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Abstract

A radar nondestructive testing (NDT) technique using an airborne horn antenna operating in the far-field condition is developed for
detecting damages such as debonding and concrete cracking in glass fiber reinforced polymer (GFRP)-wrapped concrete columns. The
far-field airborne radar (FAR) NDT technique is advantageous for distant measurement in practical applications where contact/near-
contact measurement becomes an issue. In this technique the radar antenna operates in inverse synthetic aperture radar (ISAR) mode.
Laboratory measurements at the frequency range 8–18 GHz are made on artificially damaged GFRP–concrete specimens for a prelimin-
ary validation of this technique. Collected frequency–angle measurements are further processed by the fast backprojection algorithm to
render range–cross-range imagery for damage detection. From the reported measurements and imaging results the proposed FAR NDT
technique is conceptually validated; the potential of this technique is shown in identifying defects and debonding in the GFRP–concrete
interface regions of the concrete columns wrapped with these composite materials.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Fiber-reinforced polymer (FRP) composite jacketing
systems have emerged as an alternative to traditional con-
struction, strengthening, and repair of reinforced concrete
columns and bridge piers. A large number of projects, both
public and private, have used this technology and escalat-
ing deployment is expected, especially in seismically active
regions. The American Concrete Institute (ACI) has com-
piled a comprehensive guide to address various design
issues [1].

In a recent study [2], it was reported that in such a FRP–
concrete system cracking or crumbling of concrete inside
the FRP jacket, and/or debonding of the FRP layer from
concrete could occur under various degrees of confinement
pressure provided by the FRP jacket. Fig. 1 shows the local
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crumbling failure of concrete in a specimen with high level
of confinement. High confinement level is often introduced
for column strengthening purposes, should there be a
change of functionality or a need to upgrade for seismic
counter-measures [3,4]. This type of failure has also been
observed in actual columns (Fig. 2). Fig. 3 shows a global
shear crack failure of concrete in a specimen with relatively
low levels of confinement. Low confinement level is pro-
vided using less amount of FRP fabrics. Both scenarios
are equally common in industrial practices [6]. While vari-
ous types of FRP are available, including aramid (AFRP),
carbon (CFRP) and glass (GFRP), this paper only consid-
ers the strengthening of concrete columns using GFRP.

Existing damages in the interface vicinity, debonding of
GFRP from concrete, debonding between layers of a
GFRP wrap and those in overlap joints may lead to cata-
strophic failures at loading stages earlier than those corre-
sponding to intact specimens. Although debonding is often
accompanied by discoloring that can be detected by naked



Fig. 2. Column failure [5].

Fig. 3. Global shear cracking [2].

Fig. 1. Local concrete crumbling [2].

O. Büyüköztürk, T.-Y. Yu / Construction and Building Materials 23 (2009) 1678–1689 1679
eyes [7], inner ply debonding may not show as well for
multi-ply jacketing systems. Overlap joint length reduction
due to progressive debonding during a seismic event may
also be possible. Overlap joint failures have been reported
in laboratory tests regardless of FRP configuration of the
jacketing system [2,8]. All these failures can be associated
with the onset of near-surface debonding within GFRP lay-
ers or between GFRP and concrete. Thus, near-surface
debonding is used as a precursor for the damage detection
in GFRP-wrapped concrete columns.

In this paper, we report the development of a radar
NDT technique using an airborne horn antenna operating
in the far-field condition for detecting near-surface debond-
ing in GFRP-wrapped concrete columns. This technique
aims at the visualization of near-surface debonding dam-
ages in GFRP-wrapped concrete columns for condition
assessment. To validate the concept of this technique, far-
field radar measurements are made on two artificially dam-
aged GFRP–concrete specimens in the compact radar
cross-section (RCS)/antenna range facility at MIT Lincoln
Laboratory. The horn antenna operates in the inverse
synthetic aperture radar (ISAR), and measurements at
different frequencies and angles are collected. The fre-
quency–angle data are further processed by the backprojec-
tion algorithm to render physical imagery of the structure
for condition assessment. Two measurement schemes (nor-
mal and oblique) are identified and compared for their
performance on damage detection.

