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Department of Civil and Environmental Engineering, Massachusetts Institute of Technology, Cambridge, MA 02139, USA
Received 13 March 2007; received in revised form 3 July 2007; accepted 10 July 2007
Available online 28 July 2007

Abstract
A far-ﬁeld airborne radar (FAR) nondestructive testing (NDT) technique integrating inverse synthetic aperture radar (ISAR)
measurements and a backprojection algorithm for the condition assessment of glass ﬁber reinforced polymer (GFRP)–wrapped concrete
structures is proposed. The method is directed toward the detection of near-surface defects and delaminations located in the vicinity of
GFRP–concrete interface. Normal and oblique incidence measurement schemes were adopted and studied for their effectiveness in
detecting near-surface anomalies. This technique is also applied to the detection of rebars in reinforced concrete cylinders. Laboratory
measurements in the frequency range 8–12 GHz were made on artiﬁcially damaged GFRP–concrete cylinders for validating the concept
of this technique. Spatial resolutions (range and cross-range) are improved by integrating radar measurements at different azimuth angles
and in different frequencies, and implementing the developed progressive image focusing scheme. The feasibility of the proposed FAR
NDT technique for distant inspection is validated through these studies.
r 2007 Elsevier Ltd. All rights reserved.
Keywords: Far-ﬁeld measurement; Radar NDT; Debonding; Damage detection; GFRP

