PVC polyvinyl chloride
RTCI Real-Time Compaction Imager
SHM structural health monitoring
SNR signal-to-noise ratio
TIR total internal reflection
US United States
φ-OTDR phase optical time-domain reflectometry
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