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Ground-penetrating radar is a non-destructive inspection device which is not often applied to cylindrical
media. In this paper, we extend our previous analyses of monostatic GPR waveforms to two bistatic radar
configurations for cylindrical objects: 1) Single-offset radar system, where two antennas are simultane-
ously rotating around the cylinder, 2) multi-offset radar system, where only a receiving antenna is

rotating around it. Analyses were performed through numerical experiments with gprMax2D, straight-
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ray analytical solutions, laboratory and real case studies. The complex real case studies highlighted the
benefit of combining bistatic and monostatic radar data acquisitions to better resolve unknown internal
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1. Introduction

Ground-penetrating radar (GPR) is a powerful non-invasive tool
for under-surface structures detection. Its functioning is based on
scattering of electromagnetic waves that are emitted from a trans-
mitting antenna and collected by a receiving antenna [1-3]. GPR
has been used in many fields, such as civil and transport engineer-
ing [4-6], environmental applications [7-10], archaeology [11-13],
and geophysics [14-16]. Most of these applications involve planar
model configurations. For those cases, the interpretation of GPR
images is well described and relatively intuitive. Nevertheless, data
collection for other shapes, such as cylinders (columns, tree trunks,
etc.), is more complex to interpret [ 17]. The context of our research
is related to tree trunk inspection with GPR in order to predict tree
trunk collapses caused by voided wood. For this application, a cir-
cumferential data acquisition is needed. Therefore, this paper is
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dedicated to the analysis of electromagnetic wave propagations
in cylinders and resulting GPR images.

In a planar GPR image, one can observe hyperbolic reflection
curves originating from buried objects (rebars, pipes, landmines,
etc.) [18-21] or continuous reflection curves indicating different
layers (road layers, groundwater table, etc.) [22-24|. However, in
cylinders the electromagnetic waves propagate differently due to
their curvature and, therefore, many cases of multiple reflections
from the cylinder-air interface occur. In our previous research
[25], we described reflection curves occurring in cylinders using
a monostatic radar system (a single antenna for transmitting and
receiving). Yet, in a bistatic radar system (one transmitting and
one receiving antenna), it is possible to observe a series of interest-
ing wave propagation paths. A bistatic acquisition also provides
additional information about the inspected medium thanks to a
different accessibility of the antennas to the medium. The reflec-
tion curves do highlight not only the position of an under-surface
object, they can also be used to determine the electromagnetic
properties of the medium. Therefore, it is worth to recognize as
many reflection curves as possible in order to collect more
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information about the investigated medium. Reflection curves
occurring in cylindrical structures were observed by Nuzzo and
Quarta [26] and Bonomo et al. [27] who studied protection of cul-
tural heritage. Persico and Soldovieri [28] and Leucci et al. [29,30]
studied the influence of the use of the monostatic and multistatic
configurations on column reconstruction tomography. GPR inspec-
tion of tree trunks was performed by, e.g., Nicolotti et al. [31], Lor-
enzo et al. [32] and al Hagrey [33].

The objective of this paper is to analyse reflection curves
appearing in radar images of cylindrical structures obtained with
the use of the GPR in bistatic mode (transmission). To make the
link with our previous research, we compare our new results with
the data collected with the use of a monostatic radar system.
Specifically, both single-offset mode, where the antennas are oppo-
site to each other and rotate around the object with fixed spacing,
and multi-offset mode, where the transmitter stays at one position
and the receiver rotates around the object, were considered. Firstly,
we performed numerical simulations using the gprMax2D soft-
ware [34,35], which solves the two-dimensional Maxwell equa-
tions using the Finite-Difference Time-Domain (FDTD) method
[36] and which is specifically dedicated to GPR applications. Then,
several possible propagation paths were observed and analysed
with the help of snapshots of the electromagnetic field propagation
made with gprMax2D. Using the straight-ray approximation, we
analytically derived the shapes of the reflection curves of a circular
inhomogeneity in the cylinder for easier determination of its posi-
tion, shape and size, and we compared them with the reflections
occurring in the numerical simulations and real radar images.
We also performed laboratory measurements of a tree trunk model
in the lab. Finally, we performed radar measurements for two real
case studies to compare the real data with the simulated ones and
those obtained in the laboratory. Specifically, we inspected a rein-
forced concrete column and a tree trunk with a cavity. For these
measurements, we used a frequency-domain monostatic radar sys-
tem and both bistatic radar configurations described above.

2. Numerical simulations

To better understand data obtained by a circumferential data
acquisition scheme, we performed numerical simulations of radar
measurements around a simple cylindrical model. Fig. 1 shows
the two considered radar configurations: (a) with the transmitter
and the receiver opposite to each other and rotating around the
medium, (b) with the transmitter at a fixed position and the recei-
ver rotating around the medium. Similarly to our previous research
[25], our model was composed of two cylinders filled with sand
and air, respectively.

To examine possible GPR images for this radar configuration, we
used the gprMax2D (open source) software [34,35] which simu-
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Fig. 1. Model geometry used for the numerical experiments with the single-offset
(a) and multi-offset (b) radar antenna configurations.

lates propagation of electromagnetic waves and is specially dedi-
cated to GPR applications. For the simulations, the relative
permittivity of the sand was set to ¢, = 3 and electric conductivity
was set to ¢ = 0S/m. The operating source was a Ricker wavelet
with a centre frequency f, = 900 MHz. The spatial resolution of
the numerical model geometry in the x and y directions was set
to 2,5 mm. For all our GPR images, we applied an exponential gain
function.

In order to understand the simulated GPR images, the propaga-
tion paths were analysed and possible reflection waveforms were
derived. To inspect possible propagation paths in the cylinder,
we observed the time-lapse electromagnetic field distribution
simulated by gprMax2D.