1. Introduction
Strengthening and repair of concrete structures has
become an important issue for public safety and for
effective infrastructure management. Engineering technologies are developed and introduced for extending the
service life of concrete structures by means of restoring
their design capacity for continuous use and/or upgrading
them for possible future challenges from the environment.
The use of ﬁber reinforced polymer (FRP) composites as
an externally bonded element to conﬁne the concrete in
order to secure the integrity of concrete structures has
been proven, both theoretically and practically, to be an
effective and efﬁcient strengthening/repair approach. Integration of the new FRP composite with the existing
concrete substrate results in the formation of a new
structural system. Differences in the material properties
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of the two structural components (FRP and concrete) pose
challenging problems of predicting the behavior of the
integrated structural system. Extensive research effort has
been devoted to this active ﬁeld as reported in the literature
on structural engineering, and composite materials and
construction.
Construction defects and structural/environmental damages may occur within the FRP–retroﬁtted concrete
structures, and especially, in the vicinity of FRP–concrete
interfaces. Construction defects such as trapped air voids
or pockets can occur between FRP sheets/plates and
concrete substrate during construction. These air voids
serve as a region with shear stress discontinuities. Under
mechanical effects stress concentrations would develop
around such regions, leading to further development of
delamination in the interface region and debonding of FRP
from the concrete substrate. Structural damages such as
concrete cracking or crumbling inside the FRP wrapping,
and/or debonding of the FRP sheet from concrete could
occur under various degrees of conﬁnement pressure
provided by the FRP wrap. This type of failure has been
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observed in FRP–wrapped concrete specimens [1], and also
FRP–wrapped large-scale reinforced concrete structures
[2]. Various approaches on the modeling of debonding
have been proposed, such as strength approach, semiempirical and empirical models, and fracture approach
[3–5]. In this paper, both construction defects and
structural damages are considered as near-surface material
separation or debonding in the interface vicinity of the
FRP–concrete system.
Assessing the condition of FRP–wrapped concrete
structures nondestructively is crucial to the safety.
Wrapped concrete core conditions cannot be fully revealed
until physical removal of the wrapping system unless the
member has already been subjected to substantive damage.
Partial or complete removal of the wrapping may,
however, pose a danger of structural collapse. For
example, a concrete column could appear safe without
showing any sign of damage on the FRP wrap, and yet may
contain a substantially damaged concrete core or delamination under the wrap. Such scenario could happen when
the structure has undergone a modest seismic event
damaging the FRP/concrete system while not causing
the ultimate failure of the system. That column may not
live up to a second seismic event because of the reduced
resistance due to the existing invisible damage in the
concrete and in the concrete/FRP interface region. While
structural damages can occur at several possible locations
in the FRP–concrete system, near-surface regions are
mechanically favored as the location where failures initiate.
Also, environmental (moisture) effects have been shown to
lead to debonding [6]. Debonding of FRP sheets which
occurs in the near-surface region is considered as the
precursor of structural failures, and, therefore, targeted to
be detected. Therefore, effective nondestructive testing
(NDT) techniques are needed for detecting the presence of
debonding in the near-surface region of FRP–concrete
systems.
In this paper, a far-ﬁeld radar NDT technique (FAR
NDT) utilizing the distant radar measurements of
FRP–wrapped concrete structures for debonding detection
is proposed. While various types of FRP are available and
used in practice, including aramid FRP (AFRP), carbon
FRP (CFRP) and glass FRP (GFRP), this paper only
considers the strengthened/retroﬁtted concrete columns
using GFRP. Scaled GFRP–wrapped concrete cylinder
specimens with/without artiﬁcial defects are designed and
manufactured in the laboratory for the validation of the
FAR NDT technique. In this paper, ﬁrst, existing radar
NDT techniques, which have been used in different in civil
engineering applications, are brieﬂy reviewed. Emphasis is
placed on the radar NDT techniques speciﬁcally designed
for FRP–concrete systems. System design of the proposed
radar NDT technique and laboratory far-ﬁeld inverse
synthetic aperture radar (ISAR) measurements of artiﬁcially damaged GFRP–retroﬁtted concrete specimens are
then described. Principles of image reconstruction processing, along with the developed progressive focusing scheme
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for image resolution, are explained. Imaging results are
provided for demonstrating the validity and performance of the proposed radar NDT technique on debonding. The technique is also applied to the detection of
rebars in reinforced concrete cylinders. Finally, research
ﬁndings are summarized and further research issues are
discussed.
2. Review of existing radar NDT techniques in civil
engineering
Radar NDT is a collective term for NDT techniques
using electromagnetic (EM) waves within the radio
frequency (RF) spectrum range (3 Hz–300 GHz). Most of
the radar NDT techniques used in civil engineering
applications operate in the range from very high frequency
(VHF) (30–300 MHz) to super high frequency (SHF)
(3–30 GHz). Radar NDT relies on the reﬂected signals
from the target for ranging and interpretation. Radar
signals can be generated by various devices such as horn
antenna and waveguide. Despite the difference in the
hardware design of radar systems, the measured quantities
are essentially the amplitude and the phase of the received
radar signals.
2.1. General radar NDT applications in civil engineering
The wave properties of reﬂected radar signals, such as
velocity and amplitude, depend on the dielectric properties and geometrical properties (scattering effects) of the
target structures. Thus, characteristics of the target
structure can be revealed from the reﬂected signals.
Developments of radar/microwave NDT applications in
civil engineering may be reviewed in different categories
according to the frequencies utilized. Reported applications include the following: (1) material characterization—
[7] (0.1–40 MHz); [8] (3 and 10 GHz); [9] (8–12 GHz),
(2) bridge pier scour detection—[10] (300, 500, 900 MHz
and 1 GHz); [11] (100–500 MHz), (3) void and crack
detection—(3a) stone and brick masonries [12] (500,
900 MHz, and 1 GHz); [13] (500, 900 MHz, 1, and
1.5 GHz); (3b) sluices [14] (500 and 900 MHz); (3c) fatigue
cracks in steel [15] (24.125 and 33.6 GHz); (3d) concrete
cover [16] (1.5 GHz); (3e) concrete cracking [17]
(3.4–5.8 GHz); [18] (2–5.8 and 8–12 GHz); [19] (1.5 GHz);
[20] (10 GHz), (4) rebar detection—[18] (2–5.8 and
8–12 GHz); [21] (1 GHz), and (5) structural testing and
remote sensing—[22] (10 GHz); [23] (5.75 GHz).
Frequencies used for probing underground and underwater objects are usually less than 1 GHz for the sake
of better penetration. For detecting anomalies (air
voids, rebar) in concrete higher frequencies (greater than
1 GHz) are usually adopted to achieve better resolution. Frequencies chosen for material characterization
are widely distributed due to different experimental
conﬁgurations.
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2.2. Radar NDT techniques for damage detection in
FRP–concrete systems
Several radar NDT techniques for assessing the condition of FRP–retroﬁtted/wrapped concrete structures have
been reported in the literature. Li and Liu [24] applied a
bistatic radar NDT system to detect air voids in the
interface region between GFRP–epoxy layer/jacket and
concrete surfaces. Radar measurements were conducted at
10 GHz using a pair of dielectric lenses for mechanically
focusing signals in an inspection distance of 25 cm. The
spatial resolution was 10.16 cm in diameter. Artiﬁcial
defects of size 0.43 cm2 were reportedly detected at
10 GHz. The imagery of the structure was the assembly
of reﬂection coefﬁcients at various spatial points.
Feng et al. [25] used a horn antenna and a waveguide
reﬂectometer for detecting air voids in the interface region
of GFRP–wrapped concrete specimens. Dielectric lenses
were applied in an inspection distance of 6.4 cm in X-band.
Artiﬁcial defects as small as 0.105 cm in concrete were
detected at 12.4 GHz. Reﬂection coefﬁcients at different
spatial points were assembled to form the imagery. Later,
Kim et al. [26] proposed the use of planar slot antenna
arrays for detecting air voids in concrete panel and block
specimens. The slot antenna operated in 5.2 GHz with a
resolution of 2.5 cm and a penetration depth of 25 cm. The
focusing distance was 3 cm. The imagery was the assembly
of the coefﬁcients associated with the Hankel function used
to decompose reﬂection coefﬁcient.
Akuthota et al. [27] utilized an open-ended rectangular
waveguide probe and near-ﬁeld radar measurements for
detecting disbonds and delaminations between CFRP
laminate and the concrete substrate. Artiﬁcial defects with
sizes in the millimeter range were inserted between the
CFRP laminate and the concrete substrate. Inspection
distances were 0.15–0.3 cm at 10 GHz and 0.3–0.7 cm at
24 GHz.
Most of the reported radar NDT methods for damage
detection in concrete and FRP–concrete structures rely on
the near-ﬁeld measurements in which EM waves are
essentially cylindrical or spherical. The near-ﬁeld approach
is inherently sensitive to localized defects and damages of
the structure since the probing device is placed in a close
distance to the surface of the structure. Strong reﬂection
response can also be expected. Advantages of the near-ﬁeld
approach include: (1) ﬁner spatial resolution; (2) less
vulnerability to unwanted edge reﬂection; (3) small size of
probing devices/radiators (e.g., antenna, waveguide); and
(4) simple calibration scheme [28]. Disadvantages of the
near-ﬁeld approach include: (1) the constraint of short
standoff/inspection distance; (2) complex radiation patterns in the near-ﬁeld region; and (3) degradation in
measurement sensitivity due to the surface roughness of the
specimen.
The far-ﬁeld approach, on the other hand, is not
constrained by the requirement of accessibility to the
structure, neither easily hampered by the surface condition

