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Abstract— Ground-penetrating radar (GPR) has been widely
applied to the nondestructive inspection of concrete structures
such as tunnel lining, bridge deck, and retaining wall, which are
usually reinforced by steel bars. The scattering of electromagnetic
(EM) waves caused by the dense steel rebar embedded in the con-
crete structures has a severe influence on the penetration capacity
of GPR waves. In this letter, the scattering and penetration
characteristics of EM waves propagating through rebar net are
investigated via both numerical and laboratory experiments, with
an aim to select the antenna nominal frequency for a different
reinforcement density. The results show that the rebar, which is
perpendicular to the polarization direction of GPR waves and
has a very small diameter compared with the wavelength, is
almost transparent to the impinged GPR waves. The scattering
and interaction of GPR waves caused by the rebar that is parallel
to the polarization direction result in a shielding effect, which
is manifested as a blind band in the low-frequency range in
the transmitted spectrum. This result violates the rule of thumb
commonly used in the GPR community, i.e., the lower frequency
has a deeper GPR penetration depth. In the end, a low cutoff
frequency is recommended for selecting a GPR antenna with an
appropriate nominal frequency when it is used in the detection
of an anomaly inside and behind a reinforced concrete structure,
in which the spacing of the rebar net is known.

Index Terms— Attenuation, ground penetrating radar (GPR),
penetration depth, rebar scattering.

I. INTRODUCTION

GROUND-PENETRATING radar (GPR) is a recognized
near-surface geophysical method based on the propaga-

tion and reflection of high-frequency electromagnetic (EM)
waves [1]–[3]. The frequency bands of EM waves used in
GPR are usually within the range from 10 MHz to 5 GHz [4].
However, the antennas used in GPR systems can operate over
a limited frequency band, which is approximately equivalent
to the nominal frequency of the antenna. Thus, a commercial
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GPR system usually employs a series of antennas with dif-
ferent center frequencies to accommodate different detection
tasks. The selection of an appropriate antenna nominal fre-
quency is a crucial step before planning a GPR survey, and
it is mainly determined by the depth of the target and the
dielectric properties of the ground media [5]. As a rule of
thumb, lower frequencies achieve a deeper penetration depth
in subsurface soil, with a compromise in the resolution.

Due to its nondestructiveness, efficiency in data acquisition
and lower cost, GPR has been popularly applied in civil engi-
neering [1], [5], [6]. In some of these applications, GPR is used
to detect void [7], layer interface [8], concrete deterioration
[9], and other buried objects [10] behind/inside the reinforced
concrete wall for inspection of the tunnel, pavement, or bridge
deck. In addition, the technique of GPR data processing
inspires the better performance of an ultrasonic nondestructive
inspection of concrete structures [11]. Unfortunately, due to
the dense steel bars reinforced in concrete, an antenna with low
nominal frequency cannot increase the depth of penetration
[9], [10], when the GPR is applied to evaluate a reinforced
concrete structure. The scattering and interaction of embedded
rebar cause severe influence on the penetration of GPR waves
and generate a shielding effect [12], [13].

Estimating the EM properties of reinforced concrete attracts
the interests of researchers in other fields, such as indoor
wireless communication [14], shielding of important electronic
systems [15], and human health [16]. Various methods have
been proposed to estimate the transmission and reflection
coefficients. An approximate analytical solution of scattering
from a reinforced concrete wall is derived in [14]. Numerical
methods, such as the transmission line method [17], finite-
difference time domain (FDTD) method [18], and the finite-
element method (FEM) [15], have also been applied. Few of
these results have been validated by measurements [19], [20].
In this letter, we investigate the penetration properties of GPR
waves propagating through rebar grids by both numerical and
laboratory experiments, with an aim to provide guidance on the
selection of an appropriate antenna nominal frequency when
GPR is used to detect the objects behind/inside a reinforced
concrete structure.

This letter is organized as follows. The scattering of a
single metallic rebar illuminated by a plane wave source at
a normal incident angle is given in Section II. In Section III,
the penetrated spectrum of EM waves propagating through
two general rebar configurations is investigated via numerical
experiments. The results of the field laboratory are analyzed
in Section IV, and conclusions are presented in Section V.
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Fig. 1. Single rebar of the infinite length is illuminated by a plane wave.
(a) TMz polarization. (b) TEz polarization.

