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Abstract: Detecting and mapping subsurface utilities in urban areas is crucial for identifying defects
or damages in drinking and sewage pipes that can cause leaks. These leaks make it difficult to
accurately characterize the pipes due to changes in their reflective properties. This study focused on
detecting leaks originating from underground pipes and distinguishing between these various types
of pipes. It also aimed to create a visual fingerprint model that displays the reflection characteristics of
these pipes during different leak conditions, enabling efficient maintenance and handling procedures
on the pipes. To achieve this, a finite-difference time-domain (FDTD) method was used to simulate
two types of pipe materials with and without leak areas to construct different scenarios. Additionally,
a ground-penetrating radar (GPR) field survey was conducted using a 600 MHz antenna in a part of
the El Hammam area on Egypt’s northwest coast. The simulated images produced with numerical
modeling were compared with the radar profiles obtained using GPR at particular locations. The
numerical simulations and radar profiles demonstrated the noticeable influence of water leaks
from the different pipes, wherein the reflection of saturated soil waves was interrupted due to the
presence of saturated soil. Envelope and migration techniques were employed in a new application
to accurately distinguish between different pipe types, specifically focusing on leak areas. The strong
correlation between the real radar profile and the specific signal of a water pipe leak in the simulated
models suggests that GPR is a reliable non-destructive geophysical method for detecting water
pipe leaks and distinguishing between the different pipe materials in various field conditions. The
simulated models, which serve as image-matching fingerprints to identify and map water pipe leaks,
help us to comprehend reality better.

Keywords: leaks; underground pipes; FDTD; GPR; numerical modeling; trace analysis; envelope;
migration

1. Introduction

In recent years, water leaks from distribution pipes have become a significant concern
in many water distribution systems. As outlined by the authors in [1], these leaks can signif-
icantly affect the environment and infrastructure, causing problems including groundwater
pollution, freshwater loss, and ground subsidence. The possibility that the water, which
was previously safe at the source, becomes contaminated before it reaches the customer
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increases if there is a leak in the underground water distribution piping system. To address
this issue, it is essential to detect and locate leaks, and repair the pipes responsible for these
leaks within water networks. Early detection of anomalies and the precise identification of
flaw locations are crucial to overcoming this problem efficiently. The most commonly used
methods for detecting leaks in water networks include the acoustic method [2,3], infrared
thermography [4], gas trace test, and GPR [5,6]. While these methods can be effective, GPR
is beneficial for characterizing ground conditions in urban areas and is considered one of the
most effective tools available [7]. This is because GPR can identify contrasts between leaked
water and the surrounding ground by analyzing dielectric characteristics and can be used
to create radargrams that aid in water network inspection [8]. GPR is a promising method
for detecting leaks in both metal and PVC pipes; it can detect anomalous changes—caused
by water saturation or by recognizing subsurface voids produced by water that has spilled
and corroded the material surrounding the pipe—in the characteristics of the material
next to the pipes [9,10]. Regardless of the pipe’s material, whether metal or PVC, GPR can
detect leaks. Due to this advantage, GPR is a more promising choice than conventional
acoustic leak detection techniques, which frequently encounter difficulties when used with
PVC pipelines [11]. Consequently, GPR has recently been increasingly used for subsurface
geophysical investigations, especially at shallow depths [12]. Although GPR is an easy
and fast methodology, interpreting the obtained images can be challenging [13]. For an
accurate visualization of buried pipes and water leaks, it is necessary to treat the images
adequately by applying different processes and filters [14] that enhance the visualization of
the desired characteristics.

GPR is a current surface geophysical survey technique that has advanced signifi-
cantly in the past 30 years for shallow and highly accurate exploration; it is also safe
for use in urban environments to identify buried objects and determine the subsurface
structure and properties [15]. It is the most widely used technique for shallow subsurface
investigation [16,17], geotechnical investigation [18,19], archaeology [20,21], underground
structural exploration on the Moon [22,23] and Mars [24], environmental and engineering
studies [7,25,26] for detecting water leaks around artificial buildings, and the detection of
subsurface utilities [27–30].

The efficiency of locating buried objects, including pipelines, and identifying leaks in
buried pipelines using GPR images can vary depending on the processing methodology
applied. Several studies have explored different approaches to processing GPR images for
this purpose. For example, a comparison was made between synthetic GPR signatures for
leaking and non-leaking pipes using different configurations to simulate the GPR response
of leaking buried pipes [31]. An extensive survey was conducted to evaluate the potential
of using GPR for leak detection [11]. The GPR approach efficiently detects pipe leaks and
provides details on the pipeline’s soil characteristics [32]. Low-band filters were used to
detect leaks in PVC urban pipelines [33]. The Hough transform technique was employed
to identify and locate hyperbolic patterns to recognize the presence of the target [34]. The
Hilbert and Fourier transforms were utilized to demonstrate anomalies based on their
magnitude, phase, and frequency [35]. A multi-agent approach was developed to examine
and detect plastic pipes hidden within water supply systems [13]. Signature images were
collected to detect water leaks by utilizing differences in the dielectric contrast and reflection
coefficient during different stages of water injection [36]. Laboratory experiments were
conducted to evaluate the ability of GPR technology to detect water leaks in metal and PVC
pipes [10]. Diffraction imaging, numerical simulation, and both 2D and 3D GPR survey
lines were utilized to enhance the imaging and characterization of water leaks [37].

