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Abstract: Leakages from water distribution infrastructures are responsible for a considerable amount
of water losses. Consequently, innovative, non-destructive techniques (NDT) of leakage detection for
early recognition is vital. In this study, the leak detection abilities of Ground Penetration Radar (GPR),
spectrometers, and infrared (IR) cameras were investigated, and the factors affecting the leak detection
response were assessed. Three experimental setups were constructed to simulate underground pipes
in dune sand. Three different pipe materials (PVC, PPR, and PE) were investigated under three
levels of moisture content (MC; 2%, 5%, and 10%) and three types of leaks (hole, crack, and faulty
joint). The IR camera was the most effective among the different NDTs used in this study. The IR
camera detected all types of leaks at 2% and 5% MC but was inconclusive at 10% MC. Similarly,
the GPR detected the leaks at 2% and 5% MC successfully but was inconclusive at 10% MC. Lastly,
the spectrometer was the least reliable NDT to detect leaks. Results suggest that IR cameras and
spectrometers that operate in the mid-IR range (5-25 um) can detect leaks.

Keywords: non-destructive testing; water leak detection; ground penetrating radar; infrared thermography;
spectrometry

1. Introduction

Water plays a vital role in our lives and is used for domestic, agricultural, commercial,
industrial, and recreational purposes. The inexorable growth in the population, deple-
tion in the freshwater resources due to climate changes, and overutilization has led to
water scarcity. Studies suggest that leaks in Water Distribution Infrastructure (WDI) can
cause water losses of up to 30% [1,2]. For example, in UAE, the Dubai Electricity and
Water Authority estimated the water losses in the WDI as 8.2% of the total water in the
network [3]. Water pipe leakage not only leads to wastage of a precious resource but it
also causes significant financial losses as a large amount of treated water is lost through
leaks. In addition, water leaking can damage surrounding pipes, foundations of buildings,
and underground utility cables [4]. Moreover, water in the infrastructure could potentially
be infected by contaminants which enter through damages in pipes [5]. Clean drinking
water and environmental degradation fighting are two worldwide challenges addressed
by the Sustainable Development Goals [6]. To deal with these two challenges also implies
reducing water leakage as it causes wasting of drinking water and risks the water qual-
ity. Consequently, it is imperative to develop an efficient approach for the detection of
leaks in water distribution infrastructure to reduce the negative effects associated with
water pipe leaks.
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1.1. Leak Detection Methods

Many methods for detecting leaks in water distribution infrastructure have emerged.
Leak detection methods can be categorized as destructive (DT) and non-destructive tech-
niques (NDT). Destructive techniques alter the chemical composition or the dimensional
geometry of the material under testing. The external installation of hardware devices on
water pipelines, which requires excavation of the soil above the pipes, is an example of DTs.
Due to the complexity of DTs, NDTs are widely preferred because they provide an oppor-
tunity to evaluate the properties and condition of the materials, i.e., water pipes, without
changing the structure of the water distribution infrastructure, without excavating the soil
above the water pipes, or without disrupting the serviceability of the system. Several NDTs
have proven their ability to detect leaks in water infrastructure. Table 1 summarizes some
of the NDTs often used for water leak detection.

Table 1. Non-destructive techniques adapted from Liu and Kleiner [7].

Method Objective Advantage Disadvantage
Visual Inspection
a. Applied to sewer and storm a.  Requires a pan and a tilt.
Closed-circuit television Inspects the inner surface of the water pipes b.  The carrier speed of the
(CCTV) pipe. b.  Used for water main CCTV camera is limited to
rehabilitation 15 cm/s.
a.  Used for relatively longer
Measures the inner pipe distance filsta.nce measurements in the a. Canonlybe }Jsed in
Laser scan b interior of the pipes dewatered pipes.
y laser. . . . .
b.  Creates high resolution b.  Requires data processing.

surface profiles of the pipes

Electromagnetic Methods

Ultra-wideband (UWB) pulsed
radar system: P-scan

Inspects the condition of the pipe a. Potential for pipe condition

by transmitting and receiving

electromagnetic pulses in the b.

nano and pico-second ranges.

assessment
High resolution due to use of
ultra-short duration pulses

Pre-commercial prototype of this
system is still under development.

Acoustic Methods

Sonar profiling system

Inspects precise pipe a.

cross-sections and potential

leakages. b.

Accurate measurements are
attained
Provides high resolution

a.  High-frequency sonar has
low penetration capability

b.  Low-frequency sonar has
low revolution scan.

Impact echo

Inspects pipe thickness based on
the use of impact-generated stress

Applied to materials such as
concrete, stone, plastic,
masonry materials, wood,

a.  Frequency domain analysis
is complicated.
b.  Embedded items may affect

waves. and some ceramics wave behavior and test
b.  Not limited by pipe size results.
Ultrasound Methods

Guided wave ultrasound

Inspects pipe cross-sections based
on propagating a wave for a long
distance.

Used to characterize metal loss due

to the corrosion

a.  Only suitable for pipes
above 5 cm in diameter and
with wall thicknesses of up
to 4 cm.