In our previous research, we observed two major ways of
propagation as displayed in Fig. 2: 1) straight-ray, and 2) total
internal reflection (TIR). The straight-ray approximation is a one-
dimensional propagation of the signal which is a relatively good
approximation for not very complex media. We used this term also
for the direct multiple reflections and composed linear reflections
described below. The TIR is a phenomenon occurring when a wave
is scattered from electromagnetically denser medium to a less
dense medium with an angle of incidence larger than the so-
called critical angle. When these two conditions are fulfilled, the
wave is fully reflected back to the medium with an angle which
is identical in the opposite direction to the angle of incidence. In
this case, the signal is reflected along the inner edge of the medium
and its path has the shape of a regular polygon (from a pentagon
up to a circle). In this paper, we represent the TIR as a circle or a
part of a circle to show the path more easily in our images. Never-
theless, in the calculations, it was represented as a 5-sided regular
polygon. This path was the most relevant for our setup as it was
the shortest path avoiding internal voids. To express the reflection
curves in the radargrams, simplified formulas in Eqgs. (1) and (2)
were used to obtain the propagation time of the signal:

c
V=—= 1
Ve M)
where v is the wave propagation velocity [m/s], c is the speed of
light in vacuum [m/s], and &, is the relative permittivity of the med-
ium [dimensionless].
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where t is the propagation time [s] and d is the length of the prop-
agation path [m].

Fig. 3 shows reflection curves simulated for a monostatic radar
system, where interfaces 1 and 2 are the closest and the furthest
points on the void edge, respectively, interface 3 is the opposite
side of the medium, and TIR is the total internal reflection in the
model (see Fig. 2a). The TIR continues its propagation along the
internal edge of the medium and if the inner edge acted as a perfect

(a) (b)

Fig. 2. Main wave propagation paths obtained by monostatic GPR: (a) 4 paths of
straight-ray propagation, (b) detailed total internal reflection (TIR).
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Fig. 3. Reflection curves obtained by a monostatic GPR system for the cylindrical
configuration shown in Fig. 2.

mirror, in a lossless medium it would never stop. In that respect,
the TIR would be visible as a multiple reflection if we displayed lar-
ger propagation times. In this paper, only the first reflection origi-
nating from the TIR is presented.

Due to the intricacy of the GPR images obtained with two
antennas in the transmission mode, it is very helpful to closely
observe the propagation of the electromagnetic field in our model.
Knowing the properties and behaviour of the electromagnetic field,
we can describe and analytically express relatively precisely every
reflection curve which should theoretically appear in a GPR image.
The analytical curves were shifted by ~1 ns compared with the
curves in the numerical simulations due to the shifted time zero
in gprMax2D.

2.1. Single-offset mode

Fig. 4 shows the radar image obtained for the first scenario,
namely, with the transmitting and receiving antennas opposite to
each other and simultaneously turning around the cylinder. One
can observe two strong reflection curves: 1) a relatively constant
reflection highlighted by the green arrow t; (=~ 5ns), and 2) a
strong constant reflection highlighted by the magenta arrow t,
(=~ 8 ns). In the radargram, another two relatively weak reflections
are visible. They are pointed out by the red and the blue arrows (t,
and t3).

Fig. 5 shows the distribution of the electromagnetic field in our
cylindrical model. The values of the electric field strength in [V/m]
were normalized following Eq. (3) in order to express the values in
interval [-1, 1].
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Fig. 4. Numerical simulation using gprMax2D for the first bistatic radar configu-
ration, where both antennas are rotating around the medium (see Fig. 1a).
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Fig. 5. Normalized distribution of the electric field simulated using gprMax2D at
four different propagation times, namely, (a) 2.0 ns, (b) 3.3 ns, (c) 4.3 ns and (d) 6.0
ns.
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2. Ez(x,y) -2 Ez.min

Ez‘max - Ez.min

Ez.norm(xsy) = -1 (3)
where E;nom(X,y) is the normalized value of the electric field
strength [dimensionless] in the z direction at a position
[x,y],E;(x,y) is the electric field strength [V/m] in the z direction
at a position [X,y], E; min and E; mgx are the minimum and maximum
values of the electric field strength [V/m], respectively.

In Fig. 5a corresponding to a propagation time of 2 ns, the signal
1 is transmitted from the transmitter and mainly continues
straightly through the medium. In Fig. 5b corresponding to 3.3
ns, wave 2 hits the border of the void and propagates through it
towards its centre, whilst the reflected part 3 propagates back
towards the transmitter. In Fig. 5¢ corresponding to 4.3 ns, wave
2 hits the void border and one part of it (4) continues towards
the receiver, whilst the other part of the signal (5) is reflected back-
wards. At the same time, wave 6 hits the edge of the medium and a
part of it is reflected back to the medium and a part of it is
refracted. In Fig. 5d corresponding to 6 ns, the TIR (7) propagates
along the edge of the model and continues towards the receiver.
Fig. 6 shows 4 major simplified propagation paths in our model
which were observed in the electromagnetic field snapshots shown
in Fig. 5.

We derived analytical equations for each propagation path.
Fig. 7 shows the geometry of the configuration for deriving
the lengths of the propagation paths. Eq. (4) describes the coordi-
nates p,(6) and p, (6) on the edge of the model with x; and y, defin-
ing the centre of the model [m] and R; being the radius of the
model [m]. Eq. (5) describes the distance d depending on angle 0
(in Fig. 7 it is represented for 0 equal to 0 and 7), where x, and
y, are the coordinates of the void [m] and R; is the radius of the
void [m].

