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Sensitive Damage Detection of Reinforced Concrete
Bridge Slab by “Time-Variant Deconvolution”

of SHF-Band Radar Signal
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Abstract— In this paper, we focus on ground-penetrating
radar (GPR) for infrastructural health monitoring, especially for
the monitoring of reinforced concrete (RC) bridge slab. Due to
the demand of noncontact and high-speed monitoring technique
which can handle vast amounts of aging infrastructures, GPR
is a promising tool. However, because radar images consist of
many reflected waves, they are usually difficult to interpret.
Furthermore, the spatial resolution of system is not enough con-
sidering the thickness of target damages, cracks, and segregation
are millimeter-to-centimeter order while the wavelength of ordi-
nary GPR ultrahigh-frequency band is over 10 cm. To address
these problems, for the purpose of sensitive damage detection,
we propose a new algorithm based on deconvolution utilizing a
super high-frequency (SHF) band system. First, a distribution
of reflection coefficient is inversely estimated by 1-D bridge slab
model. Because concrete is found to be a lossy medium at SHF
band, we consider the attenuation of signal in deconvolution.
The algorithm is called “time-variant deconvolution” in this
paper. After the validation by simulation, the effects of the
algorithm and frequency band on damage detection accuracy
are evaluated by a field experiment. Though the results show a
1-mm horizontal crack is not detected by measured waves, when
it is filled with water, it is detected by time-variant deconvolution.
Moreover, the 1-mm dried crack is detected only by time-variant
deconvolution at SHF band, which greatly emphasizes the peaks
of the reflection coefficient of the crack.

Index Terms— Ground-penetrating radar (GPR), infrastruc-
tural health monitoring, thin cracks and segregation detection,
time-variant deconvolution.

I. INTRODUCTION

THE ground-penetrating radar (GPR) is a promising tool
for nondestructive and rapid infrastructure health moni-

toring. In particular, road pavement and bridge slab assessment
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Fig. 1. Damage detection of RC bridge slab. (a) Schematic view of RC
bridge slab, taken from [15]. (b) Hammer sounding test. (c) Ordinary GPR
system.

are appropriate examples of GPR method [1]–[13]. In terms
of road pavement assessment, thickness and deterioration
evaluation of existing asphalt pavement and quality control
of constructed asphalt pavement are the main topics of GPR
method. For example, Al-Qadi and Lahouar [6] and Zhao and
Al-Qadi [9] introduce common midpoint method to success-
fully estimate asphalt pavement thickness. Benedetto et al. [7]
summarized the signal processing techniques used to produce
radar images for road inspections. In terms of bridge slab
assessment, Alani et al. [2] provided a case study, in which the
deteriorated area of bridge slab is evaluated by the horizontal
cut of 3-D radar images.

As an example of developed countries, in Japan, 40% of
700 000 bridges in service are going to be over 50 years
old in 10 years and 60% of the whole 2 trillion-yen (U.S.
$20 billion) highway-structure maintenance cost is accounted
for bridge slab repairment and replacement [14]. On the other
hand, ordinary inspection method such as hammer sounding
test needs a traffic control, removal of pavement, and careful
inspection of all the corresponding areas by skilled inspectors
[Fig. 1(a) and (b)] [15]. GPR mounted on inspection car has
the possibility and is the limited equipment to detect damages
inside bridge slab below asphalt pavement without a removal
of pavement noncontact and high speed, up to 80 km/h,
enabling us to monitor a vast number of infrastructure stocks
utilizing a limited amount of maintenance resource [Fig. 1(c)].
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Fig. 2. Target deficiencies and image of GPR method. (a) Horizontal crack.
(b) Segregation. (c) Typical radar image of bridge slab.

Target deficiencies are millimeter-order thickness horizontal
cracks and segregations inside reinforced concrete (RC) bridge
slab, which often occur above rebars [Fig. 2(a) and (b)].
A horizontal crack and segregation are considered to be
a millimeter-order thin air layer and centimeter-order sand-
like concrete layer, respectively. The latter is occurred when
horizontal cracks are progressed. In terms of maintenance
management, the existence of water inside damage is also
important because it is known to accelerate the deterioration of
concrete. Road administrators may need to detect thin cracks
before they progress to severe damages such as holes because
they may cause serious accidents.

In GPR method, an inspector detects anomalies from a
large amount of cross-sectional radar image data measured
by each sensor of a multichannel GPR system [Fig. 1(c)].
The problem is radar images are usually difficult to interpret,
as shown in Fig. 2(c). Another problem is that because GPR
is generally considered as a monitoring tool for the whole
condition of concrete layer and reinforcement rebar inside
RC slab, the spatial resolution of typical GPR system is
not enough to detect millimeter-order thickness thin cracks
in spite of its practical necessity. Because a typical bridge
slab radar image consists of many reflected waves from each
layer and embedded materials, Mizutani et al. [16] proposed
an algorithm to automatically detect damages by a cross
correlation of healthy and damaged section signals. However,
the algorithm could not detect smaller than 10-mm horizontal
cracks under dry condition from the measurement data of real
bridge slab model. The target of the research is to develop
a system which has the sensitivity to detect millimeter-order
small cracks to help road administrators’ decisions.

