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Abstract Past research shows that the Ground Penetrating Radar (GPR) can be an
effective and efficient way tomap buried pipeline systems. This paper presents aGPR
data analysis technique, which is first generated by applying the Finite Differences
Time Domain (FDTD) method to estimate the thickness of the subsurface layers and
characterize the piping systems buried in the underground. In practical investigations,
theGPRunitwith a 400MHzantennawas used to detect imbalances and underground
pipes. The GPR profiles provided details on the shapes and nature of the target in the
underground. These profiles can, therefore, detect water pipes, utility systems up to
a depth than 2 m.
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1 Introduction

Today, the underground space, especially in the big cities, is becoming increasingly
congested by various networks such as drinking water pipes, telecommunication
pipes, gas pipes, liquid sewerage pipes. Spatial information on these underground
networks forms the basis of any utility management system. The location of the
buried pipe network in the old cities is often unknown. This problem imposes many
difficulties when reconstruction takes place in the older parts of a city. Due to the
lack of information on the development of underground pipes, for example, civil
construction projects can easily damage a hidden pipe and stop the supply of gas
or drinking water. It is noted that the operation of underground pipe networks has
become a crucial aspect in the field of underground urban engineering [1].

There are several non-destructivemethods of detection, such as acoustic detection,
electromagnetic induction and GPR [2], which locate underground targets such as
buried cables and pipes and monitor water leaks [3–7]. The GPR method is used in
many areas of civil engineering andhas advantages, including its speedof application,
low cost, security, anti-interference, and lack of destruction [8, 9].

This technological tool makes it possible to process all A-scan and B-scan or 2D
image waveforms (radargram) by applying a color palette to the reflection intensity
values of the recorded electromagnetic waves or amplitudes. In cases, a grayscale
color palette is applied, which assigns the black color to the minimum values of
electromagnetic wave reflection intensity (minimum amplitude) and the white color
at the maximum reflection intensity values of the electromagnetic waves (maximum
amplitude). The intermediate values are converted to gray colors of different tone.
These B-scans are XZ graphical representations of the reflected electromagnetic
waves detected.

2 Principles of Applications GPR in Civil Engineering

GPR has become a more widely used technological tool in the field of civil engi-
neering, particularly its application in the detection of buried pipes. The choice of
antennas and the frequency adapted to the situation studied, is fundamental [10,
11]. Most commercially available GPR antennas are bow-tie dipole antennas, with
a central frequency fc generally exceeding 400 MHz. Antennas can be divided into
types: horn antennas (or aperture) and dipole antennas (or elements). Each antenna
has its characteristics and transmit (Tx) and receive (Rx) capability. Also, the low-
frequency antennas are physically much larger and transmit a pulse with great pene-
tration into the inspected medium, however, they produce a result with a low resolu-
tion of the target under the surface. Civil engineering work involves the measurement
of far-field with frequencies often in the frequency range from 400 MHz to 4 GHz,
according to this equation:
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where λ is the wavelength of the GPR, fc is the central frequency of the antenna, v is
the speed of displacement of the electromagnetic wave in the medium, c is the speed
of displacement of the electromagnetic wave in free space, this constant is 0.3 m/ns
and ε

′
r is the real part of the host material of the complex permittivity. Among the

antennas widely used when studying the basic characteristics of an antenna is a short
dipole. The antenna diameter and width are minimal compared to the λ length of
the radiated wave, so that the excitation current of the antenna is especially uniform
along its length. The distance to the far-field boundary can be estimated as follows
[12–14]:

RFF = 2L2
A

λ
+ λ (2)

where LA is a characteristic antenna length and a value of RFF of less than 3 λ is
also taken as an overall minimum. Spatial resolution calculation, for a GPR system,
is always conditioned by many factors such as frequency, antenna properties, host
medium properties and beam angle. The shape of the radiation has a significant
influence on the footprint of the GPR beam. The footprint is often calculated as the
first Fresnel area (FFA) in the field. The following equation is used for its performance
and estimation efficiency [15, 16]:

A =
√(

v2

16f2c
+ vz

2fc

)
(3)

where A is the radius de FFA.
La résolution horizontale Rh de chaque antenne, en fonction d’une distance de

30 cm entre la surface du réflecteur et l’antenne, et la résolution vertical Rv peuvent
être estimées comme suit. The horizontal resolution Rh for each antenna based on
a distance of 30 cm between the reflector surface and the antenna and the vertical
resolution Rv can be estimated as follows [7, 17–19]

Rh = 2
(

λ2

4 + dλ
) 1

2

Rv = 1,39.v.�t
2

⎫
⎬

⎭
(4)

where d is the vertical distance between the antenna and the reflector surface and �t
is the effective duration of the GPR pulse.