Py(0) =x1 +Ricos0, p,(0) =y, +Risind 4)

d(0) = \/(p.l6) — %2 + (D, (0) — y,)* — Ry (5)
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Fig. 6. Simplified straight-ray paths for the opposite transmission antenna config-
uration (first case of the bistatic radar system).

Fig. 8 shows 4 main reflection curves derived according to the
propagation paths displayed in Fig. 6. Egs. 6,7 below describe the
propagation time t [s] with the relative permittivity of the medium
& [dimensionless], and the speed of light ¢ [m/s].

Fig. 6a shows a straight-ray propagation going directly from the
transmitter Tx to the receiver Rx. This arrival time t; is displayed in
green colour as a constant reflection curve in Fig. 8. The constant
shape is caused by neglecting the refraction of the wave. This
reflection curve is described by Eq. (6):

(= Vo Ri-2 (6)
c
In Fig. 6b, the first multiple reflection between the cylinder edge
and inner heterogeneity is shown. This reflection time t; is dis-
played in red colour in Fig. 8. Eq. (7) describes propagation time
t, of this reflection [s] with d, being the distance between the
receiver and the void [m] for 0=m.
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The path presented in Fig. 6¢, which is expressed as the blue curve
t; in Fig. 8, has similar character as the previous reflection. A mul-
tiple reflection occurs between the transmitter and the inner cavity.
This reflection is nearly identical to the previous one but it is shifted
by 180°. Therefore, the maximum of t; is reached at the same posi-
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Fig. 7. Medium configuration with distance d of the void from the antenna (Py, P).
&1 and &, are the dielectric constants of sand and air, respectively. R; and R, are the
radii of the medium and the void, respectively.
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Fig. 8. Analytic reflection curves for the single-offset mode, where both antennas
are rotating around the medium (see Fig. 1a).
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tion as the minimum of ¢, and vice versa. Eq. (8) describes the prop-
agation time t; of this reflection [s] with dy being the distance [m]
for 0=0.

Ver-(Ri-2+dp-2)
C

ts = 8)

The last propagation path shown in Fig. 6d is the TIR which is
reflected from the edge back to the medium and continues in both
directions along its boundary to the opposite side of the medium.
In that position, both waves interfere and are recorded by the
receiving antenna. In Fig. 8 it is represented by the magenta line
t4 which is constant because the propagation path is identical for
all positions along the medium boundary. The shortest propagation
path has a shape of a regular 5-sided polygon. Its perimeter p is
described by Eq. (9), where n is the number of the polygon vertices
(in our case 5). The reflection time t, is described by Eq. (10),
where p is the distance of the path expressed as a half of the
perimeter of a regular polygon:

p=2-n-R;sin(m/n) (9)
_Verp
ta =Yoo (10)

Fig. 9 shows the simulated GPR image together with the derived
reflection curves. In spite of neglecting refraction of the signal ¢,
the derived curve fits very well to the GPR image in terms of posi-
tion and shape. The complexity of the medium and the difference
of the permittivities is not large enough to strongly influence the
direction of the propagation. Thus, the reflection time is constant.
In the simulated GPR image, the TIR is the strongest reflection
due to the full internal reflections in synthetic conditions. Its inten-
sity overshadows the reflection curves caused by the internal inho-
mogeneity, namely, corresponding to t, and ts.

2.2. Multi-offset mode

The second radar configuration we analysed consisted of a
transmission setup with the transmitting antenna at a fixed posi-
tion and the receiving antenna rotating around the medium.
Fig. 10 shows the simulation of the second configuration. The
strongest reflection in the radargram is the cross-shaped reflection
pointed out by the red and orange arrows (tg and tg), respectively.
Then, we can see a very clear sinusoidal reflection curve marked by
the blue arrow ts (around 4-5 ns). Another visible reflection in the
simulated image is the one pointed out by the cyan arrow tg
(around 5-7 ns). It is mainly visible in the ranges 0-0.8 m and
1.6-2.5 m. The green arrow t;o points at the reflection appearing

Propagation time [s]

o 0.2 0.4 0.6 0.8 1 12
Transmitter-receiver position [m]

Fig. 9. Numerical simulation of the single-offset bistatic radar measurement (both
antennas are rotating around the medium as in Fig. 1a) with the derived curves.
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Fig. 10. Numerical simulation of the multi-offset bistatic radar measurement with
the transmitter at a fixed position and the receiver rotating around the medium (see
Fig. 1b).

from 8 to 9 ns. Finally, the cross shape reflection is influenced by
a very weak reflection pointed out by the magenta arrow t;.

This radar setup is complicated by the varying angle of the
direct path with respect to the medium geometry. In that case,
refraction cannot be neglected anymore. For this setup the final
GPR image is very complex and then, it was necessary to choose
the main propagation paths very carefully. Fig. 11 shows 5 paths

(e)

Fig. 11. Direct propagations paths for the second scenario, where the transmitter is
fixed at one position and the receiver is rotating around the medium (see Fig. 1b).
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of propagation in the multi-offset mode of the bistatic radar sys-
tem according to the distribution of the electromagnetic field
shown in Fig. 5. For each significant propagation path, an approx-
imate equation was derived. All wundescribed distances
(ds,p,(0),p,(0),p5(0)) were derived using the Pythagorean theorem
as well as d(0) in Eq. (5). The resulting reflection curves are shown
in Fig. 12.