of the structure. The proposed FAR NDT technique
remedies coarse resolution problem by the integration of
inverse synthetic aperture radar (ISAR) measurements and
tomographic reconstruction (TR) methods. Technical details of this technique will be provided in the following
sections.
3. FAR NDT technique and system design
3.1. Near-field and far-field regions
The pattern of propagating waves that are generated by
a source of ﬁnite size changes with respect to their traveling
distance. A ﬁxed-size observation plane, regardless of
its distance from the source, is implicitly assumed in
determining the variation of the wave pattern. In the region
close to the source (near-ﬁeld region), a point source
produces spherical waves, a line source produces cylindrical waves, and a plane source produces plane waves
(plane sources are rarely used in practice). Wave patterns
depend on the observation distance from the source in this
region. On the other hand, in the region far enough from
the source (far-ﬁeld region), wave patterns are independent
of the observation distance from the source. Consequently,
two threshold distances are introduced to deﬁne the
borders of these two regions; namely, near-ﬁeld distance
and far-ﬁeld distance. In radar applications these distances
depend on the size of the aperture (antenna) and the
propagation frequency (wavelength). Observation distances which are shorter than the near-ﬁeld distance fall
in the near-ﬁeld region, while those longer than the far-ﬁeld
distance fall in the far-ﬁeld region. The region between the
near-ﬁeld and the far-ﬁeld regions is the intermediate
region. The far-ﬁeld distance dff is generally deﬁned by [29]
2D2
,
(1)
l
where D is the largest dimension of antenna apertures, and
l is the minimum wavelength. The far-ﬁeld condition is met
when measurement distance (observation, range) is beyond
the far-ﬁeld distance. Variation of the far-ﬁeld distance
with respect to different aperture sizes in the frequency
range 8–12 GHz is shown in Fig. 1. High frequency signals
(8–12 GHz) are selected for their inherent ability of
capturing centimeter range defects, and the size of probing
device (horn antenna) is consequently reduced.
Two aperture sizes (D1 ¼ 0.2 m, D2 ¼ 0.4 m) are considered. It is shown that, for an aperture of size 0.4 m, a
standoff distance of about 13 m is needed to achieve the
far-ﬁeld condition at 12 GHz. The far-ﬁeld distance
decreases rapidly to 3 m when an aperture of size 0.2 m is
used instead. Commercially available horn antennas
operating in the frequency range 8–12 GHz have aperture
sizes 0.2–0.4 m.
Since, mathematically, true plane waves of any frequency can only occur in the inﬁnite distance from point
and line sources, the selection of the observation distance
d ff ¼
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Fig. 2. Wave front errors at different frequencies and at range distances.

in the far-ﬁeld region is associated with certain approximation errors. The wave front error at a given observation
distance (or range distance in radar terminology) can be
derived:


Dh D2 1
þ
,
(2)
erwf ðdÞ ¼
2
8 d
where h is the cross-range distance between any two points
on the observation plane. h diminishes when the radar
antenna operates in monostatic mode (in this case the
transmitter also serves as the receiver). Derivation of
Eq. (2) is provided in the Appendix. Eq. (2) leads to the
wave front error of l/16 at the far-ﬁeld distance.
A parametric plot is generated, as shown in Fig. 2, for
demonstrating the sensitivity of wave front error at
different frequencies and observation (range) distances. It
is observed that wave front errors become less sensitive to
frequency variation when the observation distance is
increased to about ﬁve times the far-ﬁeld distance.
Resolution in the range direction will be compromised if
the far-ﬁeld condition is not met, and the wave front error
becomes signiﬁcant. It is also noteworthy that, a phase
error p/8 is associated with the far-ﬁeld distance since the
phase changes 2p over a wavelength.
3.2. Range and cross-range resolutions
Range resolution is deﬁned on the radial (or range)
distance from the radar to the target and is obtained from
the transmitted signal. Cross-range resolution is deﬁned as
the resolution in the direction 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 illumination. Range resolution rr
and cross-range resolution rxr are deﬁned by [30]

rr ¼

v
,
2B

rxr ¼

lc R
,
2D

(3)

(4)

where v is the phase velocity of propagating waves in the
medium, B is the bandwidth, and lc is the wavelength at
center frequency. Eqs. (3) and (4) are the commonly
accepted measure of resolution. Better resolutions are
achieved when the values of rr and rxr are reduced. Precise
expressions of these resolutions depend on more speciﬁc
details of the application [31,32]. In a non-magnetic
dielectric material (e.g. concrete) these resolutions are
given by
 pﬃﬃﬃﬃ
c= r
rr ¼
,
(5)
2B
  pﬃﬃﬃﬃ
  pﬃﬃﬃﬃ
c f c r R
c f c r
rxr ¼
ﬃ
,
2D
2yint