The depth resolution is defined as the minimum distance between two layers so
that the latter appears distinct during GPR surveys. The data recorded by the GPR
(pulse radar) is based on the sending of an electromagnetic pulse through an antenna
on the surface, then the recording of reflected electromagneticwaves from the internal
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interfaces, where there is a contrast in dielectric properties. Since the bidirectional
travel time measured between Tx and Rx is half the time (ti).

Therefore, the thickness of the third layer can be estimated by the following
equation:

zi = cti
2
√

ε′
r, i

(5)

Where zi is the thickness of the ith layer, ti is the electromagnetic wave travel time
through the ith layer.

In order to validate the concept against the GPR techniques for the material distor-
tion of buried pipes, a numerical simulation was carried out using the GprmaxV2.0
software in the Matlab environment.

3 Methodology

The free software GprMax in theMatlab environment [20] was used in the numerical
simulation to solve Maxwell equations in the time domain which is based on the
FDTDmethod [21]. This software is simple and robust in electromagnetic modeling
and makes it possible to distinguish different sizes of buried targets with various
depths in different mediums, such as free space, water, sand, clay, concrete. GprMax
input file that includes all the information to run a model requires information about
materials, geometry, antenna, and other features to perform the simulation. A 2D
model is chosen to perform B-scan perpendicular on pipes of different types such as
cast iron, plastic, and concrete. Each pipe has a diameter of 100 mm and is buried
inhomogeneous concrete-covered soil at a depth of 20.4 cm. The model geometry is
illustrated in Fig. 1.

Fig. 1 Model geometry of pipe in soil recovered with concrete
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Table 1 GPR model description

Permeability μr Permittivity ε
′
r Conductivity

σ(S/m)

Medium Concrete 1 6 10–3

Soil 1 9 10–3

Materials of pipe Concrete with air 1 6 10–3

Plastic with air 1 3 10–4

Void with water 1 81 5 × 10–4

Metal with air Perfect conductor

Geomtry models domain: 1.30 0.6

dx_dy: 0.005 0.005 m

Time_window: 12.0e−9 s

Antenna (Tx/Rx) Scanning: Axis X

Offset (Tx/Rx): 13 cm

Source type: Ricker

Frequency: 400 MHz

Table 1 lists the description of the GPR model with the antenna parameters and
medium geometry.

4 Results and Discussion

4.1 Numerical Simulations

The simulatedGPR data was performed by placing the GPR on the target andmoving
the coil along an X-axis and perpendicular to the pipe. Figure 2 shows the A-scan
measurements of the tube center position, while Fig. 3 shows the parabolic signatures
that appear on the GPR radargram.

Fig. 2 A-scan for detecting
an empty pipe
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Fig. 3 Model and GPR images with different materials of pipe constructed at same color scale:
a air-filled metal pipe, b air-filled concrete pipe, c air-filled plastic pipe, d water-filled vacuum

Based on Fig. 2, the distances from the GPR antenna to the air/concrete interface,
to the concrete/soil interface and the upper generator interface of the pipe, can be
estimated using the differential travel times of the antenna at these interfaces. The
thickness of the concrete layer and the depth of burial of the pipe can be determined
respectively by multiplying the speed of the electromagnetic wave in the concrete
and the ground and the differential travel times of the electromagnetic wave between
the interfaces sus-indicated. Using the example in Fig. 2, the travel time between
the two air/concrete and concrete/ground interfaces is 0.785 ns and the travel time
between the concrete/ground interfaces and the top pipe generator is 2.97 ns. Using
Eq. (5), we can estimate the thickness of the concrete layer is 4.807 cm with a 3.86%
error percentage and that the depth of the pipe is 19.657 cm with a 3.64% error
percentage.

The B-scans of the numerical simulations are shown in Fig. 3. These results
illustrate the distinction between pipes that are made up of different materials in
a medium that includes two layers of concrete (ε

′
r = 6) and soil (ε

′
r = 9). These

simulations show good resolution while simultaneously solving the location of the
pipes with good precision. Based on the resolution properties, it may be suggested
that GPR with a central frequency of 400 MHz is suitable for providing indirect
information on the nature of buried pipe materials.

The most significant feature observed is when the nature of the pipe materials
changes, the intensity of the hyperbole function also changes. For example, the B-
scan simulating a metal pipe (a) has clear contrasts with other acquisitions (b–d),
because the difference in dielectric constant between steel and ground is the greater of
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the three conditions, and the reflection of the electromagnetic wave is stronger. In the
B-scans (b, c) of the empty pipes, there is a double reflection of the electromagnetic
wave, because the second reflected curve comes from the lower edge of the pipe.
Since water strongly absorbs the electromagnetic wave, only one electromagnetic
wave curve can be seen in the B-scan (d) relating to an empty opening filled with
water. Note that all these B-scans are done on the same color scale. Similar results
were obtained in [22–25].

