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Abstract

This study provides a comprehensive analysis of Ground Penetrating Radar (GPR) data processing
techniques for detecting water leakage in urban pavements. By examining GPR images characterized
by continuous and discontinuous high-amplitude reflections, the research identifies clear indicators
of water saturation caused by leaking underground pipes. Computer modeling of GPR profiles
enables effective comparisons with real data and helps in calibrating key GPR attributes such as
energy, amplitude variance, and RMS amplitude. These attributes allow for the precise delineation
of leakage zones in both synthetic and real GPR datasets collected in the Amazon region of Brazil.
The Reflector Tilt Method (RTM) significantly enhances GPR data analysis, especially for detecting
subsurface water leaks. RTM utilizes changes in the relative dielectric constant and electromagnetic
wave velocity induced by water saturation in unconsolidated, horizontally stratified sand layers.
By analyzing the tilt of reflections in GPR profiles, RTM differentiates between dry and saturated
zones, providing insights into the geometry and extent of water infiltration. Notably, this study
demonstrates how increased subsurface water saturation causes underlying reflectors to tilt. Using
the tilt angle, we propose a novel technique to quantify the increase in the dielectric constant due to
water saturation. This technique could also be adapted to detect leaks involving other fluids, as long
as there is a strong contrast between the dielectric constant and the background. The integration of
RTM improves the creation of accurate three-dimensional models of affected areas, enhancing leak
detection and aiding in understanding water movement dynamics within the subsurface. The study
underscores the importance of combining GPR attributes with RTM to generate detailed 3D models
of leakage zones, which are essential for estimating the volume of infiltrated areas. Observations
indicate significant water saturation near leaking pipes at shallow depths, with saturation levels
decreasing rapidly as depth increases. By identifying 2D geophysical signatures of water leaks in
public distribution networks, the research highlights the effectiveness of non-invasive GPR methods
in mitigating risks such as soil erosion and surface collapse. This approach demonstrates the utility
of GPR attributes and RTM as essential tools for assessing urban pavement integrity, enabling early
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detection of leaks and precise mapping of affected zones. The findings contribute significantly to the
efficient and sustainable management of urban infrastructure, enhancing maintenance strategies
and reducing potential hazards associated with undetected fluid leaks.
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1. Introduction

The main challenge in road infrastructure studies is to assess the quality of pavements in a practical, non-destructive,
and cost-effective way. Information on layer thickness is crucial for pavement repair (De Souza Moreira et al., 2022).
Urban pavements remain extremely precarious in certain regions worldwide, such as also in our study site in Brazil.
It is known that a significant part of these problems are due to inadequate public administration, coupled with the
employment of unskilled labor and the hiring of uncertified companies.

The issues affecting traffic flow, such as potholes, bumps, and other road irregularities, can largely be attributed
to a set of pr evalent problems. This study identifies and discusses four key factors contributing to these challenges:
(i) lack of technical studies and projects, (ii) basic execution failures, (iii) ayer overlapping, and (iv) excessive use
of patches.

Traffic studies, subsoil investigations, and the correct sizing of layers using the Marshall method are examples of
steps that need to be taken before asphalt mixes are applied to ensure that the material can be applied (Azarhoosh
and Pouresmaeil, 2020). It is not enough to simply build over a base that appears to be ready for paving. The
consequences of the lack of investment, studies and qualified technical planning increase the early deterioration
that makes driving difficult and poses a danger to drivers and pedestrians.

Asphalt has a limited lifespan, with problems arising due to daily wear and tear and oxidation of petroleum asphalt
cement (PAC), which reduces its elasticity (Khedaywi and Melhem, 2024; Zhang and Kevern, 2021). A common issue
in urban pavements is the overlapping of layers, where new layers are applied without removing the old ones,
leading to recurring depressions and further shortening the pavement’s life. When signs of damage appear, a
detailed investigation is advised. However, patching with cold asphalt, while useful for certain repairs, should not
be overused. Multiple faults indicate that the current layer may need to be removed or a deeper intervention is
necessary (Riviera et al., 2020).

Another challenge is the detection of underground leaks in urban pavements, as these usually do not provide
signs on the surface. Underground leaks are often associated with diffuse flow through small cracks or damaged
joints. This pattern is characterized by a rapid pressure drop that often cannot be detected by measuring instruments
(Adedeji et al., 2017).

As direct observation is not possible, many cubic meters of water are lost unnoticed. This can also lead to soil
erosion and, in severe cases, surface collapse in the affected area, resulting in pavement destruction and, in some
cases, serious accidents. The detection of these leaks usually requires invasive techniques such as drilling, stress
tests, or traffic simulations, which emphasizes the importance of non-destructive and cost-effective methods
(Canestrari and Ingrassia, 2020; Hong et al., 2018; Neves et al., 2023).