Most methods are limited in their ability to apply the technologies consistently in
wide-ranging environmental circumstances. In addition, there are technologies that are
complicated for field applications and some of them are also unproven. Due to the limita-
tions of the currently used leak detection methods, robust methods, which can be easily
implemented, are efficient, and are reliable, are being investigated. The following three
NDTs were chosen for further study: Ground Penetrating Radar (GPR), a hand-held spec-
trometer, and an infrared (IR) camera. This study also investigated the versatility of these
technologies in wide-ranging environmental conditions.

Transient Test-Based Techniques (TTBTs) identify leaks and other possible faults
(e.g., partial blockages and pipe wall deteriorations) straightforwardly on the basis of
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the measured reflected pressure waves [8,9]. It is worth noting that with respect to other
techniques, TTBTs are very attractive since the duration of the test is very short and they
allow for detecting also devious defects (e.g., partial blockages and illegal branches) which
do not give rise to any exterior sign. Moreover, small but sharp amplitude pressure waves
allow for reliable fault detection [10].

1.2. Ground Penetrating Radar (GPR)

Ground Penetrating Radar (GPR) is a non-invasive, high-resolution geophysical
method where antennas may be up to a few GHz to produce an image of the subsurface
conditions [11]. It has a wide range of applications in the field of civil engineering, such
as the mapping of soil layers, detection of buried services, inspection of pavement layers,
inspection and quality control of concrete structures, etc. Ayala-Cabrera et al. [12] discussed
that using parallel profiles can help identify significant differences between the profiles.
It was also possible to construct stages of the leak and water dissipation through the soil.
Additionally, Wallace et al. [13] devoted their research efforts to collect signature images
to a water leak, utilizing differences of the dielectric contrast and reflection coefficient at
various water injection stages. These images are used to identify water leaks in pressurized
water supply pipes or drainage pipes. Another study by De Coster et al. [14] focused
on using advanced, integrated radar data processing and visualization strategies. They
used full-wave inversion to estimate the medium properties, in addition to the removal of
near-field antenna effects as well as reflection detection and segmentation algorithms. They
also highlighted the importance of 3D images and qualitative data processing strategies
that help in detecting continuous objects (pipes) from buried stones. A review by Zajicova
and Chuman [15] highlighted that 3D image models are used to provide details about the
soil layers, thickness, and volume calculations. However, one of the disadvantages is the
time and data acquisition required to build these models. In addition, there have been
many experiments conducted on the use of the GPR to detect leaks in water pipes buried
underground, as summarized in Table 2.

Table 2. Studies using GPR for water leak detection.

Study Type Soil Pipe Material Pipe Diameter (mm) Results Reference
GPR was successful in not only detecting the
. leak but also reconstructing the various stages
Lab Dry soil Pve 100 of the leak and how water dissipated through (1]
the soil
Gravel. sand. silt GPR produced inferior results as the presence
Field g T Unknown - of clay resulted in absorption of the GPR [16]
and clay .
signals
Field Unknown Unknown ) GPR can be applicable for legk detection of [17]
several types of pipes
Lab Sand Metal and PVC 19 Raw data. c.ollected in the field by GPR is [18]
sufficient to detect water leaks
Lab and field Dry soil Lab: PVC, Field: Lab: 100 Field: 400 Difficult to interpret raw images, more [19]
cast iron complex models are needed
GPR technique provided a good estimation of
. . Plastic and the position of the leak; however, its response
Lab and field Silt and clay metallic ) is influenced by the presence of other buried [20]
objects /anomalies underground
Successful but detection through voids highly
Lab and field Dry sand Plastic 50 depends on the investigated medium and the [21]
radar system parameters
Lab Soil Cement 200 GPR was successful in water leak detection [22]
The pipe appears slightly deeper in the image
Field Silty clay PVC 152.4 above the leak, which could indicate radar [23]

waves slowed by saturated soil near the leak
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GPR uses electromagnetic (EM) pulses in the microwave range. The GPR records the
strength and time of the return of any reflected signals after sending the energy pulses
into the ground. This series of pulses spanning over a single area is called a scan. The
signals are reflected when the energy pulses transmitted through various materials hit the
object buried underground. This, thus, changes the velocity of signals originated due to
contrasts in dielectric properties that are reflected back. The changes in the velocity depend
basically on two primary electrical properties of the subsurface: electrical conductivity (o)
and relative permittivity (g) [24] According to Topp’s equation, the water content (®) of the
soil impacts the minor magnetic permeability of the soil, as shown in Equation (1) [25].

Eeff = 3.08 + 930 + 14602 — 76703, @

Hence, it is expected that the change in the moisture content due to the leak will affect
the dielectric constant and would, in turn, impact the velocity of signals, thereby, detecting
the leak.

1.3. Spectrometer

The spectrometer is an optical instrument that measures the spectral responses of
different materials. The basic function of a spectrometer is to disperse and measure the
electromagnetic energy (mostly solar) reflected or emitted by an object into its spectral
components and digitize the signal as a function of wavelength; thus, the physical and
chemical properties of the object emitting the light can be inferred by analyzing its spectral
components. In the context of this experiment, water pipes and soil provide spectral
reflectance. Numerous studies have attempted to predict various soil properties, such
as soil moisture content, texture, salinity, organic content, etc., by analyzing its spectral
reflectance. A leak in a water infrastructure leads to an increase in the moisture content
of the surrounding soil as the water from the leak penetrates the soil; therefore, the soil
moisture content is the soil property of interest when dealing with spectrometers. Table 3
summarizes some of the studies that used spectrometers to identify the soil moisture
content. Therefore, although there are no studies conducted on the use of spectrometers for
water leak detection, there is a strong reason to believe that this technology has potential as
a water leak detection method given its ability to detect changes in the water content within
soil layers. Preliminary experimentation was conducted by the authors prior to main testing
to determine if spectrometers could detect pipe leaks. The results of the preliminary testing
were promising. As the leak time increased, the moisture content of the soil surrounding
the leak increased. This resulted in a decreased reflectance of the wavelength, specifically
higher than 700 nm (infrared band) [26-28].