II. ANALYTICAL SOLUTION OF REBAR SCATTERING

Since GPR is generally used to sense the subsurface object
under the antenna, plane wave propagation at a normal incident
angle is usually assumed in analyzing the transmission and
reflection of GPR waves. Thus, we assume that a single
metallic rebar of an infinite length is illuminated by a plane
wave source at a normal incidence, as shown in Fig. 1. It
is known that the scattering signal is sensitive to the rela-
tive angle between the rebar orientation and the polarization
direction of the EM waves [21], [22]. In this letter, we only
consider two special cases, i.e., when the polarization direction
of the source is parallel (transverse magnetic (TMz) mode) and
perpendicular (transverse electric (TEz) mode) to the rebar
orientation, respectively, shown in Fig. 1(a) and (b).

We use a cylindrical coordinate and set the origin at the
center of the cylindrical rebar. The scattered EM fields travel
in the outward direction and can be derived by the cylindrical
traveling wave function [23]. Since a GPR system usually
employs a pair of antennas of linear polarization, only the
z component of the scattered waves is taken into considera-
tion and the analytical solutions of the scattered EM waves
from a TM- and TE-plane wave sources can be, respectively,
expressed as
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where E0 refers to the intensity of the incident electric
field, H0 is the intensity of the incident magnetic field, ε0

is the permittivity in free space, ω refers to the angular
frequency of the incident wave, Jn(k0a) refers to the first kind
Bessel function of order n, J ′

n(k0a) is its derivative function,
H (2)

n (k0a) is the second kind Hankel function of order n,
H (2)′

n (k0a) is the derivative function, k0 is the wavenumber
in free space, a refers to the rebar radius, and ρ, ϕ, and z are
the standard coordinates in a cylindrical coordinate system.
For comparisons, we also established a numerical model, in
which the length of the rebar is more than 20 wavelengths
when the source frequency is 1 GHz, and its radius is 8 mm.
The observer is placed 30 cm away from the rebar. The FDTD
method is utilized to simulate the time-domain scattered signal

Fig. 2. Comparisons of the scattering coefficients by the analytical method
and FDTD simulation. (a) TMz polarization. (b) TEz polarization.

Fig. 3. Scattering from two crossed rebars.

using a commercial software Wavenology [24]. It is then
transformed to the frequency spectrum which is normalized
by the source spectrum to obtain the scattering coefficients.
Their values at the observer calculated by the analytical
method and the FDTD simulation are shown in Fig. 2. It
can be seen that FDTD simulation results agree well with
the analytical solutions, except distinguishable differences in
the high frequency range. The reason is that the discretized
grids are not small enough compared with the wavelength in
the high-frequency range and numerical dispersion can result
in errors in the FDTD simulation.

Compared with the scattering coefficient in the TMz mode
in Fig. 1(a), the intensity of the scattered field in the TEz model
is approximately an order of magnitude lower. It means the
rebar perpendicular to the polarization direction of the incident
wave causes extremely weak scattering.

In actual constructions, concrete is reinforced by rebar in
both the horizontal and vertical directions. Therefore, we
further investigate the scattering from two crossed rebar and
the results are shown in Fig. 3. The analytical solution is a
simple addition of the results shown in Fig. 2(a) and (b), while
the interaction between the two adjacent steel bars is simulated
by the FDTD method. Thus, notable difference between the
analytical solution and numerical simulation of the scattering

 



LIU et al.: PENETRATION PROPERTIES OF GPR WAVES THROUGH REBAR GRIDS 1201

Fig. 4. FDTD simulation models of (a) 1-D rebar array and (b) 2-D
crisscrossing rebar net. The infinite biperiodic structure is modeled by an
element cell using the PBC.

from two crossed rebars can be observed. Because the multiple
reflection occurs between the two crossed rebars, oscillation
of the scattering coefficient can be seen as the frequency
increases. As the spacing of the rebar decreases, the multiple
reflection is more severe and can interfere with reflection from
objects behind the rebar net [12]. Nevertheless, the analytical
solution cannot calculate the interaction between rebar. We
resort to numerical simulation by FDTD in the following
investigation.

III. NUMERICAL EXPERIMENT AND RESULTS

In this section, the attenuation of EM waves at different
frequencies propagating through an infinite rebar net with dif-
ferent grid sizes is evaluated by numerical simulation using the
FDTD method. Since the reinforced concrete wall is usually a
biperiodic structure and its size is larger than the wavelength
in the GPR frequency range, the periodic boundary condition
(PBC) is applied on the lateral sides to reduce the studied
domain to an elementary cell [25], as shown in Fig. 4. This
implementation can simulate an infinite periodic structure and
drastically decrease the computational cost. The rebar spacing,
which is the center-to-center distance, is equal to the cell size
and refers to p in this letter. To investigate the influence of the
polarization direction, we consider two kinds of models. One
is the 1-D rebar array, which is orientated in the polarization
direction, and another is the 2-D crisscrossing rebar net. The
rebar spacing generally ranges from 90 to 500 mm depending
on the specific use of the concrete structure [15]. Therefore,
we modeled seven different spacings, i.e., 10, 15, 20, 25,
30, 35, and 40 cm, respectively. The rebar radius is set
to be 8 mm.