In this paper, we propose a new damage detection algorithm
based on deconvolution. Utilizing transmitted and received
electromagnetic waves, “reflection coefficient distribution” is
inversely estimated. The research consists of two objectives.
First, to develop a more sensitive GPR system, in addi-
tion to typical GPR frequency band, very high-frequency
(VHF) and ultrahigh-frequency (UHF) band (30 MHz–3 GHz),
higher frequency band, and super high-frequency (SHF)
band (3–20 GHz) are adopted. Second, the inverse problem
is solved by ordinary “time-invariant deconvolution” and
“time-variant deconvolution,” where the attenuation effect in

high-frequency range is considered. The proposed algorithms
are applied to simulated waves and measurement data of a
constructed real bridge slab model to evaluate the effect of the
algorithms and frequency bands on damage detection accuracy.

The rest of this paper is followed by five sections. Section II
defines the inverse problem. Time-invariant and time-variant
deconvolution are also introduced in this section. Section III
discusses the reflection coefficient and attenuation coefficient
of concrete medium as a basis for the following discussion.
Sections IV and V present the details of the simulation and
field experiment. Estimation results are displayed to show
the accuracy of each deconvolution algorithm. Section VI
summarizes this paper.

II. INVERSE ANALYSIS OF BRIDGE SLAB MODEL

A. Problem Definition

In most cases, even a pulse radar with wide frequency
range, received signals are distorted to lower the resolution
of images. “Deconvolution” is an operation which is designed
to recover a transmitted signal waveform from a received
signal utilizing retained transmitted signal information. The
deconvolution is categorized in terms of an operation domain:
1) time domain or 2) frequency domain, and the waveform of
the transmitted signal, a) known or b) unknown.

If the waveform of the transmitted signal is known, 1)-a) or
(2)-a), the deconvolution problem falls into a classical signal
processing problem as discussed in [10], [17], and [18]. For
example, Zhao and Al-Qadi [10] successfully estimated the
thickness of thin asphalt layer by deconvolution. To avoid the
ill-posed nature of the inverse filter of transmitted signal, the
deconvolution problem is solved by the optimization of regu-
larization problem. If the waveform of the transmitted signal
is not known, 1)-b) or 1)-(b), signal processing techniques,
such as predictive theory and blind deconvolution (ICA), are
applied in either domain utilizing the stochastic characteristics
of the signals [19], [20].

In the case of GPR method, the waveform of the transmitted
signal is known. When the transmitted wave is attenuated
inside medium, however, ordinary deterministic deconvolu-
tion cannot be applied. Though some research focus on the
compensation of the attenuation effect of transmitted signal at
each depth [21], [22], when the transmitted wave reflected
at each layer boundary is superposed in short time range,
estimation accuracy decreases, as is the case with bridge slab
GPR images.

Assuming the transmitted signal is exactly known at each
depth, the reflection coefficient at each medium boundary is
inversely estimated from the transmitted and received signal
by deconvolution. In this paper, bridge slab is represented by
1-D multilayered medium model as illustrated in Fig. 3. From
Fig. 3, when a reflection coefficient distribution is accurately
estimated, the existences of damages are clearly represented
by the peaks of the medium boundaries between the damages
and surrounding concrete medium. The target of the research
is to propose an algorithm to accurately estimate a reflection
coefficient distribution considering the attenuation effect of
concrete medium.



1480 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 57, NO. 3, MARCH 2019

Fig. 3. 1-D multilayered medium model of bridge slab. (a) Healthy section
(b) Reflection coefficient of healthy section. (c) Segregation (d) Reflection
coefficient of segregation. (e) Horizontal crack. (f) Reflection coefficient of
horizontal crack.

In 1-D bridge slab model, the received signal is the convo-
lution (the symbol ∗) of the transmitted signal and reflection
coefficient distribution

Eobs(t) = �(z) ∗ Eo(t) (1)

where Eobs, Eo, and � denotes the received signal, transmitted
signal, and reflection coefficient and z is the depth related with
the propagation time t by z = ct/2, where c is the propagation
velocity. The inverse problem is to estimate � from known
Eobs and Eo. As for measurement data, because t is discrete
and finite, all the variables in (1) are discrete and finite.

B. “Time-Invariant Deconvolution”

In the frequency domain, from the Fourier transform of both
sides of (1), convolution turns into product at each frequency
by Wiener–Khinchin theorem. � is estimated by

�( f ) = Eobs( f )/Eo( f ) (2)

using Eobs and Eo at each frequency f . Indicated by Zhao
and Al-Qadi [10], however, because of the losses of certain
frequency components in measurement data of Eo, “division-
by-zero” problem occurs, which necessitates the algorithm to
obtain the approximate solution of �.