Once leaks have been detected, it is crucial to quickly identify the type of pipe materials
and the exact locations and depths of the pipes responsible before excavation to facilitate
prompt maintenance and damage repair [38]. Previously, numerous studies have concluded
that the GPR technique is effective, particularly in accurately differentiating between metal
and non-metal materials. For instance, experiments were carried out in a water environment
to assess various types of pipelines by using travel-time calculations [39]. A 200 MHz GPR
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system was utilized to evaluate three spectral features to distinguish between concrete,
metallic, and plastic materials [40]. The best frequency for detecting various types of
pipes was determined based on the characteristics of the soil textures [41]. However,
previous studies have not adequately addressed the specific challenge of distinguishing
between these pipes within leak areas. While the detection of these pipes within dry areas
is relatively straightforward, it becomes challenging within areas affected by leaks. This
prompted our study to explore a new application using envelope and migration techniques
to address and resolve this problem.

This study aimed to identify water leaks from pipelines carrying both water that is safe
for human use and sewage water to reduce the public health risk and prevent structural
damage to buildings—as the presence of fractured pipes is considered to be an engineering
and environmental hazard. In addition, to distinguish between different underground pipe
types—especially metal and PVC pipes, with and without leaks in the study area—a GPR
system with a 600 MHz antenna frequency and various simulation modeling was used.
Furthermore, we aimed to find a solution and accurately detect the exact location of the
different pipes within the leak areas. By using this capability, we can effectively manage
and maintain the pipes, leading to enhanced safety and efficiency.

1.1. Study Area

The study area in this study is located in a part of the El Hammam area on the
northwestern coast of Egypt. It is positioned west of Alexandria and parallel to the
Mediterranean coast. The boundaries of the study area are marked by longitude 29◦21′45′ ′

to 29◦22′30′ ′E and latitude 30◦53′05′ ′ to 30◦53′30′ ′N, as shown in Figure 1. Numerous
paved roads, including the Alexandria–Matruh and El Hammam–Burg El Arab Roads,
intersect the area. The area has a sequence of calcareous ridges and depressions that vary
in altitude.
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The research area had extensive water seepage at the surface, as shown in Figure 2,
which has caused environmental deterioration. Additionally, the water seepage has caused
engineering problems, such as the cracking and tilting of some buildings. Furthermore,
the residents are experiencing certain illnesses due to the mixture of portable and sewage
water during water transportation from the source to the consumer.
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Figure 2. Presence of water leaks on certain surface areas.

1.2. Geological and Geomorphological Setting

The surface geology of the study area is predominantly composed of Quaternary
deposits, specifically Pleistocene oolitic calcareous ridges consisting of detrital oolitic
limestone sediments, as indicated by satellite images, field observations and measurements,
and literature sources [42,43] (as illustrated in Figure 3a). The oolitic limestone sediments
are mainly composed of whitish layers of oosparite with a detrital texture, as shown in
Figure 3b. Additionally, while conducting measurements during our field observations,
we observed that certain regions contain sandy soil with depths ranging from one to
two meters.

Geomorphologically, the majority of the study area is occupied by the coastal plain,
based on information from various sources, such as satellite images, topographic maps, geo-
logic maps, and field observations [42,44–46]. This coastal plain is characterized by a series
of ridges separated by depressions, as shown in Figure 3c. These ridges comprise oolitic
limestone from the consolidation of beaches and ancient dunes along the shoreline [42,46].
These formations are arranged in a south-to-north sequence [44,45] as follows: El Hammam
depression, Gabal Maryut ridge (third ridge), Mallahet Maryut depression, El Max-Abu Sir
ridge (second ridge), foreshore depression, and coastal ridges (first ridge). To obtain fur-
ther information regarding Egypt’s northwestern coast’s geological and geomorphological
setting, refer to the following sources: [44,47].
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2. Materials and Methods

The GPR method uses short high-frequency electromagnetic (EM) pulses ranging
from 10 MHz to 2.6 GHz [48], sent into the subsurface by a transmitter antenna and
received by a receiver antenna to produce visual representations of shallow soil and rock
conditions [49,50]. GPR works effectively in soils with low conductivity and can conduct
quick and continuous scans over a large area within a short duration [51]. The depth
penetration and resolution depend on the antenna frequency used. Higher frequencies
provide a higher resolution but shallower depth penetration, while lower frequencies
provide deeper penetration but with a lower resolution [52,53].

The magnitude of the reflected signal increases at an interface below the surface
when there is a notable discrepancy in the physical characteristics of the two materials,
resulting in a higher amplitude reflected wave that could be detected with GPR [54].
The physical properties of materials that affect subsurface wave propagation at GPR
frequencies are conductivity (σ) measured in mS/m and dielectric constant (ε), which is
dimensionless [55,56]. When the GPR emits electromagnetic waves into the ground, the
receiving antenna records the variations in the return signal caused by encountering buried
objects or boundaries between materials with different permittivities (Figure 4). The greater
the change in permittivities of the medium, the stronger the intensity of the reflected wave,
resulting in more apparent features on the GPR image [9].
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Figure 4. The propagation of EM waves in subsurface materials (Modified after [57]).