This paper is structured in the following order: first, cur-
rent NDT techniques are reviewed. The proposed FAR
NDT technique is described by introducing the design
parameters of radar. Experimental set-up and configura-
tion of physical radar measurements are described, and
the measurement schemes are explained. Principles of fast
backprojection algorithm are then introduced, followed
by the condition assessment based on frequency–angle data
and range–cross-range imagery. Finally, research issues
regarding future development of this technique are
addressed.

2. Current NDT techniques

There is a need for an effective NDT technique that is
capable of detecting and characterizing concrete anomalies
and FRP debonding in a FRP-wrapped concrete system.
Specifically, methods to detect: (1) the extent of concrete
cracking, crumbling, and FRP debonding from concrete,
(2) jacket debonding in the FRP–FRP interface, and (3)
sizeable air pockets trapped between FRP and concrete
during manufacturing are needed. Currently, several
NDT techniques have been under investigation. They
include stress wave (acoustic), infrared thermography, X-
ray, and radar (microwave) techniques. Acoustic, infrared
thermography, and radar techniques have recently been
of particular interest to researchers for possible damage
assessment of reinforced concrete and FRP-bonded con-
crete structures in laboratory settings [9–16].
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2.1. Acoustic methods

Acoustic methods are based upon elastic wave propaga-
tion in solids. They include the techniques of pulse-echo,
impact-echo, ultrasonic, acoustic emission, and spectral
analysis of surface waves (SASW). Disadvantages include
the need of intimate contact between the equipment and
the subject, the use of sound couplant, as well as the exis-
tence of multiple paths through the same subject that make
result interpretations difficult [17].

2.2. Infrared thermography

Infrared thermography is based on the detection of heat
flow in the subject in which air gaps resulting from debond-
ing act as insulators, which block out the proper heat flow.
Data interpretation is, however, complicated because of
varying ambient temperature conditions and surface emis-
sivity variations, which is a function of surface properties
[18]. An attempt was made by [16] to quantify subsurface
damages of FRP-bonded concrete using infrared
thermography.

2.3. Radiography

Radiography-based evaluation methods use high fre-
quency electromagnetic radiation (X-rays and Gamma
rays) or particular beams (beta rays and neutron radiation)
passing through the subject and exposing it onto a film on
the other side of the subject. Limitations include the need
to access both sides of the subject, the need of safety pre-
cautions, long exposure, and two-dimensional (2D) images
of three-dimensional (3D) subjects [19].

2.4. Microwave/radar technique

Microwave or radar has been used extensively for site
characterization in geotechnical engineering. It has also
been used to evaluate concrete structures, pavements, and
bridge decks [18–22]. Radar involves the generation and
transmission of electromagnetic waves into materials such
as concrete with different dielectric constants [23,24].
Voids, delaminations, rebars, and material characteristics
can be detected and interpreted from the reflected waves
[25]. Optimization between penetration depths and detec-
tion capability, two inversely related parameters that are
dependent on the frequencies and bandwidth of the wave,
could be a challenge. Conventional radar often makes use
of low frequencies to enhance penetration but with sacri-
ficed detectability [26]. With the proper development of
wideband, multi-frequency capability and tomographic
imaging techniques, along with measurement of dielectric
properties of the subject materials, however, radar can be
a powerful tool in assessing structural members that consist
of hybrid materials.

In spite of these developments, currently, there is no reli-
able technology capable of visualizing and characterizing
various forms of GFRP-wrapped concrete damages without
contact or near-contact inspection. The FAR NDT tech-
nique is developed mainly to overcome this obstacle, while
providing desired levels of resolutions for different inspec-
tion purposes (e.g. preliminary and detailed inspections).

3. Far-field airborne radar (FAR) NDT technique

The proposed far-field airborne radar technique mainly
consists of an airborne horn antenna, a signal generator, a
signal modulator, and an analyzer. In principle, modulated
radar signals or EM waves are designed and generated by
the signal generator, modulated by the modulator, and
transmitted by the horn antenna. The horn antenna is
placed beyond the far-field distance from the target struc-
ture. Hence, the impinging EM waves on the structure will
be essentially plane waves. Far-field measurement allows
inspections from distance for highway and cross-river
bridge columns. Furthermore, the waveform is mathemat-
ically simplified for signal processing. The far-field distance
will be explained in this section.