In the time domain, because all the variables are discrete
and finite, (1) is represented by the matrix equation

Êobs = Eo × �̂ (3)

where Êobs is the received signal vector and �̂ is the reflection
coefficient vector. Eo is the transmitted signal matrix consisted
of time-shifted Eo

Eo =

⎛
⎜⎜⎜⎝

Eo(0) Eo(T ) · · · Eo(�t)
Eo(�t) Eo(0) · · · Eo(�t)

...
...

. . .
...

Eo(T ) Eo(T − �t) · · · Eo(0)

⎞
⎟⎟⎟⎠ (4)

when t is confined from 0 to T discretized with time step �t .
T is corresponding to the measurement time length, and �t
is the reciprocal of the maximum frequency of the system.

If Eo has an inverse matrix, �̂ is estimated from Êobs by

�̂ = E−1
o ×Êobs (5)

where E−1
o is the inverse matrix of Eo. If all the frequencies

are properly transmitted and received, simultaneous equation
(5) has a reasonable solution. The problem is, again, that
because of the losses of frequency components in Eo, �̂

estimated by (5) shows an unreasonable value because of
“division-by-zero” problem, as indicated in the frequency
domain [10]. To overcome this problem, the pseudoinverse
matrix E+

o is estimated by singular value decomposition [23].
�̂ is estimated by

�̂ ≈ E+
o × Êobs (6)

replacing E−1
o by E+

o . �̂ estimated by (6) is the least-squares
approximation solution of (3). The threshold of the singular
value to construct E+

o is obtained from the actual data and set
constant in this paper for the comparison of the algorithms.

C. Time-Variant Deconvolution

Actually, because of the attenuation effect, the transmitted
signal Eo is time dependent. In time-variant deconvolution,
because of the time dependence of Eo, the Fourier transform
of (1) is not simple. In the time domain, (1) is rewritten as

Eobs(t) = �(z) ∗ Et (t) (7)

using the time-variant transmitted signal Et

Et (t) = Fa(Eo(t), t) (8)

where Fa is a filter representing the attenuation effect, which
is a function of t .

Follow the same procedure for deriving (3), (7) is repre-
sented by the matrix equation

Êobs = Et × �̂ (9)

where Et is the transmitted signal matrix considering the
attenuation effect. Et consists of the time-shifted and attenu-
ated transmitted signal Et at each time

Et =

⎛
⎜⎜⎜⎝

E0(0) E1(T ) · · · E0(�t)
E0(�t) E1(0) · · · EN (2�t)

...
...

. . .
...

E1(T ) E1(T − �t) · · · EN e(0)

⎞
⎟⎟⎟⎠ (10)

where En is the transmitted signal at t = n�t . �̂ is approxi-
mately estimated by the pseudoinverse matrix E+

t by the same
procedure for deriving (6).

In this paper, the multireflection of the transmitted signal
Et is not considered because the attenuation effect is con-
sidered to be large in the multireflection wave, whose effect
is discussed in Section III. Furthermore, in the multireflec-
tion process, the wave gradually loses its energy depending
on the value of each boundary reflection coefficient. The
transmission coefficient of each medium boundary should
be considered to estimate the exact transmitted signal Et .
However, because the existence and depth of each boundary
is not known a priori and the target damages are assumed to
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be just below the concrete surface, the transmission loss was
ignored except for the transmission loss of concrete surface.
Actually, the reflection coefficient of the bottom boundary of
damage is underestimated. Nevertheless, from the obtained
permittivity and transmission loss (18) explained in Section III,
the expected error is smaller than 10%, which is not substantial
for damage detection as discussed in Section V. The effect
of asphalt and other types of pavement is not thoughtfully
investigated in this research. By utilizing the electromagnetic
properties of pavement, the same algorithm is expected to be
applicable setting an appropriate frequency range and power
of the transmitted signal. The3-D effect and inhomogeneity of
the propagating media are out of scope in this paper [24], [25].

D. Reduction of Noise Effect

In actual measurement, (7) is disturbed with observation
noise, making the inverse problem ill conditioned

Eobs(t) = �(z) ∗ Et (t) + n(t) (11)

where n(t) is the noise term. Because of the attenuation effect,
Et becomes smaller at deeper depth. Therefore, the effect of
n becomes relatively large, causing the unstable behavior of
estimated � at deeper depth. Because the attenuation coeffi-
cient of concrete medium is frequency-dependent as will be
shown in Section III, especially the noise of higher frequency
component is dominant. A signal processing is needed which
prevents the inverse solution from diverging when the power
of the reflected signal is close to or falls below that of n.