1.4. Infrared (IR) Camera

An infrared (IR) camera detects infrared energy reflected or emitted by an object and
converts it into a thermal image. A leak in an underground water infrastructure may alter
the surface temperature of the surrounding soil because normally leaked water is cooler
than the soil, which absorbs heat much faster than water. Table 4 summarizes the studies
that investigated the efficiency of IR cameras in detecting thermal contrasts at the soil
surface due to water leaks in the buried pipes. Although the efficiency of an IR camera has
been determined using the optimum time to use the camera [37], the distance of the camera
from the source [37,38], and the rate of capturing images [37], previous studies ignored the
efficiency of IR cameras in wide-ranging pipe materials and soils, as well as environmental
characteristics (such as different levels of MC). Apart from the IR camera, the thermal leak
detection approach was also successful [39].
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Table 3. Studies using spectrometers for soil moisture content determination.

Spectrometer Soil Type Moisture Content Results Reference
Fourier Transform Silt clay loam, loam, clay o As the moisture increases, reflectance
. 4.6-48.5% - . [29]
Infrared Spectrometer loam, and silt clay from soil decreases and vice versa
. . . The increase of moisture contents
Infra-Red In.telhgent Soils from sandstone, basic 420.71%, oven dried promoted a reduction in the magnitude [30]
Spectroradiometer rocks, basalt, and shale
of spectral reflectance
As water content increases, reflectance
. Quartz sand, masonry o . decreases at all
ASD FieldSpec Pro sand, and Ithaca sand 55.7%; oven dried wavelengths but the decrease is much (311
more pronounced in the infrared
Reflectance decreased with increasing
ASD FieldSpec 3 Loam, sand, and sandy soil m01stu.re, ex‘cept for oversaturated
spectrometer Loam, sand, and loam ) soil moisture content (32]
P ’ ’ levels (N64%) in the VNIR region of the
spectrum
For low soil moisture,
ASD Pro FR reflectance decreases when soil moisture
10 samples from all over . . .
Portable - increases. Conversely, for the higher soil [33]
. France . ) .
Spectroradiometer moisture, reflectance increases when soil
moisture increases
ASD Sandstone. sandy soil. and Spectral reflectance decreased
Fieldspec-Pro / Y soty 0.05-0.25 g water/g soil non-linearly with increasing moisture [34]
. loamy/clay soils
spectroradiometer content
ASD Flelds pec Pro . An increasing value of SMC leads to a
FRspectroradiometer and ~ Natural soil samples from o . .
. 44-0% decrease in the reflectance level in the [35]
FTIR Bruker Equinox 55 France . . -
entire optical domain
spectrometer
Argicridisol, xeric andisol, s .
ASD spectrometer ustic mollisol, and aridic 70-0% Reflectance (I:lecreased Wlth. Increasing [36]
. moisture for all soils
entisol
Reflectance obtained as in the
Exemplar LS Spectrometer Dune sand 5% infrared range and decreases with [26,28]
increases in moisture
Table 4. Studies using IR cameras for water leak detection.
Study Type IR Camera Soil Type Pipe Results Reference
The IR camera successfully detected the
leaks as a thermal contrast at the pavement
surface that occurred in fall and spring
Field ThermaCAM S 60 IR system - Cast iron seasons, while it failed in detecting leaks [37]
(7.5-13 pm) ns, v c
occurring in the summer and winter due to
high pavement temperature and the snow
coverage, respectively.
Multi-tier detection technology (GPR and
. . oA, IR camera) was successful in detecting the
Lab and field VarioCAM 400 IR camera Lab: clayey soil, Field: PVC leaks in summer and winter seasons with a [38]
(7.5-14 mm) crushed sand stone . o/~
small margin of error (2.9-5.6%) in
estimating leakage areas.
. The cameras are able to visualize the leak
Lab IRISYS Camera and Flir A310f - Plastic despite the leak itself being not being [40]
IR Camera (7.5-13 pum) . . N >
evident on the surface by visual inspection.
Leaks in buried rural water pipelines can
Field Thermal Infrared Scanner South Dakota area - be detected using thermal infrared images [41]
collected under proper conditions.
. Hydrogen leak detector, . Thermography showed promise as a tool
Field Sensistor AB model 8012 Silty clay Pve for initial leak surveys. 23]
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1.5. Objectives
This research intends to:

1. Investigate the effectiveness of three NDTs (GPR, hand-held spectrometer, and an IR
camera) in detecting leaks in WDI; and
2. Assess the factors that may affect the NDTs’ response in detecting the water leaks.