A GPR survey was conducted in a specific area of El Hammam town on the north-
western coast of Egypt. It was most likely carried out to identify and map the leak areas
and the pipes responsible for these leaks to facilitate maintenance and better understand
their properties, enabling a more convenient distinction between them.

Twenty-two GPR profiles were conducted at different locations in the study area using
the time mode for data contact acquisition (Figure 5) via the RIS Hi-MOD-IDS georadar
system. The system operates by keeping the transmitter and receiver at a constant distance
while moving along a profile to collect the data. It consists of a monitor or external PC, a
control unit with a 32-bit processor, two shielded antennas (transmitter Tx and receiver
Rx) with a dominant frequency of 600 MHz, a battery, and a measuring wheel (as shown
in Figure 6). The transmitter generates short-period, high-voltage pulses; these pulses
are transmitted to the transmitting antenna (Tx), which emits them into the ground. The
studied signals of the materials are gathered by the receiving antenna (Rx), amplified,
preliminarily processed by the control unit, and formatted to display the field data on the
external PC [58].
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The raw data from the GPR profile was adjusted for corrected positioning and sub-
jected to various filters to enhance the subsurface reflections during post-processing using
the Reflex software v.9.5. Reflex software is used to obtain a more precise image with better
brightness and contrast, and to eliminate any noise in the data. This software aided in
interpreting the data by transforming the raw data into a 2D format. The objectives of
post-processing primary data were achieved through several goals, including improving
the signal-to-noise ratio, removing any irregularities induced by the system, and correct-
ing any geometric effects caused by data acquisition [59]. We applied the following six
post-processing steps to our data to detect the leak areas on the radar section.

1. Time-zero correction is the first step in processing GPR data, which involves adjusting
traces to a common time-zero position [57]. This correction is necessary due to factors
such as thermal drift, electronic instability, cable length differences, and variations in
the antenna air gap, which can cause “jumps” in the air/ground wavelet’s first arrival
time [60].

2. Dewow filtering is a common processing step that uses temporal filtering to re-
move the data’s DC signal and low-frequency components, resulting in a mean zero
level [61].

3. Background removal is a frequently used step in GPR data processing that involves
applying a high-pass filter or average trace removal as a form of spatial filtering. This
technique helps to eliminate background noise and enhance weaker signals to become
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more visible in the processed section. In this process, the mean of all traces in a section
is calculated and subtracted from each trace, which is particularly useful for reducing
antenna ringing [61].

4. Gain (energy decay) is one of the processing steps applied to GPR data. In subsurface
exploration using radar signals, it becomes harder to distinguish events at greater
depths due to rapid signal attenuation [61]. So, this step aims to enhance later arrivals
by compensating for the energy loss that occurs during signal propagation through the
subsurface, such as spherical divergence and intrinsic and scattering attenuation [62].

5. Band-pass filtering (Butterworth) is commonly used to eliminate noise caused by
human or system interference and enhance the visual clarity of GPR data (e.g., the
removal of high-frequency “speckle” from radio transmissions or the striping effect
from antenna ringing [60,62]). It consists of a combination of high-pass and low-pass
filters that allow frequencies on either side of the peak frequency of the transmitted
signal to pass through [63].

6. Time-to-depth conversion is an important processing step for realistic interpretations
and elevation corrections of GPR data. It is necessary to convert two-way travel time
to depth in the GPR sections to help determine the target’s depth. This step requires an
accurate estimate of the subsurface velocity, which can be obtained through ground-
truthing, common midpoint surveys (CMPs), or hyperbolic velocity analysis [62]. This
study used the constant velocity based on ground truthing, precisely 0.12 m/ns, to
account for limestone outcrops in the study area [64].

Subsequently, two processing steps were employed using designed MATLAB® codes
to distinguish between pipe materials and determine their type, as below:

1. Envelope is a technique that enhances the signal-to-noise ratio of data by processing
the data in a way that allows incoherent stacking. This method involves squaring
and adding the actual measured antenna voltage and its quadrature, which is equal
to the magnitude of the Hilbert transformation of the radar trace. To implement
this method, one can sum the squared radar trace data and their squared numerical
differences, which is a simple and efficient approach. This is because the differential
or integral of a sinusoid can be represented as a phase shift of π/2. The ultimate goal
of this processing step is to generate a scattering amplitude envelope that represents
the average amplitude of scattering versus depth [65]. The signals received by the
GPR antenna are often complex, with various reflections arriving at different times
due to different subsurface materials and features. The envelope technique extracts
the maximum amplitude of these received signals over time. GPR signals typically
contain both positive and negative peaks due to reflections. By taking the absolute
value of the signal, the negative peaks become positive, resulting in a rectified version
of the signal. The maximum values (peaks) of this rectified signal are extracted over
a specific time range to create an “envelope” of the original signal. This processed
signal can provide a clearer image of the subsurface structures than the raw GPR data.
So, we designed a simple code to perform this step, which involved gathering the
positive and negative reflections. This process effectively amplified the amplitude
reflection for each pipe material, enabling us to identify the type of these pipes.