Reflected EM waves or radar signals are collected by the
same horn antenna and processed by the analyzer. The
radar measurements are collected in ISAR mode; in other
words, the reflected signals are received at different angles
with respect to the structure. Image processing algorithms
are then applied for processing the reflected signals and
for forming the imagery as a basis for condition
assessment.

In this section, important radar parameters including
pulse width and bandwidth, range and cross-range resolu-
tions, polarization, and radar cross-section (RCS) are first
introduced. The difference between near-field and far-field
is also defined.

3.1. The far-field distance

Antenna patterns vary in shape depending on the dis-
tance from the antenna, noted as R, and with the angular
direction (polar distribution). In the case of a large distance
from the antenna, the shape of the radiation pattern over a
sphere of constant radius is independent of R. This distance
or the Rayleigh distance is characterized and determined
by the far-field condition. The far-field region is constituted
by the distances exceeding the far-field distance, in which
waves become plane. Thus, the target placed in this region
is subject to plane waves. Mathematically, such region only
occurs at infinity. Therefore, the use of the far-field dis-
tance in practice is always associated with finite error. A
commonly accepted far-field condition in engineering is

R P
2D2

k
ð1Þ

where D is the diameter of the smallest sphere that com-
pletely contains the antenna, and k is the smallest wave-
length of the transmitted wave [27]. The far-field distance
is found when the equality of Eq. (1) is held, and is associ-
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ated with a wave front error of 1/16 the smallest wave-
length. For example, the far-field distance is approximately
4.7 m at 8 GHz, and 10.6 m at 18 GHz when D = 0.3 m.

3.2. Radar parameters

3.2.1. Pulse width and bandwidth

A linear frequency modulated waveform generated by
radar consists of a rectangular pulse of duration
T = t2 � t1 as shown in Fig. 4a. The carrier frequency f is
swept over the pulse length by an amount B which repre-
sents the bandwidth, as shown in Fig. 4b. For the case of
a modulated pulse length similar to T, the swept bandwidth
and the achievable pulse are related by [28]:

T ffi 1

ðf2 � f1Þ
¼ 1

B
ð2Þ

where f1 and f2 are the starting and ending frequencies,
respectively.

3.2.2. Range and cross-range resolutions
Range resolution is defined on the radial (or range) dis-

tance from the radar to the target and is obtained from the
transmitted signal. Cross-range resolution is related to the
resolution perpendicular to the radial direction, and it is
obtained by integrating the reflected energy from the target
medium as the radar sweeps alongside the area of illumina-
tion. The relationships for the range and cross-range reso-
lutions associated with radar are given by the following
expressions, respectively [29]:

qr ¼
v

2B
ð3Þ

qxr ¼
kcR
2D

ð4Þ

where v = wave velocity, B = bandwidth, and kc = wave-
length at center frequency. Eqs. (3) and (4) are the com-
monly accepted measure of resolution. Precise
expressions are dependent on more specific definitions of
resolution [30,31]. In a non-magnetic dielectric material
(e.g. concrete) these resolutions are given by:

qr ¼
cffiffiffi
er
p
� �

2B
ð5Þ

qxr ¼
c

fc
ffiffiffi
er
p

� �
R

2D
ffi
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where c = speed of light in free-space, er = dielectric con-
stant of the medium, fc = center frequency, and
hint = angular rotation of the target during processing time.
For X- and Ku-band whose bandwidths are 4 and 6 GHz,
respectively, the corresponding range resolutions in free-
space are 38 and 25 mm. For D = 0.3 m and hint = 60�,
the cross-range resolutions in free-space are 0.014 m (X-
band) and 0.009 m (Ku-band). These resolutions are smal-
ler in dielectrics because the wavelength becomes shorter as
indicated by Eqs. (5) and (6). Thus, damages or defects
whose characteristic lengths are comparable to or greater
than these values are theoretically detectable.