There are several non-destructive methods for detecting leaks in urban pavements, such as ground motion sensors,
ultrasonic wave testing, and ground penetrating radar (GPR) (Zang et al., 2023; Wang et al., 2021; Xiong et al., 2024).
Of the methods mentioned, only GPR can image the subsurface with high resolution. This technique has proven to
be successful in identifying the spatial location of pipes and sewer networks, determining the depth and extent (2D
or 3D) of the area affected by leaks (wet zone), and detecting voids created by water flow disturbing the ground and
carrying sediments. In addition, GPR enables significant advances in obtaining 3D images of water leakage under
asphalt pavement (Luo et al., 2020; Tso et al., 2020; Raiol et al., 2019; Lai et al., 2018).

Ayala-Cabrera et al. (2014) examined the progression of water leakage detection methods based on GPR
data, highlighting the evolution of techniques over time. De Coster et al. (2019) discussed advancements in GPR
technology aimed at improving the detection of pipes and leaks within water distribution networks, focusing on
both technological and methodological improvements. Lau et al. (2021) focused on the use of GPR wave velocity
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algorithms to characterize and detect pipe leaks, offering a technical approach to analyzing GPR data. Liu et al. (2022)
explored the signal characteristics of GPR in environments prone to groundwater pipe leakage, providing insights
into effective signal interpretation for leak detection.

Yang et al. (2022) employed an innovative approach using electric field component imaging with GPR to detect
anomalies, including leaks, in pipelines, offering a novel perspective on GPR applications. Gamal et al. (2023)
demonstrated the practical application of GPR in detecting water leaks and characterizing pipe materials,
emphasizing its utility in real-world environmental studies. Zhang et al. (2024) introduced an advanced method
that combines GPR with image correlation algorithms, enhancing the precision of leak detection in water supply
pipelines. Zhu et al. (2024) integrated hydromechanical modeling with electromagnetic modeling to improve the
accuracy of GPR-based leak detection, providing a robust framework for future applications.

The present study aims to improve the detection of water leaks in a city in the Brazilian Amazon by using
mathematical attributes in GPR data. The aim is to delineate the wet zone more accurately, including potentially
eroded areas under the asphalt pavement. To achieve this, a case study will be conducted using a GPR data processing
workflow that calibrates the attributes’ parameters. The Reflection Tilt Method (RTM) is used in this innovative
approach to create 3D models of the area affected by water pipe leaks.

2. Study Area
2.1 Geographic Location and Geological Setting

The Brazilian state of Para is known for its vast territory (1,247,689 km?2) and extensive hydrographic network,
particularly in the Amazon region. It is divided into three large hydrographic basins: The Amazon River basin,
the basins of the Tocantins and Araguaia rivers, and that of the western Northeast Atlantic. Pard also includes the
catchment area of the Caeté River, which covers a total area of 2,235.14 km?.

This catchment drains parts of seven municipalities in Para: Augusto Corréa, Bonito, Braganca, Capanema,
Ourém, Tracuateua and Santa Luzia do Para. Table 1 shows the percentage share of each municipality in the
catchment area and the share of the catchment area to each city.

In this context, the city of Capanema is considered one of the most developed cities in the north-eastern state of

Para (Fig. 1). However, there are still significant problems with the local infrastructure, including the lack of paved
roads, sewage systems, and a reliable water supply.

Total Area Area in the basin
(km?) (km?)

Augusto Corréa 1,091.541 24.57 2% 1%
Bonito 586.736 189.65 24% 8%
Braganca 2,091.930 1,169.85 36% 52%
Capanema 614.693 125.64 17% 6%
Ourém 562.388 125.65 18% 6%
Santa Luzia 1,356.124 475.63 26% 21%
Tracuateua 934.272 124.15 12% 6%

Table 1. Distribution of the area of the municipalities, belonging to the Caeté River Hydrographic Basin.
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Figure 1. Location map of the study area in the Amazon rainforest, modified from (Raiol et al., 2019).

The amount of treated water lost in the state of Para before it reaches households is staggering, equivalent to the
volume of 155 Olympic-sized swimming pools or 1,890,000 liters of water. Leaks and illegal connections contribute to
the loss of 292,950 liters of water per day in the state of Para (G1 Pard, 2021). Old and dilapidated pipelines are often
cited as the cause of this waste. Residents have long complained about water leaks in the streets of the study area.

From a geological point of view, the northeastern region of the state of Pard has a characteristic sedimentary
package that includes rocks and sediments from the Paleogene to the Holocene, the first of which belongs to the
Pirabas Formation (Cohen et al., 2005; Pereira et al., 2007). Interesting marine layers from the Pirabas Formation occur
in the coastal zone, predominantly carbonate with intercalations of marl and sandstones (Antonioli et al., 2015).

From bottom to top, the study area has a sedimentary sequence consisting of 21 m thick carbonate layers of the
Pirabas Formation overlain by 0.5 to 14 m thick calcareous sands and 2.0 m thick fine- to medium-grained sands
with plane-parallel bedding (Rossetti et al., 2013; Aguilera et al., 2020).