In this paper, to avoid the unstable behavior of the inverse
problem, Wiener filter is adopted. The detailed derivations are
explained in Appendix A. The Wiener filter Hw is a frequency
domain time-invariant filter to obtain a noise-free signal �×Et

from a noise-contaminated signal Eobs in (11)

Hw( f ) = P�×Et ( f )

P�×Et ( f ) + Pn( f )
(12)

where Hw is the function of the power spectrum P of each
signal [26]. By applying Hw at each t using � at z = ct and
Et at t , also explained in Appendix A, the revised transmitted
signal E ′

t is defined as

E
′
t ( f ) = Et ( f )

Hw( f )
(13)

and �̂ can be estimated by the same procedure for deriving
(6) using the pseudoinverse matrix of revised E◦

t .
The problem is Hw at each t in (12) cannot be determined

because � is unknown. Nevertheless, the estimation results
indicate that if an appropriate initial �0 is assumed, � is
properly estimated using the exactly known Et as will be
shown in Section IV. In Section IV, the sensitivity of assumed
signal-to-noise ratio (SNR) is also discussed. The electromag-
netic properties of concrete to estimate Et are discussed in
Section III.

III. ELECTROMAGNETIC CHARACTERISTICS

OF CONCRETE MEDIUM AT SHF BAND

The electromagnetic properties of concrete are investigated
for the purpose of structural health monitoring [27]–[31].

Fig. 4. Measurements of electromagnetic properties of concrete at SHF band.
(a) Coaxial probe method. Measurement points are the centers of the squares
of the lattice shape marked on the specimen surface. (b) Free-space method.

Fig. 5. Relative permittivity of concrete specimen. (a) W/C = 30%. (b)
W/C = 65%. Thin lines represent each measurement point shown in Fig. 4(a).
Bold line shows the average. Average ±1σ (σ : standard deviation) section is
also shown by dashed lines.

However, there is little research about the electromagnetic
properties at SHF band because the frequency range of an
ordinary GPR system is limited to VHF and UHF bands
in terms of bridge slab concrete especially constructed by
the Japanese standard configuration. Therefore, two types of
measurements were conducted; the permittivity was measured
by coaxial probe method; the attenuation coefficient was
measured by free-space method as shown in Fig. 4 [32], [33].
The obtained permittivity and attenuation characteristics are
consistent with the parameters in the case of concrete struc-
ture of buildings in other countries [30], [31]. For example,
the obtained permittivity and conductivity at 3-GHz converted
from the obtained attenuation coefficient are within the range
of the parameters estimated by Patriarca et al. [30], and the
conductivity shows the same frequency dependence. In this
paper, the permeability of concrete is assumed to be the same
as the permeability of vacuum μ0.

A. Relative Permittivity

In coaxial probe method, the relative permittivity of a
contacted specimen surface is measured by coaxial probe
as shown in Fig. 4(a). The developed system, whose probe
diameter is designed to measure at SHF band, was validated
with a standard methanol specimen referring to the theoretical
electromagnetic properties of methanol.

Fig. 5 displays the relative permittivity of the concrete
specimen from 100 MHz to 20 GHz when water–cement
ratio (W/C) is 30% and 65%, which are the lower and upper
bounds of Japanese normal concrete slab standard; actual
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concrete slab is ranging between 30% and 65%. Each thin line
in Fig. 5 shows the relative permittivity at each measurement
point of the surface marked in a lattice shape as shown
in Fig. 4(a). Because concrete is a heterogeneous material,
the measured permittivity was affected by local aggregate,
cement and air. However, because the electromagnetic char-
acteristics of the whole projection area of the antennas affect
the results, when the number of the measurement points
is sufficiently large, the average value of the permittivity
measured at each section of the specimen surface is considered
to appropriately represent the relative permittivity of concrete.

The bold lines, which is corresponding to the averages,
and the dashed lines, which is corresponding to the ±1σ (σ :
standard deviation) section of the averages in Fig. 5, indicate
the relative permittivity of concrete εc is about

εc ∼= 4 = constant (14)

widely ranging from 100 MHz to 20 GHz, consistent with
[27]–[31]. For example, the 10% variation of the relative per-
mittivity in Fig. 5 affects the depth estimation, corresponding
to the 10% scale change of reflection coefficient distribution,
which is not considered to have large effects on damage
detection accuracy in this research. The theoretical value of
reflection coefficient in Section V is also obtained using
(14). Nevertheless, the effect of the variation of the relative
permittivity is not substantial comparing to the detected peak
values of the damages, as discussed in Section V.

In this paper, from (14), the relative permittivity of concrete
is assumed to be 4 at SHF band. Air is 1, water is 80, sand
is 2, and sand with water is 10. Because sand is almost air,
the relative permittivity εs is determined to correspond with
[12] and [13] at UHF band. Actually, the imaginary part of
εc relating to the attenuation coefficient is also measured by
coaxial probe method. However, the repeatability was low and
the results sometimes showed negative values. Therefore, free-
space method was conducted to obtain the electromagnetic
properties of the wider area of the concrete specimen.

B. Attenuation Coefficient

In free-space method, by placing a specimen between trans-
mitting and receiving antennas set opposite sides, the attenua-
tion coefficient is estimated from the received wave intensity.
A field experiment was conducted utilizing the measurement
system consisted of double-ridge horn antennas and a vector
network analyzer as shown in Fig. 4(b). The thickness of
the measured concrete specimens was 3, 5, 10, 15, 20, 25,
and 30 cm. The specimens are the common-type concrete
following the Japanese standard of RC bridge slab, applicable
to the most of RC slabs in service in Japan.