Fig. 11a displays the direct propagation path corresponding to
the blue reflection curve ts in Fig. 12. The distance dy between
the void and the transmitting antenna is constant. At this point,
the signal is partly reflected and partly refracted into the void from
where it continues with its propagation through the air and then
again through the sand. This reflection is described by Eq. (11),
where p, is the distance [m] between the void and the receiver.
When deriving the analytical expression of the curve, it was not
straightforward to decide at which positions the receiver recorded
a wave propagated through one or two media, thus, the transition
between them shows two discontinuities. In Fig. 12 the refracted
part (propagating through 2 media) of the signal (position 0.5-
1.9 m) is indicated by dashed lines.

V(o +p1(0) ()

te—
> c

Another major propagation path we identified is shown in
Fig. 11b. The origin of that path is the reflection at the second
encountered void interface. From this point, the signal is again
partly reflected and partly refracted. In Fig. 12, the reflection ts
originating from this propagation path is highlighted by the cyan
colour. The reflected part (0.8-1.6 m) is bounded by dashed lines.
We expressed this reflection by Eq. (12), where p, (0) is the distance
between the receiver and the opposite side of the void [m]:

Veér - (do +2-Ry +py(0)) (12)

tg =
6 (o

Fig. 11c presents the next step of the wave propagation from
Fig. 11b. The wave propagates through the medium with the void
until it hits the opposite side of the medium. At that place, a part of
the wave is scattered to the receiver. The reflection t; curve corre-
sponding to this path is displayed in Fig. 12 as a magenta curve. It
is described by Eq. (13), where dj; is the distance between the void
and the medium edges and p5(0) is the distance between the recei-
ver and the other side of the medium:

Ver-(do+2-Ry +ds +p3(0)

t, =
7 c

(13)

The next propagation path is the already mentioned TIR out-
lined in Fig. 11d. The reflection curves shown in Fig. 12 by red
and orange lines appear as diagonal lines crossing each other due

x10®
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Receiver position [m]

Fig. 12. Analytical reflection curves for the multi-offset mode with the transmitter
at a fixed position and the receiver rotating around the medium (see Fig. 1b).

to the change of the receiver position (angle 0). The reflections
are linear because the TIR does not encounter any changes in the
medium properties along the edge. The shortest propagation path
has the shape of a regular 5-sided polygon. The reflections tg_g are
described by Eq. (14), where p(0) is the distance of the path
expressed as a part of the perimeter p of the regular polygon
described in Eq. (9) according to the change of the angle 0:

ts o Ver - (p(9)) (14)

The last presented propagation path of the signal is shown in
Fig. 11e and it is illustrated by the green curve tyo in Fig. 12. Such
a propagation path is not obvious. In order to find an explanation
for the reflection curve visible in the simulation results, the spatial
distribution of the electromagnetic field was studied in detail. It
turned out that the origin of the reflection curve is the wave inter-
action in the area S in Fig. 11e. The propagation starts with the clas-
sical TIR going along the inner border of the medium. When it is at
the level of the interface with the void in the upper section, a part
of the signal is transmitted through the void. The same phe-
nomenon occurs for the lower section of the model (see red
arrows). The two signals interfere the void and the signal is scat-
tered towards the receiver as a straight-ray propagation. To find
the propagation path that would lead to such an interaction, a
numerical scan through the parameter space was performed. The
resulting equation of the propagation path has the same form as
the basic Eq. (2) but it depends also on the position of points W1
and W2 in Fig. 11e. Their distance from the transmitter is 0.52 m
(0=75°) for W1 and 0.9 m (0 = 230°) for W2. The approximate
positions were determined by testing 62 randomly selected values
from the intervals 6 = 60 —90° and 0 = 210 — 240°. The values
were selected in such a way that they were separated by 1° so that
the whole interval was covered by this survey.

Fig. 13 shows the simulated GPR image overlapped with the
curves derived in this section. The blue curve ts, the cyan curve
te and the green curve t;o display a discontinuity for the position
highlighted by dashed lines that corresponds to the transition
between the sand and the air. The instantaneous change of values
of the function at the border between the two regions is a trivial
consequence of the choice of the analytical representation of a sig-
nal path. In our approximation, we assume that the propagations in
the 2 regions are independent of each other and thus, at the region
border the function abruptly changes as the relative permittivity
changes, while the rest of the function remains identical. Neverthe-
less, even if there is some difference between simulation and our
analytical representation of the reflection curve in the area around
the air/sand border, the analytical curve agrees quite well with the

Propagation time [s]

0.5 1 1.5 2
Receiver position [m]

Fig. 13. Numerical simulation of the second bistatic radar measurement (with the
transmitter at a fixed position and the receiver rotating around the medium) with
the derived curves (see Fig. 1b).



394 J. JeZova et al./ Construction and Building Materials 174 (2018) 388-400

reflection expected from the simulation. Regarding the green curve
t10, it is not possible to predict such a curve without knowing the
internal structure of the investigated medium and it is very impor-
tant to be aware of similar unexpected reflections to prevent pos-
sible misinterpretations.

3. Laboratory measurements
3.1. Setup

In order to further investigate transmission curves which can be
observed in cylinders, we performed radar measurements in labo-
ratory conditions. The radar system and antennas play an addi-
tional role compared to the numerical experiments. Moreover,
inherent heterogeneities in the real world are also expected to
influence the radar measurements. For comparison purposes, we
used the same experimental setup as in our previous study [25].
We created a simplified laboratory tree model made from plastic
and cardboard pipes (see Fig. 14). The larger pipe was filled with
sand to represent a lossless medium and the smaller pipe stayed
empty to represent a void.