(6)

where c is the speed of light in free-space, er is the dielectric
constant of the medium (er ¼ 1 in free-space), fc is the
center frequency, and yint is the angular rotation of the
target during processing time. For X-band signals with
bandwidth of 4 GHz, the corresponding range resolution in
free-space is 3.8 cm. For an aperture of size 0.3 m and
angular rotation 601, the cross-range resolution in freespace is 1.4 cm (X-band). These resolutions become smaller
in dielectrics (er41) 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.
The distance dp at which the transmitted EM waves in a
medium decays by a factor of e1 is the penetration depth
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(skin depth) and is deﬁned as [33]
" rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
!#1=2
1
1
s2
1þ 2 21
,
d p ¼ pﬃﬃﬃﬃﬃ
o m 2
 o

(7)

where o ¼ 2pf is the radian frequency (rad/s), f is the
temporal frequency (Hz), m is the magnetic permeability
(henry/m), e is the electrical permittivity (farad/m), and s is
the electrical conductivity (mho/m). At 8 GHz and 12 GHz,
dp is estimated to be 4.6 cm and 3 cm, respectively, using
the permittivity of 5.69  e0 (e0ﬃ8.85  1012 farad/m)
(farad/m), and a loss factor s/(eo) of 0.62 for concrete.
3.3. Inspection schemes
Two ISAR inspection schemes were adopted in this
technique: normal incidence (Fig. 3a) and oblique incidence (Fig. 3b). ISAR is an imaging modality using the
relative motion of a radar antenna with respect to a
stationary target to image that target. This is equivalent to
a moving target with a stationary antenna as Figs. 3a and
3b show. Specimens were placed on top of a Styrofoam
tower that is capable of fully rotating the target at
predetermined angular steps. The radar antenna operated
in a monostatic mode. The normal incidence scheme
(Fig. 3a) was ﬁrst applied for damage assessment and
rebar detection. In the normal incidence scheme specular
return was always encountered regardless of the incident
angle (y). It was found that the specular return in the
normal incidence scheme was signiﬁcant, making it difﬁcult
to assess near-surface defects and damages. However, the
normal incidence scheme is effective for rebar detection, as

GFRP-concrete
specimen

Horn antenna
ξ

−θ int/2
θ =0

3.4. Imaging algorithm and progressive image focusing
The purpose of image reconstruction is to reveal the
spatial information from ISAR measurements. The data
collection process of ISAR measurements is a linear
mapping that transforms the scattering/reﬂection amplitude data into the range-compressed data. Considering an
ideal point scatterer with unit cross section at range r, the
scattering amplitude data S(t, r) are [34,35]



B
2r
Sðt; rÞ ¼ 2 exp 2pif c t 
r
c
 

2r
 sinc B t 
,
ð8Þ
c
where t is the elapsed time after pulse transmission, B is the
bandwidth, fc is the center frequency, c is the speed of light
(assuming propagating in free space), and sinc(x) ¼
sin(px)/(px). The range compressed data D(x, t) of this
scattering amplitude data are deﬁned by
 qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Z Z
Dðx; tÞ ¼
Gðx; yÞS t; ðx  xÞ2 þ y2 dx dy,
(9)

θ int/2
r
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Top view
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Fr o nt vi e w
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ξ
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further explained in Section 4.3. x denotes the position of
the antenna on the synthetic aperture. yint is the range of
azimuth angle.
To avoid specular return, oblique incidence scheme is
introduced. By tilting the azimuth angle from perpendicular incidence, the intensity of specular reﬂection response
is dramatically reduced when the data are collected in
monostatic mode. This way, theoretically, the specular
return only dominates the reﬂection response at f ¼ 901 in
the oblique incidence scheme (Fig. 3b). It is worth to point
out that other practical factors may widen the angular
range, in which signiﬁcant specular return is still encountered, such as surface smoothness of the structure, shown
by the measured frequency–angle data as reported in
Section 4.1. In the proposed FAR NDT technique, the
oblique incidence scheme is adopted for detecting nearsurface defects.

θ int/2
r

GFRP-concrete
specimen
(φ = −θint/2 ∼ θint/2)
Top view

Styrofoam
tower

Front view

Fig. 3. (a) Normal incidence scheme; (b) Oblique incidence scheme.

where x is the radar position along the aperture (Fig. 3a,b),
G(x, y) is the complex scattering amplitude of the target,
and (x, y) forms the image plane. The image reconstruction
is another mapping operation that transforms the rangecompressed data into the image. The processed image is a
ﬁltered version of the spatial proﬁle of the target.
The applied backprojection algorithm is one of the
TR methods. The deﬁned backprojection image I(x, y) is
given by
Z xþy tanðyint =2Þ
Iðx; yÞ ¼
F BP
xy tanðyint =2Þ

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ1
ðx  xÞ2 þ y2
@
Adx,
 x;
c
0