3. Materials and Methods
3.1 System and data collection
3.1.1 Data acquisition

The GPR survey took place in the city of Capanema on Leandro Pinheiro Street, where water leakage occurs
from a buried pipe in the middle of the street and flows onto the sidewalk following the local topography (Fig. 2a).
The survey was based on area of 60 m2 with lines spaced 0.5 m apart, forming a rectangle 10 m long (so-called
Y-profiles parallel to the road) and 6.0 m wide (X-profiles perpendicular to the road) (Fig. 2b). All were recorded
with a constant distance of 0.35 m between the antennas (common offset configuration) on a surface with visible
leakage and an initial erosion process.
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Figure 2. Area of GPR data acquisition (a). GPR profile acquisition (b). The green dot represents the X and Y origin position
and the blue dot represents the position of the visible leak.

The survey was conducted with a TerraSIRch SIR (Subsurface Interface Radar) System-3000, manufactured by
Geophysical Survey Systems Inc (GSSI), equipped with 400 MHz antennas, a cart, and an odometer. The antennas
were selected to provide good resolution to image the pipeline and shallow subsurface to ~4 m depth. Further details
of the main parameters used during data acquisition are shown in Table 2.

3.1.2 Data processing

The GPR data were processed using ReflexW software (Sandmeier et al., 1998). The processing workflow
followed the steps proposed by Reis Jr. et al. (2014) and Rocha et al. (2015, 2016), which are described below:
a) time zero (15.6 ns); b) background removal (between 0 and 4.2 ns); c) acquisition gain removal (no gain);
d) energy decay recovery function (scaling value 1); e) dewow (2.5 ns); ) F-k filter (for kx (1/meter): 0,-3, 0, 3 and
frequency in MHz: 100, 380, 800, 380, respectively); g) F-k migration; h) bandpass filter (low cutoff 80 MHz and
upper cutoff 1,000 MHz), and i) time/depth conversion (e.m. wave velocity of 0.09 m/ns for f-k migration and also
for time-to-depth conversion).
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Parameter Value/Details

Antennas frequency

400 MHz

Survey grid

12 line in x-direction
21 line in y-direction

Time window (Range)

150 ns

Trace spacing

0.02 m or 20 mm

Number of samples 1024 samples per trace)
Scan rate 50 scans/s
Line spacing 0.5m
Number of lines 33
Total survey area 60 m2 (10 m x 6 m)

Total length per line

21 line in x-direction
13 line in y-direction

Estimated number of traces per line

(10 m/0.02 m trace spacing) = 500
(6 m/0.02 m trace spacing) = 300

Table 2. Principal parameters used in this study with TerraSIRch SIR System-3000 and 400 MHz antenna.
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Figure 3. Radargram X12 exemplifies the data processing applied. On the left (a) the raw radargram is shown, while on
the right (b) the processed radargram is shown. As highlighted, the speed of the electromagnetic wave was
estimated using the hyperbolic diffraction method.
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Figure 3 shows a comparison of the GPR profile before and after processing in the radargram X12 (Fig. 3). The
GPR profile was corrected for time zero and the direct waves and low and high-frequency noise were removed.
In addition, the corrections related to electromagnetic induction and signal attenuation with depth allowed better
visualization of the depth boundary affected by the leakage (clearer amplitude reflections).

The electromagnetic wave velocity in this survey was estimated using the hyperbolic diffraction method, which
examines the hyperbolic patterns formed when radar waves diffract around tiny, isolated point objects in the
subsurface. Wave speed is shown by the hyperbola’s apex and curvature in the GPR data. The wave velocity may be
determined by measuring the difference in time between the peak and the hyperbola’s edges, as well as by knowing
the antenna’s depth and separation. When calculating velocity in regions with isolated point-like scatterers, this
approach works perfectly (Dossi et al., 2022).

The hyperbola caused by the leaky pipeline was adjusted to obtain the mean velocity used to migrate the
GPR data and convert time to depth. This resulted in an average near-surface velocity of 0.09 m/ns. After this step,
the processed data was interpolated, converted to SEG-Y format, and then imported into the OpendTect software to
allow better visualization in a virtual 3D environment and the application of attributes (Khwanmuang and Udphuay,
2012). Thus, all GPR lines were interpolated in the ReflexW software and later inserted into the OpendTect software
to better delineate the area affected by the leak.

3.1.3 Parameterization of the geophysical signal

It is well known that the GPR method identifies contrasts in electromagnetic impedance, and such variations
can be associated with changes in the relative dielectric constant of the subsurface where demonstrated that the
relative dielectric constant of water-saturated soils increases and consequently the impedance contrast between
these areas and the rest of the soil increases, leading to reflections with higher amplitudes in the water-saturated
zones (Daniels, 2000; Annan, 2003, 2009; Jol, 2008; Reis Junior et al., 2015; Lai et al., 2016; Delgado et al., 2022;
Gomes et al., 2023).

