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A Review of Inspection Methods for Continuously
Monitoring PVC Drinking Water Mains

Vinh Q. C. Tran , Duc V. Le , Doekle R. Yntema, and Paul J. M. Havinga

Abstract—The drinking water mains, mostly buried
underground and stay there for decades, require proper
maintenance to prevent failures. Among different kinds of
material, polyvinyl chloride (PVC) has been widely used due to
positive features, such as high durability, corrosion resistance,
low price, and easy installation. To the best of our knowledge,
this is the first article that reviews the inspection methods
toward continuously monitoring the structural health of PVC
drinking water mains. To understand which properties need
inspecting, we first investigated the attributes that influence PVC
pipe and joint failures. Then, we reviewed the methods that have
already been applied or can inspect these influencing attributes.
We categorized the prospects into five groups: 1) sound wave;
2) fiber optic sensing; 3) hydraulic monitoring; 4) multiple
discrete sensors; and 5) other inline methods. Finally, we
discussed the possibility and challenges in implementing these
methods into a continuous monitoring system of PVC water
mains for early failure warning. The result, which includes
active sound wave, fiber optic sensing, hydraulic vibration, and
multiple discrete sensors methods, can help future researchers
select the appropriate methods to develop the continuous
monitoring system for the PVC water mains.

Index Terms—Continuous monitoring, drinking water mains,
early failure warning, leak, pipe crack, pipeline inspection,
polyvinyl chloride (PVC) pipe.

I. INTRODUCTION

GRADUALLY, polyvinyl chloride (PVC) has become the
dominant material in the Dutch drinking water mains due

to its many advantages, such as high durability, resistance to
many chemicals, low price, and great flexibility [1]. Although
more reliable than other pipes [2], PVC mains also become old
and defective. They need proper maintenance so that defective
pipes can be replaced to prevent failures (leaks or pipe breaks),
which are costly because of water loss and interruption to com-
munity activities. Replacing mains is also costly due to the
groundworks, while early replacement is wasteful. Therefore,
the water utilities must evaluate the mains’ structural health
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and assess the remaining time before failure for on-time
replacements.

Prediction models are used to predict failure probability
and estimate the structural health of a pipeline section for
on-time replacements [3]. These models, however, still have
significant challenges in estimating the structural health of
individual sections. One of these challenges is collecting data
of influencing factors, including the physical state of mains,
environmental condition, and internal operation. These data
can be collected through physical inspection of the mains, but
because mains are buried, inspecting all pipeline sections is
difficult and costly. In recent years, thanks to the developments
of the Internet of Things, new inspection techniques have
enabled cost-effective continuous monitoring systems [4], [5].
These systems are implemented with permanent sensors inte-
grated into the pipeline that are connected as a wireless sensor
network. Inspection data are then fed into a prediction model
to estimate a pipeline section’s health and generate an early
failure warning for on-time replacement.

In this article, we review the state of the art in inspec-
tion methods for PVC mains. Furthermore, we evaluate their
suitability for being integrated into continuous monitoring
systems. Previous, reviews have looked at various types of
inspection methods for all kinds of materials [4]–[10]. Though
proven efficient in metallic and cement-based pipes, some may
not be suitable for PVC mains. For instance, electromagnetic
inspection requires a conducting layer that is not available in
PVC pipe. As for the remainder, their applicability to PVC
mains is still questionable. For example, ultrasonic inspection,
which is useful for measuring wall thickness of metallic and
cement-based pipes, is meaningless for PVC because of its
immunity to corrosion and abrasion. There is a need for a
review of these methods to evaluate their applicability in PVC
mains for future research.

In this review, we address the following three questions.
1) Which attributes of PVC mains are important for eval-

uating structural health?
2) Which state-of-the-art methods can be utilized to assess

these attributes?
3) Which methods can be implemented in a continuous

monitoring system for early failure warning?
We first investigated PVC main failures, including pipe

and joint failures, to determine attributes that need moni-
toring. For these attributes, we investigated suitable inspec-
tion methods and found five promising groups of inspec-
tion methods, including sound waves, fiber optic sensing,
hydraulic monitoring, and multiple discrete sensors. Next,
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Fig. 1. Influencing attributes of PVC mains’ failures in a schematic representation: a leak is caused by direct attributes. The direct attributes are initialized
by internal attributes and escalated by external attributes.

we reviewed the state of the art of these methods, focus-
ing on their principle, current uses, prospects, and challenges.
Finally, we filtered out methods that can be embedded into
continuous monitoring systems for early failure warnings
and evaluated their individual advantages, challenges, and
prospects.

The remainder of this article is organized as follows.
Section II identifies the attributes of PVC mains that need
monitoring. Section III discusses methods for inspecting PVC
water mains. In Section IV, we discuss the advantages, chal-
lenges, and the prospect of implementing these techniques in
continuous monitoring systems for PVC water mains. Finally,
Section V contains our conclusions.

II. ATTRIBUTES RELATED TO PVC WATER

MAIN HEALTH

In this section, we inquire into PVC mains failures to find
critical attributes that reflect or influence the water main’s
health.

We investigated PVC joint and pipe failure mechanisms
described in [11]–[16]. The schematics in Fig. 1 illustrate
these mechanisms. A leak is caused by direct attributes ini-
tiated by intrinsic attributes and reinforced by the external
attributes. Joint leaks are caused by gasket degradation or
excessive displacement of pipes [11]–[13]. The displacement
starts from pipe deformation due to bending or thermal effects.
Pipe leaks are caused by cracks, which mostly follow flaws
created during production or installation [14]–[16]. These
flaws locally reduce the wall’s strength, make it prone to
microcracks. These microcracks gradually grow, and the pipe
will eventually break under excessive internal and external
loads.

Table I summarizes the attributes introduced in Fig. 1,
their importance with regard to failures, their location, and
occurring chance. The leak attribute is important because it

straightly indicates a failure. In addition to that leak data are
essential for the ground truth of failure prediction models [17].
However, evaluating pipeline health based on leaks can lead
to inefficient failure prevention because it focuses on limiting
consequences rather than on prevention. Other attributes can
help estimate the water mains’ health prior to the develop-
ment of leaks. In Fig. 1, the direct attributes directly indicate
the pipe’s current state. However, to estimate their remaining
lifetime, we need to evaluate their future development, which
is influence by the indirect attributes, including internal and
external attributes. In the rest of this section, we will inves-
tigate their impacts to failures, their importance, and their
required inspected period by looking in the theory and failure
reports.

A. Direct Attributes

At joints, gasket degradation and pipe displacement are two
direct failure causes [11], [12]. The degradation leads to the
gasket be failed at the end of its lifetime and induces leak-
age through the joint’s seal. However, this attribute is not an
essential attribute for inspection as it is not the dominant cause
of joint failures [12] and the difficulty to access for inspec-
tion. In contrast, pipe displacement is an important attribute
because it is the major cause of joint failures. Furthermore,
because its state can change spontaneously, it needs continu-
ously monitoring. Pipe displacement is the rotational and axial
movement of the pipe at the joint. The excessive rotation cre-
ates stress that can cause a pipe break or a leakage gap at
the gasket, while extreme axial movement caused by pipe
bending or temperature expansion pulls the pipe out of the
joint.

At pipes, longitudinal cracks are the main failure indica-
tor, and indeed, it is an important attribute to be addressed.
Moreover, a crack requires continuously monitoring its devel-
opment to predict failure. PVC pipes experience two types
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TABLE I
INFLUENCING FACTORS FOR PVC WATER MAIN HEALTH

of fracture: 1) ductile and 2) brittle [18]. In a ductile
fracture, the pipe deforms to absorb the energy before failing.
Consequently, ductile cracks are often small as the impact
energy mostly transfers into ductile deformation of the PVC.
In a brittle fracture, the pipe becomes more rigid and does not
deform, in contrast. The energy imposed on the pipe transfers
directly into crack propagation, leading to larger and longer
cracks. In PVC mains, brittle fractures are major failures,
which may happen in three stages: 1) creation of weaknesses;
2) slow ductile crack growth; and 3) fast brittle fracture [15].
These failures mostly result from flaws created during pipe
production and during installation [14]. In the second stage,
under extreme loads, these flaws develop into microcracks or
craze, of which widths are typically less than 10 μm [19]–[21].
The microcracks sufficiently reduce the wall’s fracture tough-
ness. They gradually develop to larger cracks in ductile mode
until satisfying specific conditions of pipe age, crack size, tem-
perature, and loading. From this point, the cracks will progress
into the third stage, in which their size increases quickly in
brittle mode and becomes leaks [22]. As a result, identifying
crack size for prediction purposes is only useful in the second
stage, where the growing speed is slow. However, determin-
ing the threshold size beyond which a crack suddenly increases
to a leak is challenging because there are multiple influenc-
ing factors besides the crack size, including pipe properties,
temperature, and loading.

B. Internal Attributes

The internal attributes are related to pipe properties. At
joints, it is pipe deformation. The deformation can be ther-
mal axial elongation and contraction, or pipe rotation due to
uneven ground settlement. Pipe deformation generates forces
that make pipe displace [12]. The pipe’s displacement and
deformation are interchangeable so that we can estimate one
from another. Therefore, the pipe deformation is necessary
to be addressed when measuring the pipe displacement is
difficult.