2

ð10Þ
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where F BP ðx; tÞ ¼ 8p2 =ic2 qDðx; tÞ=qt , and yint is the
integral angle of the aperture. Details of backprojection
algorithm can be found in the literature of SAR imaging
[34–37]. The backprojection image I(x, y) characterizes the
feature of the target in terms of scattering intensity in the
range (x) and cross-range (y) directions. Numerical
implementation of the backprojection algorithm is performed based on the fast backprojection algorithm by
Yegulap [38]. In this fast backprojection algorithm the data
are ﬁrst divided into several subapertures and processed to
generate relatively low-resolution images. The ﬁnal imagery is formed by summing up all the subaperture images.
Consequently, resolution is progressively (gradually) improved. Such processing scheme can be advantageous for
NDT of civil infrastructures, especially when different
purposes (e.g. preliminary and detailed inspections) of
inspection are needed. The magnitude of an image pixel,
Iðp̄Þ, at position p̄ is calculated by the backprojection
equation:
Iðp̄Þ ¼

Ns
X
n¼1

¼

I n ðp̄Þ

Ns Z
X
n¼1



2
F sn þ x; p̄  q̄ðsn þ xÞ dx,
c
l=2
l=2

ð11Þ

where Ns is the number of subapertures, l is the length of
subapertures, F is the measurement
data received
at


position (sn+x) and time 2=c p̄  q̄ðsn þ xÞ , x is the
distance variable on each subaperture, sn is the center point
of nth subaperture, and q̄ is the position vector of aperture
points. This image focusing scheme for computationally
improving the image resolution is herein termed as
progressive image focusing.
The concept of progressive image focusing is developed
for processing the measured data in this study. As opposed
to the mechanical focusing technique generally used in
near-ﬁeld NDT applications, with this technique the
measured responses are focused by means of data
processing along a measurement orbit (aperture) that is
suitable for the particular structural conﬁguration. Images
can be produced by measured data from subbands and
subapertures for a preliminary assessment. Scattering
signals due to the presence of defects in reﬂection response
are reconstructed in the images. By superimposing all
subband and subaperture images, the resolution is progressively improved as the scattering signals converge. This
will be further discussed and demonstrated with an
example in Section 4.2.
4. Application
The feasibility and performance of this FAR NDT
technique is validated and examined in this section using
laboratory measurements on GFRP–retroﬁtted concrete
specimens with artiﬁcial defects and rebars. The specimens
and experimental conﬁguration, together with measure-
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ment schemes, are described. Collected frequency–angle
data and processed range-cross-range imagery are also
provided in this section.
4.1. Laboratory ISAR measurements
4.1.1. GFRP–retrofitted concrete specimens
To demonstrate the feasibility of the developed technique, four concrete and GFRP–concrete cylinder specimens
were designed and manufactured for laboratory measurements: AD1: GFRP–concrete with artiﬁcial defect Type 1,
AD2: GFRP–concrete with artiﬁcial defect Type 2,
RE: concrete with four rebars, and PC: plain concrete.
Portland Type I cement was used, and the mix ratio of
concrete was water:cement:sand:aggregate ¼ 0.45:1:2.52:
3.21 (by weight). The diameter of concrete core was
15.24 cm, and the heights were 30.4 cm and 38.1 cm as
shown in Figs. 4a and 4b. Concrete cores of these
specimens were cast with different conﬁgurations (e.g.,
artiﬁcial defect, rebar) and cured in clean water for 14 days.
Artiﬁcial defect type 1 was a cubic-like Styrofoam
(3.81  3.81  2.54 cm3), and artiﬁcial defect type 2 was a
delamination-like Styrofoam (7.62  7.62  0.51 cm3).
These two artiﬁcial defects were placed in the interface
between GFRP sheet and concrete substrate in the
GFRP–concrete specimen. After the curing period the
concrete cores were wrapped with one layer of GFRP sheet
according to the manufacturer’s speciﬁcations.
A unidirectional glass fabric system (Tyfos SEH-51A by
Fyfe Co. LLC) was used and molded with epoxy resin
(Tyfos S Epoxy) to form the GFRP–epoxy sheet wrapped
on the surface of the concrete core. The volumetric ratio of
epoxy:GFRP was 0.645:0.355. The thickness of the
GFRP–epoxy sheet was 0.25 cm. Single layer conﬁguration
scheme was adopted. GFRP–concrete specimens AD1 and
AD2 are shown in Fig. 4a.
Specimen RE was manufactured with four #3 steel
rebars (diameter ¼ 0.95 cm) positioned at four angles with
different cover depths (01: 0.25/901: 1.27/1801: 2.54/2701:
3.81 cm). Fig. 4b shows specimens RE and PC.
4.1.2. Laboratory configuration and measurement schemes
Radar measurements of the 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, steppedfrequency radar, network analyzer systems, and a Harris
dual-shaped reﬂection system, Model 1606, designed for
conducting far-ﬁeld measurements. The purpose of this
reﬂection system is to produce plane waves in the limited
space of laboratory. A schematic description of laboratory
conﬁguration is provided in Fig. 5. The reﬂection system
would not be required for ﬁeld measurements. This facility
can achieve high signal-to-noise ratio (SNR) for a large
frequency bandwidth ranging from UHF (0.7 GHz) to
100 GHz. The radar system is capable of producing a 20-m
quiet zone, different antenna radiation patterns, and full
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Fig. 4. (a) GFRP–concrete specimens AD1 and AD2; (b) Concrete specimens RE and PC.
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Fig. 5. Schematic description of the laboratory experimental conﬁguration.

