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We evaluate the often neglected ranging (or cover depth) error of an object located within the Fresnel Region (or called radiating
near-field) and reactive near-field region in ground penetrating radar (GPR). The experiments were conducted in concrete
specimens with various rebar cover depths from 10 to 80mm, which imitates any object imaged by GPR from reactive near-
field, Fresnel region to far-field region. Velocities of each individual data point of the hyperbolic reflections of the embedded
reinforcement in radargram are calculated by developed algorithms based on common offset antenna and multiple trilaterated ray
paths. Two different velocity algorithms, based on semi- and full-trilaterated ray paths, were applied to estimate the wave travelling
velocity as a prerequisite of cover depth measurement. The algorithms were firstly validated using a high-frequency 2-GHz antenna
to verify the travelling speed of radar waves in air, which is equal to the speed of light. Then, the same antenna was used to estimate
the cover depth by measuring the time of flight and velocity based on the two velocity algorithms. The results reveal that the
ranging accuracy is highly in doubt in reactive near-field and Fresnel regions but is largely improved when the object locates in far-
field region where GPR wave propagation becomes plane-type. The measurements, riding on accurate modelling of ray-path’s
trilateration models, provide evidence that the normal linear scale of GPR time-to-depth conversion overlooks the effects of near-
field/Fresnel region. We therefore suggest that the GPR near-field/Fresnel region and far-field boundary must be taken into
account before any attempt of time-to-depth conversion and depth estimation of objects by GPR are carried out.

1. Introduction

Ground penetrating radar (GPR) transfers energy via the
antenna to substrate surface by quasi-stationary fields, induc-
tion fields, and radiated fields. Energy is exchanged in the
reactive near field. Target coupled energy from the source
fields and signal will be coupled in the antenna in the far-
field regions (or called radiated field) [1]. It is crucial to under-
stand the boundary of near-field and far-field region. These
two regions relate to the geometric dimensions of the source
(D), i.e., the maximum linear dimension of the radiator and
the energy emitted by the source dominant wavelength (λ).
Region to separate near field and radiating far field is
expressed as r¼ 2D2=λ, where r is the distance of the dipole
element to the concerned point [1–3]. The near-field region
can be further separated into reactive near-field and Fresnel
region (or called radiating near field), and the boundary is

expressed as r¼ 0:62
ffiffiffiffiffiffiffiffiffiffi
D3=λ

p
. This mathematical derivation

between antenna dipole design as reflected by (D) and mate-
rial properties as reflected by λ is, therefore, an important but
often neglected factor on a near-surface geophysical and engi-
neering application on GPR: depth ranging of an object. For
the former, i.e., the mathematical derivation of a physical
phenomenon, is clearly a nonlinear problem. But for the lat-
ter, i.e., the depth ranging of an object, is usually regarded as a
linear problem where depth= two-way travel time× velocity
divided by 2. It is clear that the linear solution of the latter is
far from adequate to fully represent the nonlinear nature of
the former physical phenomenon. This study will illustrate
that the oversimplified linear solution is highly constrained in
reactive near-field and Fresnel zones but works fairly well in
the far-field zone. Yet, the oversimplified linear solution is
often applied in two focus areas of GPR, i.e., structural inspec-
tions and underground utility surveys.
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Structural inspections on the quality of reinforced con-
crete elements during construction and regular structural
health monitoring of existing structures are crucial to guar-
antee the integrity and serviceability of the structures. During
inspection, the measurement of the actual cover depth of
reinforcements and tendon ducts is an important criterion of
the quality of the structure, which serves two purposes. The first
is a compliance check against the design drawings in new
works. The second is long-term durability, resisting aggressive
agents like carbonation and chloride attack inmaintenance and
addition and alternation works. Another example is the survey
of the cover thickness of underground utilities [4–13]. Unlike
concrete, which is a relatively homogeneous environment to
host rebar and tendon ducts, underground conditions are
much more complex and inhomogeneous to host utilities.
Nowadays, the building of 3D as-built data infrastructure on
the unknown city underground is prevailing because of the
ability of handling huge amounts of data in building informa-
tion modelling. Building of such data infrastructure requires
cover depth as an important attribute, and GPR is one of the
two geophysical technologies, while the other is electromag-
netic locating. The two focus areas thus justify the requirement
of accurate cover depth estimation and the underlying theories
of reactive near-field, Fresnel zone, and far-field in the GPR
world.