3.2.3. Polarization
Polarization is defined as the variations of the orienta-

tion of electric field with respect to time. Considering that
the target under test is an infinite cylinder (treated as a two-
dimensional structure), the incident field is referred to as
VV-polarized or TM (transverse magnetic) when the elec-
tric field is parallel to the axis (infinite dimension) of the
cylinder. The other polarization is referred to as HH-polar-
ized or TE (transverse electric) when the electric field is per-
pendicular to such axis. In the two mentioned polarization
options, if the orientation of the electric field does not
change with increasing distance, then they are termed lin-
ear polarizations. Circular polarization, on the other hand,
allows for the electric and magnetic field orientations to
rotate about the direction of propagation with increasing
distance. The availability of the HH and VV polarizations
is a key advantage of radar methodologies for NDT appli-
cations on anisotropic materials whose properties are
dependent on the direction of measurement.

3.2.4. Radar cross-section

Estimation of the signal strength received by a radar
receiver requires the knowledge of the signal strength
decay of transmitting waves, the response of reflected
waves by a remote obstacle, and the dispersion of the
reflected waves by the obstacle. A single function r,
referred to as radar cross-section (RCS) is usually used
to characterize the far-field obstacle reflection. Formally,
RCS is defined as:

r ¼ limR!14pR2 j�Escatj2

j�Eincj2
ð7Þ
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Time1t 2t

B
1

2
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Time1t 2t

B
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where �Escat and �Einc are the scattered and incident electric
fields [32]. By its definition, RCS provides information
about the target’s characteristics and removes the effects
of the transmitted power, receiver sensitivity, and the rela-
tive distance between the transmitter and receiver.

4. Physical radar measurement

The objective of the exploratory experimental program
described in this section is the application of high resolu-
tion ISAR radar technologies for the detection and assess-
ment of defect and damage features in GFRP-confined
concrete specimens. The experimental set-up, description
of test parameters, sample configurations, and data pro-
cessing are discussed.

4.1. Experimental set-up and configuration

The radar measurements of GFRP-confined concrete
specimens were performed at MIT Lincoln Laboratory
using the Compact RCS/Antenna Range facility. The
experimental set-up consists of a horn antenna, stepped-
frequency radar and network analyzer systems, and a Har-
ris Dual-Shaped reflection system, Model 1606, designed
for conducting far-field studies. The purpose of this reflec-
tion system is to produce plane waves (far-field condition)
in the limited space of laboratory. The reflection system is
not necessarily required when applied in the field. A photo-
graph of this experimental facility is shown in Fig. 5. The
facility can achieve high signal-to-noise ratio measurements
for a large frequency bandwidth ranging from UHF
(0.7 GHz) to 100 GHz. This radar system is capable of pro-
ducing a 20-m quiet zone, different antenna radiation pat-
terns, and full polarimetric RCS measurements. The radar
measurements are collected in monostatic mode in which
Fig. 5. Compact RCS/antenna range facility
only one horn antenna is used as transmitter and receiver.
Specimens are placed on top of a Styrofoam tower that is
capable of fully rotating the target at predetermined angu-
lar steps. The measurements were conducted in stepped-fre-
quency mode by sweeping from a starting frequency f1 to
an end frequency f2 in 0.02 GHz increments at a fixed
angle. The target is then rotated to the next angular step
and the frequency sweeping is again performed.

Radar measurements were conducted at X- and Ku-
band frequencies (8–12 and 12–18 GHz, respectively) to
achieve optimized resolution and surface penetration capa-
bilities. The range resolution is directly related to the band-
width of radar signals. The total rotation angle is 60� in the
ISAR measurements and angular increments are 0.1� and
0.2. Two types of polarizations were used in the radar mea-
surements: HH-polarization and VV-polarization. These
measurements were collected in the far-field condition
using the facility shown in Fig. 5.

While the resolution achieved in the radar measure-
ments is significantly high, the trade-off is evident in terms
of penetration capabilities. Using the definition of penetra-
tion depth for a non-magnetic, dielectric material, the pen-
etration depth is controlled by the permittivity of the
material and the measurement frequency. When dielectric
losses occur in the material due to conduction currents,
the equivalent conductivity r is expressed as:

r ¼ e00r e0x ð8Þ
where e00r is the imaginary part of the complex permittivity,
e0 is the permittivity of air (in free-space), and x is the
angular frequency.