In free-space method, the received electric field intensity
Er is represented by the transmitted electric field intensity Et ,
transmission loss at the specimen surface T , attenuation loss
inside the specimen L, free-space loss F , and measurement
system loss G

Er ( f ) = T ( f )L( f )F(r, f )G( f )Et ( f ) (15)

where r is a distance between the two antennas. Without the
specimen, the received electric field intensity E ′

r is rewritten

Fig. 6. Attenuation coefficient of concrete specimens. (a) Log signal intensity
ratio against concrete thickness at each frequency. Slopes of lines correspond
to attenuation coefficient at each frequency. (b) Dots show attenuation coeffi-
cient against frequency when antenna distance r is 40, 70, and 100 cm. Line
shows least-squares approximation line of averages of dots.

as

E ′
r ( f ) = F(r, f )G( f )Et ( f ) (16)

assuming the same measurement configuration. Divide (15)
by (16), the signal intensity ratio Er/E ′

r is written as

Er/E ′
r = T ( f )L( f ) (17)

which only depends on T and L. T and L are written as

T ( f ) = 4
√

ε( f )

(1 + √
ε( f ))2

(18)

L( f ) = e−α( f )d (19)

where ε, α, and d denote the relative permittivity, attenuation
coefficient, and thickness of the specimen, respectively. T is
derived from the multiplication of the transmission coefficient
from air to specimen and from specimen to air given by
Fresnel equations [34]. Assuming the relative permittivity
of concrete is constant, T is independent of frequency f .
Substituting (18) and (19) into (17) and taking the logarithm
of both sides of (17), it converts to

log(Er/E ′
r ) = −α( f )d + constant (20)

where the log signal intensity ratio log(Er/E ′
r ) is proportional

to d . By plotting log(Er/E ′
r ) against d , the slope of the line

corresponds to the attenuation coefficient at each f .
Fig. 6(a) shows log(Er/E ′

r ) against d at each f . Fig. 6(b)
shows estimated α against f . To evaluate the effect of the
antenna and specimen size, α was estimated changing r . From
Fig. 6(b), the conclusion is the effect of r is small and the
repeatability is high. From Fig. 6(b), α is proportional to f

α( f ) ≈ β f (21)

βc ∼= 6.8 × 10−9 Np × s × m−1 (22)

with high R2 where βc is the proportionality constant of
concrete at SHF band, which is adopted in simulation and
time-variant deconvolution algorithm in this paper.

On the other hand, purely theoretical point of view, α is
represented by the tanδ, permittivity ε, and permeability μ of
the material. From (21) and (22), the tanδ of concrete tan δc

is considered to be constant

tan δc ∼= 0.31 (23)
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Fig. 7. Power spectra of concrete specimens by free-space method changing
concrete thickness d. d = 5, 10, 20, and 30 cm are shown here.

at SHF band. Even if tanδ is not constant, the same time-
variant deconvolution algorithm is applicable to the mea-
sured signals by approximating α and tanδ as the function
of f . From (23), the conclusion is concrete is a lossy
material at SHF band which necessitates the time-variant
deconvolution. Equation (23) is also consistent with the spec-
imens of other research in the case of concrete structure of
buildings [30], [31].

IV. VALIDATION OF ALGORITHMS BY SIMULATION

To validate the algorithms proposed in Section II, a sim-
ulation was conducted. Without noise, because the reflection
coefficient is exactly estimated, the damage detection accu-
racy depends only on the operating frequency range, which
determines the resolution of the system. However, because of
noise, the accuracy decreases depending on the efficiency of
the noise reduction filter. In simulation, the efficiency of the
Wiener filter Hw was evaluated.

A. Simulation Configuration and Conditions

In simulation, noise is added to a received signal to validate
the effect of the filter Hw. The received signal is synthe-
sized by a 1-D bridge slab model considering the attenuation
effect. The received signal itself is an analytical solution of
the summation of the reflected waves at layer boundaries,
as explained in detail in Appendix B. In the simulation,
as stated in Section II, multireflection was neglected. The
simulated signals were compared to the field experiment data
to confirm the multireflection and 3-D effect was small.

An analyzed case was a 10-mm thickness dried horizontal
crack inside concrete medium 4 cm below the concrete surface.
The input signal was measured by a field experiment using a
steel plate. The power was set 0 dBm, which is reasonable con-
sidering the regulations of bridge slab measurement. Assuming
a white Gaussian noise, the initial reflection coefficient �0 and
the assumed noise level Pn were changed while the added
noise level P was −60 dB. The noise level P was obtained
from Fig. 7 in the case of free-space method changing concrete
thickness as shown in Fig. 4(b), where the noise effect was
observed from −60 dB around 5 GHz. To be more precise,
P may decrease above 5 GHz and constant above 10 GHz.
In this paper, P was represented by the upper-bound value
observed in Fig. 7.