In this study, concrete specimens with various rebar
cover depths from 10 to 80mm were used to imitate any
object imaged by GPR from reactive near-field, Fresnel
region to far-field region. Concrete is used because of its
relatively small size of handling and relatively homogeneous
environment compared to soil. Rebar is a perfect reflector in
concrete to generate strong signal reflection. A GSSI 2GHz
palm bowtie antenna was used to acquire the smallest geo-
metric dimension of the source (D) and also a small wave-
length in concrete (⁓50mm for a velocity of 0.1m/ns). This
experiment can be upscaled to other object dimensions and
antenna frequencies by following the discussion in the first
paragraph of Section 1. A standard measurement method
of cover depth is proposed by comparing two developed

velocity algorithms [14, 15] with consideration of full trilat-
erated ray paths. The method was first validated in a control
experiment with air as a homogeneous medium of wave
velocity and then applied in reinforced concrete specimens,
as described in Section 2.

2. Experimental Setup and Data Collection

2.1. Experimental Setup and Data Collection in Air. The
experimental setup included a thin plastic board and two
Y10 steel rebars. Rebars were placed on an 860-mm height
foam box, and the distance between the GPR antenna and
rebar was adjusted to 185mm, as shown in Figure 1. The
2GHz antenna was used to scan the Two Y10 steel rebars for
data collections. Twelve repetitive radar measurements were
done. The radargram obtained was used for velocity analysis
and for the verification test. Velocity analytical method using
semi-trilateration Equation (3) [14] and combined equa-
tions/full-trilateration Equations (1), (3), and (4) [15] were
used to measure the velocity of the reflected wave.

2.2. Experimental Setup and Data Collection in Controlled
Experiments. Four reinforced concrete beams with dimen-
sions of 200mm (width)× 800mm (long)× 110 (depth)
were cast (Figure 2). Each beam was cast with two diameters,
20-mm rebars with 300-mm constant spacing between each
rebar were fixed at 250mm away from the end of the beam.
Two rebars were casted with the same cover depth from the
concrete surface. Another three pairs of rebars were cast into
three concrete beams, and totally eight different cover depths
of rebars from the concrete face from 10 to 80mm were cast.
The only variable of each beam setup was the cover depth of
two rebars, where the cover depths for pairs of rebars were
the same. Radar measurements were done after the casting of
concrete at 120 and 180 days. A 2-GHz high centre frequency
antenna provides a high-resolution measurement of time and
distance for shallow cover depth reinforcement in radargram,
and a shorter wavelength of propagated wave matches the
measurement of diameter of reinforcement, i.e., 20-mm
diameter. There were 12 scans of each cover depth at different
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FIGURE 1: (a) Photos of the experimental setup and the corresponding and (b) schematic drawing of the calibration process in air.
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days, and a total of 384 scans were processed for 2D signal
processing and radargram display by commercial software,
i.e., Reflexw. Velocity measurement based on the trilateration
models with hyperbolic fitting developed in Sham and Lai
[14], as shown in Figure 3, was performed by an in-house
programme in LabVIEW. Since the receiver and transmitter
are configurated with a common offset distance and shielded

in a container, the travelled path of the GPR wave was esti-
mated by Pythagoras theorem.

In the 2D signal processing, the adjustment of waveform
using direct current shift and standard dewow, and time zero
correction, which reference to the ground, were conducted.
The background and equipment gain of the signal were
removed. After signal processing, extraction of data from
radargram and velocity analysis of the diffractive hyperbolas
were performed by the developed algorithms, in an in-house
LabVIEW programme. The point of inflection at the direct
wave of each reflected A-scan was programmed to form
hyperbolas correspondent to the rebar and calculating the
velocities [16]. With measured time of flight at the apex of
hyperbolas, the cover depth of the rebars can be measured
and compared with the actual values.

3. Data Processing

GPR antenna (with ordinary common offset configuration)
traverse runs perpendicular to the alignment of rebar, or the
parallel orientated GPR dipoles/E-field with the rebar align-
ment sets in the same direction during scanning. The GPR
wave spreads a conical form of footprint (or called first fres-
nel zone), penetrates downward through a lossless media,
and reaches a circular object, i.e., rebar, with significant
dielectric contrast with the host material, i.e., concrete.
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FIGURE 3: The reflection model for GPR wave propagation and
reflection.
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The reflected signal received will appear as a diffractive
hyperbola in the radargram. The wave velocity associated
with the corresponding spatial and lateral distance (x) to mea-
sured wave travelling time (t) can be determined by the slope of
the hyperbola, as seen in Figure 3. The location and depth of
rebar from the concrete surface can then be calculated. There-
fore, to analyse wave velocity, it is crucial to model the reflected
diffractive hyperbola accurately. Velocity estimation for
antenna with common offset configuration can be determined
by one or more than one of the following combination
methods:

(a) Velocity algorithm

The equation estimates the GPR wave velocity by mea-
suring the travelling time to and from the GPR and the
object, i.e., two-way travel time, and the depth of the object
from a flat surface.

v ¼ 2D0

t
; ð1Þ

where t=measured time for GPR wave to travel in between
antenna and the object and D0 = distance between target
object and surface of host material.