2. Migration is a processing technique that is typically used to enhance section resolution
and produce more accurate subsurface images in GPR. It is considered to be the most
contentious of all GPR processing techniques. As the waves received by the GPR an-
tenna are typically acquired vertically along the acquisition line, they do not accurately
represent the positions of small-scale diffractors or sloped reflectors. This processing
step extends the recorded wavefield downward to its origin to capture these features
and move the hyperbola signal to the focal position more accurately [52,62]. The F-K
migration technique converts hyperbola signals to object’s locations using a constant
velocity [66]. This approach uses the exploding source model, which assumes that the
scattered signal field originates from an explosion at the object’s location. It operates
on frequency and wavenumber in the Fourier domain and then inverses to the time
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domain [67]. After applying the time-to-depth conversion processing step, we applied
this step to the simulated and field data. We designed a basic code derived from the
F-K migration code to improve the positioning of reflection points and create a more
accurate representation of the subsurface features. The migration process enhanced
the visibility of pipeline reflections, making them more discernible, particularly within
the leak areas that remained undetectable in the radar cross-section derived from
the field data after post-processing. Finally, we could deduce the probable pipeline
material type and its precious position by comparing the reflection characteristics
with known material signatures.

3. Results

The study utilized two types of radar profile data: the FDTD simulation radar profile
and the radar profile obtained from fieldwork conducted in a specific area suspected of
water leaks using a GPR instrument. The FDTD simulation data were produced using
MATLAB® software v. R2016b, incorporating specific parameter settings for the leaky
water pipe scene. The simulation aimed to utilize signature fingerprints to identify metal
and PVC pipes and detect areas of leaks in the measured radar sections. Henceforth, it
aimed to minimize uncertainties and prevent misinterpretation. The electrical property
information, such as relative dielectric permittivity (εr), magnetic permeability (µ), and
electrical conductivity (σ), for each testing parameter was gathered from the relevant liter-
ature. Subsequently, the GprMax electromagnetic simulator, integrated with MATLAB®,
was utilized to generate a comprehensive set of radar profiles, both with and without
leak conditions. These profiles were created based on the assumption that the backfill soil
materials were homogenous under ideal conditions.

3.1. Simulated GPR Image

To demonstrate the effectiveness and applicability of GPR in detecting concealed
water leak areas and distinguishing between various hidden pipe materials, two simulation
images were generated using the GprMax simulator for two different conditions.

The GPR images simulated using GprMax v.3.0.0b20 employed a Hertzian dipole
source with a Ricker waveform featuring a center frequency of 600 MHz. The source
was positioned at a distance of 0.4 m and a depth of 0.2 m, while a receiver was placed
at a distance of 0.5 m and a depth of 0 m. The transmitter source and the receiver were
incrementally moved by a distance of 0.03 m for each step. The simulations employed a
relative magnetic permeability, set to 1. Figure 7a,b illustrate the diagrams corresponding
to simulation models 1 and 2, respectively. Models 1 and 2 had dimensions of 4 m in length
and 4 m in depth. Both models possessed an initial layer of air with a relative permittivity
of 1 and a conductivity of 0 S/m. The second layer in both models represented sandy soil,
characterized by a relative permittivity of 5 and a conductivity of 0.00001 S/m. The third
layer in both models represented a limestone layer, possessing a relative permittivity of 6
and a conductivity of 0.0005 S/m.

Moreover, in Model 2, two additional layers were introduced: one consisting of water-
saturated sand and another comprising water-saturated limestone. These water-saturated
layers exhibited relative permittivity values of 30 and 8, respectively, and conductivity
values of 0.001 and 0.002 S/m, respectively. Both models included two targets: a metal pipe
(represented as a blue circle), located at a distance of 1.5 m, and a PVC pipe (represented as
a green circle), positioned at a distance of 2.7 m. Both targets were at a depth of 1 m, with a
diameter (Ø) of 0.32 m and a cross-sectional area of 0.08 m2.
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Figure 7. GprMax simulation models for dry condition (a) and water leak condition (b).

The model’s parameters were normalized to obtain the simulated GPR image, as
displayed in Figure 8a,b. The simulated time window was set to 35 ns, and B-scan mea-
surements were obtained with a spatial and time step of 0.01 m and 0.038 ns, respectively.
Figure 8a,b present the most favorable outcomes of the simulation, serving as evidence
for the usability and capability of GPR in detecting these invisible water leak pipes. Using
Matlab®, we successfully subtracted the influence of the direct wave effects from the fig-
ures to accurately detect metal and PVC pipes in dry and leak areas. The examination of
Figure 8a,b revealed that the reflection characteristics of intact metal or PVC pipes could
be easily distinguished. However, differentiation became challenging when dealing with
leaky metal or PVC pipes. This difficulty arose due to the presence of saturated or wet
soil causing additional reflections, disrupting the characteristic hyperbolic or V-shaped
signature of metal and PVC pipes in the radar profile. These findings confirmed that GPR
holds significant potential as a valuable investigative tool for detecting areas of pipe leaks.
Moreover, it demonstrated an adept ability to easily distinguish between the different pipe
materials within the dry areas, yet encounters challenges when applied in the leaky areas.