The X- and Y-GPR profiles show regions with increased amplitude reflections. At a depth of up to 0.5 m,
the reflections are continuous and high amplitude, characteristic of sandy layers composed mainly of quartz
(Switzer et al., 2020). The reflections are slightly inclined downwards in the central part of the radargram in
non-migrated profiles, with greater amplitude compared to the side (Fig. 4).

At a depth below 2.0 m, a flat blue reflection indicates a saturated zone (Fig. 4). At depths greater than this
measurement, several reflections can be seen at the leak, which appears as almost evenly distributed lines and is
caused by the resonance of the water at the surface (saturation) (Fig. 3). Below this point, the reflections become
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Figure 4. The left, zoomed radargram Y6 and, the right, same radargram with details showing a high amplitude (yellow
line), tilted reflections within the leakage zone (dashed line), and saturated zone (blue line).
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discontinuous and have a low amplitude, indicating the strong influence of the groundwater on the attenuation of
the GPR signal.

We hypothesize that the layers are flat and that the inclined reflections are due to a low-velocity zone caused by
water saturation in the soil near the leaky pipeline. The inclined reflections are therefore different from the parallel
flat reflections characteristic of the horizontal laminated sandy interval with background moisture typical of this
region, where the saturated zone is usually shallow (> 5.0 m deep).

According to Eq. 1, the EM wave propagates in the subsurface with a velocity (v) that depends on the dielectric
permittivity () and the speed of light in vacuum (c) (Annan, 1996). Therefore, the EM velocity decreases when
passing through the water-saturated zone because the relative dielectric constant increases with water saturation.

@

v =

<
Ve

Table 3 shows the increased relative dielectric constant of water compared to air and its high ability to influence
other materials. An abrupt increase in the relative dielectric constant can also be observed when comparing a dry

Material &r o (S/m) v (m/ns) a (dB/m)
Air 1 0 0.3 0
Freshwater 80 0.01-0.05 0.033 0.1-1
Seawater 70 3-5 0.036 1000-3000
Dry Sand 3-5 ~1076 0.13-0.17 0.01-0.1
Wet Sand 15-30 ~1073 0.055-0.077 1-10
Dry Soil 2-6 ~1075-10~* 0.12-0.21 0.1-1
Moist Soil 10-15 ~1073 0.077-0.095 1-10
Clay 5-40 1-10 0.047-0.13 10-100
Ice 3-4 ~1076 0.15-0.17 0.01-0.1
Granite 4-6 ~1076 0.12-0.15 0.1-1
Limestone 4-8 ~1076 0.11-0.15 0.1-1
Concrete 4-10 ~1072 0.095-0.15 1-10
Asphalt 3-5 ~10-° 0.13-0.17 0.1-1
Wood 2-6 ~1074 0.12-0.21 0.1-1

Table 3. Typical Values of relative dielectric constant (g,), electrical conductivity (o), velocity (v), and attenuation («) of

some materials, modified from (Davis and Annan, 1989; Zeng and McMechan, 1997; Jol, 2008).
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Figure 5. Cross plots of the water content against the relative dielectric constant (A) and the water content against the
propagation velocity of the electromagnetic wave (B). The red circles indicate measurements made with 400 MHz
antennas on the sand and the blue squares with 900 MHz antennas. The solid and dotted lines represent empirical
curves associated with the Wyllie and Gregory method and the Topp equation, modified after (Topp et al., 2002;
Wyllie and Gregory, 1953).

and moist geological material. This explains the particular behavior of electromagnetic waves in the water-saturated
zone in sedimentary layers and makes it possible to visualize and delineate this anomalous region in the GPR images.

This GPR response is consistent with the experiments of Van Dam et al. (2013), Bradford (2007), Lambot et al. (2004),
and Schmalz and Lennartz (2002). These studies investigated the effectiveness of the Complex Refractive Index
Model (CRIM) proposed by Birchak et al. (1974) and the Topp equation, proposed by Topp et al. (1980) for soil
moisture estimation, emphasizing their respective strengths and limitations across different contexts (Figs. 5a
and 5b, respectively). While the Topp equation is straightforward and widely used, the CRIM model, when applied
with proper calibration and parameterization, offers a more flexible approach to estimate dielectric properties,
especially in complex or heterogeneous media.

These studies explored the efficacy of the CRIM model and the Topp equation in soil moisture estimation and
highlighted their strengths and limitations in various contexts. While the Topp equation is straightforward and
widely used, the CRIM model, when applied with proper calibration and parameterization, offers a more flexible
approach to estimate dielectric properties, especially in complex or heterogeneous media.

3.2 System and data collection
3.2.1 Synthetic radargram

A synthetic radargram was created to better understand the anomalous GPR signal caused by leakage and to test
the best input attributes and parameters for this investigation. The GPR model was created using ReflexW software,
which uses an algorithm based on the finite-difference time-domain (FDTD) (Sandmeier, 1998). The software creates
a discrete system model for GPR profiling consisting of a 2D geometric mesh (Babuska et al., 2012). In addition,
the geophysical model was extended beyond its original length to avoid unwanted boundary effects. Therefore, the
geometric model used to generate the 10 m long synthetic GPR images has a total extension of 50 m.

