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Abstract—In this study, a demonstration of the potential of
ground-penetrating radar (GPR) for improving location of
rebars is given. To this purpose, a high-frequency GPR system
with a 2000 MHz dual-polarised antenna (HH/VV polarisations)
has been used to collect data on a reinforced concrete floor of
dimensions  1mx0.80m  (longitudinal and  transversal
acquisitions). The high-dense grid mesh of rebars and the use of
the hyperbola fitting method allowed for the acquisition of a
dataset of wave propagation velocity values. Hence, an analysis of
the statistic distribution of propagation velocity values was
carried out to assess the data dispersion throughout the area. A
data sampling approach was then proposed and velocity values
were sampled at different percentages and in an evenly-
distributed manner throughout the inspected area.
Corresponding values of velocity were therefore used for data
migration purposes and C-scan maps were produced as a
combination of longitudinal/transversal acquisitions and HH/VV
polarisations. The optimum sampling rate of wave propagation
velocity was then assessed by way of comparison of the migrated
maps.

Keywords—GPR; data sampling; hyperbola fitting; data
migration; rebars location

I. INTRODUCTION

Investigation of rebars in reinforced concrete is a matter of
high interest in civil engineering. Reinforced concrete has been
widely used for over a century as a high-performance
construction material, although it is subject to damage and
deterioration for a variety of different and complex reasons [1].
Hence, a large number of tests and routine assessments are
usually required for this material [2]. To this effect, a variety of
destructive and non-destructive testing (NDT) methods have
been used to identify specific features of rebars.

NDT methods are gaining momentum in this area of
research [3]. Ultrasonic sensors are used to assess dimensions
of the rebars as well as for damage location purposes (e.g.,
voids and cracks) [4]; reinforcement location and assessment of
corrosion are pursued using electromagnetic (EM) methods,
such as radiography [5], eddy current sensors [6] and
impedance  tomography.  Chemical-based  techniques,
thermography and impedance tomography [7] are widely

employed for detection of moisture. Within this context, the
ground-penetrating radar (GPR) NDT method has proven to be
suitable for many of the above application areas. In more
detail, GPR systems with high-frequency antennas are
extensively used on concrete structures, and several GPR-based
algorithms for effective assessment of corrosion and moisture
infiltration have been developed in the literature [8]. Research
is nowadays being oriented towards the assessment of the size
of rebars [9]. One of the most common applications of GPR in
reinforced concrete relates with the location of rebars [10] and
the estimation of the concrete cover depth [9]. Accuracy of the
above estimations are improved using dedicated data
processing algorithms, e.g., migration [11], and data
interpretation methods, e.g., hyperbola fitting [12]. In this
framework, although a good degree of accuracy can be
achieved with the available commercial software, a higher
precision might be necessary for quality control and routine
inspection purposes. To speed up the data processing, a few
values of velocity of propagation are usually randomly
extracted by fitting the reflections from the clearest hyperbola
shapes in the B-scan. The average velocity is then assigned to
the whole area to obtain a migrated map. In this regard,
although relating an average velocity value to a whole
investigation area might not work for large and complex
environments (i.e., investigation sites with high horizontal and
vertical variations of wave propagation velocity, which are
mostly unknown), it is more functional for the location of
rebars in relatively small areas made of reinforced concrete.
This process can be improved by sampling a consistent number
of targets for an estimation of velocity by hyperbola fitting,
such that a more representative average value is assigned to the
area for data migration purposes.

II. AIM AND OBJECTIVES

The main aim of this study is to comprehend the effect of
different data sampling percentages on the estimation of a
propagation velocity value representative of a reinforced-
concrete-paved area with a high-dense grid mesh of rebars.

Estimation of this parameter is therefore used for data
migration purposes in order to produce a viable C-scan map for
a more accurate location of concrete rebars.



To achieve this Aim, the following objectives are
identified:

e to create a 2-D matrix of wave propagation
velocity values estimated by hyperbola fitting of
the reflections from the rebars over the whole
inspected area;

e to analyse the statistical distribution of the
estimated propagation velocity values for
assessing the data dispersion throughout the area;

e to develop a data sampling methodology in order
to extract a value of velocity of propagation
representative of the entire area. This is pursued
by way of comparison between the tomographic
maps migrated at different sampling percentages
(combination of longitudinal/transversal
acquisitions and horizontal (HH)/vertical (VV)
polarisations).

III. METHODOLOGY

The methodology is divided into four main stages. Data
acquisition is first carried out. A second main stage focuses on
the estimation of the wave propagation velocity values using
the hyperbola fitting method. This allows to create a 2-D
matrix of data throughout the area inspected. A third stage is
then developed to analyse the statistical distribution of the
above estimates and assess the dispersion of the data. Finally, a
data sampling methodology is proposed to extract a
representative wave propagation velocity value for data
migration purposes.