To further emphasize the challenge of being unable to detect the reflection patterns
of metal and PVC pipes in the leaky areas, we applied F-K migration analysis to the
simulated GPR image, as illustrated in Figure 9a,b. This analytical technique enhanced the
interpretation and identification of metal and PVC pipes, improving the ability to detect the
metal and PVC pipes within dry and leaky areas at their precise position and depth. The
simulated data can be spatially matched as a fingerprint with real-world measurements by
performing data migration, allowing for a more precise comparison and analysis.
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Figure 9. Migrated GPR images from a dry model (a) and a water leak model (b), noting that the
black circles indicate the metal and PVC pipes.

In Figure 8a, the identification of metal and PVC pipes within dry soil is straight-
forward. However, in the model of saturated soil, as is shown in Figure 8b, the accurate
detection of these pipes became challenging due to the alteration of their reflective proper-
ties induced by pipe leaks. In contrast, the results presented in Figure 9a exhibit a notable
improvement after the migration process. This enhancement enabled the precise localiza-
tion and depth determination of metal and PVC pipes within dry soil. Furthermore, in
Figure 9b, the improved outcomes are particularly evident when dealing with saturated
soil, distinct from those seen in Figure 8b. In this case, the metal pipe’s position and depth
can be readily identified. While the PVC pipe detection was slightly less noticeable than
the metal pipe, it remained discernible. It is worth noting that the diminished reflection of
the PVC pipe ariose from its considerably lower permittivity compared to the surrounding
saturated soil. However, alternative methodologies employed in this study could effectively
detect the PVC pipe under these conditions.
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3.2. Real GPR Image
3.2.1. Detection of Leak Areas

The conventional method used to detect anomalies, including hyperbolic reflections,
differences from normally smooth reflection patterns, and signal frequency changes, is
radar data analysis. Hyperbolic reflections are produced by point reflectors such as pipes,
rocks, or voids in the ground. Frequency changes in radar signals result from modifications
in the dielectric properties of the medium through which the signals travel. The presence
of water saturation, for example, reduces the frequency and concentrates the beam width
of the radar signal.

According to [68], there is a significant difference in the dielectric properties of water
and soil. As a result, radar reflections appear more prominently in wet areas against a
background of dry soil. The high radar reflection zone can also be used to delineate the
extent of the wet soil. Figures 10 and 11 demonstrate that the wet soil area displayed a
higher radar intensity than the surrounding dry soil in the study area. The profiles obtained
using the 600 MHz antennas demonstrated a penetration depth of approximately 3.5 m at
50 nanoseconds, with a velocity of approximately 0.12 m per nanosecond. Table 1 shows
the extension of each leak area along the mentioned profiles.

Table 1. The size or extension of the leak areas located in the study area.

Profile Number Leak Areas
Distance (m) Depth (m)

Start End Start End

P(1)
1st 18.6 20.1 0.4 1.6

2nd 24 27.6 0.4 1.6

P(2)
1st 19.5 21.9 0.4 1.3

2nd 41.8 46.1 0.4 1.96

P(8) 1st 106.2 107.8 0.4 1.64

P(11) 1st 29.4 31 0.4 1.64

P(15)

1st 9.2 11.2 0.4 1.4

2nd 15.6 17 0.4 2.2

3rd 117.4 124.2 0.4 3.2

P(17)
1st 77.1 78.2 0.44 1.32

2nd 82.6 84.6 0.44 1.62

P(18)
1st 2.8 6.2 0.4 2.44

2nd 101.7 105.7 0.4 2.52

P(20)
1st 4.5 6.7 0.4 1.8

2nd 8.5 11.7 0.4 2.9

P(21)
1st 25.3 30.1 0.2 2.44

2nd 33.6 41.2 0.24 2.64

P(22) 1st 194.7 199.1 0.28 2.32
It can be stated that the damage to the fresh water and sewer pipes is responsible for these leak areas, which are
frequently concentrated in the northeast and southeast regions, with some being dispersed throughout other parts
of the study area.



Remote Sens. 2023, 15, 4924 13 of 24Remote Sens. 2023, 15, x FOR PEER REVIEW 13 of 25 
 

 

 

Figure 10. 2D GPR sections showing the water leaks in profiles 1, 2, 8, 11, and 15 within the study 

area. 
Figure 10. 2D GPR sections showing the water leaks in profiles 1, 2, 8, 11, and 15 within the study area.