B. Simulation Results and Discussion

Fig. 8(a) shows the effect of �0 while Pn is the same as P ,
−60 dB. Because the exact reflection coefficient distribution

Fig. 8. Reflection coefficient distribution estimated by simulation. (a) Initial
reflection coefficient distributions are constant value 1 and 0.1 along distance
axis. Both assumed noise level in designing Wiener filter and added noise
level are −60 dB. (b) Assumed noise levels in designing Wiener filter are
−30 and −90 dB while initial reflection coefficient distribution is constant
value 0.1 along distance axis. Added noise level is −60 dB obtained from
Fig. 7.

is not known in advance, �0 is assumed to be a certain constant
value. In Fig. 8, though the true value of � is not constant, �
is accurately estimated even around the depth of the 10 mm
crack without the effect of �0. According to the case �0 = 1
where the result is overestimated under the crack depth, �0
should be smaller than 1, which is reasonable considering |�|
is 0.6 at most in the case of a crack filled with water in actual
data. Hw in (12) and � in (11) should be calculated iteratively
to obtain more accurate �. However, � was estimated with
enough accuracy without an iteration with �0 above according
to Fig. 8(a).

Fig. 8(b) shows the effect of Pn while �0 is 0.1 constant.
Because the added noise level is −60 dB, in the case
of Pn = −30 and −90 dB, SNR is underestimated and
overestimated, respectively, causing the underestimation and
overestimation of �. From Fig. 8(b), Pn should be accurate
enough. Nevertheless, in an actual measurement, because
Pn depends only on the measurement system, after finding
appropriate Pn , Pn can be set constant irrespective of target
conditions. In Section V, the noise level is assumed −60-dB
white Gaussian noise obtained from Fig. 7 and the initial
reflection coefficient distribution is set 0.1 constant.

V. FIELD EXPERIMENT RESULTS AND DISCUSSION

To evaluate the effect of the algorithms and operating
frequency range on the sensitivity of a system to damages,
a field experiment was conducted with a real bridge slab model
utilizing an SHF-band measurement system.

A. Measurement System and Modeled Damages

The measurement system consists of double-ridge horn
antennas, a network analyzer, data logger, and measurement
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Fig. 9. Measurement system and modeled horizontal crack. (a) Measurement
system. (b) Schematic view of horizontal crack. (c) Modeled horizontal crack.
Damage thickness is adjusted by inserted spacers’ thickness.

cart as shown in Fig. 9(a). Double-ridge horn antenna was
used to transmit a wide frequency range including SHF band.
Though the system can measure a 2-D radar image, the mea-
surement was conducted at each single point to evaluate the
validity of the algorithms. Fig. 9(b) and (c) shows a modeled
horizontal crack inside a RC bridge slab. The horizontal crack
is modeled by placing a concrete cover on spacers set on a
ditch as illustrated in Fig. 9(b). The segregation is modeled
by a horizontal crack filled with sand. Damage thickness is
adjusted by inserted spacers’ thickness.

The results are shown in Section V-B in the case of a
1-mm crack and 2-cm segregation below a concrete surface
[Fig. 3(c) and (e)] in dried condition or filled with water,
which are typical cases in RC bridge slab monitoring as
described in Section I. The results of healthy section is also
shown changing the measurement points. The interval of
the measurement points is 15 cm in longitudinal direction
to evaluate the effect of the rebars whose interval is 20 cm.
The transmitted signal is the same as used in the simulation,
measured using a steel plate.

B. Field Experiment Results and Discussion

Figs. 10–12 show all the cases including the measured
waves and estimated results of a healthy section for the com-
parison. The theoretical peak values of each layer boundary are
also plotted by horizontal dotted lines. The repeatability of all
the measured waves of the damages and healthy section is high
showing the reasonable reflection coefficient distributions.

Fig. 10(a) shows the measured waves of the segregation with
and without water. From Fig. 10(a), though the segregation can
be detected by comparing the waves, the depth and condition
of the segregation cannot be evaluated. For example, though
the largest peaks may be at 0.03 and 0.035 m in the case of
segregation without and with water, respectively, because of
the large sidelobes, the second peak is not clear, causing the
misunderstanding of the two peaks’ positions and phase of the
reflected waves, which are related to the depth and condition
of the damages, respectively.

Fig. 10(b) shows the estimated reflection coefficient dis-
tributions of the segregation by time-invariant deconvolution.
From Fig. 10(b), a clear negative peak can be found in all the
results at the depth of the concrete surface, corresponding to

Fig. 10. Measured waves and reflection coefficient distributions of segrega-
tion with or without water at field experiment. (a) Measured waves. (b) Time-
invariant deconvolution. Depth is calculated considering propagation velocity
of electromagnetic wave in concrete medium hereafter.

the reflection coefficient of concrete-air layer boundary, �ca =
+0.43. (Therefore, air-concrete layer boundary is −0.3.)
At the depth of the damage, the reflection coefficient of the
healthy section is almost 0, whereas the dried segregation
shows a clear positive–negative peak, corresponding to the
reflection coefficient of concrete-sand layer boundary �cs =
+0.2 and vice versa. The depth of the peak is reasonable con-
sidering the propagation velocity of concrete and segregation
medium. On the other hand, the segregation filled with water
shows a clear negative–positive peak because the magnitude
relation of the permittivity of the two layers is reversed. The
reflection coefficient of each boundary is reasonable also in
this case, considering the reflection coefficient of concrete-
sand-with-water layer boundary �csw = −0.2 and vice versa.
From Fig. 10(b), the conclusion is, by time-invariant decon-
volution, not only the depth of the segregation but also the
existence of water in the segregation can be evaluated from
the peak value of the reflection coefficient distribution, which
is important in terms of maintenance management.