polarimetric radar cross section (RCS) measurements.
Calibration of the far-ﬁeld measurement is carried out
with respect to the surface of the target structure. SNR is
enhanced by the coherent, wide bandwidth measurements
in this technique.
Radar measurements were conducted at X-band
(8–12 GHz) frequencies to achieve optimized resolution
and surface penetration capabilities. Two types of linear
polarizations were used in the radar measurements: HH
(transverse electric or TE) and VV (transverse magnetic
or TM). Sinusoidal signals were used, and steady-state
responses were collected.
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4.1.3. Frequency–angle data
The measurements were conducted in stepped-frequency
mode by sweeping from a starting frequency to an end
frequency in an increment of 0.02 GHz at a ﬁxed angle.
The specimen was then rotated to the next angular
step, and the frequency sweeping was again performed
(Fig. 3a,b). The total rotation (range of azimuth angle),
yint, in the ISAR measurements was 301 and 601, and
the angular increment was 0.21. Frequency–angle data
showing the reﬂection response in decibel (dB) were
obtained and recorded.
Normal incidence scheme was used on the specimens RE
and PC; the frequency–angle data measured at X-band in
HH polarization are shown in Fig. 6. Signiﬁcant differences are observed in normal incidence reﬂection responses
between plain concrete specimen and the specimen with
rebars.
Oblique incidence scheme was used on specimens AD1
and AD2 for near-surface damage detection. Both the
intact surface (without artiﬁcial defect) and the damaged
surface of the specimen AD1 were measured, while only the
damaged surface of the specimen AD2 was measured.
Collected frequency–angle data of the intact and damaged

,

12

,

surfaces of the specimen AD1 are shown in Fig. 7. It is seen
that, specular return dominates the reﬂection response
at azimuth angles around f ¼ 01 (from 21 to 21).
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Fig. 6. Frequency–angle data of specimens PC and RE, HH polarization, X-band, normal incidence scheme: (a) specimen PC; (b) specimen RE.
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The specular return is reduced to a signiﬁcant degree when
azimuth angle deviates from f ¼ 01U The spreading signals
in Fig. 7b indicate the presence of a near-surface artiﬁcial
defect in the specimen AD1. Fig. 7 demonstrates the
effectiveness of the use of the oblique incidence scheme in
eliminating the specular return. The radar measurements
on the specimen AD2 also showed scattering signals similar
to those obtained for the specimen AD1.
4.2. Progressive image focusing
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Image reconstruction is performed through the progressive image focusing in conjunction with the use of the
oblique incidence ISAR data for the intact surface of the
specimen AD1. In this application, Eqs. (5) and (6) suggest
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that near-surface debonding damages with characteristic
lengths 3.72 cm (range) and 3.76 cm (cross-range) are
theoretically detectable beyond a far-ﬁeld distance 10 m
with bandwidth 4 GHz (center frequency 10 GHz) using a
horn antenna with aperture size 0.4 m (Fig. 8). This
improvement of resolution is quantitatively evaluated with
respect to frequency bandwidth in Fig. 8. It is shown that,
in Fig. 8, the range and cross-range resolutions of the farﬁeld ISAR measurements are dramatically improved with
increasing bandwidth.
The measurements are processed to render the images in
Fig. 9. Bandwidth of each image is increased from the
upper left image (0.44 GHz) to the lower right image
(4 GHz), with frequency band indicated in each image. In
Fig. 9, the features of the specimen are gradually revealed
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Fig. 9. Processed images of the intact surface of the specimen AD1 with different bandwidths.
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Fig. 10. Backprojection images of the GFRP–concrete specimen AD1—intact surface (f ¼ 301–01).

by the converging of scattering signals in the images. Two
scattering signals representing the effect of the two ends
of the specimen are identiﬁed in the upper middle image
with bandwidth 0.88 GHz. This feature becomes clearer in
other images with wider bandwidths. Although 4 GHz
bandwidth is presumably suggested, geometric features
of the specimen are visually detectable when the bandwidth is only about 1 GHz (Fig. 9). This implies that, by
taking the advantages of ISAR measurement and backprojection algorithm, the ability of the imagery to capture
the features of the target structure can be increased
if a priori knowledge on the shape and size of the target
structure is available. This is the case for preliminary
inspection where the global features would be ﬁrst revealed
at narrow bandwidths. Therefore, the detection ability
of the imagery is believed to be higher than theoretical
values as shown in Fig. 9. This feature also makes the
proposed radar NDT technique promising for in-ﬁeld
applications.
4.3. Condition assessments
4.3.1. Debonding detection
For detecting debonding defects the two artiﬁcially
damaged GFRP–concrete specimens (AD1, AD2) are
subjected to radar measurements in the oblique incidence
scheme. Both HH and VV polarizations of radar signals