Remote Sens. 2023, 15, 4924 14 of 24
Remote Sens. 2023, 15, x FOR PEER REVIEW 14 of 25 
 

 

 

Figure 11. 2D GPR sections showing the water leaks in profiles 17, 18, 20, 21, and 22 within the study 

area, continued. 
Figure 11. 2D GPR sections showing the water leaks in profiles 17, 18, 20, 21, and 22 within the study
area, continued.
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3.2.2. Differentiation between Pipe Materials

• Using trace and radar section analysis

GPR surveys can successfully detect underground utilities, including metallic and
non-metallic pipes. These utilities typically appear as hyperbolas in response, with metallic
pipes exhibiting high dielectric contrast to soil, resulting in a prominent appearance in the
GPR profile. On the other hand, non-metallic utilities such as PVC pipes are less noticeable.
The size of the hyperbola varies depending on the size of the pipes. The length of the top
part of the hyperbola is similar to the perimeter of the semicircle of the pipe when viewed
in the GPR cross-section.

Figures 12–15 show the trace and radar sections for some selected profiles within the
study area.
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Figure 15. The amplitude and hyperbolic shape of PVC pipe with leaks along some traces and the
corresponding radar sections of profiles 15 (a) and 17 (b).

Figure 12a,b display an amplitude of reflection range of approximately 30 to −30
in the trace section. This generated large hyperbolas in the corresponding radar section,
indicating the presence of a metal pipe.

Conversely, Figure 13a,b exhibit an amplitude of reflection range of approximately 10
to −10 in the trace section, causing a small hyperbola to appear in the radar section. This
hyperbola suggests the presence of a PVC pipe.

Figure 14a,b show an amplitude of reflection range of approximately 30 to −30,
with additional parts ranging from 10 to −10 in the trace section. This generated a large
hyperbola with low to moderate radar reflection in the radar section. The hyperbola with
low to moderate radar reflection was especially conspicuous compared to the surrounding
area’s dry soil, signifying a metal pipe with leaks.

On the other hand, Figure 15a,b present an amplitude of reflection range of approxi-
mately 10 to−10, with additional segments ranging from 10 to−10 in the trace section. This
generated a small hyperbola with low to moderate radar reflection in the corresponding
radar section. The hyperbola with low to moderate radar reflection was notably conspicu-
ous when compared to the dry soil in the surrounding area, indicating the presence of a
PVC pipe with leaks.
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Figures 12–15 represent some examples of different pipes with and without leaks
within the study area, which revealed that metal pipes—with or without leaks—displayed
a significant amplitude of reflection compared to PVC pipes. A metal pipe in the medium
caused a considerable variation in the dielectric constant, resulting in a strong reflection of
radar signals; thus, explaining the reason for the prominent appearance of the metal pipes
as a large hyperbola in the GPR cross-section. While PVC pipes are mostly transparent, the
presence of air or water in the pipe reflected radar signals, resulting in a weak hyperbola in
the GPR cross-section. The trace section offered an advantage in distinguishing between
metal and PVC pipes within the water leak areas. In contrast, the radar section failed
to differentiate between them, as shown in Figure 14b. Based on the findings illustrated
in Figures 12–15, it was evident that the radar section identified metal and PVC pipes
effectively within dry areas. However, the radar section struggled to detect and distinguish
between these pipes in leaky areas. Trace analysis, on the other hand, offered a solution
to this challenge. By demonstrating the amplitude reflection of the metal and PVC pipes
within leaky areas, trace analysis proved to be more effective compared to radar analy-
sis. This advantage positioned trace analysis as a superior method for addressing this
particular challenge.

• Using envelope and F-K migration analysis

Two MATLAB® codes were used to perform envelope and F-K migration analyses on
the GPR data. The purpose was to easily differentiate between metal and PVC pipes within
the study area and attempt to detect their accurate position under various leaky conditions.
The envelope determination process involves applying energy-based attribute analysis,
as discussed by the authors in [69]. It is worth noting that the GPR envelope is closely
associated with the electric impedance [52]. A solution to the migration problem was pre-
sented using a formal wave equation solution using Fourier transforms [66]. Figures 16–19
compare the metal and PVC pipes with and without leaks through the original radar,
enveloped, and migrated sections.
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Figure 16a displays a radar section—a simple interpretation that revealed the presence
of two PVC pipes as indicated by two small hyperbolas at distances of 103.5 and 105 m,
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and a metal pipe with leaks identifiable by one large hyperbola, whereby high radar
reflectivity contrasted against the dry soil in the surrounding area at a distance of 107 m.
The GPR data, shown in Figure 16b, were subjected to energy attribute analysis using the
Hilbert transform to determine the instantaneous amplitude (envelope). Following this
procedure, the characteristic hyperbolic form, including the positive and negative peaks,
was transformed into a singular positive peak concentrated within a specific region. The
provided illustration shows two low-amplitude reflections at distances of 103.5 and 105 m,
illustrating the presence of two PVC pipes.

Furthermore, one high-amplitude reflection with some areas of low-amplitude reflec-
tion was observed at a distance of 107 m, indicating the presence of a metal pipe with
leaks. Meanwhile, Figure 16c presents outcomes derived from the F-K migration process,
revealing that the metal and PVC pipes are now accurately positioned. Notably, a distinct
contrast was observed between the two PVC pipes situated at distances of 103.5 and 105 m,
exhibiting through smaller dots with a lower color amplitude. In contrast, the metal pipe
with a leak displayed a higher color amplitude at a distance of 107 m.