The three main factors considered in the study are: soil moisture content (2%, 5%,
and 10%), pipe material (PVC, PE, and PPR), and types of leaks (vertical crack, hole, and
faulty joint). These technologies are dynamic in nature [42]. The spectrometer has never
been attempted for leak detection. Evaluation of factors affecting the performance of the
NDTs to the authors knowledge was not previously investigated. As evidenced from
literature, there has been limited research activities conducted using these technologies.
The experimental setup developed in this study is novel in that it represents a simulation of
the water distribution system in a much bigger scale than those observed in the literature.
Novelty remains in that these experiments were conducted in open atmosphere, not in a
controlled weather setting in the laboratory. Additionally, this research is novel in that the
focus is on the evaluation of the factors affecting the performance of these leak detection
technologies. It is especially crucial since versatility is essential in evaluating the efficiency
of these technologies.

2. Research Methodology

An experimental setup carefully designed and built to simulate pipe leaks in under-
ground conditions was used in the investigation. The following subsections describes the
experimental setup and procedure used for this study.

2.1. Experimental Setup

The experimental setup, as shown in Figure 1, simulates a section of water distribution
infrastructure. A dune sand filled box with four pipes was designed and built to investigate
the potential of using NDTs for leak detection. The box was made of a non-conductive
material (wood) to avoid reflection while using the GPR [43].

p Pump
Water Tank «<—

Manifold
Aluminum

Sheet Ball valve

Pipe

Pressure Gauge

Figure 1. Experimental setup (top view).

Furthermore, a centrifugal pump of 0.75 hp was connected to the four pipes by
using a manifold to distribute water throughout the setup. Ball valves were fitted at the
downstream and upstream of the pipes to control the flow of water through the pipes. In
addition, pressure gauges of the range 0250 kPa were used to monitor the pressure in the
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pipes and maintain the same pressure in all the pipes throughout the experimental study.
Finally, a water tank was connected to the pump and upstream of the four pipes to store
and provide water in this water distribution infrastructure. The critical components of the
experimental setup are further discussed in the following subsections.

2.2. Dimensions of the Wooden Box

The dimensions of the box illustrated in Figure 2 were chosen to be economical as
well as optimum to enable testing using NDTs. The designed dimensions of the boxes in
inches were 1676 mmL x 1016 mmW x 610 mmH. The pipes were fitted at a depth of
400 mm from the top surface of the wooden box, i.e., two-thirds of the total height of the
box. The distance between the pipes was chosen based on the following two conditions.
First, according to the handbook published by GSSI (GPR manufacturer), for a 1600 MHz
GPR, the minimum distance between two targets in concrete should be 76 mm to avoid
any interferences in the images generated by the GPR [44]. Similar box dimensions and
a test setup were used by [13,23]. Although the minimum distance between two targets
in dune sand is unknown, the minimum distance condition as stated in the handbook
should be satisfied. Second, the pipes should be placed at a considerable distance (305 mm)
apart because the water leaking from one pipe may quickly seep to the adjacent pipes,
thereby affecting the data for the adjacent pipes. Plywood sheets were also placed vertically
between the pipes to further prevent the seepage of water to the adjacent pipes.

Figure 2. Detailed drawing of experimental setup.

2.3. Pipes Used

One of the objectives of this study was to assess the factors that may affect the ability
of the NDTs for leak detection. Therefore, the pipe material and types of leaks were two of
the three factors that were varied during experimentation. The diameter of all the pipes
was 3.8 cm. First, the three pipe materials used were: Polyvinyl chloride (PVC), polyethy-
lene (PE), and polypropylene (PPR). Polymeric pipes are increasingly being employed in
WDS [45]. Hence, polymeric pipes were employed in the present research study. Three
wooden boxes were constructed, with each box containing four pipes of the same material
as shown in Figure 3.
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(a) (b) (c)
Figure 3. Setups with different types of pipe material: (a) PVC; (b) PE; and (c) PPR.

Second, different types of leaks were induced to evaluate the ability of the NDTs on
wide-ranging pipe conditions. The first pipe was undamaged, the second contained a
vertical crack, the third had a hole, and last pipe consisted of a faulty joint as illustrated in
Figure 4. To prevent water leaking from one pipe to seep to the adjacent pipes, the three
simulated leaks were induced in different ends of the pipes. Thus, the vertical crack was
induced on the left end of the second pipe (Figure 4a), the hole was drilled at the right
end of the third pipe (Figure 4b), and the joint was installed at the center of the last pipe
(Figure 4c).

(a) (b) (c)

0
=
=
—
T
)
[
=
[
o,
=

o an

3.8 cm

adi4 pebewepun
uonnsed Uspoop

add pexoes)
BJ0H yym ad|d

rJ
y
)
N
y

101.6cm e

167.6 cm

(d)

Figure 4. Leaks and their locations: (a) crack; (b) hole; (c) faulty joint; and (d) top view with leak
position marked green.
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The pipes in the three boxes were buried in dune sand to replicate the common
conditions of underground pipes in the water distribution infrastructure in the UAE. The
two soil properties of interest are soil particle size distribution, which was obtained by
performing sieve analysis on the dune sand, and the maximum dry density of the sand
(1689.41 kg/m3), which was obtained by performing the standard proctor test. All the soil
procedures and tests were performed by following the ASTM standard. After determining
the maximum dry density of the dune sand, it was compacted by using a custom-made
vibrating plate compactor. Figure 5 shows the compaction of three layers to replicate the
standard procedure of the proctor test. The total weight of dune sand could not be divided
into three equal layers because the thickness of the first 1/3rd layer was less than the level
of the pipe and the installation of the wooden partitions along with the large size of the
compactor restricted the use of the compactor below the pipe level. The compactor was
used along the width of the box. Figure 5 also presents the number of times (cycles) the
compactor was passed over the sand to reach the desired compaction level. The degree of
compaction of the dune sand for each box was calculated to be 90%. Figure 6 illustrates the
final view of the experimental setup after compaction. Even though the standard procedure
should represent the actual soil conditions, a certain variability would exist in the field
applications with actual site conditions.