The FDTD method is used to simulate the scattering signal
from the rebar grids. At the top and bottom boundaries of
the simulation domain, which are parallel to the plane of the
rebar net, perfect matched layers are applied to eliminate the
unwanted reflection. The simulation domain of the elementary
cell is regarded as a waveguide system with wave ports at the
input and output terminals. The source pulse is feed at the

Fig. 5. Simulated transmission coefficients through the 1-D rebar array and
the 2-D rebar net with different rebar spacing.

input port. The output port receiving the transmitted waves
in the transverse EM mode is defined as an observer on the
bottom surface. The distance between input port and output
port is set to be 64 cm. The transmitted signal through the rebar
net is simulated, and the transmission coefficient is calculated
by Fourier transformation.

The simulated transmission coefficients through different
rebar configurations with various spacing are shown in Fig. 5.
It can be seen that the scattering coefficients through the rebar
array are almost the same as those through the rebar grid.
When the direction of incident electric field is perpendicular to
the rebar, the induced current generated by normally incident
plane wave source reaches the minimum intensity and causes
extreme weak influence on the transmitted power. The trans-
mission coefficient generally increases with frequency. In the
low-frequency range, of which the wavelength is longer than
the rebar spacing, a shielding effect is generated due to the
scattering and interaction of rebar grids. Thus, a blind band in
the low-frequency range appears in the transmitted spectrum.
When the wavelength is smaller than the rebar spacing, a dip
of the transmission coefficient can be observed. The reason for
the generation of this resonance lies in the induced current on
the adjacent steel bars generated by the plane wave source has
the same amplitude and direction. On the halfway between two
adjacent rebar, the EM fields caused by induced surface current
on two adjacent rebar have the same intensity but opposite
direction and eventually counteract [18], [26].

IV. LABORATORY EXPERIMENT AND RESULTS

For validation of the numerical results, a laboratory exper-
iment was carried out, as shown in Fig. 6. We used a 3 m ×
3 m wooden shelf to fix the steel rebar, of which the radius
is 8 mm. Please note that when GPR works in the reflection
mode, the direct coupling, reflection from the rebar grid and
its multiples are very strong, and we can thus hardly extract
the reflection signal from an object behind the rebar grid in
the laboratory experiment. Thus, we choose to measure the
transmission coefficient, rather than the reflection coefficient.
Two linearly polarized ridged horn antennas are placed on two
sides of the rebar plane, and their face-to-face distance is 2 m.
The size of each antenna is 967 mm × 730 mm × 903 mm and
its operating frequency band ranges from 0.2 to 2.5 GHz. The
polarization of the antenna is in the vertical direction. A vector
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Fig. 6. Laboratory experiments on (a) 1-D rebar array and (b) 2-D rebar
net. The vertical and horizontal bars are tied together at the crossings.

network analyzer (VNA) was used to record the transmission
coefficients from the transmitting antenna to the receiving
antenna. To suppress the unwanted reflection from the ground
surface, several polyurethane pyramidal absorbers are put in
the area between the two antennas. In the experiment, the
rebar spacing was sequentially set to be 10, 20, 30, and
40 cm. For each spacing, the transmission coefficient of radar
waves through the 1-D vertical rebar array was first measured
[Fig. 6(a)] and then that through the 2-D crossing rebar net
[Fig. 6(b)] was measured. In the end, the wooden shelf was
removed and the transmission coefficient through air, i.e., the
antenna transfer function, was measured as a reference.

The measured transmission coefficients for different rebar
configurations, in comparison with that without rebar in air, are
shown in Fig. 7. We can see that the transmission coefficients
through the vertical rebar array are almost the same as
those through the crisscrossing rebar grid. This result is in
agreement with that observed in the numerical experiment
and denotes that the rebar perpendicular to the antenna
polarization causes little scattering. Since the transmission
coefficient measured in air without the rebar mainly represents
the antenna transfer function and suffers no attenuation, the
difference between the transmission coefficients with and
without rebar is recognized as the attenuation caused by the
rebar configuration [20]. It is clear that the rebar net attenuates
more energy in the low-frequency range than that in the
high-frequency range. As the rebar spacing becomes smaller,
the rebar grid attenuation is stronger and the transmission
coefficient curve becomes more oscillating, which is caused
by the interaction of the adjacent rebar.