Figure 17a on profile 9 presents a radar section revealing the presence of two PVC
pipes as indicated by the two small hyperbolas at distances of 78 and 94.5 m, and two metal
pipes identifiable by two large hyperbolas at distances of 5 and 108.5 m. Figure 17b shows
the enveloped section after being subjected to the energy attribute analysis. This analysis
demonstrated that, following the conversion of both positive and negative peaks into a
single positive peak within a specific region, two low-amplitude reflections were visible
at distances of 78 and 94.5 m, indicating the presence of two PVC pipes. Additionally,
two high-amplitude reflections were visible at distances of 5 and 108.5 m, indicating the
presence of two metal pipes. Figure 17c illustrates the migrated section after undergoing
the F-K migration process. The implementation of this procedure revealed the precise
alignment of the metal and PVC pipes. Of significance was the evident disparity between
the pair of PVC pipes positioned at distances of 78 and 94.5 m. This distinction became
apparent due to the presence of smaller dots with a lower color amplitude. On the contrary,
the two metal pipes exhibited a more pronounced color amplitude at distances of 5 and
108.5 m, highlighted by small multiple dots, creating a noticeable contrast.

Figure 18a depicts a radar section, revealing the presence of one metal pipe as identified
by one large hyperbola at a distance of 0.5 m. Additionally, one small hyperbola was visible
at a distance of 65.5 m, indicating the presence of a PVC pipe. Another small hyperbola
with moderate radar reflectivity contrasted against the dry soil in the surrounding area at a
distance of 83.5 m revealed the presence of a PVC pipe with leaks. Figure 18b shows the
enveloped section after subjecting it to the energy attribute analysis. Upon completing this
procedure, which involved consolidating the positive and negative peaks into one positive
peak within a focused zone, it became evident that there was one high-amplitude reflection;
this could be observed at a distance of 0.5 m, revealing the existence of a single metal pipe.
Additionally, one low-amplitude reflection was visible at a distance of 65.5 m, indicating
the presence of one PVC pipe. Finally, one low-amplitude reflection with some areas of
low-amplitude reflection was visible at a distance of 83.5 m, indicating the presence of a
PVC pipe with leaks.

Figure 18c illustrates the migrated section after undergoing the F-K migration process.
Here, it is essential to highlight the noticeable difference displayed by a single metal pipe
located at a distance of 0.5 m. This divergence was emphasized by the existence of compact
dots extending downward with depth, characterized by a heightened color amplitude.
Conversely, the presence of a PVC pipe became evident as indicated by a lower color
amplitude at a distance of 65.5 m, marked by the presence of small dots. Furthermore,
a lower color amplitude, coupled with some areas of even lower color amplitude, was
observed at a distance of 83.5 m. This occurrence signified the presence of a PVC pipe with
leaks, thus establishing a discernible contrast.

Figure 19a presents a radar section, which identified the presence of three PVC pipes
identifiable by three small hyperbolas at distances of 20.5, 56.5, and 97.5 m. Furthermore,
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the presence of two metal pipes was established as two large hyperbolas were detected at
distances of 21.5 and 67 m. Additionally, two areas of low to moderate radar reflectivity
contrasted against the dry soil in the surrounding area at distances of 4.5 and 103.5 m,
indicating the presence of leak areas. Figure 19b displays the enveloped section after
subjecting it to the energy attribute analysis. After this process, the distinct hyperbolic
shape, encompassing its positive and negative peaks, was converted into a single positive
peak, focused within a defined area. The illustration presented reveals the presence of three
PVC pipes as identified by three low-amplitude reflections at distances of 20.5, 56.5, and
97.5 m. Furthermore, the existence of two metal pipes was evidenced by the presence of
two pronounced reflections at distances of 21.5 and 67 m, which exhibited high amplitude.
Finally, two regions with low to moderate amplitude reflection were visible at distances of
4.5 and 103.5 m, indicating the presence of two leak areas.

Figure 19c shows the migrated section after undergoing the F-K migration process.
Upon implementing this procedure, it became evident that a distinction emerged between
three lower color amplitudes at distances of 20.5, 56.5, and 97.5 m. These amplitudes were
associated with three PVC pipes and represented by small dots. In contrast, two heightened
color amplitudes at distances of 21.5 and 67 m signified the presence of two metal pipes.
These were illustrated by small dots extending downward with depth. Moreover, two areas
featuring lower color amplitudes, closely situated, were discernible at distances of 4.5 and
103.5 m. This occurrence indicated the presence of two areas affected by leaks.

According to the findings extracted from Figures 16–19, the amplitudes of the hyper-
bolas within the radar section served as a means to differentiate between metal and PVC
pipes within arid zones; however, this method had limited effectiveness in distinguishing
these pipe types within leak areas. In contrast, both the enveloped and migrated sections
proved to be superior in this regard. These sections demonstrated the ability to discern
between these pipes in dry regions and areas affected by leaks—achieving this by exhibit-
ing the highest and weakest signal amplitude reflections within the enveloped sections.
Furthermore, the migrated sections demonstrated a contrast of color amplitudes, which
accurately signified the positions of these pipes through the use of small dots. As a result,
these two techniques hold a distinct advantage over the radar section in terms of their
capability to differentiate between these pipe materials in various field conditions.