I T S T PTG DALY, T I T T
Layer3 <= |00t Spaenp el olise tF o aoRe SIS, ap ol
AYET S |0 e P et et Y 0o o FA0 ot e ot
R ST R 0T N AL P FCT L™
35% of Layer > | 'ZUfry'clqg .."°°'29-,cytles: b+ . ‘2U’cyc’f':‘es. i R Cyciés ."“ 'Qo’cyf‘les-' “ .’AD g(cle‘:s.'_ l
.I~ et * o ta 20 % ot hRTLY e PR LI . AR Y "I. .“‘
el OB L R K I 61.0 cm
Layer 1+ 65% of Layer 2 g s ouaos) ot 47 modk |baoes "t raoga

(@) (b) (©)

Figure 6. Setups compacted with dune sand: (a) PPR, (b) PE, and (c) PVC.

The levels of MC of the dune sand were the last factor that was varied to determine its
effect on the ability of the NDTs to detect leakage. The experimental study was conducted
at the following three approximate moisture content levels of dune sand: 2%, 5%, and
10%. The first round of experiments was performed on air-dried dune sand (tested at 2%
moisture content). Next, a calculated amount of water was sprinkled on the top surface of
the boxes to achieve a 5% moisture content in dune sand. Similarly, additional water was
added to achieve the final 10% moisture content in dune sand. However, small variations
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in the soil moisture content were expected as some water may be lost via evaporation, the
sand may absorb water from the air on humid days, etc. The moisture content of the dune
sand was tested using the standard approach of the oven-dry test by taking two samples
from the mid-height of the sand layer near the shorter edges of the box before starting the
first, second, and third round of the experiment. Several trials were made to achieve an
accurate moisture content level in the experimental setup.

2.4. Description of Equipment

Three different types of NDTs were used to accomplish the objective of this study.
These were:

1.  GPR: Geophysical Survey Systems, Inc. (GSSI), Nashua, NH, USA, Structure Scan Mini
GPR, as shown in Figure 7a, with an antenna frequency of 1.6 GHz and penetration
depth of about 50 cm. RADAN software was used to process and analyze the scans
obtained from the GPR;

2. Spectrometer: in this study, the Exemplar LS Spectrometer, as illustrated in Figure 7b,
which has a wavelength range of 0.2-0.85 pm, was used. The Exemplar LS Spectrome-
ter displays real-time data and requires the use of specific software for data analysis
(BWSpec software); and

3. IR Camera: the camera used in this study was the FLIR T420 depicted in Figure 7c,
which has a wavelength range of 7.5-14.0 um. The device has a native resolution of
464 x 348. The minimum focus distance is 24° lens: 0.5 m. IFOV in the manufacturing
facility is 42° lens. However, the focal length is not provided in these cameras because
of the relationship between the horizontal FOV and focal length.

(a) (b) ()
Figure 7. (a) GPR; (b) Exemplar LS Spectrometer; and (c) FLIR T420.

2.5. Procedure

An experimental plan was developed for this study (Table 5). First, all the three boxes
were filled with air-dried dune sand (with 2% moisture content) and the first set of data
was collected. Consequently, the following sets of data were collected by increasing the
moisture content of the dune sand in all the three boxes. Experiments were conducted with
a temperature ranging from 25 °C to 40 °C.

After the experimental setup was prepared, water was pumped through the setup.
Then, the three equipment devices were tested on each pipe in the same sequence for all the
tests (GPR was run first, then Exemplar LS Spectrometer, and finally FLIR T420 IR Camera).
A reference reading was taken at the beginning of the experiment of the undamaged pipe
to represent the condition of pipes without leaks.
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Table 5. Experimental plan.

Pipe Material
Sequence of Tests Moisture Content
PVC PE PPR
Round 1 2% Vv vV v
Round 2 5% Vv vV vV
Round 3 10% Vv v v

Each of the three NDTs mentioned above had a different survey plan. GPR was a
line form of testing where the GPR was run along the length of the pipe, spectrometers
employed a point-form of testing where data was collected from the established test
points, and the IR camera covered large areas. Figure 8 illustrates the survey plan for each
equipment device. A 3 mm wooden sheet was placed on the compacted soil to run the GPR
along the four pipes. Three GPR scans were conducted for each pipe (along the pipe length,
to the left, and to right of the pipe), as shown in Figure 8a. The data was collected every
hour and the total duration of the experimentation was three hours. Hence, a total of three
readings per pipe were taken. The direction in which the GPR was utilized on the pipes
has been depicted using a blue arrow in Figure 8a. The following procedure was followed
to process the GPR images.