At pipes, the internal attributes are degradation and micro-
cracks. They play as initiators of the failure. Though the
pipelines are designed with loading margins that can with-
stand extreme conditions [23], the initiators sufficiently reduce
these margins and make them prone to failures [15], [19].
Microcracks concentrate impact stress at their sharp tips
and reduce the local wall’s toughness significantly [15], [24].
Degradation resulting from aging reduces pipe toughness [25].
Because pipeline failures mostly start from these initial
attributes, they are essential to be addressed. However, whereas
microcracks can develop quickly to leaks and need continu-
ous inspecting, the degradation process takes place gradually
from 60–100 years before failure and just require periodical
inspection [26].

C. External Attributes

The external attributes represent the influence that the envi-
ronment exerts on the mains, such as the effects of temperature
and loads, which gradually escalate the pipe’s flaws into
failures during long-term operation.

1) Temperature Effect: The temperature substantially influ-
ences the performance of PVC pipes. High temperature
increases the speed of degradation, whereas low tempera-
ture reduces the toughness of the pipe wall [25]. In PVC
water mains, the pipe temperature is usually below 20 ◦C,
so high temperatures rarely affect pipes [27]. On the other
hand, the low temperature has a significant influence on PVC
pipe performance. A higher failure rate in extreme winter was
reported by Wols et al. [28]. This influence is twofold. First, at
low temperatures, the freezing and contraction of the surround-
ing soil induce additional axial stresses on the pipe wall, which
could be damaged if the aggregated stress exceeds its mate-
rial strength [16]. Second, the PVC material becomes more
brittle if its temperature dips below a specific temperature,
which is around −10 ◦C to −5 ◦C for new pipes, the so-
called ductile-brittle transition temperature [25]. In the work
by Arsénio, the lowest encountered temperature for buried
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PVC pipes was 5 ◦C, even though the corresponding air tem-
perature was −10 ◦C [27]. This temperature (5 ◦C) is above
the ductile-brittle transition temperature (−10 ◦C to −5 ◦C),
so in theory, this pipe was in ductile mode. However, in real-
ity, the transition temperature can shift upward as a result
of aging and high-temperature storage before installation. In
theory, three years of storage at 23 ◦C can add 5 ◦C to the
ductile-brittle transition temperature [25]. In addition, residual
stresses in the pipe wall, inevitably created during production,
can also increase the transition temperature [29]. Moreover,
extreme winter temperatures can be lower than −10 ◦C and
bring down the pipeline temperature. All these influences com-
bined can cause the pipe temperature to reach the transient
temperature, making it prone to brittle failure.

At joints, temperature variations cause expansion and con-
traction of the pipe. For each 10 ◦C increase in temperature, a
10-m-long pipe elongates by about 5.4 mm and vice versa [30].
Therefore, for a temperature decrease of 20 ◦C, a 10-m pipe’s
length shortens by about 11 mm. Such a length reduction can
lead to a leak if the pipe has an insufficient reserved length
as a result of improper installation or has become bent.

2) Loading Effects: During the operation stage, loads from
various sources, including internal pressure and external stress,
regularly impact the pipe wall [31]. These impacts gradually
escalate the existing pipe flaws to cracks and eventually to
leaks.

An essential loading attribute is the internal hydraulic pres-
sure. A higher number of PVC pipe failures due to the high
and fluctuating pressure in the report [28] prove the impor-
tance of the internal pressure. It induces hoop stress on the
pipe wall and must be between a minimum and a maximum
value, depending on diameter and wall thickness [32]. A high
pressure generates more stress on defects and causes frequent
failures [33]. In addition, transient pressure surges frequently
occur whenever a sudden change in flow conditions due to
rapid valve closing, pump initiation, or hydrant operation [34].
The transient surges are significantly higher than the nor-
mal pressure and can escalate existing defects into failures,
especially at low temperatures when the pipes become more
brittle.

Another internal stress effect on pipe failures is material
fatigue caused by internal pressure fluctuations during their
lifetime. The fatigue forms under cyclic stress with ampli-
tudes exceeding a threshold called the endurance limit. It leads
to failure when a finite number of cycles is reached [35].
In drinking water distribution, the fluctuating amplitude of
hydraulic pressure is small and, in theory, does not exceed the
endurance limit [32]. Nonetheless, the presence of microcracks
can substantially increase the stress concentration at these
points beyond the endurance level [34], [36]. Furthermore, the
aggregated stresses from different sources, such as pipe bend-
ing, residual, and external stress, can make the mean amplitude
of the oscillation approach the endurance limit, which then can
be exceeded more easily and cause fatigue. There is a posi-
tive linear relationship between the longitudinal break rate and
pressure fluctuations [34]. Therefore, internal stress caused by
fluctuating pressure can significantly contribute to the failure
of water mains.

Yet another crucial internal attribute is the result of exter-
nal stresses, such as those caused by the surrounding soil,
tree roots, vehicles, and impacts by third parties [16], [28],
[37], [38]. Interactions with the soil are the main source of
external stress; the soil’s contraction or expansion caused by
temperature variations induces significant stress and causes
pipes to deform or break [16], [28]. Furthermore, pipe deflec-
tion due to nonuniform ground settlement or groundwater
fluctuations also produces bends and creates stress on pipes
and joints [13], [38]. Impacts from tree roots were clearly
explained by the higher failure rates with increasing wind
speeds and storms in the Netherlands in [28]. Heavy vehi-
cles can create dynamic loads on pipes and make them vibrate.
The groundwork can directly damage pipes or indirectly affect
them through ground movements after completing the work
and making pipes prone to future failures.

III. PVC PIPE INSPECTION METHODS

Inspection techniques for drinking water mains have been
developed in the course of decades. Most of them are still
geared toward materials, such as metal or cement based.
To identify suitable methods for PVC mains, we exam-
ined existing reviews of inspection methods for water mains
in [4]–[10] and eliminated unsuitable ones, such as electro-
magnetic inspection. We used keywords from Table I to search
for publications about inspection methods for PVC mains. In
addition, we also analyzed potential methods that had not been
investigated yet to our knowledge. We ended up with a selec-
tion of methods that fall into five categories: 1) sound wave;
2) fiber optic sensing; 3) hydraulic monitoring; 4) multiple
discrete sensors; and 5) other methods.

A. Sound Wave Methods

Sound wave methods analyze vibrating waves that are gen-
erated or changed by pipe defects. The frequency range of
these waves falls between 20 Hz and 5 MHz. Sound wave
methods can be divided into two categories: 1) passive and
2) active methods, as Fig. 2 shows. In passive methods, the
waves are induced by uncontrollable events, such as leaks and
excavations. In active methods, a controllable source induces
the wave on the pipe wall or liquid medium. Table II lists the
techniques used in sound wave methods and compares them
in terms of defect types, advantages, disadvantages, and types
of sensors used in the studies we looked at.

1) Passive Sound Wave Methods: The passive vibration
method measures the noise induced by the pressure fluid’s
interaction with the pipe through the leak. Traditionally, a per-
son would travel along the suspect area, stick a rod with a sonic
amplifier into the ground or fittings, and listen to abnormal
sounds to identify the leak. This work relies heavily on human
skills and, therefore, is costly and time consuming. Moreover,
due to the fast attenuation of high-frequency waves in PVC
mains, this technique’s detectable frequency range is limited
to below 100 Hz, which is difficult to detect by the human
ears [91]. Meanwhile, human ears have been replaced by vibra-
tion sensors integrated on above-ground noise analyzers and
inline listening devices.
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Fig. 2. Different possible acoustic inspection techniques for PVC mains depicted graphically.

TABLE II
SOUND WAVE INSPECTION METHODS FOR PVC WATER MAINS

a) Above-ground noise analyzers: Above-ground noise
analyzers are listening devices attached to pipeline fittings,
such as valves or fire hydrants. These devices listen to leak-
induced noise propagating in the PVC main. Because the
high-frequency waves attenuate quickly in this material, the
detectable frequencies are below 100 Hz [91], [92]. This
method includes two techniques: 1) leak noise correlators and
2) leak noise loggers [49].

Leak noise correlators, as illustrated in Fig. 3, pinpoint a
leak by comparing the sound’s arrival time (or time lag τ )
from the leak to the sensors at the leak’s two sides [7]. The
sensors can be accelerometers or hydrophones. Accelerometers
are more convenient as they can be attached to the fit-
ting’s outer wall, whereas hydrophones must be immersed
in water. However, hydrophones have a higher signal-to-noise
ratio, and can measure both vibration and pressure for locat-
ing and sizing the leak, respectively, whereas accelerometers
only measure vibration [46]. The sensors’ data are fed to
a correlator to calculate the time lag. Finally, the leak is

Fig. 3. Noise correlation technique for acoustic leak detection. A leak gen-
erates noise, which travels toward the sensors. A correlator compares the leak
noise’s arrival time τ to locate the leak.

calculated from the time lag, wave velocity, and sensors’
distance.