3.2. Radar system

For the radar measurements, we used two Vivaldi antennas
[37], constructed at the Université catholique de Louvain, Belgium.
The antennas were made of aluminium and their size was 24 x 20
x 2 cm. A vector network analyser (VNA, ZVH 8, Rhode & Schwarz,
Munich, Germany) was used as GPR system. The antennas were
connected to the VNA with two 50Q impedance coaxial cables of
a length of 2.5 m. The operating frequency range was set to 0.8-
3 GHz with a 2 MHz frequency step. The tools are shown in
Fig. 15. In order to filter the GPR images, the zero spatial frequency
was removed (average background subtraction). Again, for all our
GPR images, we applied an exponential gain function. The mea-
surements were carried out every 2 cm along the model circumfer-
ence by performing separated static data acquisitions.

3.3. Radar results

In Fig. 16 the GPR image obtained with the use of the single-
offset bistatic radar system is displayed. Compared to the numeri-
cal simulations, the reflections are shifted by approximately 1 ns
because of the propagation inside the antennas. Nevertheless, the
shapes of the reflection curves correspond to the analytical curves
and those in the numerical simulations. The reflection curve high-
lighted by the green arrow corresponds to the straight-ray propa-
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Fig. 14. The laboratory model: (a) 3-D design, (b) photo of the assembled model
filled with sand.

(b)

Fig. 15. (a) Vivaldi antenna [37] for the frequency range 0.8-3 GHz, (b) Handheld
vector network analyser (VNA) used as frequency-domain radar system.
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Fig. 16. Radar image of the first bistatic radar measurement with two antennas
rotating around the laboratory model (see Fig. 1a).

gation shown in Fig. 6a. It is the strongest curve in the GPR image
unlike the equivalent curve in the simulated GPR image in Fig. 4.
This reflection is also much less linear than the simulated and
the analytical ones. It is because of the inherently inhomogeneous
character of the medium and antenna effects, including multiple
internal reflections as well as antenna-medium coupling. The fol-
lowing curve (pointed out by the red arrow) is also much better
visible than the one in the simulated GPR image. This curve, corre-
sponding to the propagation path displayed in Fig. 6b, is more
clearly visible when the receiver is relatively close to the void. It
could receive easily the signal reflected from the void (in the GPR
image, the curve is clear from O to 0.4 m). The next reflection curve,
highlighted by the blue arrow and corresponding to the propaga-
tion path in Fig. 6¢, is very well visible for all transmitter-
receiver positions. The last reflection is the TIR, which is slightly
visible at 9 ns and 0.8 m in Fig. 16 (see the magenta arrow).

Fig. 17 shows that the reflection curves appearing in the GPR
image for the first case of the bistatic radar system have compara-
ble shapes to the derived reflection curves and to the numerical
simulations. However, the intensity of the reflections was very dif-
ferent in comparison with the simulated GPR image. The TIR is
much less visible in the real data due to several factors: 1) the radi-
ation pattern of the antenna is different than the source point in
the numerical simulations, 2) air gaps between the antenna and
the medium change the direction of the propagation paths, 3) wave
propagation is influenced by inherent sand heterogeneities. The
reflections from the internal void are, however, particularly stron-
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Fig. 17. Radar image of the first bistatic radar measurement with two antennas
rotating around the laboratory model with the derived curves 1 ns shifted (see
Fig. 1a).

ger than those in the simulated images because they are not over-
shadowed by the TIR. Unlike in the numerical simulations, in the
real radar measurements we can observe many multiple reflec-
tions and a significant noise. Therefore, it was not straightforward
to determine all the reflection curves observed in the numerical
simulations.

Fig. 18 shows the second case of the bistatic radar measure-
ment. Again, it is shifted by approximately 1 ns compared to the
simulated images due to the different data acquisition (cable and
antenna influence and gprMax2D time shift). The blue arrow
points at the reflection curve which is the strongest one in this
GPR image and which corresponds to the propagation path dis-
played in Fig. 11a. The shape of the reflection is very similar to
the derived one and it is nearly the same as the simulated one.
Another reflection curve highlighted by the cyan arrow corre-
sponds to the propagation path shown in Fig. 11b. It also agrees
very well with the cyan curve derived in Fig. 12 and as well as
the corresponding curve in the simulated GPR image. It appears
more clearly in intervals 0-0.8 m and 1.6-2.5 m which correlate
with the refracted signal (propagating through 2 media). The fol-
lowing reflection curve originating from the propagation path dis-
played in Fig. 11c is highlighted by the magenta arrow. The
reflection is only very slightly visible due to the noisy background.
The next reflection curves are those corresponding to the TIR. In
Fig. 18 they are pointed out by the red and orange curves, respec-
tively, as well as the TIR displayed in the simulated GPR image in
Fig. 10 and in the analytical expression of the GPR image in
Fig. 12. In the real GPR image, the TIR also appears as a diagonal
cross and can, therefore, be readily identified. Nevertheless, the
strength of the reflection is much weaker than the one in the sim-
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Fig. 18. Radar image of the second bistatic radar measurement with one transmit-
ting antenna at a fixed position and one receiving antenna rotating around the
laboratory model (see Fig. 1b).
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Fig. 19. Radar image of the second bistatic radar measurement with one transmit-
ting antenna at a fixed position and one receiving antenna rotating around the
laboratory model with the derived curves 1 ns shifted (see Fig. 1b).

ulated image. The last reflection pointed out by the green arrow is
the second strongest reflection in Fig. 18. This reflection is also
slightly visible in the simulated GPR image in Fig. 10. The origin
of this reflection is nevertheless very complex (see the propagation
path in Fig. 11e) and without careful analysis of the electric field
distribution dynamics, it would not be possible to determine it.

The GPR images obtained by the real bistatic radar measure-
ments turned out to have their shapes comparable to the ones
obtained by the numerical simulations and the derived ones which
are presented in Fig. 19. However, the intensities of the reflection
curves varied. The reflection curves described by the straight-ray
propagation were more remarkable than the TIR due to the
antenna-medium interaction described above.