Figure 8. Survey plan for the experiments: (a) GPR; (b) spectrometer; and (c) IR camera.

The dielectric constant of the dry sand was determined utilizing a metal plate which
was placed at a known depth (bottom of the test box).

In addition to the visual inspection of the images, Equations (2) and (3) were used to
calculate the travel time of the pulse and confirm the existence of potential leakage.

V=C/€Er )
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where V = velocity in the medium (m/s), C = velocity in free space (3 x 108 m/s), and
€r = the relative dielectric constant. Addditionally,

€r=€/€0 3)

where € = the dielectric constant of the material (F/m) and €0 = the dielectric constant of
air, which is 8.85 x 10712 (F/m).

A similar procedure was followed by the authors and others [15,46-50].

Furthermore, for each spectrometer, it was tested at two locations (L = left and
R = right) for each pipe, as shown in Figure 8b. Finally, IR images were taken for each pipe,
as illustrated in Figure 8c.

For processing of the IR images for leak detection, the region-growing algorithm (RGA)
was used. RGA is a simple image segmentation method initiated from a seed pixel.

3. Results and Discussion
3.1. GPR

Equations (2) and (3) were used during the calibration and post-processing to identify
locations with potential leakages. Table 6 summarizes the dielectric constants for the soil
used in the current study at different moisture contents. The dielectric constants were
determined using the known distance of the steel plate used during calibration and the
propagation velocity (V) of the electromagnetic waves for each case. The dielectric values
were used during the post-processing to interpret the data/images. However, due to the
space limitations and objectives of the investigation, detailed discussion of the processing
of the GPR images was not possible.

Table 6. Dielectric constants at different moister contents.

Water Content (%) Dielectric Constant
0.00 4.0
2 4.8
5.00 8.5

The GPR was used on pipe 1 and pipe 2 to detect leaks in the pipes. However, the
GPR could not be used on pipe 4 (faulty joint). This is due to the rate of water leakage from
the joint that was higher in comparison to pipe 2 (crack) and pipe 3 (hole). Consequently,
the water quickly reached the surface of the sand, forming surface ponding. This scenario
represents one of the conditions (limitations) that the GPR cannot be used in because of
the conductivity and increasing signal attenuation, therefore no images will be produced.
Hence, experimental data presented will not include data for pipe 4.

The data was collected every hour and the total duration of the experimentation was
three hours. A total of three scans per pipe were taken. In addition to this, the readings
were taken to the left, center, and right of the pipe to ensure a complete coverage of the area
surrounding the pipe. Thus, in Figure 9, it was observed that each time interval has three
GPR images: left, center, and right. The leaks were detected in the images obtained from the
GPR. In addition, Equations (2) and (3) were used to calculate the travel time of the pulse
and confirm the existence of potential leakage. With an increase in the duration of leak, the
development of haze in the GPR images indicates the presence of leaks, which have been
circled in red. It was observed that the GPR was able to detect leaks in the following cases:
all three pipe materials and the pipes with the hole and crack. As mentioned before, the
GPR was not used for pipe 4 (faulty joint). However, the development of surface ponding
itself was an indication of leakage.

Figure 10 presents the data obtained from the GPR scans on the setups when the
moisture content of the dune sand was approximately 5%. Like the previous case (moisture
content = 2%), from Figure 10, it was observed that the GPR was able detect leaks in all
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three pipe materials and the two types of pipe damages (crack and hole). However, it was
observed that the visual inspection of images to find the leaks was more strenuous when
the moisture content was 5% in comparison to the case in which the moisture content of the
dune sand was 2%. Figure 11 presents the data obtained for the GPR when the moisture
content of the dune sand was 10%. Contrary to the previous cases, the GPR was only able
to detect the leak in pipe 2 (crack) in the PPR setup and in pipe 3 (hole) in the PE setup. It
may be this way because a high saturation of soil reduces the ability of GPR to identify the
contrast between the water coming out of the leak and the soil moisture.

Crack Hole

0 min 60 min | 120 min 0 min 60 min 120 min

MmO RAM G Zmal o

O AAImM A Zm ol -

“l M om

MO EAM A 2 MmO

Figure 9. GPR images obtained on PPR, PVC and PE setup with 2% soil moisture content.
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Figure 10. GPR images obtained on PPR, PVC and PE setup with 5% soil moisture content.
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Figure 11. GPR images obtained on PPR, PVC and PE setup with 10% soil moisture content.