are used but only HH polarization results are reported
here. The far-ﬁeld ISAR measurements on the intact
(without defect) and damaged (with defect) surfaces of
the specimen AD1 are collected, while only the damaged
surface of the specimen AD2 is measured. For the intact
surface and damaged surface responses of the specimen
AD1 the processed backprojection images at various
incident angles are shown in Figs. 10 and 11. The specimen boundaries are indicated in solid yellow lines in
Figs. 10–12. In this case, unlike the normal incidence
scheme in which specular returns are always signiﬁcant at
all incident angles y, specular returns are only signiﬁcant
when f equals 901 due to the monostatic operation of the
radar antenna. The alleviation of specular returns in the
oblique incidence scheme provides an opportunity to
discover unseen, hidden near-surface defects such as FRP
debonding, or concrete delamination in the interface
region.
The imagery produced from the reﬂected responses of
the GFRP–concrete specimens with anomalies contain two
types of recognizable scattering signals: (1) edge reﬂections
of the specimen (Figs. 10–12) and (2) reﬂections from the
defect and debonding in the near-surface region of the
specimen (Figs. 11 and 12). The reconstructed image only
reveals the edge reﬂections of the specimen when there is no
defect in the specimen, as shown in Fig. 10. The two edge
reﬂections of the specimen in the imagery (e.g., image
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Fig. 11. Backprojection images of the GFRP–concrete specimen AD1—damaged surface (f ¼ 301–01).

f ¼ 101 in Fig. 10) represent the two ends of the specimen
AD1, and can be used for determining the size of the
cylinder specimen. Also, these end reﬂections can be used
as reference points to determine defect locations in the
specimen. Note that the inﬂuence of unwanted edge
reﬂections in the imagery would diminish with the
increased specimen or structure dimensions.
Fig. 11 shows both the edge and the existing defect
reﬂections from the specimen AD1 when measured from
the damaged surface. The cubic defect is revealed in the
image (e.g., image f ¼ 101 in Fig. 11) as a strong scattering
signal whose peak indicates the center of the cubic defect
(Type 1). Using the full bandwidth (4 GHz), the imagery of
the specimen AD2 with delamination reveals the detailed
features of the anomaly as shown in the f ¼ 101 image in
Fig. 12. By providing sufﬁcient bandwidth and angular
coverage in the inspection, detailed features of defects with
smaller sizes may also be detectable.
The effectiveness of the chosen azimuth angle on the
detectability of the imagery is also demonstrated in
Figs. 10–12. In each ﬁgure it is observed that there is a
range of azimuth angles in which the defect can be more
effectively detected than in other angular ranges. For
example, f ¼ 101 gives the best result for damage detection
in Fig. 11. This suggests that the detectability of the
technique is sensitive to the chosen inspection angle.

4.3.2. Rebar detection
The capability of detecting steel rebars by the proposed
FAR NDT technique is demonstrated in this section. The
normal incidence ISAR measurements of the cylinder
specimens RE (plain concrete with four rebars) and PC
(plain concrete) are collected in the X-band (8–12 GHz).
These far-ﬁeld measurements are then processed to render
imagery for rebar detection. The backprojection images of
the specimen PC are shown in Fig. 13 with white solid lines
indicating the location of the specimen.
For the specimen RE far-ﬁeld responses are made at four
incident angles corresponding to the location of each rebar:
01, 901, 1801, and 2701 (Fig. 4b). Rebars, horn antenna, and
the center of the specimen form a straight line at these
angles. Since specular return is much stronger than the
reﬂected signal of the rebar at these angles, the scattering
signal of the rebar is ‘‘shadowed’’ by the specular return
and, therefore, the rebars are not directly detectable.
However, it is found that the scattering signals of adjacent
rebars are not masked by the specular return, as shown in
the case of incident angle equals 01 (Fig. 14). This
observation is clear in both HH and VV polarizations.
By using the backprojection algorithm on processing the
normal incidence ISAR data, two scattering signals
adjacent to the specular return signal are revealed at
the locations where two adjacent rebars are physically
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Fig. 12. Backprojection images of the GFRP–concrete specimen AD2—damaged surface (f ¼ 30–01).

0.1
0
-0.1

0.1
0
-0.1

-0.2

-0.2

-0.3

-0.3

-0.4

-0.4

-0.5

-0.5
-0.5

0
Cross-range (m)

0.5

-0.5

0
Cross-range (m)

0.5

Fig. 13. Backprojection images of the specimen PC: (a) HH polarization; (b) VV polarization.

embedded. In other words, normal incidence scheme can be
used to detect the location of rebars, except the one right in
front of the radar. It is expected that the shadowed rebar
can be revealed when the inspection region of radar moves
to another one. Imagery of incident angles 901, 1801, and
2701 also provide similar results, and thus, are not

repeatedly reported here. It is noteworthy to point out
that, the size (or the coverage) of specular return depends
on the used frequency bandwidth in this technique, as
previously suggested in Fig. 9. Using the normal incidence
scheme for detecting rebar locations must be associated
with sufﬁcient frequency bandwidth. In addition, HH
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Fig. 14. Backprojection images of the specimen RE at 01: (a) HH polarization; (b) VV polarization.