The determined dielectric constant and loss factor using
the proposed dielectric property characterization method-
ology [33] for concrete are 5.69 and 0.62, respectively.
The estimated penetration depths are approximately 50
[Courtesy of MIT Lincoln Laboratory].
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and 22 mm for 8 and 18 GHz frequencies, respectively.
Although the use of high frequency radar waves results
in shallow penetration depths, the proposed X- and Ku-
bands were originally selected in view of the need to detect
near-surface defects such as GFRP debonding from con-
crete and mechanical damage in the concrete regions close
to the GFRP jacket.

4.2. Specimen description

Two artificially damaged GFRP-wrapped concrete cyl-
inder specimens were prepared for physical radar measure-
ments (Fig. 6). Artificial damages were introduced by
insertion of Styrofoam elements (whose dielectric proper-
ties are same as air) on the surface of concrete cylinders,
representing construction defect and GFRP delamination.
The artificially damaged concrete specimens were then
wrapped by GFRP sheet which adhered to concrete with
epoxy. The average 28-day strength of the concrete was
26 MPa. The water-to-cement ratio was 0.45. In this paper
we report preliminary results of measurements on speci-
mens with artificial damages.
(Unit: 
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For radar measurements, the specimens under investiga-
tion were placed on top of a Styrofoam tower in two alter-
native orientations: (1) having the specimen rest on one of
its ends, referred to as vertical position, and (2) having the
specimen rest on its side, referred to as horizontal position.
Schematics of the two measurement schemes are presented
in Fig. 7. For the specimen with vertical orientation the
incident angle h varies on the x–y plane when the specimen
rotates around the z-axis. Strong reflections are expected
for all h due to the specular effect. On the other hand,
the incident angle u varies on the y–z plane as the specimen
rotates around the x-axis in the oblique incidence scheme.
The specular effect is only significant when u = 90� in this
monostatic mode configuration. For all other incidences,
the incident wave meets the specimen in an oblique fashion.
Both measurement schemes were designed to capture differ-
ent EM wave scattering behaviors, and consequently,
investigate their effectiveness when the far-field radar
NDT technique is applied for damage or defect detection
in GFRP-confined concrete structures.
7.620.5

7.62

cm)

19

19

15.24

AD2

GFRP–concrete specimens.

y

z

x

φ

Oblique incidence 

ue incidence schemes.



F
re

q
u

en
cy

 (
G

H
z)

-30 -20 -10 0 10 20 30
12

13

14

15

16

17

18

-9

-8

-7

-6

-5

-4

-3

-2

-1

(dBsm)
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4.4. Measurement results

The radar measurements were collected in ISAR mode,
and they consisted of HH and VV polarization measure-
ments as functions of frequency at fixed incident angles.
For each polarization, an amplitude entry and a phase
entry were recorded at each frequency step. Measurement
results are processed and rendered in frequency vs. angle
imagery as shown in Figs. 9–12. Only HH polarization
(TE wave) measurements are reported in this paper since
the differences in measurements between HH and VV
polarizations were found to be insignificant. Fig. 8 shows
the far-field radar measurements in HH polarization at
X-band from intact (without defect) and damaged (with
defect) surfaces of the specimen AD1 using normal inci-
dence scheme. Fig. 9 shows the normal incidence measure-
(a) Intact surface 

(b) Damaged surface 
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Fig. 8. Frequency–angle data for specimen AD1 measured at normal
incidence, X-band, HH-polarization.
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Fig. 9. Frequency–angle data for specimen AD1 measured at normal
incidence, Ku-band, HH polarization.
ments at Ku-band also from the specimen AD1. Fig. 10
shows the oblique incidence measurements from the speci-
men AD1 at X-band. Fig. 11 compares the normal and
oblique incidence measurements from the specimen AD2
at X-band. Discussion of these results is provided in Sec-
tion 6.