Fig. 11(a) shows the measured waves of the horizontal crack
with and without water. From Fig. 11(a), no clear difference
is observed between the waves of the horizontal crack and
healthy section because the attenuation of the transmitted
signal is significant comparing to the small thickness of the
crack. Fig. 11(b) shows the estimated results of the crack
by time-invariant deconvolution. From Fig. 11(b), any peaks
are not observed below the concrete surface in all the waves.
Fig. 11(c) shows the estimated results of the crack by time-
variant deconvolution at UHF band. Comparing to the healthy
section, only when the crack is filled with water, a large
difference is observed. However, because the resolution is
decreased utilizing UHF band, the width of the main lobe and
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Fig. 11. Measured waves and reflection coefficient distributions of 1-mm
crack with or without water at field experiment. (a) Measured waves.
(b) Time-invariant deconvolution. (c) Time-variant deconvolution at UHF
band. (d) Time-variant deconvolution at SHF band.

the magnitude of the sidelobe is large, causing the difficulty
in specifying the depth of the crack and the existence of water
in the crack.

Fig. 11(d) shows the estimated results of the crack by
time-variant deconvolution at SHF band. From Fig. 11(d),
the reflection coefficient of water-concrete layer boundary
is underestimated because the transmission coefficient of
concrete-water layer boundary Tcw = 0.4 is not considered
in the case of the crack filled with water. However, a clear
negative peak is observed corresponding to the reflection
coefficient of concrete-water layer boundary �cw = −0.6
at the depth of the boundary. Furthermore, even in the case

Fig. 12. Measured waves and reflection coefficient distributions of healthy
section at field experiment. (a) Measured waves. (b) Time-variant deconvolu-
tion at SHF band.

of the dried crack, a positive–negative peak is found at the
appropriate depth. In Fig. 11(d), the errors of the maximum
of the peak value to the theoretical value are small, 10% in
the case of the crack filled with water and 17% in the case of
the dried crack. From Fig. 12, the peak value of the crack is
significant comparing to the variation of the healthy section,
in which the maximum of the peak is 47% different from
�ca. For example, the crack is appropriately detected without
false detection by setting the threshold of reflection coefficient
�ca ± 30% difference. The peaks in Fig. 12 are considered to
be from the rebar, whose amplitudes have variations depending
on the distance between the antennas and nearest transverse
rebar. From Fig. 11(d), the conclusion is a 1-mm crack is
detectable by time-variant deconvolution at SHF band. Then,
considering the peak value of the reflection coefficient, even
the existence of water in the crack can be detected. The
algorithm improves the SNR of the signals by constructing
an appropriate filter using the information of the noise and
attenuation of the medium.

To summarize Figs. 10–12, damage detection accuracy
depends on the types of damages, algorithms, and frequency
range. In terms of 2-cm segregation, which is a more severe
type of damage than horizontal crack, the depth and existence
of water can be evaluated even by time-invariant deconvo-
lution. In terms of 1-mm horizontal crack, however, if the
crack is filled with water, which is the easier case considering
the reflection coefficient of concrete-water layer boundary,
the crack can be detected by time-variant deconvolution. If the
crack is dried, which is considered to be the most difficult case,
the crack can be detected only by the combination of time-
variant deconvolution and SHF band. The peak value of the
reflection coefficient distribution of each damage is significant
comparing to the variation of the healthy section.
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VI. CONCLUSION

In this paper, we proposed a new damage detection algo-
rithm based on deconvolution. First, based on the defined
inverse problem, we proposed two types of algorithms, time-
invariant deconvolution and time-variant deconvolution. The
difference is whether the effect of attenuation is consid-
ered or not, though in time-variant deconvolution a noise
reduction filter is necessary because of its characteristics of
amplifying noise. Then, to apply the proposed algorithms,
because the electromagnetic properties of concrete at SHF
band is not clear in terms of bridge slab concrete constructed
by the Japanese standard configuration, the measurements
were conducted to estimate the permittivity and attenuation
coefficient of the concrete. The proposed noise reduction filter
was validated in simulation, in which the reflection coeffi-
cient was accurately estimated when SNR was appropriately
assumed irrespective of initial reflection coefficient distribu-
tion. Finally, the damage detection accuracy of each algorithm
is discussed with field experiment data. The conclusion is,
in terms of segregation, though it is detectable by comparing
the measured waves, the depth and condition of the segregation
can be evaluated by time-invariant deconvolution. In terms
of horizontal crack, however, a 1-mm horizontal crack is not
detected by measured waves or time-invariant deconvolution
because the attenuation of the transmitted signal is significant.
Though the 1-mm crack filled with water is detectable by time-
variant deconvolution at UHF band, the 1-mm dried crack
is not detected because of the target crack condition and
resolution of the system. The 1-mm dried crack is detected
only by time-variant deconvolution at SHF band, in which
the algorithm restores the resolution of the system by greatly
emphasizing the peaks of the reflection coefficient distributions
of the target crack.