The simulations were performed with a center frequency of 400 MHz, a spatial increment of 0.04 m, and a
temporal increment of 0.06 ns, calculated by the software itself, respecting the numerical stability criterion and
giving the system convergence conditions (Sandmeier, 1998; Babuska et al., 2012; Taflove and Brodwin, 1975).

For the simulation of electromagnetic wave propagation in the subsurface, the flat wave option was used. The
geometric model developed consists of plane-parallel layers (Fig. 6a) and the synthetic radargram generated for this
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Figure 6. Geophysical model of the underground water leakage (a). The red lines represent the region of soil partially
saturated with water (light blue to dark green). Synthetic radargram generated from the geophysical model (b).
The green lines represent the region affected by the water leakage.

model (Fig. 6b). The relative dielectric constant of each layer varied between 4 and 4.5 to produce sufficient contrast
in the electromagnetic impedance between the layers and corresponded to the properties and characteristics of the
subsurface, as shown in Table 4.

Sedimentary Features o (S/m)
Infiltrated zone 10-30 0.0001
Sandy deposit 5 0.00001
Calciferous sand 4-4.5 0.00001

Table 4. Physical parameters used for the synthetic radargram. Relative dielectric constant (&,.) and electrical conductivity (o)

in S/m.

A cylindrical volume with a relative dielectric constant f 80 simulates a pipe filled with water. Above the central
part of the model, the top layer represents the water-saturated area created by the water leak in the subsurface.
The relative dielectric constant varies between 10, the outermost part, and 30, the innermost part. The electrical
conductivity did not vary, for the sake of simplifying the model. The zone with the highest relative dielectric constant
value corresponds to the highest concentration of infiltrated water near the pipe. In this model, the saturated region
was inserted throughout the region, not only above the leak.

10
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Figure 6b shows the synthetic radargram. The green dotted line delimits the area affected by the water leak, which
has a higher reflection amplitude than the outer part. It is noteworthy that the reflections are inclined downwards
due to the decrease in electromagnetic wave velocity. The low velocity of the electromagnetic waves in the leakage
zone causes a propagation delay that pushes the reflections below the zone of velocity anomaly downwards.

Nobes et al. (2010) described velocity dips in GPR profiles due to a loess wedge at the base of the Ostler Fault (New
Zealand), which were initially interpreted as folds or infilled channels. A systematic velocity analysis shows that
the electromagnetic wave velocity of loess is 15 -20% lower than that of the surrounding sandy gravels, resulting
in time delays of 10 to 15 ns.

3.2.2 The reflector tilt method (RTM)

In addition to the hyperbola adjustment technique, in which the velocity is determined by a curve fitting
procedure superimposed on a typical hyperbolic curve, a novel approach enables the calculation of the mean relative
dielectric constant and the velocity: the reflector tilt method (RTM). It assumes that the presence of water in the
pores of unconsolidated, horizontally stratified sand layers changes their relative dielectric constant and velocity,
which leads to a delay in the arrival time of the reflections.

As aresult, the GPR profiles show horizontal reflections in dry zones (not-saturated zone), which are unaffected by
water leakage, and increasingly inclined reflections towards the center of the saturated zone (water-filled pores - low
velocity). In other words, the electromagnetic waves traversed the sand layers with laterally different dielectric
constants and velocities that triggered the observed inclination of the reflections, which were originally intended
to be horizontal. This effect is similar to that found in reflection seismic in high-velocity zones within pre-salt
layers (Blondel et al., 2022; Uranga et al., 2024). However, in this example, the inclination is reversed, as there is an
increase in velocity, whereas in this research, there is a decrease in velocity, resulting in a downward inclination.

Therefore, water saturation is the decisive factor: the higher it is, the lower the wave velocity and the stronger
the inclination of the reflection. The water-saturated zone is located near the leak and above the pipe, in the center
of the infiltrated area. The angle of inclination is proportional to the difference between the propagation velocity
in the not-saturated zone and the water-saturated zone.

A simplified model is used to illustrate this fact in Fig. 7, where a horizontal reflector is inclined at an angle (6).
The opposite side of this angle equals the two-way travel time of wave propagation in the water-saturated zone (t5),
minus the two-way travel time of wave propagation in the unsaturated zone (t;). Thus, the inclination angle 9 is
given by Eq. 2:

_ tZ_tl)
1 2
6 =tan ( (2)

where Ax is the distance between the farthest point of the inclined reflection and the point where the inclination
begins. Thus, knowing that:

ty = 3
1 vy ( )

t, = 4
2 v, ( )

where v, is the mean velocity used to convert time to depth (the hyperbolic velocity in the unsaturated zone), and
v, is the velocity in the water-saturated zone, it becomes evident that:

1 1
116G

0 = tan™
an A

©)
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tilt angle tilt angle

t1

At=t2-t1

Figure 7. Simplified model showing the slope of reflections below the water-saturated zone.

and substituting the velocity (v) given in Eq. 1, we have that:

rom-ve

A 6

0 = tan

Considering the time delay of horizontal reflections between unsaturated and saturated zones, we can not only
map the leakage zone but also calculate the interval velocities in Eq. 7 and Eq. 8. It is known that:

vty = vyt (7)

The velocity equation used for the water-saturated zone is:

t
=t ®

By replacing the times (t;) and (t,), presented in Fig. 6, and the mean velocity used to convert time to depth,
it yields the mean value of 0.08 m/ns for the water-saturated zone. Once v, is calculated, Eq. 1 determines the
relative dielectric constant for the water-saturated zone site which was approximately 14.2 (Table 5).

3.2.3 GPR attributes

Seismic attributes enhance the interpretation of 3D seismic data by highlighting features like faults (coherence),
folds (curvature), and lithology changes (spectral components). While effective in identifying subtle details, they can
also magnify issues such as acquisition footprints and velocity anomalies (pull-up/push-down). Accurate imaging
with prestack depth migration (PSDM) and a proper velocity model can mitigate false structures, but without
thorough PSDM and velocity analysis, conventional amplitude and attribute interpretation may lead to significant
errors (Marfurt and Alves, 2015).

Traditional interpretations of GPR data in areas of subsurface leakage are generally based on variations in trace
amplitude, which can limit interpretations (Lai et al., 2016; Diamanti and Annan, 2019). However, the GPR attributes
are based on mathematical calculations of the amplitude data, which highlight areas of high amplitude as the zone
affected by the water leak, which is the case in this study.
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Velocity Average velocity Avera.ge . Average
velocity Relative >
. t, water-saturated water-saturated . . of relative
Reflections not-saturated dielectric . .
(ns) zone zone dielectric
zone constant
(m/ns) (m/ns) (m/ns) constant
1 35.5 | 39.1 0.082 13.479
2 21.6 | 25.8 0.075 0.08 0.090 15.852 14.174
3 33.5 | 36.5 0.083 13.190

Table 5. Values used in the simulations of the synthetic radargram to calculate the relative dielectric constant in the
saturated zone.

Various GPR attributes are essential for analyzing and interpreting GPR data. The attributes are categorized
into several types, for example: a) instantaneous attributes that are derived from complex trace analysis and
include reflection strength (instantaneous amplitude) and instantaneous phase, calculated using the Hilbert
transform. The instantaneous frequency, which is the first derivative of the instantaneous phase, is also included,;
b) amplitude-related attributes that focus on variations in amplitude along GPR traces. Common calculations
include Root Mean Square (RMS) and energy, which is defined as the ratio of the sum of squared sample values
within a specified time window to the number of samples; c) frequency-related attributes that are derived from the
frequency content of the GPR signals and help in understanding the spectral characteristics of the data; d) coherency
attributes that attributes measure the continuity and coherence of reflections, which can indicate the presence of
geological features; and e) texture attributes that assess the texture of the data, providing insights into the spatial
distribution and arrangement of geological features.

These attributes can significantly enhance the interpretation of GPR datasets by providing quantifiable parameters
that represent subsets of the information contained in the original data. Table 6 summarizes the principal types of
attributes used in previous studies and highlights their sensitivity to various geological and structural features (Chen
and Sidney, 1997; Chopra and Marfurt, 2007; McClymont et al., 2008; Forte et al., 2012; Allroggen and Tronicke,
2016; Ercoli et al., 2021).

Therefore, some attributes were tested with mathematical calculations applied to the amplitudes of the collected
data, such as average, median, min, max, sum, variance, norm variance, most frequent, and root mean square (RMS)
(Forte et al., 2012; Reis Jr et al., 2014; Klewe et al., 2021; Joshaghani and Shokrabadi, 2022).

However, the energy, amplitude variance, and RMS amplitude attributes show promising results. The energy
attribute calculates the ratio between the sum of the squares of the amplitudes and the number of samples within
a given time window in Eq. 9 (Forte et al., 2012). The window length must have approximately the wavelength
value of the signal’s center frequency. This attribute highlights reflections with low and irregular amplitudes and
individualizes sequences with different electromagnetic impedance contrasts:

n g2
By = 219 )

where n is the number of samples, and a is the amplitude of these samples in a given section of the GPR trace.

The amplitude variance determines the deviation of the signal energy from the mean of the expected value in a
given sample window in Eq. 10. The presence of water in the soil modifies the electromagnetic impedance so that
the received signal increases statistical characteristics, such as variance (DX), which determines the deviation of
the signal energy from the expected average value:

Kn -
S (X = X)?
n

Var(X) = (10
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Attribute Sensitivity

. Sensitive to short-term changes in amplitude, phase, and frequency.
Instantaneous Attributes . . L
Useful for detecting fine-scale variations in the seismic signal.