It can be argued that B-scan observations are unavoidable due to the high contrast
between the host medium and the permittivity of pipe materials. To mount this, we
note the decrease in the intensity of hyperbolic reflections is always present with low
permittivity pipe materials. The ability to obtain acceptable resolution B-scans with
a 400MHz GPR that is capable of clearly distinguishing the nature of pipe materials,
is possible in conventional GPR surveys as prescribed in this paper.

4.2 Practical Application

GPR profiles using 400MHz antennas were acquired at the site. First, the acquisition
of GPR data was performed on known targets, to allow the calibration of GPR
equipment. We then carried out on-site GPR profiles to cover the entire zone to be
examined. GPR processing was done by the Radan software, using standard steps
such as zero-time correction and the application of a band-pass filter. The physical
parameters that are taken as a function of medium moisture are relative dielectric
permittivity (εr = 9) and electrical conductivity (σ = 0.001 s/m). Among the many
GPR profiles that have been acquired in the site, we present in this paper only the
most representative ones. In addition to the GPR profiles, we did a full scan of the
area with the VIVAX VLOC Pro2 brand radio detector, which allows us to detect
buried arrays at quite significant depths compared to the GPR up to 5 m or more
when using the detector in active mode. On the different profiles we observe:

On the GPR image below (Fig. 4) we see the presence of reinforcements in the
concrete with a rather high reinforcement density. There is also heterogeneity of the
subsoil, in the form of a clear hyperbolic reflection of low amplitude, which is located
at the position up to 4.40 m and a depth bounded between 0.60 m and 1.40 m because
this does not repeat on the other profiles. A view of the perpendicular profiles made
in this area, confirms the presence of an object in the basement.

The existence of a reinforced concrete slab prevents penetration of the reflected
GPR signal back to the surface. This signal can be reflected again and re-enters the
basement, causing a reverberation signal, masking information from deeper depths.

Hyperbolic reflections are observed in Fig. 5 corresponding to five pipes, which
are placed next to each other, used to transport stormwater. These pipes are confirmed
at the same depth of 2.20 m from the top pipe generator.

In Fig. 6 the measurement was carried out on a full drinking water pipe located
on the subsurface; it can be seen that the rate of propagation of electromagnetic
waves decreases due to high relative permittivity (ε

′
r = 81). The delay of the reflected
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Passage on 
sanitation grid

Heterogeneity in the 
subsoil 

Reinforced concrete slab

Fig. 4 GPR profile showing reinforced concrete slab and subsoil heterogeneity

Fig. 5 GPR profile shows five metal pipes that are located at the same depth

wave which is recorded by the receiving antenna generates, at different times, the
hyperboles corresponding to the reflections of electromagnetic waves.

InFig. 7a,we see two sewer pipes cloggedbywaste. These twopipes are confirmed
from a depth of 2 m and are approximately 0.50 m above each other. In the profile
associated to Fig. 7b, clear hyperbolic forms are observed, it is a single pipe that
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Fig. 6 GPR profile shows a water-filled pipe on the subsurface

a) b) 

Fig. 7 a, b Radargrams of the profiles detecting sewer pipes

shows an imbalance. This pipe can be broken and filled with alluvial and clay-silty
sediments. The hyperboles were obtained with a peak of 2.10 m.

This study shows that the GPR method is an important step before starting civil
works, because it provides the precise location of utilities in the underground, as
well as an estimate of their depths. Based on these results, interventions to remedy
anomalies accurately, safely and without risk of dangerous accidents. The informa-
tion improves and updates public service placement plans and serves as a basis for
urban planning. This paper complements the work already published in [7].

5 Conclusions

This paper has been carried out to develop the use of GPR techniques in the field of
civil engineering, in particular the assessment of the condition and defects of pipeline
networks. The numerical simulation can provide a solid database of data from the
underground, which allows a concrete validation of the principle for the use of the
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GPR technique with a 400 MHz antenna (Tx) that is suitable for this type of survey
evaluation.

In practical investigations, despite the presence of a reinforced concrete slab,
which could have attenuated the GPR signal, we were able to detect an anomaly that
is related to a heterogeneity of the ground. The GPR profiles provided details on the
shapes and nature of the target in the basement. These profiles can, therefore, detect
water pipes, utility systems in the basement up to a depth of than 2 m.
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