The obtained concrete properties are expected to be applica-
ble to the most of common RC bridge slabs following
the Japanese standard as indicated in Section III. However,
in the case of the concrete structures of different standards,
because the electromagnetic properties of concrete are differ-
ent because of the difference of concrete composition, this may
not be true. At least, the same algorithms are applicable to the
countries of the references without any additional experiments
[30], [31]. By experimentally accumulating the knowledge
of the relationship between concrete composition and elec-
tromagnetic properties of concrete utilizing the methodology
proposed in this paper, the algorithms are also applicable to
the concrete structures in different countries.

APPENDIX A

This appendix explains the derivation of the Wiener filter
Hw and the revised transmitted signal E ′

t defined by (12) and
(13). To simplify the problem, considering the received wave
Eobs generated from �z at z, the Fourier transform of (11) is
equal to

Eobs( f ) = �z×Et ( f ) + n( f ) (24)

at each f . If the reflected signal �z × Et is small comparing
to the noise n, Eobs is represented by

Eobs( f ) ≈ n( f ) (25)

Fig. 13. Simulation conditions and received signal derivation of 1-D bridge
slab model.

where Eobs is dominated by n. The solution of (24) for �z ,
�est

z derived by (2) is equal to

�est
z ≈n( f )/Et ( f ) (26)

where �est
z is meaningless when the reflected signal �z × Et

is smaller than n because �est
z is dominated by n. Also

because of the attenuation of Et , �est
z estimated by (26) shows

unstable behavior at deeper depth affected by amplified n. A
signal processing is needed which prevents �est

z from diverging
when the power of �z × Et is close to or falls below that of n.

The Wiener filter Hw is a frequency domain time-invariant
filter to obtain a noise-free signal �z × Et from a noise-
contaminated signal Eobs in (24)

�z × Et ( f ) ≈ Hw( f ) × Eobs( f ) (27)

where Hw is the function of the power spectrum P of each
signal [26]. Dividing both sides of (27) by Hw and defining the
revised transmitted signal E ′

t as (13), (27) and (2) are rewritten
as

Eobs( f ) ≈ �z × E ′
t ( f ) (28)

�z( f ) ≈ Eobs( f )/E ′
t ( f ) (29)

using E ′
t , respectively. If Pn is large, Hw becomes small from

(12), and E ′
t becomes large from (13), making �z small from

(29). The noise effect is appropriately suppressed in (29).
One problem is that the distribution of �(z) cannot be

obtained from (29) because Hw is determined for only one
� = �z . Nevertheless, assuming the order of P�×Et is
approximately determined by � at z = ct and Et at t , using
Hw at each t , (29) is extended to any z and solved by the same
procedure for deriving (6). The assumption is valid considering
the estimation results in Sections IV and V, possibly because
the number of layer boundary is limited so that the effect
of the distribution of �(z) is not so large to determine the
order of P�×Et .

APPENDIX B

This appendix explains the simulation method used in
Section IV, the same as proposed in [32] and [34]. In sim-
ulation, noise is added to an received signal to validate the
effect of the filter. The received signal itself is derived from
an analytical solution of 1-D bridge slab model as shown
in Fig. 13. The incident signal at each medium boundary
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En
incident is provided by

En
incident =

n−1∏

i=1

(
T +

i T −
i

) n∏

i=1

(e−2Diγi )Einput (30)

where Einput is the input signal transmitted from an antenna,
Di and γi are the thickness and propagation constant of each
medium, which includes the attenuation effect, and T ±

i is
the two-way transmission coefficient (medium i to i + 1 and
medium i + 1 to i) between the media. The reflected signal
En

reflect at each boundary and the received signal Eoutput is
provided by

En
reflect = �n En

incident (31)

Eoutput =
∑

n

En
reflect (32)

where �n is the reflection coefficient at each medium bound-
ary. �n inversely estimated from Eoutput is expected to be
exactly the same as the assumed reflection coefficient in the
case of no noise condition.

In the simulation results shown in Fig. 8, the assumed
thickness of the media is 50-cm air layer, 4-cm concrete layer,
1-cm air layer, and 15-cm concrete layer. Below the 15-cm
concrete layer is filled with air layer, which is intended to
simulate real bridge slab measurement configurations. All the
electromagnetic properties of each medium are following the
discussions in Section III.
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