Several experiments with a test rig located in Ottaw in
Canada showed the prospects of this technique [41]–[46]. The
authors of that study conducted experiments on a 200-m test
rig with buried PVC pipes with a 75-mm diameter. They could
detect leaks within a 100-m sensor distance. However, the
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accuracy highly depends on the determination of the time
lag and wave velocity. The first factor highly depends on
the surrounded environmental noise (e.g., pump operation
and reflected wave) and the low-frequency resonance of the
pipe [41]–[43], [45]. To reduce the noise, a prefilter can be
applied before the correlator [41], [44]. However, in prac-
tice, selecting a correct prefilter is challenging because of the
pipe’s resonance and the nonpredetermining effective filter’s
bandwidth [43], [45], [46]. It leads to complicated practical
operations, with many trials needing to be carried out and
parameters determined to achieve accurate results. The second
influencing factor for this technique’s accuracy is the depen-
dence of the sound wave speed on the pipeline structure, pipe
wall’s temperature, and soil’s shear stresses [39], [91]. A 10%
error in sound velocity estimation leads to a 5% error in leak
location, corresponding to 5-m error for a 100-m inspection
range [93]. Two techniques can be used to remedy this error,
namely, the use of artificial sound waves and two correla-
tion runs [49]. The sound velocity is determined by measuring
the traveling time for a known distance. For artificial sound
waves, actuators are attached at the sensors’ locations and
sound waves are induced on the other side [93]. The veloc-
ity accuracy highly depends on the shaker’s coupling to the
pipe wall, investigating bandwidth, and the ratio between the
exciting signal and the leak noise [93]. When using two corre-
lation runs, a third sensor is located at a known distance from
the second sensor. The technique’s accuracy depends on the
similarity of the pipeline structures between the two pairs of
sensors.

A comprehensive survey test with different commercial
equipments of noise correlation leak detection, such as
Gutermann ZoneScan Alpha, Echologics LeakFinderRT, and
SebaKMT Correlux, is described in [47]. The simulation field
test, including 33-m PVC and 27-m ductile iron pipes, revealed
that Correlux yielded the best results. It could detect leaks
from 4 to 30 liter per minute, and accurately pinpointed their
location to within 1 m as well as the leak rate, with 100%
detection and 0% false positives. However, in a field test with
multiple leaks and sensor distances of up to 15 m, the method’s
reliability was reduced to less than 20%.

Noise loggers detect a leak by using flexible accelerometers
attached to the pipeline fittings and recording the noise in a
large area [49]–[51]. This technique is used to detect leaks in a
large area to narrow the inspecting zone. A leak is identified as
located somewhere between the loggers by anomalous station-
ary noise that is loud relative to the background noise. Leak
size can be derived from the noise amplitude [50]. This tech-
nique’s weakness is its dependence on the leak noise signature
on the pipeline structure, which leads to inaccurate results in a
complex network. In recent years, machine learning, especially
deep learning, has been successfully applied in data process-
ing to solve complex problems. It is a technique that mimics
the human brain’s operation, which helps computers learn to
solve complicated tasks based on the cause and effect instead
of algorithms. This approach is also used in processing noise
logger data to improve the results [52]–[54] and help locate the
leak [94]. These results show that it is a promising direction
for efficient leak detection.

Finally, above-ground noise analyzers can be used for
detecting a threat from third-party operations on the pipeline.
Nam et al. [48] used accelerometers for detecting excavation
with a hammer or driller near gas mains. After applying a
noise filter, they could distinguish the third party’s operation
with an accuracy of more than 90% within a distance of up to
13 km. Though this research was conducted on metallic gas
pipes, the fundamentals can also be applied to PVC pipes with
a smaller distance between the sensor nodes.

b) Inline listening device: An inline listening device can
travel freely inside the pipeline and listen for leak-induced
noise. For instance, SmartBall is a free-swimming ball that
moves by rolling under the flow of water or oil [95]. It has
a piezoelectric transducer (PZT) as an acoustic sensor fixed
to the shell, and accelerometers and gyroscopes as navigat-
ing sensors. While traveling, the device records data about
its movement and environmental noise. The data can then
be analyzed to identify a leak’s location. A point is consid-
ered leaking if it has a sufficient acoustic power increase in a
characteristic frequency spectrum [55]. Moreover, for accurate
localization, the device also detects the periodic pinging sound
pulse induced by an above-ground actuator.

This device’s benefits are as follows: 1) it can travel a long
distance in the pipeline within a battery cycle, which can be
more than 10 km; 2) in ideal conditions, it can pinpoint the
location of a small leak, which can be as small as 1 liter per
minute with an accuracy of 2 m [56]; and 3) it can overcome
the high damping of the acoustic waves that limits the distance
that the sound travels in a PVC pipeline. By comparing the
change in acoustic power at each point, this technique can
identify an anomaly in situ irrespective of the pipe material.
However, this device also has multiple limitations.

1) It has low reliability when in noisy environments, in
which the signature of an external operation, such as
a pump, vehicle, or excavation, can be misidentified as
a leak [55], [96]. Furthermore, the shell contacting the
pipe wall also adds noise to the measured signal, leading
to difficulties in small leak detection.

2) Its localization accuracy depends on the network struc-
ture, and the distance between the device and the
above-ground actuator’s accuracy.

3) It is only able to work in larger-diameter pipes.
Moreover, the device’s moving ability must be carefully
inspected before starting an investigation, as an incline
or obstacle can trap it.

4) Similar to other intrusive devices for use in drinking
water systems, safe operating standards, such as clean-
ing, must be carefully implemented to protect water
quality.

2) Active Sound Wave Methods: Active sound wave meth-
ods utilize sound actuators to excite sound waves propagat-
ing along with the water. These waves interact with any
defects and generate reflected, diffracted, or modulated waves.
Receivers measure the products of these interactions to identify
the pipe’s condition. As opposed to passive methods, active
ones can be used for structural inspection and look for degra-
dation and cracks. Active sound wave methods comprise linear
and nonlinear methods.
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Fig. 4. Local linear active sound wave methods to detect cracks (a) on the
same side of the sensors by identifying power and time of reflected wave
and (b) internal and surface macroscracks on the opposite side of the sensors.
A beam from the transducer reaches the receiver in 2–4 different waves;
determining the power and time of these waves reaching the receiver reveals
the size and location of the crack.

a) Linear active sound wave methods: These methods
are used to detect cracks of which the size is comparable to
the wavelength. The interaction of the transmitted waves at the
defect results in reflection, diffraction, or amplitude reduction.
Their arrival time and signal strength at the receivers inform
the location and size of the defects. Linear active sound wave
methods can be used for small local and for larger area inspec-
tions. In a local inspection, the investigated area between the
ultrasonic transmitter and receiver is small, which leads to high
accuracy, while an area inspection can cover a larger area but
generally with lower accuracy.

The local inspection method consists of two techniques that
can be applied to PVC mains: 1) pulse-echo and 2) time-of-
flight diffraction (TOFD). In the first technique, the time and
energy of reflecting waves can depict the location and size
of a crack as depicted in Fig. 4(a). In [59], to detect axial
cracks in a metal pipe, an inline inspection device with an
electromagnetic acoustic transducer excited ultrasonic surface
waves in the circumferential direction. The time and power of
the reflected signal made it possible to create an axial pipe
image to detect dents. It could detect 100% of all artificial
axial cracks down to a depth of 1 mm and a length of 30 mm
inside small dents. The field test conducted with this tech-
nique found 27 locations suspected of having cracks with one
false positive [97]. All true positive results were long cracks
or a type of surface corrosion. Four locations went unde-
tected because the cracks were less than 1-mm deep and had a
nonaxial orientation. Though this research used an electromag-
netic acoustic transducer, which is only suitable for metallic
pipes, other transducers can be used for PVC pipes, such as
PZTs.

The second technique that uses local linear active sound
waves is TOFD, which can detect and measure inner and
outer surface cracks in a thick wall. In PVC pipes, this tech-
nique can identify cracks on the surface of a thick wall.
Compared with pulse-echo, TOFD has a lower inspection
speed but is more accurate in crack depth identification [61].
Fig. 4(b) illustrates the fundamentals of TOFD. A pair of
sound transmitter–receiver is on opposite sides of the crack.
The transmitter beams a bulk wave at a defined angle into the
pipe wall. The signal arrives at the receiver along four paths:
the direct propagation from the source (L1), the reflection from

Fig. 5. Guided wave technique: an array of transducers induces waves trav-
eling along the pipe, interacting with defects, which causes part of the signal
to return to the source. The power and arrival time of these echos are used
to reconstruct the pipe’s acoustic image.

the opposite wall (L2), and the diffraction at both sides of
the crack tip (L3 and L4). The latency between the arriving
waves makes it possible to determine the position and size of
the defect. If a crack is on the surface, only two of the four
paths (L1 and L2, L3 and L4) can reach the receiver; and
overlap with the other two paths. If there are minor surface
cracks on the same side of the transducers, the TOFD method
is not very effective because the discernment between L1 of
the good sample and L3 of the defected sample is small [62],
[64], [98]. Therefore, it is only helpful in detecting a small
crack on the opposite surface relative to the transducer. In a
field test with a metal pipe, this technique could detect surface
cracks with the smallest detectable depth of 0.5 mm, and a 1-
mm accuracy at 80% confidence [65]. Though there has been
no research that applies this technique to PVC pipes, to our
knowledge, the same principle can be applied to detect cracks
in PVC.