(b) Velocity algorithm—method in ASTMD6432—2020
[17] (circular object and single trilaterated method)

The equation is based on the assumption that the target
object and GPR antennas, i.e., transmitter and receiver, are
point-form sources. Antenna separation distance and objects
size are not considered.

v xið Þ ¼ 2
t0

� �
xiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ti
t0

� �
2
− 1

r
2
664

3
775; ð2Þ

where xi = distance between the transmitting antenna at an
oblique position “i” and receiving antenna at a position where
the apex of hyperbola is located at. It is considered that the
traverse of GPR antenna and the alignment of the object are at
right angle, ti =measured time for GPR wave to travel in
between antenna and the object where antenna located at
position “i,” t0 =measured time for GPR wave to travel in
between the antenna and the object where the antenna is
located on top of the object, i.e., location of apex of hyperbola.

(c) Velocity algorithm—point form target and measured
by trilaterated ray-path method

The equation considered the separation distance between
transmitter and receiver (2B) of a monostatic antenna and
the oblique angle (θ) between the travel of GPR antenna and
the alignment of the object, as shown in Figure 4.

v xið Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 xisin θð Þ2ti Æ 2xisin θ xisin θð Þ2t2i − 4B2t2i þ 4B2t20ð Þ0:5

t3i − t20ti

s
;

ð3Þ
where xi = distance between antennas at position “i” and
antenna at a position where the apex of hyperbola is located
at, θ= angle between the traverse of GPR antenna and the
alignment of rebar, B= distance between mid-point of the
monostatic antenna and Tx and Rx antennas respectively,
ti =measured time for GPR wave to travel between antenna
and the object where antenna located at any oblique position
“i,” t0 =measured time for GPR wave to travel in between
antenna and the object where antenna located on top of the
object, i.e., location of apex of hyperbola.

(d) Velocity algorithm—trilaterated ray path with known
parameters/available information, size and depth of
target object

The equation incorporated known parameters/available
information from an as-built record drawing of the target
object into consideration, including the size and depth of the
object from the surface of host material [14, 18], as shown in
the programming platform in Figures 5 and 6.

v xið Þ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D0þrð Þ− D0þrð Þrffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

D0þrð Þ2þ xisin θð Þ2
p

� �
2
þ xi−

r xisin θð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D0þrð Þ2þ xisin θð Þ2

p
� �

− B

� �
2

s
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D0þrð Þ− D0þrð Þrffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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p

� �
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þ x− r xisin θð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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p
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where xi = distance between antennas at position “i” and
antenna at a position where the apex of hyperbola is located
at, θ= angle between the travel of GPR antenna and the
alignment of rebar, D0 = distance between target object and
surface of host material based on Equations (1) and (3),
r= size of round-shaped object, i.e., radius, B= distance
between mid-point of the monostatic antenna and Tx and
Rx antennas, respectively, txi =measured time for GPR wave
to travel in between antenna and the object where antenna
located at position “i,” t0 =measured time for GPR wave to
travel in between antenna and the object where antenna
located on top of the object, i.e., location of apex of
hyperbola.

Angle “θ” can be measured from the grid of the GPR
antenna traverse and alignment of rebar after obtaining it in
3D simulation. The size of the object “r” and distance of
antenna separation can be obtained via an as-built record
drawing and manufacturer’s specification, respectively. How-
ever, distance between target object and surface of hostmaterial
“D0” is unknown. This makes also a paradox for estimating
velocity through known depth, because depth of the rebar is the
purpose of the survey. This issue is further solved by combining
several algorithms of velocity measurement [15].

(e) Combination of algorithms—trilaterated ray path
with object size and estimated object depth [15]

FIGURE 5: The graphical user interface of the LabVIEW velocity analysis programme.
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This method considered the combination of algorithms
to solve the problem in Equation (4), as shown in Figure 7.
First, approximated GPR wave velocity “v” with consider-
ation of antenna separation and target object as point source

can be obtained by Equation (3). Second, based on approxi-
mated velocity “v,” an “approximated” “D0” is obtained by
applying Equation (1). Finally, by inputting “approximated”
“D0,” estimated “v” and “d” can be found in Equation (4) and
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Equation (1), respectively, where estimated “d” is the mea-
surement of rebar cover depth. The advantages of this
method are that the velocity outlier calculated by setting a
standard deviation limit to 0.01m/ns can be filtered, and
velocity data points larger than 0.2998m/ns (speed of light)
can be computed along the data points at the diffractive
hyperbolas. As shown in Figure 5, the proposed combination
of velocity measurement method is a new approach for esti-
mating GPR wave velocity by substituting mean of v xið Þ in
Equation (3) into V in Equation (1) to estimate D0 then
substitute the estimated D0 in Equation (4) to recalculate

v xið Þ and D0. Not also in this paper, the effect of included
angle (sin θ) does not affect velocity estimation in Equations
(3) and (4) because the GPR traverse is always perpendicular
to the alignment of the buried linear object, which makes sin
90° is always equal to 1.