As well as for the numerical simulations, the second case of the
bistatic radar measurement provided a more complex GPR image
providing valuable information about the investigated medium.
Some reflection curves (notably the first and the second) give us
knowledge about the internal structure of the medium with their
shape. Other reflections (notably the TIR) give us information
about general electromagnetic properties of the medium with their
propagation time value. It is worth to know that it is possible to
observe other reflections (notably the last one) which can appear
very strongly. Nevertheless, without knowing the internal struc-
ture it is not very likely to describe reflections correctly, which
can lead to misinterpretations of the investigated medium.

4. Case studies

In order to analyse more complex cases, we performed radar
measurements around two different cylindrical objects, namely, a
reinforced concrete column and a tree trunk with a cavity. We used
the same radar system as for the laboratory experiment. Again, we
removed zero spatial frequency to filter the images and we used an
exponential gain function to compensate for signal attenuation
with respect to propagation time. In order to compare different
methods, three GPR measurements were done: 1) monostatic radar
measurement with one antenna rotating around the column, 2)
bistatic radar single-offset measurement with two antennas rotat-
ing around the column with fixed distance, and 3) bistatic radar
multi-offset measurement with one standing transmitting antenna
and one receiving antenna which was rotating around the column.

4.1. Concrete column inspection

4.1.1. Setup
The reinforced concrete column under test was manufactured
by the company Ergon nv/sa in Lier, Belgium. The column and its
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Fig. 20. Concrete column: (a) radar measurement of the column, (b) transverse

cross-section of the column, (c) Longitudinal cross-section of the column. Ergon nv/
sa in Lier, Belgium.
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cross-section are displayed in Fig. 20. The diameter of the column
was 0.6 m and it was longitudinally reinforced by 8 steel bars T1 (o
25 mm) which were stabilized every 210 mm by a circular trans-
verse reinforcement E1 (g 8 mm). Because of the limited accessibil-
ity of the antennas to the column (see Fig. 21), only a part of the
column was investigated (~1.5 m of the circumference).

4.1.2. Numerical simulations

In order to provide insights into the structure of the radar
images for that column, simulations with gprMax2D were per-
formed before the measurements. Fig. 22 shows the first 7 ns of
the simulated GPR images obtained for two arrangements of the
reinforcing bars. Apart from the surface reflection (blue arrows),
we can see the reflections from the rebars (red arrows) which
are very different for each arrangement. Fig. 22a shows the rebars
as a series of reflection hyperbolas, whereas Fig. 22b displays them
as a continuous periodic corrugated curve.

4.1.3. Radar results

In Fig. 24a the GPR image obtained with the monostatic radar
system (one antenna) is displayed. It is a relatively complex radar-
gram with many multiple reflections. Nevertheless, it shows sev-
eral strong reflection curves. The first reflection pointed out by
the red arrow between 3 and 4 ns was caused by the steel rein-
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Fig. 21. Access of the antennas to the reinforced concrete column for the
monostatic and bistatic data acquisition schemes.
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Fig. 22. Numerical simulations of the concrete column reinforcement in grpMax2D.
The blue arrow points at the surface reflection and the red arrow points at the rebar
reflection: (a) longitudinal reinforcement (cross section A in Fig. 20c) - series of
hyperbolas, (b) longitudinal and transverse reinforcement (cross section B in
Fig. 20c) - continuous periodic corrugated curve. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)

forcement in the column. The corrugated appearance of this reflec-
tion corresponds to the reflection from the transverse ring rather
than the longitudinal rebars which would appear as a series of
hyperbolas as in Fig. 22a. The blue arrows highlight the reflection
from the ground at the beginning and at the end of the measure-
ment. In the middle of the radargram, several strong reflections
are displayed and pointed out by the green arrow. These reflections
originate from external interferences from the metallic structure
close to the column (see Figs. 20a and 21). In the GPR image, the
reflection curve showing the other side of the column is missing
due to the very complex signal propagation between the reinforc-
ing bars. Furthermore, the TIR is not visible because of the antenna-
medium interactions described in Section 3.

Fig. 23 shows an example of the GPR image without any image
processing (gain function, zero spatial frequency removal). This
radargram was obtained by a monostatic radar system applied
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Fig. 23. Example of a radargram of the concrete column obtained with a monostatic

radar system without any data processing. The corresponding radar image after
data processing is shown in Fig. 24a.
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Fig. 24. Radar measurement of the concrete column: (a) monostatic system with
one antenna, (b) bistatic single-offset system with two rotating antennas, (c)
bistatic multi-offset system with the static transmitter and the rotating receiver.

on the concrete column. The corresponding processed GPR image is
displayed in Fig. 24a.

In Fig. 24b the first case of the bistatic radar measurement is
shown. Also in this case, a lot of clutter is present, but the first,
though not the strongest, reflection which is highlighted by the
blue arrow (5,5 ns) is the straight-ray signal which points at the
opposite side of the column. Unlike the previous radargram, which
shows mainly the transverse ring, it proves that the signal can
really propagate through the column. The second reflection curve
pointed out by the red arrow (8 ns) is the TIR. It is regularly discon-
tinuous which points at the metallic bars distribution influencing
the strength of the electric field. Fig. 25 shows a simulated distri-
bution of the electric field in the reinforced concrete column for
two transmitter-receiver positions (0 = 0° and 0 = 25°) for the
propagation time 7,1 ns (numerical simulations and case studies
were approximately 1 ns shifted because of the propagation in
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Fig. 25. Numerical simulation in gprMax2D. Distribution of electromagnetic field in
the concrete column at 7,1 ns for antennas positions: (a) 0 = 0°, (b) 6=25°.

the antenna). The values of the electric field strength were not nor-
malized in this case, so we can observe the differences caused by
the column reinforcement. The position of the TIR provides infor-
mation about the relative permittivity of the medium. Considering
the beginning of propagation in the medium (1-1,5 ns according to
the surface reflection in Fig. 24a), the propagation time of the TIR in
the medium is 6,5-7 ns. Using Eq. (2) and knowing the diameter of
the column D = 0,6 m (then, the distance d = 0.6 - t/2), the relative
permittivity of the column is &, = 4,2-4,9. In this GPR image, a mul-
tiple reflection of the opposite side of the column is visible at 11 ns
and 16,5 ns (green arrows).