Local inspection methods, suitable for inline or excavating
inspection, require an inspector to move along the pipe dur-
ing the investigation. In nonintrusive inspection, where only
a part of the pipe is accessible, the area inspection method
with the guided wave technique can be used. In this tech-
nique, as illustrated in Fig. 5, an array of transducers induces
waves that travel a long distance in the pipeline, interact with
any present defect, and return to the source [68], [99]. The
power and arrival time of the echo to each array element is
used to reconstruct the pipe’s image to identify the flaw’s size
and location. This method knows two modes: 1) axisymmet-
ric and 2) nonaxisymmetric mode [66]. In the former, a group
of ultrasonic waves travels symmetrically to the center of the
pipe to detect cracks [68]–[70]. In the latter mode, a wave is
steered directly toward the defect location by using a phase
array [67], time reversal [71], [72], or synthetic technique [66].
It is used to obtain more information about the defect. It helps
narrow the inspection area, thus reducing the noise from other
areas and getting more detail of the suspect area. However, the
steering is complicated due to the dispersion and differences
in wave propagation in the pipeline.

Though the guided wave is a promising method to detect a
crack in a large area, it has multiple challenges when applying
it to PVC pipe: 1) the wave’s complex propagation in the
pipe makes it difficult to quantify, localize, and size the defect
accurately [60]; 2) the transducer array is large and heavy, and
must be attached to the outside of the pipe, which makes it
unsuitable for buried infrastructure; and 3) the high attenuation
of the high-frequency ultrasound in PVC material limits its
inspection range. The efficient frequency for application on
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Fig. 6. Nonlinear wave mixing technique. (a) Two parallel incident waves interact at the crack and produce a modulated third wave. (b) Two waves from a
different source interact inside the pipe wall and produce a modulated third wave, of which the amplitude conveys the degree of pipe degradation.

metal pipes is often around 5 MHz, which damps significantly
in PVC. Bareille et al. showed that the 15-kHz torsional wave
has decreased by 15 dB at 2 m from the source. One solution is
to decrease the operating frequency, which leads to an increase
in the detectable size of the defect [70].

b) Nonlinear active sound wave method: Microcrack and
degradation of PVC pipe are essential attributes for early fail-
ure warning. These attributes present as a nonlinear rather
than heterogeneous elastic area, which are insensitive to the
linear sound wave method [75], [87]. The nonlinear active
sound wave method is an advanced method to inspect these
attributes, especially for viscoelastic materials such as PVC.
This method is based on the nonlinear sonic responses of these
defects, including acoustoelastic, higher harmonic generation,
and wave modulation effects [100].

The first effect, the acoustoelastic effect, is based on the
nonlinear change of ultrasound velocity under static stress. It
can measure fatigue rate on the material as well as residual
stress on the pipe wall [73], [101]. Nagy investigated fatigue
development by inspecting the second-order coefficient of the
velocity during fatigue failure of a PVC specimen [101]. The
second-order coefficient changed significantly compared to the
linear ones under fatigue development. This makes it possible
to detect the early state of fatigue, in which microcracks are
small and randomly distributed. Furthermore, it can be used
to measure residual stress on the pipe wall [73]. However, this
technique requires determining the stress at the inspection area
as well as a baseline stress response, which is challenging in
practice.

The second effect is based on higher harmonics pro-
duced when an ultrasonic wave travels through a nonlinear
zone [74]–[77]. The amplitude ratio between these harmonics
and the original frequency depends on the size and distance of
the fatigue crack [74]. Though much research has been con-
ducted on metal surfaces, this technique has not been tried
on PVC yet. Its limitation is the influence of intrinsic effects,
such as the boundary condition and the nonlinearity of elec-
tronics equipment that can create higher harmonics [79], [80].
This leads to difficulty in discerning the signal of the defect
and intrinsic factors.

The third effect is the interaction of two different waves
in the nonlinear zone to produce a third modulated wave. In
recent years, wave-mixing techniques based on this effect have
shown to have many advantages in microcrack and degradation
detection. It lacks some of the limitations of the two previous

techniques, such as the stress requirement and unwanted har-
monics caused by electronics components [81]. Moreover,
wave-mixing techniques can localize a defect by adjusting the
delay between the incident waves. Fig. 6 depicts two types
of wave-mixing techniques: 1) collinear and 2) noncollinear
techniques, in which the difference is the orientation of the
incident waves.

As for the collinear wave-mixing technique [Fig. 6(a)], two
transducers excite parallel waves that travel along the pipe
wall. They interact at a defect and produce a third modu-
lated wave. The modulated wave returns to one of the sources,
and its energy represents the crack size [82]. Moreover, this
technique can scan the whole specimen area to localize the
flaw by applying different trigger times between the two wave
pulses [81], [83]. Hong et al. [84] detected circumferential
cracks by attaching two PZT transducers on the outer PVC
pipe wall to generate two sets of ultrasonic waves. Using
the wavelet energy method to process the nonlinear signals,
they could discern different crack sizes. Though this approach
has some limitations, such as the short distance between the
transmitter and receiver (50 mm) and the direction of crack
(circumferential, while axial cracks dominate in practice), this
technique can work for microcrack detection in PVC pipe.

The noncollinear wave-mixing technique uses two nonpar-
allel waves for the modulation. It makes an easier setup for
inline inspection devices than the collinear method, as consis-
tent contact with the pipe wall to generate parallel waves is
challenging. Moreover, this technique can identify PVC degra-
dation, to which the collinear technique is insensitive [87].
As illustrated in Fig. 6(b), two waves intersect at a certain
angle. Their interaction creates a third wave of which the
frequency and direction are the vector sum of the original
waves [85], [86]. Demčenko et al. measured and compared
the amplitude of generated waves between pristine and aging
PVC specimens. They found that the noncollinear method’s
result, the amplitude of modulating wave, can demonstrate the
degradation more clearly than the linear result, including the
change of attenuation and phase velocity. Regards to crack
detection, Demčenko et al. [88] investigated the interaction of
two waves at the kissing-bonded interface between two tightly
pressed together PVC plates. The result showed that the con-
tact surface decreases the power of the generated wave. In
another study, Lv et al. [89] found two new waves generated
at the microcrack that together represent the orientation of the
crack. However, in this study, the resulting power increases
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Fig. 7. Fiber optic sensing method. (a) Pulse of light travels inside an optical fiber, which scatters a certain amount back to the source. When passing
through a nonhomogeneous area of strain, the intensity and frequency of the scattered light vary. (b) Special optical fiber with gratings reflects a narrow band
of broadband light to the source. An axial strain of the grating will shift the center of the reflected wavelength pipe.

significantly at the fatigue crack zone, which is in contradic-
tion to the work by Demčenko’s result [88]. This difference
can be explained by the different crack sizes used in the two
experiments [78]. In Lv’s experiment, the fatigue crack was
small so that the nonlinear effect is dominant and increases
with the crack size. In Demčenko’s experiment, the crack was
larger; the nonlinear effect decreases with crack size. The
first challenge of this technique is the steering of the two
transducers aiming at the to-be-investigated zone. A phased
array of actuators can be used to adjust the steering angle by
sequentially changing the time of each actuator to address this
challenge [90]. The second challenge for using this method for
PVC pipe is to mimic the defects in studies; degradation accel-
eration is time consuming as it takes months to years, and it
is difficult to generate microcracks.

B. Fiber Optic Sensing Method

This method uses a fiber optic cable bonded to the pipe
wall and continuously monitors the temperature, strain, and
vibration [115]. Depending on the application, this method
can monitor hundreds of meters to 100 km in a single cable
without electromagnetic interference. A sudden spatial and
temporal change in the information coming from the inspected
pipe might imply a risky situation. For instance, an anomaly
in the temperature or strain can indicate a leak or excessive
pipe bending [102]. Table III lists the application, advan-
tages, and disadvantages of two main sensing techniques
of this method: 1) distributed fiber optic sensing (DFOS) and
2) fiber Bragg grating sensing (FBGS). The former is suitable
for a cost-effective monitoring system for a long pipeline,
which requires moderate accuracy and resolution over a
long distance. On the other hand, the latter is suitable

for a short pipeline with high measurement resolution and
accuracy.

1) Distributed Fiber Optic Sensing: This technique is based
on the scattering effect of light when traveling through a
nonhomogeneous area in a fiber optic cable, as depicted in
Fig. 7(a). Under normal conditions, the light scatters back
to the source in a known amount. When traveling through
a nonhomogeneous area of strain or temperature, the intensity
and frequency of scattering light will vary. Moreover, if using
a pulse light, the interval between the source pulse and the
scattering will depict the anomaly location.

The DFOS is typically used to monitor temperature and
axial strain of a long pipe, of which the length can be more
than 10 km, with 1 m in spatial resolution [103], [104]. In
laboratory experiments [103], [104] with such range and spa-
tial resolution, this method can detect temperature and strain
with a precision of 1 ◦C and 20 με. In a practical experiment
of a 500-m gas pipeline, this technique measured the temper-
ature at a resolution of 1 ◦C and strain with a resolution of
15 με for each 1.5-m length [102]. The result proved this tech-
nique’s potential for continuous monitoring systems to detect
leaks and excessive pipe bending.

In another application, by using an optical cable wrapped
along the pipe in a helical form, this technique can measure
the hoop strain distribution to identify PVC pipe ovalization,
stiffness, and internal pressure [105]. Moreover, it can be
used to identify fatigue crack development in a metal pipe
through measuring of the hoop strain distribution adjacent to
the crack [106].