3.2. IR Camera

The experiment was designed such that one IR video could be captured hourly for
each pipe. The total experimentation time was 3 h, hence three IR images were produced
for a given pipe. Figure 12 presents the IR images collected for the pipes when the moisture
content of the sand was approximately 2%. The RGA was used to process the IR images by
utilizing the image histogram to identify the coolest pixel in the image and use it as the seed
pixel. Then, the neighboring pixels of the initial seed pixel were examined to determine if
they can be added to the region. In this study, the three images taken for every pipe type
over a three-hour period were processed using the coolest pixel in each image (i.e., the pixel
with the lowest temperature). Then, the region-growing algorithm was implemented on
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each image using image variance as the threshold criteria for accepting or rejecting pixels.
Then, the resulting regions in the three images were compared. Leak are identified only for
the resulting regions that were increasing with time. If the three seed pixels are at the same
location, a unique leak location is identified. Otherwise, the locations of the three seed
pixels are potential locations of the leakage. The RGA was implemented in ArcGIS 6.5 using
the Reclassifier tool in the Classification Wizard. The essence of using the spectrometer was
to identify the wavelength(s) that are sensitive to the identification of the leaks through
moisture so that an appropriate imaging device with these identified wavelength(s) can be
used in the future. The criteria used for the detection of leaks in the spectrometer considers
any reflectance/transmittance of less than 50% in wavelengths larger than 0.70 um as an
indication. Figure 13 below demonstrates the RGA method by showing the location of
the seed pixel in a sample image and the region created using the RGA criteria mentioned
above. Note that in Figure 13c, the number of pixels that compose the region created the
surroundings of the seed pixel. It is evident that the IR camera was able to robustly detect
leaks in all pipe materials (PE, PPR and PVC) for all of the tested leak types (crack, hole
and faulty joint) when the soil moisture content was 2%. Hot spot analysis of the IR images
has been employed to detect the leaks. As observed from the IR images in Figure 12, there
was a formation of blue spots in the IR image with time. These blue spots are locations
where the temperature was reduced. This temperature reduction can be explained because
of the increase in the moisture content of the sand surrounding the leak. Hence, as the
time of the leak increases, the amount of water leaking to the surrounding sand increases,
thereby, increasing the blue spots in the IR image. Similarly, Figure 14 shows the IR images
obtained when the moisture content of the soil was approximately 5%. The IR camera was
successful in detecting leaks in the pipes when the moisture content was 5%. Contrary
to this, the IR camera was unable to detect the leaks when the moisture content of the
soil was approximately 10%, as shown in Figure 15. Additionally, unlike the GPR, the IR
camera could be utilized on pipe 4 (faulty joint) as the images are captured from a distance,
safeguarding the camera from the water stagnated on the surface of pipe 4. The increase in
the percentage of soil moisture reduces the ability of the IR camera to distinguish between
the temperature contrasts between the soil and leaking water. However, IR images with
high resolution may be able to capture this.

PPR

-~ 38 =00 =0 X0 B HA

60 min

Figure 12. IR images obtained on PPR, PVC and PE setup with 2% soil moisture content.
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Figure 13. (a) Sample IR image; (b) image histogram; and (c) identified leakage locations.
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Figure 14. IR images obtained on PPR, PVC and PE setup with 5% soil moisture content.
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Figure 15. IR images obtained on PPR, PVC and PE setup with 10% soil moisture content.

3.3. Spectrometer

The amount of water leaking from the pipes gradually increased with the increasing
amount of water passed through the pipe. This leaking water was absorbed by the soil
surrounding the pipes in the experimental setup and, hence, increased the soil moisture
content. As a result, the reflectance recorded by the spectrometer was expected to decrease
with the increase in time. This expectation was met based on the results of the experiment.
The reflectance obtained by the spectrometer at wavelengths higher than 0.70 um signifi-
cantly decreased when compared to the reading taken at time zero and the reading taken
after 60 min.

A sample reflection/transmission plot like those shown in Figure 16 demonstrates the
changes against different wavelengths. The results obtained for pipe 2 (pipe with a crack) and
pipe 3 (pipe with a hole) for all three pipe materials (PPR, PVC and PE) at 2% moisture content
are shown in Figure 17. Based on the results, the spectral reflectance decreased at wavelengths
greater than 0.70 pm with the moisture content increased. These findings agree with findings
in literature which suggests that the decrease in reflectance with the increase in moisture
content is more noticeable in the infrared bands [23]. The reflectance obtained at wavelengths
less than 0.70 pm was observed to decrease; however, the decrease was inconsistent, making
it difficult to draw any conclusion. Furthermore, the spectrometer was not able to consistently
identify leaks in the pipes when the moisture content was 5% and 10%.
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Figure 16. Spectrometer reflectance obtained from the PE pipe with a crack (right) at 2% moisture content.
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Figure 17. Spectrometer reflectance obtained against different wavelengths on PPR, PVC and PE
setup with 2% soil moisture content.

The spectrometer could identify leaks from the crack and hole in all pipe material at
2% sand moisture content. However, the spectrometer was unable to detect the leak from
the joint due to the accumulation of water on the surface of the soil that resulted in ponding.
As a result, it was not possible to use the instrument. Nevertheless, the leak in the fourth
pipe was detected by just visual inspection as the water from the faulty joint had reached
the surface.

3.4. Summary

Table 7 presents a summary of the leak detection potential of the NDTs for all the
types of pipes (PVC, PE, and PPR) at different soil moisture contents. It was found that all
NDTs were able to detect leaks in pipes; however, the success rate of the NDTs differed for
each NDT.
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Table 7. Summary of leak detection potential of NDTs.

Type of 2% Moisture Content 5% Moisture Content 10% Moisture Content
Leak GPR Spectrometer IR Camera GPR Spectrometer IR Camera GPR Spectrometer IR Camera
PVC
Crack v v v v v X* X*
Hole v X* 4 4 X*
Faulty joint X* X* 4 X* X* 4 X X X*
PE
Crack v v v X* v X X*
Hole v 4 X* v v X*
Faulty joint X X 4 X X 4 X* X* X*
PPR
Crack v v v X* 4 v X*
Hole v v v v X X
Faulty joint X* X* v X* X* 4 X X X

Note: v—successful and X *—failed.