. . Sensitive to changes in reflection strength and impedance contrasts.
Amplitude-Related Attributes . ) . .. .
Indicates lithological variations and fluid content.

Sensitive to the thickness of layers, bed tuning, and stratigraphic details.

Frequency-Related Attributes
d Y Helps identify thin beds and hydrocarbon indicators.

Sensitive to lateral continuity and structural discontinuities such as faults and

Coherency Attributes
Y fractures. Useful for identifying faults, fractures, and stratigraphic boundaries.

. Sensitive to spatial variation patterns in amplitude, capturing geological
Texture Attributes . . .. ... .
textures, stratigraphic variations, and depositional environments.

. Sensitive to abrupt changes between adjacent seismic samples. Highlights
Sample-to-Sample Differences . .
small-scale features like fractures and faulting.

Sensitive to reflection strength and contrast between adjacent seismic

Contrast Similarity (CS
v (C5) traces, highlighting stratigraphic and structural boundaries.

Sensitive to spatial consistency in amplitude patterns across adjacent traces,

Structural Similarity (SS) . . . L
useful for assessing structural and stratigraphic continuity.

Table 6. Characteristics of principal attributes highlight their sensitivity to various geological or structural features,
modified from (Allroggen and Tronicke, 2016).

where X; corresponds to the signal amplitude; X is the average signal amplitude value, and the interval from K to
K,, in the sum corresponds to the time window considered in the data analysis; and n corresponds to the number of
samples in the trained time interval. In contrast, the root mean square (RMS) calculates the average of the sum of
the squares of the amplitudes in a given analysis window and is very sensitive to extreme values (Klewe et al., 2021;
Liu et al., 2020). After several tests, we chose an optimal time window of 40 ns for all attributes.

Figure 8 shows the modeled GPR image with the original amplitude (Fig. 8a) and the attributes energy, variance,
and RMS amplitude. The attributes delimit the infiltration zone. The energy (Fig. 8b) and RMS attribute (Fig. 8d)
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Figure 8. Synthetic radargram (A) and the attributes used to identify the infiltration zone: Energy (B), Variance Amplitude
(C), and RMS Amplitude (D).
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provided a better response in delineating the two zones affected by the leakage (Zones A and B). The amplitude
variance attribute (Fig. 8c) shows a tendency towards a vertical reduction of the leakage geometry, which is probably
due to the low contrast of the electromagnetic impedance and the attenuation of the electromagnetic waves at depth.

4. Results and Discussions

In this study, various data processing techniques were employed to analyze the GPR data. Notably, the RTM
was applied exclusively to the real GPR datasets collected from the urban pavements. The GPR profiles X12 and Y6
cross the leakage zone in the subsurface (Fig. 2). After calibrating the mathematical input parameters of the GPR
attributes in the synthetic profile, the attributes were then tested in the actual GPR data. Figure 9 shows the GPR
profile Y6 and its attributes of energy, amplitude variance, and RMS amplitude.

The results are very similar to those of the synthetic data (Fig. 6). Indirectly, the similarity between the synthetic
and the real data shows that the proposed model is very realistic concerning the physical properties of the study
area, despite the simplicity of the model geometry of the layers and the subsurface water leakage zone.

GPR data can indicate the maturity of the leakage based on geophysical criteria to infer how long the leak has
existed. The maturity of the leak follows a trend from an early to an advanced stage based on the change over time
in the volume increase of the affected area or the presence of voids and cavities created by water-bearing sediments.

The following signs indicate that this is a typical case of early-stage leakage: a) the mean value of the dielectric
constant, which lies between dry and water-saturated sand; b) advanced stages of water saturation make it difficult to
identify the hyperbola, which is only visible in early-stage leakage; c) the slope of the reflections indicates that most
of the area covered by the GPR survey was partially saturated with water due to the leakage, and clearly shows the
boundary between the infiltrated and unaffected zone (Fig. 9); d) the absence of erosion features such as voids and
the collapse of the dome associated with the affected area. These features are typical of an advanced stage of leakage.

The chaotic and interrupted reflection pattern in the central areas of Figs. 3, 4, 6, 8, and 9 and the columnar
geometry with bifurcations in the middle and top of Fig. 4 indicate the affected area. The GPR profile of this zone
shows the preferred water paths: from the leak upwards to the surface and downwards to a depth of 2.4 meters.
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Figure 9. Radargram of the GPR profile Y6. In the sequence, we processed the profile with the steps described in Table 2

(A) and after applying the attributes: Energy (B), Amplitude of Variance (C), and Amplitude RMS (D).
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The irregularities in the groundwater distribution are probably related to heterogeneous surfaces, which in this
case study, the anomalous reflection pattern and the attributes of the GPR provide an accurate picture of water
leakage and preferred water flow (see blue line in Fig. 4).

This is because the hydraulic parameters are distributed differently depending on the heterogeneity of a sand
body and the method used to measure it, such as GPR or hydraulic soil modeling. While most attributes do not allow
a quantitative study of hydrologic properties, they can be very helpful in defining their variance, which can be very
useful for example to describe how susceptible soil-water systems are to preferential flow.