5. Image reconstruction

The processing of ISAR measurements can be per-
formed either by frequency-domain or time-domain meth-
ods. Frequency-domain methods such as fast Fourier
transform (FFT) generally interpolate discrete measure-
ments in frequency-domain and transform the full-band-
width data into space-domain to obtain the spatial
imagery. To achieve required resolutions the processing is
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Fig. 11. Frequency–angle data for specimen AD2, X-band, HH-polari-
zation, both damaged surface.
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subject to constraints on the frequency bandwidth of and
the spacing within the data. Frequency-domain methods
are not favored by applications such as real-time imaging
and preliminary evaluation on low-resolution images. In
addition, interpolation errors in frequency-domain can
lead to the wide-spreading artifacts over the entire image.

In view of the constraints of frequency-domain methods,
time-domain methods are adopted in this research for pro-
cessing the data collected by radar NDT. Time-domain
methods such as backprojection or tomographic recon-
struction algorithm generate an imagery by mapping the
Fourier transform of range data back onto a two-dimen-
sional grid. Yegulap [34] proposed an improved (fast)
backprojection algorithm that reduces the number of
needed computations. In this fast backprojection algorithm
the data are first divided into several subapertures and pro-
cessed to generate relatively-low-resolution images. The
final imagery is formed by summing up all the subaperture
images. Consequently, the resolution of images is gradually
improved. Such processing scheme can be advantageous
for NDT on civil infrastructures, especially when different
purposes (e.g. preliminary and detailed inspections) of
inspection are needed. The magnitude of an image pixel,
Ið�pÞ, at position �p is calculated by the backprojection
equation:

Ið�pÞ ¼
XNs

n¼1
Inð�pÞ

¼
XNs

n¼1

Z l=2

�l=2

F sn þ n;
2

c
�p � �qðsn þ nÞj j

� �
dn ð9Þ

where Ns is the number of subapertures, l is the length of
subapertures, F is the measurement data received at posi-
tion (sn + n) and time ð2c j�p–�qðsn þ nÞjÞ, n is the distance var-
iable on each subaperture, sn is the center point of nth
subaperture, and �q is the position vector of aperture points.



Table 1
Summary of the frequency–angle data of specimens AD1 and AD2

AD1 AD2

Intact surface Damaged surface Damaged surface

Normal incidence X-band Fig. 8a Fig. 8b Fig. 11a
Ku-band Fig. 9a Fig. 9b –

Oblique incidence X-band Fig. 10a Fig. 10b Fig. 11b
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Selected images based on the ISAR measurements are re-
ported in the following section.

6. Condition assessment

6.1. Damage detection from the frequency–angle data

Table 1 summarizes the physical radar measurements of
specimens AD1 and AD2 in normal and oblique incidence
schemes. Comparing Figs. 8a and b it is found that a weak
power response area was observed around h = 90 in the
frequency–angle data of damaged surface of specimen
AD1 at X-band, where the artificial defect is embedded
underneath the GFRP layer. Since the defect region is con-
sisted of Styrofoam whose dielectric constant is smaller
than concrete, the reflection response obtained from the
defect region is weaker than the one from intact regions.
This weak response area suggests the presence of the defect
in that location (h = 90. However, this observation is not
reconfirmed by the Ku-band data of specimen AD1 in Figs.
9a and b. The comparison between Figs. 9a and b does not
provide sound indication of the presence of defect. The rea-
son is that the signal indicating the presence of defect is
much weaker than the specular return in normal incidence
scheme. Signals reflecting from the defect are masked by
the specular return and cannot be detected in confidence.
Same problem also happens to the data of specimen AD2
in Fig. 11a. This suggests the uncertainty of using fre-
quency–angle data in normal incidence scheme for detect-
ing near-surface defects in GFRP–concrete systems.

On the other hand, oblique incidence scheme avoids the
difficulties associated with the specular effect. In such inci-
dence scheme the specular effect is only significant when
u = 90 as the strong reflection response (red1 region)
shown in Fig. 10a. The width of this specular return region
depends on the size of horn antenna and the surface
smoothness of the specimen. From the comparison
between intact and damaged surfaces of specimen AD1
(Figs. 10a and b) the presence of cubic-like defect is indi-
cated by the scattering signals surrounding the specular
return region in the frequency–angle data. This indication
is consistent, generally, over the entire frequency range in
Fig. 10b. When the size of defect changes as the case of
specimen AD2 (delamination-like defect), the scattering
signals still exist but in different pattern, as shown in
1 For interpretation of color in Fig. 10, the reader is referred to the web
version of this article.
Fig. 11b. The frequency consistency of such indication is
also preserved in specimen AD2, suggesting the robustness
of oblique incidence scheme for the purpose of damage
detection.