It is well known that the intrinsic attenuation caused by the
electric conductivity of subsurface medium increases with fre-
quency. Therefore, a low-frequency antenna is usually selected
in a GPR survey to achieve a deep penetration. However,
it has been clearly shown in both the numerical simulation
and laboratory experiment that the transmitted energy in low-
frequency range, of which the wavelength is much longer
than the rebar spacing, is severely shielded by the rebar
net. When GPR is used to detect anomalies inside/behind a
concrete structure, a balance should be carefully considered
between the concrete attenuation and the rebar attenuation.
The dynamic range of the receiver of a normal impulse GPR
system is usually about 80 dB [1]. Yet, the received GPR
signal on the reinforced concrete surface suffers not only
the medium attenuation and rebar attenuation but also the
reflection loss, the scattering loss, and geometrically spreading
loss. Two or three layers of rebar net can be embedded in a

Fig. 7. Measured transmission coefficients through air, the vertical rebar
array, and the crisscrossing rebar grid, of which the rebar spacing is (a) p =
40 cm, (b) p = 30 cm, (c) p = 20 cm, and (d) p = 10 cm, respectively.

concrete structure and result in a much stronger attenuation
on the transmitted signal than the single layer rebar net [15].
Therefore, the tolerance of attenuation caused by a single
rebar grid is set to be about 10 dB. Moreover, GPR usually
works in the reflection mode; thus, the reflected signal suffers
double of the rebar attenuation measured in the transmission
mode. Thus, we use the criteria of −5 dB rebar attenuation of
the transmission coefficient as the low cutoff frequency for
selecting a GPR antenna nominal frequency. It means that
the antenna nominal frequency should be higher than this low
cutoff frequency. Otherwise, most of the energy radiated by
the GPR antenna would be blocked by the reinforced rebar
net and deep penetration cannot be achieved.

The estimated low cutoff frequencies from the numerical
simulation and the laboratory experiment are given in Table I.
For rebar spacing of 30 and 40 cm, the low cutoff frequency
is not estimated from the measured transmission coefficient,
because the antenna used in the laboratory cannot work in the
frequency range below 200 MHz. For the rebar spacing of 10
and 20 cm, the estimated low cutoff frequency from the labo-
ratory measurement is slightly lower than that from the numer-
ical simulation. This reason is mainly due to the limited size of
the rebar net. Diffracted energy traveling bypass the wooden
frame can readily recorded by the receiving antenna. On the
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TABLE I

ESTIMATED LOW CUTOFF FREQUENCIES AND WAVELENGTH-TO-SPACING
RATIOS (λ0/p) FOR SELECTING A GPR ANTENNA WHEN IT IS USED

FOR PENETRATING REINFORCED REBAR WITH

DIFFERENCE SPACING

contrary, an infinite rebar net has been modeled in the numeri-
cal simulation. On the whole, the laboratory experiment results
successfully validate that the rebar net causes a severe attenua-
tion on the transmitted GPR waves in the low-frequency range
and restrict their penetration into a reinforced concrete wall.

It should be noted that the rebar diameter also has a strong
influence on the scattering and attenuation, especially when
the diameter-to-spacing ratio is larger than 0.1 [15]. When the
rebar diameter is larger than one-tenth of the rebar spacing, it
is suggested to use the net spacing between the inner edges
of adjacent rebar to choose the antenna nominal frequency.
On the other hand, the material dispersion in dry concrete
is negligible compared with the attenuation caused by the
densely reinforced bars [15]. Therefore, it is reasonable to use
the results evaluated on aerial rebar configurations for selecting
the antenna frequency.

V. CONCLUSION

In this letter, the penetration properties of GPR waves
propagating through the rebar grid, which is usually embedded
in concrete structures, are investigated via both numerical and
laboratory experiments. It is found that the rebar orientated
in the direction perpendicular to the polarization direction has
little influence, and the attenuation is mainly caused by the
parallel rebar when the rebar diameter is very small compared
with the wavelength. The rebar grids do attenuate the GPR
waves severely in the low-frequency range. High frequency
has better penetration through the rebar net than the low
frequency and this result violates the rule of thumb used in
GPR community, i.e., low frequency has larger penetration.
When GPR is used to detect an anomaly inside/behind a
reinforced concrete structure, we should select a GPR antenna,
of which the nominal frequency is larger than 120, 150, 190,
250, 350, 600, and 1200 MHz, as the rebar spacing is 40, 35,
30, 25, 20, 15, and 10 cm, respectively.
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