A. Data Acquisition

Data were collected on a reinforced-concrete-paved area
(rebar density of ~ 5 rebars/m?) with dimensions of 1mx0.80m
(Fig. 1). The IDS Aladdin GPR system equipped with a dual-
polarised antenna of 2000 MHz central frequency was used for
testing purposes. The antenna configuration allowed to collect
two different sets of data at the same time along a single scan
line, as per the HH and VV polarisations. GPR signals were
acquired with a horizontal resolution of 1 cm, using a time
window of 32 ns and 512 samples. Both longitudinal and
transversal scans were carried out, with a scan spacing of 5
cm.
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Fig. 1. Scanning grid and 2000 MHz dual polarised antenna system used for
the acquisitions.

B. Wave Velocity of Propagation Data Matrix by Hyperbola
Fitting Method

In view of the high-dense grid mesh of rebars and the
relatively small scan sapcing, the hyperbola fitting method [13]
was used to assess wave propagation velocity data throughout
the whole area investigated. In this method, the wave velocity v
is proportional to the angle a between the hyperbola
asymptotes, according to the following relationship:

v=21ga )

Several studies in the literature have proven the dependency
of v on the vertex coordinates, the target radius and the time
delay of signal reflection. An example of hyperbola fitting for
one of the rebars investigated in this study is reported in Fig. 2.

From the GPR acquisitions, it was possible to detect two
main layers of rebars. In more detail, the area inspected
included n = 5 upper lines of rebar (R1, R2, R3, R4 and RS in
Fig. 2) overlying / = 5 lower rebar lines (RL1, RL2, RL3, RL4
and RLS in Fig. 2). For the purposes of this study, only the
upper rebars were taken into account. Hence, considering a
scan spacing of 5 cm, m = 17 longitudinal scans of 1m length
were collected across the 80cm-wide transversal dimension of
the inspection area. This turned out to provide a n X m = 85
matrix of rebar points and, hence, a matrix 7 of wave velocity
of propagation data.

C. Statistical Distribution Analysis

An analysis of the statistical distribution of the dataset of
propagation velocity values V,[”;ﬁ])o is carried out to assess the
data dispersion throughout the investigated area. The average

value of velocity of propagation of the entire population v, ,

(value averaged over k£ = 100% of the m x n data in the
propagation velocity matrix) is taken as a reference for each
combination of i scan direction and j" antenna orientation in
the calculation of residuals. Hence, the percentage residual at a
generic position [m, n] in the matrix is calculated as follows:

[m.n]
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Fig. 2. Estimation of wave propagation velocity on a longitudinal scan (HH
polarisation) by the hyperbola fitting method and typical arrangement of
rebars within the inspection area.



A matrix R of residuals .f[m 100 Sized m x n can be therefore
computed by working out the values of vx[ .’]go in (1). To assess

the dispersion of propagation velocity values v[m f(})o against the

referencev, 4, , the m™ average residual 51[7121 is defined
along the m = 17 scanning lines as follows:

gl Z g

and compared to the average re51dua1 of the entire matrix

VmeR 3)

population & 4, (value averaged over k= 100% of the m x n

residuals .f[m 1”00 in R). Hence, data dispersion from this

reference value is interpreted as a measure of non-
homogeneous distribution of the propagation velocity
throughout the inspected subsurface area. Also, this analysis is
useful to identify potential misalignments of the rebars along
the scanning line. The frequency density distributions of

xﬂ]

residuals for i) the entire matrix population 5['" oy and ii) each

n'™ rebar (,ﬁ[flﬂ) is also defined, being this latter expressed as

follows:
g 71,;0 Zé[jl 1’1(}0 VneR “)
D. Data Sampling and Migration

A number of different & percentages of vl[';'Z] values (with

k=15,10, 15,20, 30, 50, 50inverted) is sampled over the n X m
data in the velocity of propagation matrix V. Sampling is
developed to ensure an evenly distribution of data across the
longitudinal and transversal directions of the area (Fig. 4).
Sampling configuration ranges from diagonal (i.e., case of
smaller percentages (Fig. 4(a)) to a chessboard-like
arrangement at k = 50 and 50inverted (Fig. 4(f-g)). The
optimum sampling rate of wave propagation velocity was then
assessed by way of comparison of the migrated maps.
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Fig. 3. Data sampling (blue cells) of the k" percentages of v[ k} values in V

(with k=5 (a), 10 (b), 15 (c), 20 (d), 30 (¢), 50 (f) and 50inverted (g)).