4. Findings and Discussion

4.1. Velocity Validation in Air. In homogeneous medium in
air, GPR wave travels at a speed of light of 0.2998m/ns. The
estimated velocity from semi-trilateration equation, i.e.,
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Equation (3), and full-trilateration equation, i.e., combined
Equations (1), (3), and (4), with known object depth, can be
compared with GPR wave in air. The experimental test using
rebar in air can verify the constituency of the velocity analytical
methods. The calculated discrete velocity using semi-trilateration
equation and full-trilateration equation are highly consistent
with 12 repetitive measurements, in which the semi-trilateration
equation underestimates the GPR wave velocity slightly by
1.06% compared to the speed of light, while the result from
the full-trilateration algorithm yields only 0.17% more than the
speed of light due to measurement error. In view of the standard
deviation of the measured velocity data, the velocity algorithm
using semi- and full-trilateration algorithms are 0.0018 and
0.0016m/ns, respectively. The result showed that the estimated
GPR wave velocity in air by the models is highly accurate. This
error is considered very small, and the result is thus satisfactory
for the methodology to be used in concrete specimens.

4.2. Findings and Discussion in Control Concrete Experiments.
Prior to conduct velocity analysis, all collected data were post-
processed by standard data processing according to LSGI
[19]. Velocity analysis was performed by semi-trilateration
equation [14] and combined equation/full-trilateration equa-
tion [15], which was programmed in the in-house LabVIEW
programme, as shown in Figure 5 [14]. The 2D velocity pro-
files were generated after applying a moving average filter.

The effects to accurately measure the depth of an object
by a near-field GPR are crucial. According to the estimated
cover depths result for a cover depth of 10–30mm, as shown
in Figure 8, the semi-trilateration and the full trilateration
models overestimated the actual cover by 12.2–9.7mm
(136.1%–34.5%) and 17.5–14.1mm (153.6%–46.1%), respec-
tively. This overestimation was improved for a cover depth of
40–80mm. The semi-trilateration and full-trilateration mod-
els overestimated the actual cover by 10.6–0.5mm
(28.2%–1.2%) and 14.3–3.5mm (35.2%–5.0%), respectively.
It reveals that the reactive near-field boundary for GSSI 2-
GHz palm GPR antennae is approximately 40mm. Based on
the equation of r¼ 0:62

ffiffiffiffiffiffiffiffiffiffi
D3=λ

p
, where D is the aperture’s

maximum dimension which is 58.5mm for the GPR used in
this work and λ could range from 47.5 to 75.1mm according
to the wavelet transform, the calculated near-field reactive
boundaries (r) are 36.6 and 35.0mm by semi-trilateration
and full-trilateration models respectively. Comparing the
results, both results are matched to the obtained experimen-
tal result. This analysis justifies the trend of more accurate
results can only be obtained along with a larger cover depth
of the rebar, as shown in Figure 8. It also implies that the
measurement of the cover depth of rebar is only reliable
when the object locates in the Fresnel region. The results
demonstrate an often neglected near-field phenomenon
when GPR is called a reliable tool to measure the depth of
buried objects. The results conveyed in this paper can also be
extended to the mapping of deeper buried objects using
lower GPR frequency by changing the parameters “D” and
“λ.” In other words, GPR users should bear in mind that the

estimated depth is more reliable when the objects locate at
the Fresnel region and becomes unreliable if the objects
locate at the reactive near-field zone.

5. Conclusion

GPR practitioners always question the accuracy of GPR sur-
vey, and depth ranging is one of these questions. This paper
provides solutions and recommendations in three aspects of
understanding. First, this paper demonstrates a standard
measurement method for cover depth estimation of buried
objects by using semi- and full-trilaterated algorithms applied
on the GPR diffractive hyperbolas, a much more accurate
method than traditional hyperbolic fitting in commercial soft-
ware. The advantage is that, on the one hand, the actual
trilaterated ray path due to antenna separation and object
alignment is considered. On the other hand, the depth of
the object can be found by combined algorithms in lossless
materials. Second, this paper explains the effects of reactive
near-field and Fresnel region on the accuracy of depth mea-
surement. It also demonstrates the measuring limits of the
high-frequency 2-GHz antenna in shallow cover depth, i.e.,
<40mm falling within the reactive near field. So, only depth
beyond 40mm is considered reliable because of the smaller
deviation from the actual depth explained by the far-field
theory. Third, it supplements the understanding of depth
measurement errors with the often neglected and very simple
linear model (Equation (2)) used by most commercial GPR
processing software. It also follows that the developed meth-
ods can also be used to map other deeper objects with lower
GPR frequency. Finally, our further works will be building an
empirical correction model for depth measurement with
more available data.
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