The attributes delineate the leakage zone very well. Among all attributes, the energy attribute provides a
better result, as the area with higher energy was better highlighted (red and yellow zones in Fig. 8b). In addition,
the external geometry is more similar to the high amplitude zones in the original radargram (Fig. 8a). Although
the variance (Fig. 10c) and RMS (Fig. 8d) attributes also emphasize the leakage zone, they show intermediate
values (light brown color) in other zones outside the affected area.

Fig. 10a shows a three-dimensional perspective of profiles X12 and Y6, and Fig. 10b shows the energy time
slice at 1.0 m depth. Figure 10c shows an intersection of the GPR profiles with the energy time slice at 1 m depth.
We recognize the high-energy zone caused by the increase of EM impedance contrast in the leakage zone (the
yellow-colored area).

An energy cube in the investigation area enables a depth characterization of the leakage zone. In addition, the
isosurface technique was applied to the energy attribute to map the 3D geometry of the water leakage (Fig. 11). The
area affected by the leak has an irregular geometry but was perfectly delineated. It measures approximately 4.0 m
in length and 3.15 m in width at the top and decreases in size with increasing depth. We observed that the plume
decreases with depth, possibly due to two facts: either the plume has reached the static level or the concentration
in the vadose zone has decreased.
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Figure 10. Radargram of the GPR profile Y6. In the sequence, we processed the profile with the steps described in Table 2
(A) and after applying the attributes: Energy (B), Amplitude of Variance (C), and Amplitude RMS (D).
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(@) High 3,15 m 4,00 m

Low

Figure 11. Schematic 3D model of the Energy cube, showing the estimated volume of the water leakage area (A), top view
of the Energy Isosorbide (B), and side view of the Energy Isosurface (C).

The volume of the leakage zone mapped with the GPR is about 20 m3. The infiltration depth reached 3.0 m (Figs. 11b
and 11c¢), indicating that a large volume of leaking water, as seen in Fig. 2a, would probably leak due to the high
water pressure and shallow pipe depth of about 0.5 m, as shown in the hyperbola in the center of Fig. 4.

Figure 12 shows a 3D view of the isosurface energy technique with radargrams X1, Y6, and Y12, showing the
good correlation between the isosurface energy and the high amplitude regions caused by the increase in relative
dielectric constant in the region where the Y6 profile was recorded. It can also be seen that in the regions not
affected by the leak (X1 and Y12), the reflections are plane-parallel due to the sand layers in the study area. The
ellipse identifying the pipe is highlighted in yellow.

Figure 12. 3D view of the isosurface energy technique with the X1, Y6, and Y12 radargrams.
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Despite the successful delineation of the wetland in this work, we suggest other possibilities, such as using the
isosurface technique with other attributes to delineate anomalous zones under less favorable conditions than those
observed in this study.

5. Conclusions

The use of GPR surveys at a frequency of 400 MHz has proven to be very effective in detecting water leaks in
urban pavements in the Amazon region. Analysis of the GPR data revealed clear patterns of water saturation that
allowed accurate identification of affected and unaffected areas.

The application of advanced processing techniques, including attribute analysis and three-dimensional modeling,
significantly improved the interpretation of the GPR data. Key attributes such as energy and energy isosurface played
a crucial role in accurately determining the geometry and volume of the infiltration zones and provided important
insights into the extent of water infiltration.

This study sheds light on the characteristics of infiltration zones created by water leaks by revealing their
three-dimensional conical geometry and elliptical horizontal cross-section. In addition, the study observed the
infiltration of water both downward and upward from the leak site, with depths of up to 3 meters and an estimated
volume of the water leakage area.

Recommendations are made for the use of reverse time migration and attribute analysis, particularly in scenarios
where water is leaking in resistant, porous, horizontally layered sand layers. These methods prove to be effective in
estimating the relative dielectric constant of infiltration zones and detecting reflection gradients caused by delays
in electromagnetic wave propagation.

The method developed in this study is suitable not only for the detection of water leaks, but also for tasks such
as measuring pavement thickness, inspecting bridges and tunnels, and detecting hydrocarbon leaks at gas stations.
Integration with multi-temporal surveys provides information on the geometric evolution of contamination plumes
and helps to formulate environmental recovery strategies. It should be noted that high moisture content, clayey
soils, conductive materials such as metal and salt water, and thick asphalt layers can limit the effectiveness of the
method as they significantly attenuate the GPR signals.

Further research and development are essential to refine and extend the applicability of the proposed methodology.
Future studies should focus on optimizing processing techniques for infrastructure projects and exploring the
potential of multi-temporal surveys for long-term monitoring. Such efforts will provide accurate and reliable data
for geophysicists, geotechnical, and civil engineers and contribute to effective environmental assessment and
management of urban infrastructure and risk mitigation in the Amazon region of Brazil and potentially beyond.
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