Measuring the hoop strain requires wrapping the cable
around the pipe, however, which is challenging to deploy
in the field. To simplify the sensor setup, Wong et al.
developed the submersible optical fiber-based pressure sensor,
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which included an optical fiber bonded to a sealed piece
of small-diameter PVC pipe. The sensor floats inside
the pipeline and measures the internal pressure using the
DFOS [107]. The inner pressure information can help detect
leaks through the transient response of hydraulic pressure.
Though the experiment was conducted on a 2-m PVC pipe,
it showed this technique’s potential in pressure-based leak
detection.

Distributed vibration is the other application of DFOS that
has gained much attention in recent years. Identifying vibration
can increase the reliability of leak detection by tempera-
ture and pressure. Moreover, it can also be useful to detect
threats from third-party activities. Many techniques have been
developed for distributed fiber optic vibration sensing [108].
However, it is still challenging to achieve the combination
of high spatial resolution, long inspection range, high signal
accuracy, and high vibration frequency.

Finally, another DFOS drawback is that the long cable must
be bonded to the pipe wall for measuring the strain and vibra-
tion, which makes it difficult to be reconnected when replacing
pipes.

2) Fiber Bragg Grating Sensing: This sensing technique
is applied for inspecting a small pipe section, which requires
high accuracy and resolution. As illustrated in Fig. 7(b), in
a special optic fiber, a segment of printed parallel gratings
reflects a narrow band of broadband light to the source. Any
axial strain of the grating will shift the center of the reflected
wavelength. This phenomenon is used to measure the strain
and vibration on the pipe [109], [114].

The first application of this method is leak detection
based on the negative pressure wave [110] by attaching
fiber Bragg grating (FBG) sensors to the outer pipe wall to
measure hoop strain. The formation of a leak induces nega-
tive pressure in the pipeline and is detected by upstream and
downstream sensors. The time and amplitude of these waves to
the sensors indicate the leak’s location and size, respectively.
The sensor’s detectable range can be hundreds of meters to
tens of kilometers, depending on the pipeline structure, leak-
age size, and sensor sensitivity [111]. Furthermore, multiple
FBG strain sensors can be connected as an array in one optical
fiber using wavelength or time-division multiplexing to extend
the range [112]. Though the number of monitoring points
on a cable of this technique is far less than the DFOS, the
FBG strain sensor has a faster response and higher sensitiv-
ity. Moreover, due to the local measuring, it has less noise
caused by the unwanted impact of strain or temperature on
the connection cable between the sensors.

The second application of this method is microcrack
detection, in which the FBG sensor is an ultrasonic sen-
sor. Compared with a PZT sensor, it has higher sensitivity,
is less vulnerable to damage, and immune to electromag-
netic interference [114]. It can be combined with a PZT or
macro fiber composite (MFC) transducer in the sound-guided
wave technique to detect pipe cracks [99], [113], [114]. Using
the FBG sensor as an ultrasonic sensor can increase 50% the
detectable range of the sound guide wave technique [113].
Though these experiments were conducted on metal pipes, a
similar principle can be applied to PVC pipe and could be a
direction for future research.

C. Hydraulic Monitoring Methods

These methods measure pressure or/and flow to identify
leaks in pipeline networks. Because hydraulic pressure and
flow are transported by the water, not the pipe, this method
is suitable for any material, including PVC. As listed in
Table IV, these methods have two variations: 1) steady state
and 2) transient state. The former identifies the leak based on
the difference of pressure and flow in long periods, whereas
the latter is based on the transient pressure wave.

1) Steady-State Hydraulic Method: This method detects a
leak by comparing the change of steady pressure and flow
from available sensors in the network. It is called the software-
based method, which uses computer software to analyzed data
from these sensors by two approaches: 1) model-driven and
2) data-driven approaches [6], [7].

In the model driven, simulation software first reconstructs
the distribution network and generates its hydraulic pat-
terns in no-leak operations [116]. The model requires vari-
ous information, including pipeline properties (structure, pipe
size, and pipe roughness) and nodal demands (pressure and
pump operation) [116], [121]. Second, the software calculates
optimal sensor placement to identify the required numbers of
sensors, their coverage, and sensitivity [117], [118]. Third, sev-
eral leaks are introduced to create hydraulic leakage models,
including several sensitive matrices. Each matrix depicts the
pressure responses of all nodes of a specific leak [119], [120].
Finally, the residual between the measured and no-leak oper-
ation is computed and compared to the predefined thresholds.
If the residual exceeds these thresholds, then it will be applied
to the matrices in the third step to search for the leak.

This method’s first drawback is its dependence on mathe-
matical models, which are difficult to adapt in a complicated
and broad network. Moreover, some uncertain inputs, such as
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pipe roughness, influence its accuracy [121]. Second, fluctu-
ation and sudden change in the operation generate noise that
reduces the reliability and the detectable leak size. Therefore,
it is often conducted at midnight when the consumption is low
and requires a long observing time. Moreover, the leak local-
ization can only narrow down the failure area to hundreds of
meters, including few pipe branches, which limits the speed of
the repairing service [122]. Finally, to have good accuracy, the
models require optimized sensor placement, which is mostly
hard to deploy in practice.

To overcome the limitations in the complicated network, the
second approach or data-driven model has prevailed in recent
years with the emergence of machine learning. It uses a large
amount of historical data to train the system to detect and
localize failures based on cause effect instead of a mathemat-
ical algorithm. Thus, it is suitable for a large and complex
network that is infeasible with mathematical models [123].
Geelan identified the burst in the network based on the recur-
ring pressure data [124]. He used ML to find the anomaly of
pressure compared to the history from multiple network sen-
sors. The result showed that the accuracy is about 92% and
94% for a 2013 and 2017 data set, respectively.

2) Transient State Hydraulic Method: This method is based
on a transient response of pressure waves in the pipeline to
detect a fault. The transient response can be sudden negative
pressure waves or reflection of transient waves [125]–[128].
For the negative pressure method, right after the leak forms,
a negative wave is induced and detected by two sensors at
its two sides [127], [128]. The amplitude and the difference in
arrival times depict the fault’s size and location. The advantage
of this method is that it can quickly detect the leak. However,
it often has false-positive results due to noise from operations,
such as a pump starting or valve opening. As for the tran-
sient reflected wave, a pressure wave is deliberately induced
by pump operation and valve closing. These waves travel along
the pipe, interact with the leak, and back to the sensors. The
power and time of the reflected waves depict the leak size
and location [125], [126]. The false-positive results are elimi-
nated by repeating multiple times the transient event. However,
the detectable leak size must be significant, and the precision
depends on the pipe properties, such as friction factor, shape,
and dimension [129]. Furthermore, this method can detect only
a single branch with a single leak, and the detection of multiple
leaks on multiple branches is yet challenging [130].

Another approach of this method is permanently integrat-
ing a high density of low-cost pressure sensors to the pipeline.
It helps to narrow the suspect area. Sadeghioon et al. [131]

attached force sensors as a ring clip to the outer pipe wall.
Two clips were placed at a few meter distance, and the differ-
ence in their transient response when the leak was introduced
depicts the presence of a fault. The advantage of this method is
that it can precisely and quickly detect the leak. Furthermore,
the degradation of the sensors can be compensated by using
relative rather than absolute pressure. However, there was no
false alarm that has been reported in this research to give a
more accurate picture of its reliability.

Finally, an important hypothesis of the hydraulic methods,
but has not received much attention, is the response of a crack
to hoop pressure. It can help identify the pipe defect before
growing to the leak by using vibration sensors [7]. In another
experiment, Al-Sagheer et al. [132] used accelerometers to
measure the frequency response of small crack induced by the
oil fluid in small PVC pipes. At a crack depth of 3.5 mm on
a 10 mm wall, the frequency response is linearly correlated
with the crack length. Moreover, the crack position and fluid
velocity affect the line slope and offset.

D. Multiple Discrete Sensors Method

This method uses a combination of sensors to improve the
accuracy and reliability of defect detection. In recent years,
with the development of the Internet of Things, low price and
low power discrete sensors can be embedded into the pipeline
and connect as a sensor network to collect data. The moni-
toring signals can be temperature, strain, vibration, and soil
condition. These signals are useful for detecting leaks, and
estimating external stress and pipe shape. Table V lists the
research using this method for the PVC pipe inspection.

Sadeghioon et al. [133] made a wireless sensor network with
each node consisting of a ring of pressure strain gauge attached
to the pipe wall to detect a leak right. They could quickly
identify the leak by comparing the transient pressures between
nodes and the temperature of the pipe and adjacent soil. The
field test was conducted over six months on a medium density
polyethylene pipe, with a 2-m distance between sensors. The
result showed that it could detect the leak with high accuracy
(92.11%) and no false positives.

As for the pipe displacement at a join, Arsenio [27] attached
several strain gauges and temperature sensors to a PVC pipe
buried underground. They measured the temperature to predict
the contraction and expansion of the pipe. Four strain gauges
were installed at locations 3, 6, 9, and 12 o’clock of a pipe
cross section to identify in bending rate and then predict the
joint displacement rate. Moreover, during their experiment,
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many water hammers were also detected by investigating the
strain data. Their experiment found that one challenge of this
method was battery life limitation, especially in cold weather.