4. Discussion

Based on the field observations in the study area, it was noted that surface water is
present in some regions of the research site, which has led to damage to some buildings.
Additionally, the local population has begun displaying indications of various diseases.
Therefore, a GPR survey using a 600 MHz antenna was conducted to explore the ef-
fectiveness of GPR in detecting the hidden water leak areas along with the associated
pipes—which are not easily visible to the naked eye—and to distinguish between the dif-
ferent types of pipe materials within the different leak conditions. We chose the 600 MHz
antenna frequency for a high-resolution subsurface image. Reflex software was utilized
to process the data, aiming to enhance the signal-to-noise ratio and produce a clear radar
section that could be easily interpreted. FDTD numerical modeling was utilized using
GprMax software to simulate the hidden metal and PVC pipes within dry and leak areas
and produce different simulated images for both scenarios. We compared the radar profiles
produced by numerical modeling, serving as a distinctive fingerprint, and those obtained
by GPR instruments at particular locations. Furthermore, we applied the migration process
on the simulated and field profiles. Additionally, we conducted a comparison between the
migrated simulated profiles, which functioned as a visual fingerprint, and the field profiles
acquired in the study area to enhance the visibility of the leaky area’s characteristics and
accurately determine the exact position of the pipes.

The paper discusses methods designed to enhance the differentiation of the under-
ground pipes to ensure proper maintenance and handling. While radar sections can offer
effectiveness in some cases, the presence of leaks surrounding the pipes can make their
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identification more challenging. Therefore, this study examined different techniques, in-
cluding trace analysis, hyperbolic reflection analysis, and envelope and migration analysis,
which played a significantly more substantial role in this study as they introduced a new
application for detecting pipes within leak areas.

The limitation of this study is that only two pipe materials, metal and PVC pipes,
were present in the study area, leaving uncertainty regarding whether the GPR method can
distinguish between a cluster of pipes made from other materials. To address this limitation
and evaluate the effectiveness of the GPR method on different pipe materials, it will be
necessary to test the method in another area characterized by various pipe types.

5. Conclusions

This study effectively investigated how the GPR method can be an affordable and
non-destructive geophysical technique, using a 600 MHz antenna frequency for identifying
water leak areas and various types of underground pipes in the El Hammam region
on Egypt’s northwest coast. Additionally, it introduced a new application of envelope
and migration techniques to precisely distinguish between metal and PVC pipes used
to transmit fresh and sewage water, especially within the leak areas in the designated
study area. According to the radar sections produced from the GPR survey, it can be
concluded that the leak areas were primarily concentrated in the study area’s northeast and
southeast regions, with some dispersed throughout other parts. Additionally, it revealed
that distinguishing between metal and PVC pipes within the dry zones of the study area
was straightforward, but this became more challenging in the leaky areas. Furthermore,
it can be inferred that metal pipes produce a significant amplitude reflection, regardless
of whether they are leaking or not, compared to PVC pipes. The presence of metal pipes
causes a substantial change in the dielectric constant, leading to a strong reflection of radar
signals and the creation of large hyperbolas in the GPR cross-section. In contrast, PVC
pipes are typically transparent; nevertheless, the air or water inside the pipe can reflect
radar signals, resulting in relatively weak hyperbolas compared to those produced by metal
pipes in the GPR cross-section.

The analysis of the radar profiles generated through numerical modeling and obtained
from the GPR scans conducted in a specific area revealed that a water pipe leak caused
interference in the wave reflection due to the saturation of the soil. This deviation is distinct
from the characteristic hyperbolic pattern exhibited by an intact pipe in both types of radar
profiles. The compelling results obtained from simulations and practical experiments and a
sufficient technical understanding can enhance operational efficiency in identifying and
locating hidden leaky pipes. The simulated models were compared to image-matching
fingerprints, revealing a strong correlation between the simulated and acquired radar
profiles. As a result, this facilitated the identification, mapping, and differentiation of
the concealed leak areas and the various pipe materials under field conditions. After
employing migration on the simulated and field data, it was possible to enhance the
visibility of the leaky area’s characteristics and accurately determine the exact position of
the pipes. Surprisingly, the outcomes from the fieldwork in the real-world setting aligned
well with the results obtained through numerical modeling simulations conducted under
ideal conditions.

We applied various techniques to address the challenge of discerning between metal
and PVC pipes. Results showed that all of the techniques employed effectively differ-
entiated between metal and PVC pipes in dry regions. Notably, the trace and envelope
analysis techniques proved most adept at distinguishing between these pipe types in
leaky areas through their amplitude reflections. Additionally, the migration technique
enhanced the visibility of reflection within leaky regions and accurately determined the
precise pipe positions. This method also successfully differentiated between distinct pipes
based on their color amplitude. In conclusion, based on previous validations, GPR is
a valuable close-range sensing tool for efficiently detecting water pipe leaks and iden-
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tifying the different types of pipe materials through these leak areas, surpassing other
non-destructive technologies.
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