6.2. Damage detection based on the backprojection imagery

The ISAR measurements collected from the two repre-
sentative specimens (AD1 and AD2) in normal and oblique
incidence schemes are processed by the fast backprojection
(b) Damaged surface 

Fig. 12. Backprojection imagery of specimen AD1, full-bandwidth (8–
12 GHz), HH polarization, normal incidence.
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algorithm. The position of the specimen is indicated by the
solid-line and the artificial defect by the dashed-line in Figs.
12–16. Resolutions of the imagery in the range and cross-
range axes are 3.72 and 3.76 cm, respectively. The follow-
ing paragraphs discuss the backprojection images based
on the data collected in two measurement schemes (normal
and oblique).

6.2.1. Normal incidence scheme

Since the longitudinal axis of the specimen is always per-
pendicular to the range axis in normal incidence scheme,
specular returns dominate the response at all measurement
angles. Fig. 12a and b shows the backprojection images of
intact and damaged surfaces of specimen AD1 in normal
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Fig. 13. Backprojection imagery of specimen AD1, intact surface, oblique
incidence (u = 90�), full-bandwidth (8–12 GHz).
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Fig. 14. Backprojection imagery of specimen AD1, intact surface, oblique
incidence (u = 100�), full-bandwidth (8–12 GHz).
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Fig. 15. Backprojection imagery of specimen AD1, damaged surface,
oblique incidence (u = 100�), full-bandwidth (8–12 GHz).
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Fig. 16. Backprojection imagery of specimen AD2, damaged surface,
oblique incidence (u = 100�), full-bandwidth (8–12 GHz).
incidence scheme at 90� (the defect is normally facing the
antenna). Peak response occurs at the front-surface of the
specimen where the transmitted EM waves first encounter
the specimen, as shown in Fig. 12. The peak responses
are �6.8468 dBsm (decibel per square meter) for intact sur-
face and �7.6289 dBsm for damaged surface, both of spec-
imen AD1. The comparison between Fig. 12a and b
suggests that the difference between the intact and artifi-
cially damaged surfaces is insignificant, although the area
of the defect is more than 1.25 cm-by-1.25 cm. The com-
parison between the intact and AD2 specimens also pro-
vides similar observation. Therefore, it is suggested that
normal incidence scheme is not suitable for detecting
near-surface defects in this FAR NDT technique.
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6.2.2. Oblique incidence scheme

In oblique incidence scheme the problem with specular
return is avoided by tilting the specimen at various angles,
meaning that the longitudinal axis of the specimen is no
longer always perpendicular to the range axis of the
antenna but only at one angle (u = 90�). This case is dem-
onstrated in Fig. 13 using the intact surface of specimen
AD1 as an example. It is clearly seen that in Fig. 13 spec-
ular returns occur from the outer surface of the specimen
and cover the scattering signal of the defect if there is any.

Specular returns are eliminated or reduced when the
specimen is not perpendicular to the range axis of the
antenna. Fig. 14 shows the backprojection image of intact
specimen tilted at 10. In Fig. 14 only the specular returns
from the two ends of the specimen remain (the cap effect).
The response between the two ends should be zero if the
surface of the specimen is perfectly smooth. Since this is
not the case for the GFRP–concrete specimens used in this
study (the surface of GFRP sheet is not perfectly smooth),
some minor response between the two ends of the intact
specimen is noticed in Fig. 14.

Fig. 15 shows the backprojection image of specimen
AD1 (cubic defect) tilted at 10�. An obvious scattering sig-
nature between the two ends is found in Fig. 15. This scat-
tering signature clearly indicates the presence of the
artificial defect, and is centered at the location where the
defect is placed. In the case of specimen AD2 (delamina-
tion) similar conclusion can be drawn from Fig. 16. The
area of the scattering signature is also related to the size
of the defect as seen when comparing Fig. 15 with Fig. 16.