Kim et al. [134] designed a wireless network using RFID
attached to the pipe wall for an inline robot to communicate
and navigate while traveling in a pipeline. Furthermore, this
network can measure the pipe strain using the shift of RFID
resonant frequency [135]. This idea is useful for designing
an inline network that can help an automatic inspection robot
operate inside with minimum support from humans regularly.
However, the strain result can be influenced by humidity, and
research is needed on this influence.

E. Other Methods

The other methods are built on the robot or inline inspec-
tion, which are listed in Table VI. Most of them are for leak
detection, which can help identify the leak size and position
more accurately and reliably.

The first one, a tethered device with “close circuit televi-
sion” (CCTV), can detect macrodefects inside the pipeline
by capturing images [137]. It could inspect a pipeline with
a distance up to 2 km and quickly point out the defect
location based on the tether length. This method can detect
many defects, such as a leak, crack, blockage, dent, and pipe
deformation. Furthermore, a suspicious area can be carefully
inspected to reduce fault results. Its limitation, first, is the lim-
ited tether length, which shortens the inspection range. Second,
it is difficult or impossible to determine outer defects. Finally,
this method highly depends on the inspector’s skill in process-
ing the images, and limits the moving speed and increases the
cost [136], [137]. In recent years, novel research has applied
deep learning and computer vision to improve the accuracy and
speed of visual inspection [138]–[140]. Surprisingly, despite
much research applying computer vision in the sewer pipeline,
there is no research, up to this report’s time, applying computer
vision to inspect the PVC mains.

An MIT team developed a robot for inline leak detection
with a sensitive pressure sensor to detect the pressure differ-
ence at a leak location [141]. This technique can detect a small
leak with different types of pipe with almost zero false pos-
itives. However, the result was obtained from the laboratory
experiment and will need to be verified in the field.

The electro-scan method measures the ground impedance
of the soil adjacent to the pipe to identify the leak [142].

It is suitable for nonmetallic pipes, especially plastic pipes.
Leakage water makes adjacent soil wet and, therefore, reduces
the ground impedance. An inline gauge travels along the pipe
to measure earth impedance from the inner pipe to the outer
ground. If there is a sudden change of impedance, then there
is a high probability of the leak occurring at that position.
This technique can detect small leaks with almost zero false
positives.

Finally, the GeoPig is an inspection robot for gas
pipes [143]. It is equipped with an inertial navigation
system, mechanical calipers, and odometers to reconstruct the
pipeline’s 3-D shape. From the system’s 3-D image, the bend-
ing ratio, deformation, and strain of the pipe can be calculated.
Though the GeoPig application field is the gas industry, it
can also be applied for drinking water mains. However, its
operation is limited to large pipes and seems to be costly for
drinking water mains.

IV. DISCUSSION

In the previous section, we looked into the inspection meth-
ods for PVC mains. Here, we will discuss the possibility
of implementing them into a continuous monitoring system,
where sensors are permanently integrated and continuously
collect information. Since the goal is for an early warning
system, we focused on detecting leakage threats before leaks
occur. They include all the attributes in Table I except the
actual leak. Therefore, we scanned through Tables II–VI can-
celing the methods, which are only for leak detection and
inline inspection. The removed ones include noise correlation,
noise loggers, Smartball, steady-state hydraulic monitoring,
RF resonance frequency, and inline methods. The final result
includes: 1) DFOS methods; 2) active sound wave methods;
3) the hydraulic method, including vibration and strain effects;
and 4) multiple-discrete-sensors method.

Table VII summarizes these methods with their detectable
attributes, type of sensors, spatial resolution, accuracy, energy
consumption, lifetime, cost, and challenges. For the meth-
ods (Sections IV-B–IV-D), we supposed every 6 m of pipe
(a standard length of a PVC water pipe) has a central unit. It
electrically connects to sensor nodes installed along the pipe to
collect data and wirelessly transfer them to centers via a LoRa
module. The central unit can be powered from a grid by cable
or from batteries. Estimating cost for an electrical system is
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complicated. Therefore, we supposed the central device pow-
ered by a 36 Wh (10 Ah) Lithium-ion battery pack. It sleeps
most of the time to save power and only turns on in 10 min per
day. The estimated additional power for this task is 50-mW
peak or 0.4-mW average. This central unit would cost about
$50–$100 for a 6-m pipe or $10–$15 per meter. The central
unit’s average power consumption and cost are aggregated with
the sensor nodes for the total numbers.

A. Distributed Fiber Optic Sensing

This method can continuously measure multiple signals,
including pipe temperature, axial and hoop strain, and vibra-
tion. Besides detecting leaks within one meter accuracy, the
temperature and axial strain can be used to estimate the pipe
deformation and displacement, external stress, and internal
pressure. Depending on spatial resolution, precision, and read-
ing speed, a line fiber optical cable can continuously monitor
from 10 to 100-km long pipelines. For instance, it can mon-
itor temperature and strain of every 2 m of a 40-km long
pipeline, with a precision of 1 ◦C and 20 με [103]. Regarding
the vibration signal, this method can locate 1-kHz acoustic
sources with 2-m resolution in a 9-km range [144]. This result
is helpful for detecting a leak or a vicinity dangerous opera-
tion. As for the hoop strain signal for crack detection, it can
detect a crack within a 40-mm distance based on the change
of hoop strain [106]. However, the cable needs to be wrapped
helically around the pipe. This setup leads to a large decrease
of the detection range and increases in the cost more than
a factor ten, depending on the pipe diameter. Because this
method can monitor a long range distance, we assume that it
ends at the data center with a power supply for the analyzer.

However, for comparison between methods, we use average
energy per meter monitoring length, which equals to the ana-
lyzer consumption that divide the range. The average power
consumption is about 5 mW per meter based on the power of
the device for a 40-km range, based upon the specification of
a device in [102].

The cost of this method per meter varies depending on
range, resolution, and information. For temperature monitor-
ing only, a 40-km system as in [102] costs $3–$7, including
equipment and sensing cable cost. However, measuring strain
requires a special fiber optical cable [145]. Therefore, a system
that measures both strain and temperature increases the cost
to $20–$40. Though the investment cost is high, the mainte-
nance cost is very low because the cable lifetime is at least 60
years and comparable to the pipe lifetime [146]. Therefore, it
only requires annual maintenance at the analyzer, where the
accessibility is convenient.

The first challenge of this method is the complement
between the inspection range, spatial resolution, sensitiv-
ity, precision, and response speed [147]. Recently, dis-
tributed acoustic sensing gets more attention. Nonetheless, its
resolution and precision together with acoustic damping are
not sufficient to detect a crack in a long-range system. Second,
the high price of the analyzer limits it in long-range applica-
tions. In an urban area, water mains consist of many branches,
which are more suitable for short-range applications.

B. Active Sound Wave Method

This method is used to detect cracks and requires sound
actuators and sensors bonded outside the pipe. The actuators
can be PZT or MFC [84], [99]. Therein, PZT is efficient in
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inducing sound wave but vulnerable to mechanical impact
because of hard surface, whereas MFC is less efficient but
flexible because its film form can easily be applied to the
pipe surface. Regarding the sensors, they can be PZT, MFC,
polyvinylidene fluoride (PVDF), and FBG. Though PZT and
MFC can be used as both transducer and sensor, their sensi-
tivity is less than PVDF and FBG [113], [148]. The PVDF
sensors have an electrical connection and are influenced by
the electromagnetic interference, whereas the FBG sensor
has an optical connection and is immune to electromagnetic
interference [112].

Crack detection requires high-frequency waves, from 1 kHz
to 1 MHz depending on crack size. Due to the high attenuation
of these waves in PVC material, the range of this method in
laboratory experiments was below 2 m [70]. Especially for
the microcrack detection, which requires above 100-kHz range
sound waves, the range is below 10 cm [84], [88].

The power consumption depends on the applications, which
vary with the number of sensors, frequency, and inspecting
range. For a 10-kHz single PZT transducer to inspect 2-m
pipe similar in [70], we estimated the average power is about
100 mW per meter, including the excitation, processing, and
communication. If the frequency changes to 5 MHz as in [88],
the active power will increase to 2–3 W per meter with the
transducer because the detection range is short. However, the
pipe does not need inspecting continuously for crack detection.
It can be turned on say 1 min per day and remain off for the
rest. Therefore, the total average power consumption per day
can be about 0.5 to 2.5 mW per meter, allowing it to run from
4 months to 1.5 years.

Regarding the lifetime of the sensors, they can be similar
to the life time of the pipeline with proper protection. For
the transducer, the failure from material fatigue, lowering the
lifetime must be considered, as the amount of vibration cycles
is limited [149], [150]. However, because the inspection time
is 1 min per day, the transducer lifetime can be 15–40 years.
It is still shorter than the average PVC lifetime.

We estimated the cost for a simple setup, including two PZT
of [149] for each 2 m distance. A 6-m pipe is divided into three
sections and electrically connected to a signal generator and
analyzer at the central unit. The average cost excluding the
mechanical cost is higher than $100 per meter. Moreover, the
battery replacement every one or two years will increase its
operational cost.

Besides the lifetime and short range, this method challenge
is the complicated wave propagating path in the pipeline. It
leads to difficulty in signal interpretation.