The second objective of this study was to assess the factors that may affect the ability of
the NDTs used for leak detection. Therefore, to assess the effect of the varying factors, such
as soil moisture content, pipe material, and types of leaks, on the leak detection potential of
the NDTs, it was important to fix some other factors. Table 8 presents the effect of increasing
soil moisture content on the potential of the leak detection of a given NDT. It was observed
that the detection capability of the GPR and IR camera was significantly reduced when the
moisture content was 10%. Additionally, Table 9 illustrates the effect of the pipe material
on the leak detection capabilities of NDT. The pipe material did not affect the detection
ability of the NDTs. Lastly, the GPR and spectrometer could not be used on the pipe with
the faulty joint due to surface ponding (Table 10). Contrary to this, the IR camera could be
used. However, the presence of water on the surface was an indication of leak. Between
the other types of leaks, there was no effect observed on the leak detection capabilities.

Table 8. Effect of soil moisture content on leak detection.

Soil Moisture Content 2% 5% 10%
GPR 66.67% 66.67% 33.33%
Spectrometer 66.67% 22.23% 0.00%
IR camera 100% 100% 0.00%

Table 9. Effect of pipe material on leak detection.

Pipe Material PVC PE PPR
GPR 55.56% 55.56% 55.56%
Spectrometer 33.33% 22.22% 33.33%
IR camera 66.67% 66.67% 66.67%

Table 10. Effect of types of leaks on leak detection.

Types of Leaks Crack Hole Faulty Joint
GPR 77.78% 88.89% 0%
Spectrometer 44.44% 44.44% 0%

IR camera 66.67% 66.67% 66.67%
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4. Conclusions

From the results obtained above, the following conclusions can be made.

1. GPR: The GPR is effective in detecting leaks in sand /soil with a moisture content of
2-5%. The detection of leaks using the GPR was effective when the moisture content
of the sand surrounding the pipes was 2%. Furthermore, although the GPR was able
to detect leaks when the moisture content of the sand was 5%, the visual inspection
of the GPR scans required special attention to details as the sand was already muoisty.
Contrary to this, the GPR was not able to effectively detect leaks when the moisture
content was approximately 10%. In addition, the GPR was able to detect leaks in all
pipe materials.

2. Spectrometer: The spectrometer used in this study was able to detect leaks in all
three types of pipes (PE, PPR and PVC) at 2% moisture content. However, the results
did not follow a constant trend and identifying the leak was tricky. As the moisture
content approached 5%, the spectrometer was only able to identify the leak in two
cases, which were the PVC pipe with a crack and PPR pipe with a hole. Hence, it can
be concluded that this spectrometer (spectral range of 0.20-0.85 um) with its limited
infrared spectral range cannot be deemed as an effective NDT to detect leaks in pipes
when the moisture content is 5% or higher. Based on the results obtained from the
IR camera, it is suggested that spectrometers with wider infrared ranges would be
successful in detecting such leaks.

3. IR camera: The IR camera (spectral range: 7.5-13.0 um) used in this study was effective
in detecting leaks when the moisture content of the soil surrounding the pipes was
approximately 2-5%. Moreover, the IR camera can detect leaks in all three pipe
materials (PE, PPR and PVC).

4.  Effect of soil moisture content: The ability of the three chosen NDTs to detect water
leaks decreases with the increase in the moisture content of the soil. Therefore, the
NDTs are only successful in capturing the significant increase in the soil moisture
content due to the leaks.

5. Pipe material: There was no significant effect on the ability of the NDTs to detect water
leaks when the material of the pipe was PE, PPR, or PVC. Hence, if there is leak in
any of the three types of pipes used in this study, it can be detected by means of the
tested NDTs.

6. Types of leaks: The tested NDTs were able to successfully detect the leaks due to a
crack or hole in a pipe. However, the GPR was inefficient in detecting leaks from the
faulty joint due to the surface ponding.

In summary, out of the three instruments used in the present research study, the IR
camera was the most effective in identifying the leaks. The spectrometer, however, given
its limited spectral range, was the least reliable NDT to detect leaks. In addition to this, the
NDTs were more effective when the moisture content of the sand surrounding the pipes
was low (2-5%). This research will be a significant step towards building a comprehensive
knowledge related to the use of NDTs for water leak detection, as comprehensive studies
on water leak detection are lacking in literature. Existing knowledge is often limited to
the applicability of the individual technologies. The effect of different factors on the use
of these NDTs will be a major contribution for this paper as it will ensure the versatility
of these technologies. However, the outcomes of this study may not always represent the
real-site conditions. The experimental setup used in this study was controlled and scaled.
It reduced the potential interferences from other weather and soil environments. However,
in real situations, the lack of boundary walls in the vicinity may reduce the efficiency of the
NDTs slightly. The extent of that impact was outside the scope of this study.

Future studies should aim to focus on the applicability of these technologies in the real-
site conditions under varying operational, atmospheric, and weather conditions. This is
particularly essential for all the manufacturers of NDTs. Since wide-ranging NDTs are being
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introduced for leak detection, it is essential that the academics, practitioners, and policy-
makers evaluate the role of different factors in ensuring the efficiency of leak detection.
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