Finally, the last GPR image obtained by the bistatic radar system
in the multi-offset mode is displayed in Fig. 24c. This measurement
was performed for approximately one half of the circumference
due to the column accessibility. In this radargram, the strongest
reflection highlighted by the blue arrow is the direct wave between
the two antennas which are relatively close to each other. This
reflection is progressively weaker when the antennas are further
from each other. When the antennas are approximately opposite
to each other, we can observe a reflection curve pointing at the
opposite side of the column (red arrow). This measurement was
not very useful for the rebars detection because the medium
appears to be homogeneous according to this radargram.

For the concrete column inspection, the monostatic radar sys-
tem turned out to be the most straightforward for data interpreta-
tion. The rebars were detected quite precisely, despite the fact that
it is not clear without previous knowledge where is the position of
the transverse ring. In that respect, the bistatic single-offset radar
measurement proved that the signal is able to propagate through
the rebars and so, the transverse reinforcement is not present all
along the whole length of the column (only in certain intervals).
In this case, the TIR is visible and so, it can be used to determine
relative permittivity & of the medium (¢ =4,2-4,9). The GPR
image from the last measurement did not show a lot of information
and so, it is not recommended to use it for this application.

4.2. Tree trunk measurement

4.2.1. Situation

We performed monostatic and bistatic radar measurements on
a lime tree (Tilia cordata) situated in the city centre of Ottignies,
Belgium (see Fig. 26a). The tree was situated in a highly populated
area. The circumference of the tree trunk was 2,99 m at the height
of 0,4 m above the ground. The height of the tree was about 19 m.
For comparison purposes, ultrasonic measurements were also
acquired around the tree trunk.

4.2.2. Ultrasonic tomography

This tree was inspected with an ultrasonic tomography by Mar-
tin Cléda from the Walloon public service (Direction Ressources
forestiéres — Cellule “Arbres remarquables”). The data acquisition
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Fig. 26. The investigated tree trunk: a) during the radar measurement (bistatic
radar system with the static transmitter and the rotating receiver), b) result of the
ultrasonic tomography (PiCUS Sonic Tomograph) obtained by Martin Cléda
(Walloon public service). The color bar indicates states of wood in relative
velocities: (I) 90-100%: healthy wood, (II) 80-90%: healthy wood, (III) 70-80%:
early wood degradation, (IV) 60-70%: wood degradation, (V)<60%: wood
degradation/cavity.

was performed with 9 ultrasonic sensors (all of them were trans-
mitters and receivers at the same time) placed at the whole length
of the trunk circumference every ~35 cm. Each sensor/point was
tested 3 times with a little hammer. The sonic sensors receive
the acoustic wave and record its velocity in [m/s] which is depen-
dent on wood density and elasticity. Thus, the speed of the elastic
waves in wood correlates with its quality. In Fig. 26b, the results of
the ultrasonic tomography (PiCUS Sonic Tomograph, ARGUS Elec-
tronic GmbH, Rostock, Germany) are shown. The color bar shows
the relative velocities [%], where 100% is the quickest measured
velocity. It pointed at the state of wood which included the pres-
ence of 33% of healthy wood and 40% of cavities. The red line sig-
nifies a theoretical threshold of the rupture risk.

4.2.3. Radar results

In Fig. 27a the first GPR image of the tree trunk is presented. It
was obtained using the monostatic radar system as in the previous
cases. The most particular element in the radargram is the surface
reflection (blue arrow) which is very strong due to the large differ-
ence between the relative permittivity of air (¢ ~ 1) and living
wood (& ~ 10-15 depending on a tree species and other factors).
High moisture of living wood also causes high electrical conductiv-
ity and thus, the signal is strongly attenuated. Therefore, the GPR
image is not very clear and we cannot observe many reflections.
Nevertheless, several reflections are visible around 10 ns in some
parts of the image (red arrows). They are joint in the positions
0-1,2 m and 2,7-3 m, out of these intervals (1,2-2,7 m) they are
attenuated. These reflections point at certain inhomogeneities
inside the tree trunk which are closer to the bark in positions cor-
responding to those with visible internal reflections. The TIR is not
visible in the radargram because the tree trunk is very rough and
so, the internal reflections have complex propagations paths. Fur-
thermore, the signal is strongly attenuated in living wood, thus,
it is very complicated to record and recognize it.