polarization is found to be more effective for illuminating
the presence of adjacent rebars than VV polarization since
the HH imagery show stronger scattering signals of the
rebars than the VV imagery. The comparison between
Figs. 13 and 14 validates the rebar detection capability
provided by this FAR NDT technique.
5. Conclusion
The proposed FAR NDT technique for NDT of GFRPwrapped concrete structures consists of two components:
(1) far-ﬁeld ISAR measurements in two schemes, and
(2) image reconstruction algorithm. In this paper, work
is reported on laboratory radar measurements of
GFRP–concrete specimens in the far-ﬁeld region at
different angles in the frequency range 8–12 GHz. The
measured frequency–angle data are processed by the
imaging algorithm (backprojection algorithm) to reconstruct the range–cross-range imagery of the structure,
which serves as a basis for condition assessments to detect
near-surface defects and debonding, as well as rebars in the
specimen. Research ﬁndings are summarized as follows:
(1) Validity of the technique—This work validates the
feasibility of the proposed FAR NDT technique for
distant inspection of GFRP–concrete structures. It is
shown that, with optimized bandwidth and angular
ranges, near-surface defects including air voids and
delaminations as well as existing rebars may be welldetected.
(2) Computational focusing—Spatial resolutions (range and
cross-range) are improved by integrating radar measurements at different azimuth angles and in different
frequencies, and implementing the developed progressive image focusing scheme. With this scheme, the
reconstructed imagery efﬁciently captures the features of the target structure, especially when a priori
knowledge (shape and size) of the structure is available.

This is the case when preliminary inspection is ﬁrst
performed since with such an inspection global features
of the structure would be revealed at narrow bandwidths. Detailed inspection can then be conducted,
given additional data at different azimuth angles and in
different frequencies. Thus, this feature potentially
enables the proposed FAR NDT technique for effective
in-ﬁeld applications.
(3) Rebar detection using the normal incidence scheme—The
specular return dominates the reﬂection response in the
normal incidence scheme for both HH and VV
polarizations. Near-surface defects are unlikely to be
revealed in such incidence scheme. However, although
the presence of the rebar placed in front of the radar is
masked by the strong specular returns from the surface,
the presence of adjacent rebars can be clearly captured
in the imagery, regardless of polarization. In addition,
HH polarization is found to be more effective than VV
polarization in terms of the amplitude of scattering
signals in the imagery.
(4) Debonding detection using the oblique incidence
scheme—Specular returns are only signiﬁcant in the
perpendicular incidence case (f ¼ 01 in Figs. 10–12)
due to the monostatic operation of the radar. The
alleviation of specular returns in the oblique incidence scheme provides an opportunity to discover unseen near-surface defects in GFRP–retroﬁtted
concrete systems. Thus, the reconstructed imagery
clearly separates damage signals from edge reﬂection
signals.
(5) Only GFRP–retroﬁtted concrete specimens are studied
in this paper. Nonetheless, the methodology is considered applicable to other concrete systems with
different types of ﬁber such as carbon (graphite) and
aramid. Strong shielding effect of unidirectional carbon
ﬁbers in the reﬂected radar signals can be alleviated by
the use of EM waves orthogonally polarized to the
direction of ﬁber orientation.
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The ﬁrst-order Taylor’s series expansion of Eq. (A.1)
provides
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Appendix A
Consider a simple radar antenna aperture model in
Fig. A.1 where S stands for the source point, O is the
observation point, A is the edge point, and B is the center
point of the antenna with respective radial distances of r
and r+dr. Points A and B are chosen for the maximum difference in the radiation patterns at these two
points. In the far-ﬁeld region, the difference between these
distances should be insigniﬁcant such that (i) the radiation pattern of the antenna is angular independent, and
(ii) the wavefront difference diminishes. Condition (i) suggests
a circular radiation pattern, and condition (ii) suggests the
plane wave pattern at an observation point. In monostatic
radar measurements, observations are always made at one
point, making the measurements less affected by the overall radiation pattern of the antenna. Therefore, condition
(ii) is adopted for evaluating the error (wave-front
difference) associated with the selected distance in the
far-ﬁeld region.
The wave-front difference at points A and B with respect
to the observation point O is calculated by
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
D ¼ ðr þ drÞ  r ¼ d 2 þ ðh þ aÞ2  d 2 þ h2 ,
(A.1)

Radar antenna
D = 2a

B

S

A
r+ δ r
h

r
O
d

Fig. A.1. A simple aperture model.

ðh þ aÞ2
h2
d 
2d
2d
ðh þ aÞ2 h2
h
1

¼ a þ a2 .
ðA:2Þ
¼
2d
2d
2d d
Should the waves be perfectly planar, there is no wavefront difference at the observation point O between the
waves sent from points A and B. According to this, the
plane wave condition is interpreted by

Dﬃdþ

D ¼ 0,

(A.3)

which is theoretically correct at inﬁnite distance (d-N).
At the distances other than inﬁnity, this difference is not
exactly zero. In the far-ﬁeld region, the wave-front
difference descends with increasing distance d. Thus, it is
used for evaluating the plane wave condition at a distance d
in the far-ﬁeld region. The wave-front error erwf associated
with the distance is then




a2 1
Dh D2 1
¼
þ
,
(A.4)
erwf ¼ ah þ
2
2 d
8 d
since a ¼ D/2 as shown in Fig. A.1.
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