IV. RESULTS AND SHORT DISCUSSION

A. Statistical Distribution Analysis

Table I shows the main statistics from the wave velocity of
propagation data matrices, as per the combinations of i (L, T)
and j (HH, VV). Overall, the average value of propagation

velocity v, ;4 varies between 13.43 and 14.22 cm/ns across

the four i, j combinations. The maximum standard deviation
(o, = 0.11 cm/ns)

i,/,100 Vi,j.100
are observed in the case of longitudinal scan and VV
polarisation.

In regard to the statistics for the residual distributions, for
sake of brevity only the results on the longitudinal scan/HH
polarisation are reported. Fig. 4 and 5 show the distribution of

5,[:1:)1 and the
respectively, from the scan position j = 1 (0 cm on the Tscan
axis) to j = 17 (80 cm on the Tscan axis), sorted by rebar

[mrl

the average generic  residual gﬁ/mo,

(Fig. 4), a larger

number n. From the analysis of 5[ i 10l
dispersion is observed from j = 1 (0 cm on the Tscan axis) to j
=7 (35 cm on the Tscan axis), as opposed to the rest of the
scan. From Fig. 5, it can be noticed that the first (R1) and the
forth (R4) lines of rebar have the largest dispersion among the

5 rebar lines investigated. On the contrary, the fifth line of
. This is

rebar (RS5) seems to provide less variation over v,

confirmed by the percentage residuals .f[ i) 10]0 at each n rebar
in Table II, where the rebar line R5 has the lowest statistics.

TABLE L. MAIN STATISTICS FROM THE WAVE VELOCITY OF
PROPAGATION DATA MATRICES
. Longitudinal Scan Transversal Scan
Statistic (i=L) (i=T)
Parameter
[em/ns] HH Polar. VV Polar. | HH Polar. VV Polar.
(=HH) G=vv) (=HH) G=)
Vi, 100 13.54 13.58 13.43 14.22
" 0.04 0.11 0.10 0.06
i.j.100
v 0.33 1.03 0.78 0.46
i,j,100
min
;7,100 12.80 9.10 9.90 13.50
MAX
Vi 1100 14.50 14.80 14.10 15.40
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Fig. 4. Trend of the average percentage residual & [J 10]0 along the m =17

scan lines.
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Fig. 5. Trend of the percentage residual 51['71}1(}0 along the m = 17 scan lines.

TABLE II. MAIN STATISTICS REGARDING THE PERCENTAGE RESIDUALS

51[;"10}0 AT EACH REBAR

L. Longitudinal Scan (i = L)
Statistic HH Polar. (j=HH)
Parameter Rl R2 R3 R4 RS

[%] n=p) | @72 | @=3) | =9 | (n=3)
gz['"'li]o 0.16 | 0.68 | -0.28 | -0.06 | -0.50
1],
O——
[wA] 0.62 | 053 | 059 | 0.80 | 0.36
i,/,100
O (i) 257 | 218 | 244 | 330 | 149

1,710

ralmn | s | 323 | 397 | -sas | 323
i,7,100

[m,ﬂMAX
i,/,100

268 | 415 | 415 | 7.11 1.94

B. Data Sampling and Migration

Data migration was carried out using the average values of
[rnx ]

velocity of propagation v;,"at the aforementioned K

percentages of sampling. To assess the wviability of the
sampling approach and percentage of data used, the
corresponding migrated C-scan tomographic maps were
compared. Fig. 6 shows the C-scan maps (longitudinal scan;
HH polarisation) of the inspected area after running data
migration at £k = 10, £ = 30, and k£ = 100, and collected at a
depth z = 13 cm. It can be seen that the use of a small
percentage of data samples (i.e., Fig. 6a), was not sufficient to
reproduce a viable configuration of rebars, as it is shown in
Fig. 6¢c. On the contrary, the spatial sampling and data
percentage used in the case of £ = 30 (i.e., Fig. 6b), seems to
provide a more consistent output.

V. CONCLUSION

This paper presents a data sampling investigation for the
estimation of a propagation velocity value representative of a
reinforced-concrete-paved area with a high-dense grid mesh of
rebars (~ 5 rebars/m?). To this purpose, a high-frequency GPR
system with a 2000 MHz dual-polarised antenna (HH/VV) was
used and longitudinal and transversal scans were collected. The
research methodology is divided into four main stages,
including the data acquisition, use of the hyperbola fitting
method, a statistical distribution analysis of the velocity values
and residuals, and a data sampling methodology and migration.
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Fig. 6. C-scan maps of the inspected area after data migration at different 4™
percentages of sampling. £ = 10 (a), k=30 (b) and & = 100 (c).

Results have proven that the horizontal polarisation is
usually more stable for the estimation of propagation velocity
values by hyperbola fitting. In addition, it has been shown that
a more accurate visualisation of the rebars can be obtained
using a Scm scan spacing and information from at least the30%
of targets in a high-dense grid mesh arrangement of rebars.
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