The GPR image displayed in Fig. 27b presents results obtained
with the single-offset bistatic radar system. The first visible reflec-
tion pointed out by the green arrow (9-10 ns) is the straight-ray
propagation between the antennas and it shows the opposite side
of the trunk. Then, in this GPR image, we can observe mainly mul-
tiple reflections. Nevertheless, the homogeneity of the radargram is
disrupted by two positions pointed out by the red and the blue
arrows. Because the reflections in the radargram are not evenly
distributed, it is certain that an inhomogeneity (e.g., a cavity) in

9
0% 10
@,
(]
g
g=
o
2
s
)
<
2,
=4
[=T}
0.5 1 1.5 2 2.5 3
Trasmitter-Receiver position [m]
(@)

Propagation time [s]

0.2 0.4 0.6 0.8 1 1.2 1.4
Trasmitter-Receiver position [m]

(b)

=

[

g

o

2

IS

)

<

o,

g

(=¥

0.5 1 1.5 2
Receiver position [m]

()

Fig. 27. Radar measurement of the tree trunk: (a) Monostatic system with one
antenna, (b) bistatic single-offset system with two rotating antennas, (c) bistatic
multi-offset system with the static transmitter and the rotating receiver.

the tree trunk is present. As well as in the previous case, the TIR
is missing in this radargram.

Fig. 27c represents the third radar measurement performed
with the bistatic radar system with one static transmitting antenna
and one receiving antenna rotating around the tree. From the
image, just a short part (0.5-2 m) was taken because the direct sig-
nal between the two antennas was too strong and the rest of the
radargram was too attenuated. The green arrow points at the direct
signal propagation between the antennas along the edge of the
trunk. Nevertheless, the red and the blue arrows highlight certain
internal inhomogeneities in the trunk similarly to the previous
case.

The ultrasonic tomography provided a map of the wood proper-
ties based on the velocities of the ultrasonic waves transmitted
from each sonic sensors to the others. This technique is very well
developed and it has been used for several years. We have, on
the other hand, demonstrated a usage of GPR imagining which is
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a novel and promising technology that might provide a detailed
map of trees permittivities in future. Nevertheless, this technique
requires a lot of development to be fully used. The GPR inspections
of the tree trunk revealed a series of heterogeneities within the
trunk. The moisture of living wood is relatively high, therefore
the signal is strongly attenuated and we cannot observe the inter-
nal structure in detail. Nevertheless, we are able to say that an area
with very different electromagnetic properties is present inside the
tree trunk.

5. Summary and conclusions

Two configurations of a bistatic radar system were used and
compared in this paper in order to better understand the reflection
curves occurring in cylindrical objects. In Section 2, a cylindrical
structure was observed using the numerical simulations with the
gprMax2D software. Then, several possible propagation paths were
analysed in order to analytically derive reflection curves in GPR
images for cylindrical structures. Knowing the shape and the posi-
tion of such curves helps to understand other GPR images of
unknown structures. The results showed a very good agreement
with respect to the analytically derived reflection curves using
the straight-ray propagation assumption. The reflection curves
obtained by numerical simulations had much smoother shape
though. In both cases, the TIR was the dominant reflection curve
which gave us information about the velocity of the propagation
and so, about electromagnetic properties of the medium. Neverthe-
less, it made the other reflections weaker and thus, the inhomoge-
neous internal structure of the medium could not be accurately
determined (especially for the single-offset bistatic mode). To com-
pare the simulations and the analytical curves, laboratory mea-
surements over a tree trunk model were done. The GPR images
obtained by these measurements were very similar to the numer-
ical simulations and also to the schematic expressions. Neverthe-
less, the intensity of the curves appeared much stronger for the
direct path and much weaker for the TIR due to the antenna effects
and antenna-medium interactions.

This phenomenon could be caused by the fact that the simula-
tion software assumes ideal conditions and so, the TIR is indeed
total. Hence, the reflection is very strong and overshadows the
other reflections which are normally more prominent. On the other
hand, in real conditions the TIR is weaker due to several factors: 1)
the radiation pattern of the antenna is different than the source
point in the numerical simulations, 2) air gaps between the
antenna and the medium change the direction of the propagation
path, 3) signal may be influenced by local sand heterogeneities.
Therefore, in the laboratory measurements, the TIR appears weaker
compared to the direct path. The positions and the shapes of the
curves were in good agreement, even though they were slightly
shifted due to the use of a different kind of methods. The analytical
formulas neglected all the effects related to the source. The simu-
lations assume a point source, while the measurements were done
using Vivaldi antennas. We provided the analytical expressions of
the transmission curves occurring in a cylinder containing a cylin-
drical object.

While comparing the two bistatic radar measurements, the first
one (single-offset) appears to be very simple, whereas the second
one (multi-offset) seems to be very complex and information-
rich. However, due to its complexity, it is not possible to correctly
interpret every reflection curve without the prior knowledge of the
internal structure. This fact can lead to misinterpretations of the
GPR image.

The static data acquisition provides very precise positioning
of the data, nevertheless, it is more time consuming. While using
a continuous measurement, a positioning system is needed and

the single-offset bistatic radar system is not possible to perform
precisely due to the unsynchronized movement of the two
antennas.

The case studies demonstrate the benefit of the combination of
the monostatic and the bistatic radar system for studying cylin-
ders. While using the bistatic system, we are able to obtain infor-
mation which would not be available from the monostatic radar
measurement. For example, while using the monostatic system
on the concrete column, we were able to see only the transverse
reinforcement close to the surface and nothing behind it. On the
other hand, while using the bistatic system, we could see through
the longitudinal reinforcement and thus investigate the core of the
column.

The investigation of the tree showed that the bistatic system is
able to detect irregularities in the tree trunk. Detailed investigation
of this tree trunk by an ultrasonic tomography revealed that those
inhomogeneities probably corresponds to a hole. And thus, this
system can be used to indicate candidates for detailed investiga-
tions. Concerning the quality of the radar tree trunk tomography,
it is still being developed, therefore the results are not as
information-rich as other techniques (e.g., ultrasonic tomography).
However, GPR is a device with the future prospects of being rela-
tively quick.
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