In view of the evidences mentioned above, the authors
believe that this scattering signature can be used for indi-
cating the presence, locating the position, and quantifying
the size of near-surface defects of GFRP–concrete cylindri-
cal structures. It is also noteworthy that the interference
from the two ends will diminish in real structures, making
this technique even more powerful and attractive for prac-
tical applications.

7. Research needs for future development

The performance of this proposed FAR NDT technique
has been demonstrated by laboratory radar measurements
on artificially damaged specimens, along with the use of
image reconstruction algorithm. However, further explora-
tion of several research issues, before the practical applica-
tion of this technique, is still required. These issues are
summarized in the following.

7.1. Dielectric properties of cementitious materials

NDT techniques using radar rely on the knowledge of
dielectric/electromagnetic properties of materials. While
many materials have been well-studied electromagnetically,
cementitious materials are still under investigation with dif-
ficulties in dielectric modeling, due to the heterogeneity of
their structure and the time-dependent behavior of various
phases in the material. It is essential that thorough knowl-
edge on the dielectric properties of cementitious materials
are developed for reliable use of radar NDT techniques
for civil infrastructures.

7.2. Numerical simulation capability

Three-dimensional simulation of EM propagation and
reflection is needed as a parallel approach to experimental
investigation. Such capability can be utilized for parametric
study leading to extensive data than what could be mea-
sured in laboratory.

7.3. Field measurements and signal de-noising algorithm

The concept of the proposed FAR NDT technique has
been validated based on the laboratory measurements from
scaled, artificially damaged specimens. When applied to
real structures other issues such as the configuration of
experimental set-up need to be addressed. On-site measure-
ment set-up must be optimized to account for the varia-
tions in different situations.

There is also a need to evaluate the performance of the
proposed technique by noise-contaminated signals. It is
realized that the findings summarized in this paper are
based on the preliminary experimental work conducted in
a laboratory facility in which potential noises are a priori

prevented. Signals collected from real structures in open
spaces are usually contaminated by natural and manmade
noises. Should the noise level exceed the detectability of
actual signal the performance of image reconstruction
algorithm will be hampered. Noises must be removed from
or reduced in the measurements collected from actual
structures before any further processing for condition
assessment. Filtering techniques based on compact sup-
ported (e.g. wavelets) and non-compact supported (e.g.
sinusoidal) basis can be used for the separation of noise
and signal in transient and steady-state responses.

8. Conclusion

A far-field airborne radar (FAR) NDT technique aiming
at the damage detection in the near-surface region of
GFRP-wrapped concrete structures is proposed. To vali-
date the feasibility of the technique physical radar measure-
ments were performed. Physical radar measurements on
GFRP-wrapped concrete cylinder specimens with artifi-
cially introduced air voids and delamination behind the
GFRP layer were collected at X- and Ku-band in a com-
pact/RCS antenna facility. The radar antenna operated
in ISAR mode providing reflection measurements at differ-
ent angles. Two measurement schemes, normal incidence
and oblique incidence, were investigated.

It is found that in the normal incidence measurements,
due to the specular effect, the difference in the power
responses between intact and damaged regions is not con-
stantly significant. On the other hand, the oblique inci-
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dence measurements provide a clear indication on the pres-
ence of the defect in the frequency–angle imagery. Mea-
surements at oblique incidence provided superior damage
indication than those at normal incidence case, regardless
of wave polarization and the thickness of the defect. Sur-
face condition of the specimen such as roughness, affects
the reflected power measurements in higher frequency
ranges (Ku-band), suggesting the importance of data de-
noising and filtering.

In this development the use of backprojection algorithm
for processing frequency–angle data into range–cross-range
imagery provides clear indication of the presence and loca-
tion of defects in two artificially damaged specimens (AD1
and AD2). From the measurement and imaging results it
is found that oblique measurement scheme appears to be
effective and robust on detecting GFRP debonding. Artifi-
cial damages can be detected and located with the developed
imaging capability. It is shown that the proposed FAR
NDT technique has potential in identifying near-surface
damages (GFRP delamination, concrete cracking) behind
the GFRP layer by the far-field radar measurements. Fur-
ther work is underway for radar measurements and numer-
ical simulation of mechanically damaged specimens, and
data de-noising and filtering for signal processing.
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