C. Hydraulic Methods

These methods can detect a crack or defect based
on the pipe vibration and hoop strain under hydraulic
pressure [106], [132]. For the vibration, the frequency is
below 200 Hz. A low-cost accelerometer sensor node can be
attached to the outer wall, with the range of detection is about
a meter in laboratory circumstances [132]. For the hoop strain,
an array of strain gauges or force sensors can be used to mea-
sure the change of strain under hydraulic pressure change. The

range of detection could be up to 40 mm as in [106]. We can-
not determine the accuracy of these methods due to the lack
of experimental data conducted in the field.

Regarding the accuracy, for the vibration mode, cracks
longer than 20 mm can be detected. Nonetheless, the exper-
iments were conducted in laboratory conditions, where the
pipes were placed on supports. In practice, the pipes are under-
ground, and soil conditions will significantly influence the
result. For the hoop strain response, there was no experiment
using strain gauges to detect cracks found in the literature.

An advanced accelerometer node can draw less than
20 mW. For the strain gauges, they can be read simultane-
ously. Therefore, a strain node can consume as much as an
accelerometer node. With appropriate off time, it can consume
very little energy. For instance, a minute on-time per hour can
reduce the total average power to less than 0.4 mW per meter,
lasting for two years with the central unit’s battery.

The lifetime of the sensor with proper protection can be
comparable to the lifetime of the pipe. For the strain gauges,
serious protection should be considered because they need to
be bonded to the pipe wall. In recent years, PVC pipe can
be produced in a multilayered process, allowing a conductive
layer printed directly inside the pipe wall. Therefore, strain
gauges could be printed as an inner layer, and their life can
be as similar to the pipe.

Regarding the cost, a setup including one accelorometer
node per meter estimated cost is $15–$20 USD. We cannot
estimate the strain due to the unknown number of strain gauges
needed per circumferential location, which may change with
pipe size.

This method’s main challenge is determining the correla-
tion between the vibration and strain to the size and location
of the crack. Moreover, during operation, the change network
structure, temperature, and external stress can significantly
influence the result.

D. Multiple Discrete Sensors

The method using many discrete sensors is used to detect
a leak and identify external effects on the pipeline, such
as temperature change, internal pressure, and external stress
distribution. The sensors to measure these attributes are a tem-
perature sensor, strain gauge or force sensor, and accelerom-
eter [27], [131]. Furthermore, accelerometers can be used to
detect potentially dangerous activities in the vicinity. Though
having a smaller range than the fiber optic, it is flexible for a
new node to be added or removed with minimum influence.
The spatial resolution of this method is not limited. However,
we use the same resolution and precision as what we utilized
in Section IV-A for cost and energy comparison. In that, the
spatial resolution is 2 m for temperature, strain in the length
direction, and vibration.

Multiple sensor nodes can draw less than 30 mW, equivalent
to 15 mW per meter, and the total acquisition time can be
1 min per hour. The total average power is less than 0.4 mW
per meter, lasting for two years with the central unit’s battery.

Regarding the lifetime, these modules with proper protec-
tion can be comparable to the lifetime of the pipe, which is
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more than 50 years. For the strain gauges, serious protection
should be considered because they need to be bonded to the
pipe wall.

Regarding the cost, a setup for a 2-m pipe consists of
two strain nodes for axial and hoop strain distribution, a
temperature sensor, and an accelerometer costs $15–$20 per
meter. The challenge of this method is determining the optimal
information for predicting the failure in the future.

E. Summarizing

Summarizing, four inspection methods are applicable to be
implemented in a continuous monitoring system of PVC water
mains for failure warning. The first one is the distributed
fiber optic sensing, which can measure the most information
density about the pipe. It has a long detection range with
sufficient resolution and does not depend on battery energy.
Therefore, it also requires little maintenance. The investment
cost for multiple information is still high. Its main challenge
is the complement between range, resolution, sensitivity, and
speed. The second method, the active sound method, can be
used for small crack detection, including microcrack detec-
tion by ultrasonic inspection. This method is expensive and
consumes much power. The main challenge of this method
is the complicated signal processing to interpret the measure-
ment results to find a crack and the short inspection range
due to the high attenuation of high-frequency sound in PVC
pipe. Another challenge is the high voltage required for excit-
ing the vibration, which restricts the deployment for safety.
However, due to the advantage of microcrack detection, this
method deserves attentions to research. The third method is
the hydraulic method based on vibration and strain to identify
cracks in PVC pipe. The challenge of this method is the high
dependency on surroundings. The last method, the multiple
discrete sensors, is to collect information from an external
impact. This method is more flexible than fiber optic. Their
main challenges identifying the optimization of these sensors
acquire sufficient information. The cost of the last two meth-
ods is less than fiber optical systems for multiple information
acquisition. However, in practice, they require a good pro-
tection to environmental attack to be working for decades.
Furthermore, the batteries also need to be charged or changed
yearly. These two factors makes the cost increase substantially.

V. CONCLUSION

In this article, we reviewed the inspection methods for PVC
mains. This article is limited to the research or reports that
have been published. There are few field testing reports for
these methods’ reliability, which can be collected through the
surveys and internal reports of water utilities. This reliability
can be differ between utilities because of different network
structures.

We found three groups of attributes that can be inspected
to evaluate the PVC main’s health.

1) Leaks.
2) Intrinsic attributes, including pipe degradation and crack,

gasket degradation, pipe displacement, and deformation
at the joint.

3) External attributes, including temperature and loading
(internal pressure and external stress).

Most available inspection methods are for detecting leaks
their present challenges include one to many of these: range
and size of the leak, deploying simplicity, reliability, network
structure, and cost. Among these methods, nonintrusive meth-
ods have received much attention due to deploying flexibility
and collecting data continuously. Large data sets can help
future research to apply machine learning to improve the
results.

Other attributes can be useful for evaluating the remaining
health of PVC mains. However, their data need to be regu-
larly collected in a continuous monitoring system due to their
temporal variation. There are a small number of available or
prospective methods to be applied in this system to inspect
these attributes. The challenges of deploying these methods to
the continuous monitoring system can lead to trends for future
research.

1) Regarding the external attributes, they can efficiently be
measured with fiber optical sensing and multiple discrete
sensors methods. Future research can develop a model
to predict the PVC mains’ health based on these impacts
and the optimization sensor’s location to aid prediction.

2) Regarding the intrinsic attributes, which directly indi-
cate the defective mains, it is still challenging to detect
these attributes, such as crack, pipe degradation, and
joint displacement. Future research can improve these
current methods or find a new approach, combined with
advanced signal processing and machine learning, to
efficiently identify these attributes.

Finally, the investigated inspection methods are based on
previous reviews of inspection methods for general pipeline
inspection. It may miss other methods that can be efficient
approaches. Future research can look for a new efficient
approach to detect these attributes, especially the microcrack
and degradation.
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time,” Strojnícky časopis J. Mech. Eng., vol. 69, no. 3, pp. 101–106,
2019.

[38] B. A. Wols and P. Van Thienen, “Modelling the effect of climate change
induced soil settling on drinking water distribution pipes,” Comput.
Geotechn., vol. 55, pp. 240–247, Jan. 2014.

[39] M. J. Brennan et al., “On the effects of soil properties on leak noise
propagation in plastic water distribution pipes,” J. Sound Vib., vol. 427,
pp. 120–133, Aug. 2018.

[40] M. Brennan, F. De Almeida, P. Joseph, S. Dray, and S. Whitfield,
“Wavespeed measurement in buried water distribution pipes and
its significance in leak location,” Key Eng. Mater., vols. 569–570,
pp. 1202–1209, Jul. 2013.

[41] Y. Gao, M. Brennan, and P. Joseph, “On the effects of reflections on
time delay estimation for leak detection in buried plastic water pipes,”
J. Sound Vib., vol. 325, no. 3, pp. 649–663, 2009.

[42] Y. Khulief, A. Khalifa, R. B. Mansour, and M. Habib, “Acoustic detec-
tion of leaks in water pipelines using measurements inside pipe,” J.
Pipeline Syst. Eng. Pract., vol. 3, no. 2, pp. 47–54, 2012.

[43] Y. Gao, M. J. Brennan, Y. Liu, F. C. Almeida, and P. F. Joseph,
“Improving the shape of the cross-correlation function for leak detec-
tion in a plastic water distribution pipe using acoustic signals,” Appl.
Acoust., vol. 127, pp. 24–33, Dec. 2017.

[44] Y. Gao, M. Brennan, and P. Joseph, “A comparison of time delay
estimators for the detection of leak noise signals in plastic water
distribution pipes,” J. Sound Vib., vol. 292, nos. 3–5, pp. 552–570,
2006.

[45] F. C. L. Almeida, M. J. Brennan, P. F. Joseph, Y. Gao, and
A. T. Paschoalini, “The effects of resonances on time delay estima-
tion for water leak detection in plastic pipes,” J. Sound Vib., vol. 420,
pp. 315–329, Apr. 2018.

[46] O. Scussel, M. Brennan, F. C. Almeida, J. Muggleton, E. Rustighi,
and P. Joseph, “Estimating the spectrum of leak noise in buried plas-
tic water distribution pipes using acoustic or vibration measurements
remote from the leak,” Mech. Syst. Signal Process., vol. 147, Jan. 2021,
Art. no. 107059.

[47] G. Anguiano et al., “Innovative acoustic sensor technologies for leak
detection in challenging pipe types,” Naval Facilities Eng. Command,
Port Hueneme, CA, USA, Rep. TR-NAVFAC-EXWC-EV-1706, 2016.

[48] J. Y. Nam, S. Choi, J. B. Choi, and Y. J. Kim, “On-line monitor-
ing to detect third-party damage on underground natural gas pipelines
using accelerometer,” Solid State Phenomena, vol. 110, pp. 123–132,
Mar. 2006.



14352 IEEE INTERNET OF THINGS JOURNAL, VOL. 9, NO. 16, 15 AUGUST 2022

[49] S. Hamilton and B. Charalambous, Leak Detection: Technology and
Implementation. London, U.K.: IWA Publ., 2020.

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

[51] A. Martini, M. Troncossi, and A. Rivola, “Automatic leak detection in
buried plastic pipes of water supply networks by means of vibration
measurements,” Shock Vib., vol. 2015, Jan. 2015, Art. no. 165304.

[52] S. El-Zahab, E. M. Abdelkader, and T. Zayed, “An accelerometer-
based leak detection system,” Mech. Syst. Signal Process., vol. 108,
pp. 276–291, Aug. 2018.

[53] H. Shukla and K. Piratla, “Leakage detection in water pipelines using
supervised classification of acceleration signals,” Autom. Construct.,
vol. 117, Sep. 2020, Art. no. 103256.

[54] H. Shukla and K. R. Piratla, Pipelines 2020: Unsupervised
Classification of Flow-Induced Vibration Signals to Detect Leakages
in Water Distribution Pipelines, Amer. Soc. Civil Eng., Reston, VA,
USA, 2020.

[55] R. Fletcher and M. Chandrasekaran, “SmartBallTM: A new approach
in pipeline leak detection,” in Proc. 7th Int. Pipeline Conf., 2008,
pp. 117–133.

[56] S. Ariaratnam, M. Chandrasekaran, and P. Limited, “Development of a
free-swimming acoustic tool for liquid pipeline leak detection includ-
ing evaluation for natural gas pipeline applications,” United States.
Dept. Transp. Pipeline Hazardous Mater., Washington, DC, USA,
Rep. DTPH56-07-BAA-000002, 2010.

[57] H. H. Delgadillo et al., “Ultrasonic inline inspection of a cement-
based drinking water pipeline,” Eng. Struct., vol. 210, May 2020,
Art. no. 110413.

[58] M. Bracken and D. Johnston, “Acoustic methods for determining
remaining pipe wall thickness in asbestos cement and ferrous pipes,”
in Proc. Pipelines Infrastruct. Hidden Assets, 2009, pp. 271–281.

[59] J. Sutherland, A. Mann, G. Vignal, A. Maier, and S. Keane,
“Application and advancement of EMAT ILI technologies for the
inspection of cracks in dents,” in Proc. 10th Int. Pipeline Conf., 2014,
p. 8.

[60] J. L. Rose, “Successes and challenges in ultrasonic guided waves for
NDT and SHM,” in Proc. Nat. Seminar Exhibition Non-Destruct. Eval.,
2009, pp. 1–11.

[61] A. Al-Ataby, W. Al-Nuaimy, and O. Zahran, “Towards automatic flaw
sizing using ultrasonic time-of-flight diffraction,” Insight-Non-Destruct.
Test. Cond. Monitor., vol. 52, no. 7, pp. 366–371, 2010.

[62] J. P. Tronskar, R. Törnqvist, O. H. Guan, and W. A. Bruce, “‘Live’
repair of gas pipeline with deep girth weld crack,” in Proc. ASME
Pressure Vessels Piping Conf., 2015, p. 11.

[63] D. Woo and W.-B. Na, “Damage detection in lab-scaled underwater
PVC pipes using cylindrical Lamb waves,” J. Korean Soc. Nondestruct.
Test., vol. 31, no. 3, pp. 271–277, 2011.

[64] N. Trimborn. The Time-of-Flight-Diffraction-Technique. Accessed:
Jun. 16, 2020. [Online]. Available: https://www.ndt.net/article/tofd/
trimborn/trimborn.htm

[65] M. Brimacombe, T. Hennig, and C. Wargacky, “Circumferential crack
detection: Challenges, solutions, and results,” in Proc. 11th Int. Pipeline
Conf., 2016, p. 7.

[66] J. Davies and P. Cawley, “The application of synthetic focusing
for imaging crack-like defects in pipelines using guided waves,”
IEEE Trans. Ultrason., Ferroelect., Freq. Control, vol. 56, no. 4,
pp. 759–771, Apr. 2009.

[67] L. Ce, S. Xia, L. Zhan-Peng, S.-B. Wang, and S.-J. Wang, “Multi-
channel wideband torsional mode MPT based on phased array tech-
nology for SHM of pipes,” in Proc. Far East NDT New Technol. Appl.
Forum (FENDT), 2017, pp. 31–34.

[68] M. Kharrat, W. Zhou, O. Bareille, and M. Ichchou, “Defect detection
in pipes by torsional guided-waves: A tool of recognition and decision-
making for the inspection of pipelines,” in Proc. 8th Int. Conf. Struct.
Dyn., 2011, pp. 2272–2279.

[69] M. Lindsey, E. Khajeh, J. Van Velsor, C. Lissenden, and J. L. Rose,
“In-line corrosion inspection using circumferential and longitudi-
nal ultrasonic guided waves,” AIP Conf. Proc., vol. 1335, no. 1,
pp. 231–238, 2011.

[70] O. Bareille, M. Kharrat, W. Zhou, and M. Ichchou, “Distributed piezo-
electric guided-T-wave generator, design and analysis,” Mechatronics,
vol. 22, no. 5, pp. 544–551, 2012.

[71] D. Cassereau and M. Fink, “Time reversal of ultrasonic fields—Part I:
Basic principles,” IEEE Trans. Ultrason., Ferroelect., Freq. Control,
vol. 39, no. 5, pp. 555–566, Sep. 1992.

[72] Y. Xu, M. Luo, Q. Liu, G. Du, and G. Song, “PZT transducer array
enabled pipeline defect locating based on time-reversal method and
matching pursuit de-noising,” Smart Mater. Struct., vol. 28, no. 7, 2019,
Art. no. 075019.

[73] Q. Zhu, C. Burtin, and C. Binetruy, “The viscoelastic effect dur-
ing acoustoelastic testing of polyethylene,” Polym. Test., vol. 69,
pp. 286–292, Aug. 2018.

[74] W. Li and Y. Cho, “Thermal fatigue damage assessment in an isotropic
pipe using nonlinear ultrasonic guided waves,” Exp. Mech., vol. 54,
no. 8, pp. 1309–1318, 2014.

[75] G. P. M. Fierro, F. Ciampa, D. Ginzburg, E. Onder, and M. Meo,
“Nonlinear ultrasound modelling and validation of fatigue damage,” J.
Sound Vib., vol. 343, pp. 121–130, May 2015.

[76] A. Kumar, C. J. Torbet, T. M. Pollock, and J. W. Jones, “In situ
characterization of fatigue damage evolution in a cast al alloy via
nonlinear ultrasonic measurements,” Acta Materialia, vol. 58, no. 6,
pp. 2143–2154, 2010.

[77] G. Ren, J. Kim, and K.-Y. Jhang, “Relationship between second-and
third-order acoustic nonlinear parameters in relative measurement,”
Ultrasonics, vol. 56, pp. 539–544, Feb. 2015.

[78] J.-Y. Kim, V. Yakovlev, and S. Rokhlin, “Surface acoustic wave mod-
ulation on a partially closed fatigue crack,” J. Acoust. Soc. America,
vol. 115, no. 5, pp. 1961–1972, 2004.

[79] M. Zhang, L. Xiao, W. Qu, and Y. Lu, “Damage detection of
fatigue cracks under nonlinear boundary condition using subharmonic
resonance,” Ultrasonics, vol. 77, pp. 152–159, May 2017.

[80] N. P. Yelve, M. Mitra, and P. M. Mujumdar, “Higher harmonics
induced in lamb wave due to partial debonding of piezoelectric wafer
transducers,” NDT E Int., vol. 63, pp. 21–27, Apr. 2014.

[81] G. Tang, M. Liu, L. J. Jacobs, and J. Qu, “Detecting localized plastic
strain by a scanning collinear wave mixing method,” J. Nondestruct.
Eval., vol. 33, no. 2, pp. 196–204, 2014.

[82] D. Donskoy, A. Sutin, and A. Ekimov, “Nonlinear acoustic interaction
on contact interfaces and its use for nondestructive testing,” NDT E
Int., vol. 34, no. 4, pp. 231–238, 2001.

[83] A. Sutin, J. Evans, and R. Haskins, “Crack detection in long rod by
impact wave modulation method,” Proc. Meetings Acoust., vol. 20,
no. 1, 2013, Art. no. 045007.

[84] X. Hong, X. Lin, B. Yang, and M. Li, “Crack detection in plastic pipe
using piezoelectric transducers based on nonlinear ultrasonic modula-
tion,” Smart Mater. Struct., vol. 26, no. 10, 2017, Art. no. 104012.

[85] H. H. Delgadillo, R. Loendersloot, D. Yntema, T. Tinga, and
R. Akkerman, “Experimental validation of non-collinear wave mix-
ing model in a PVC specimen,” in Proc. IEEE Int. Ultrasonics Symp.
(IUS), 2018, pp. 1–9.
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