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Distant Damage-Assessment Method for Multilayer
Composite Systems Using Electromagnetic Waves

Tzu-Yang Yu, A.M.ASCE’

Abstract: In this paper, a damage assessment method for remotely inspecting the near-surface condition of multilayer composite systems is
proposed. The method utilizes far-field steady-state electromagnetic waves reflected from the surface of multilayer composite systems and
generates the in-depth profile of the inspected composite systems using inverse synthetic aperture radar (ISAR) imaging technique. Spatial
imagery of the system can be reconstructed with the structural and geometric features of the multilayer system. These features are revealed
by discrete scatterers in the imagery. Reconstructed imagery can be used for detecting construction defects and structural damages in the
near-surface region of the system. The theoretical background of the method is described, followed by experimental measurements on glass-
fiber-reinforced polymer (GFRP)-confined concrete cylinders with an artificial defect as an example of multilayer composite systems.
Continuous waves in the frequency range of 8 to 12 GHz were used. The imaging results show that the proposed method can reveal
the location and size of the embedded defect in the GFRP-concrete composite system, indicating the potential use of the method as a basis
for distant radar/microwave nondestructive testing/evaluation techniques in civil engineering. DOI: 10.1061/(ASCE)EM.1943-7889
0000257, © 2011 American Society of Civil Engineers.
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Introduction

Damage assessment of multilayer composite systems has been an
important topic in civil engineering for improving the safety of
(1) existing systems strengthened with externally wrapped compo-
sites, and (2) laminated/sandwich composite systems. Existing
structures are strengthened, repaired, and rehabilitated with exter-
nally wrapped/bonded high-performance composites for the dem-
onstrated effectiveness and efficiency of externally strengthening
techniques. Such techniques have been reported on reinforced con-
crete (RC) and prestressed concrete (PC) structures (Saadatmanesh
et al. 1991; Meier 1995; Rahami and Hutchinson 2001; Correia
et al. 2009; Janke et al. 2009), steel structures (Zhao and Zhang
2007), masonry structures (Lissel et al. 2003; Shrive 2006; Grande
et al. 2008), timber structures (Radford et al. 2002; Dobrila and
Premrov 2003), and offshore structures (McGeorge et al. 2009).
Moreover, laminated/sandwich composite systems are found in
structural elements made of composite materials, such as bridge
decks (Kumar et al. 2004; Keller and Schollmayer 2004), pipelines
(Chen and Leib 1993; Lam et al. 2003), and wind turbines (Bechly
and Clausen 1997; Kensche 2006; Marin et al. 2008; Hameed
et al. 2009). With the need from rapid strengthening and high-
performance composites made available for civil engineers, multi-
layer composite systems are frequently encountered in the routine
maintenance of civil infrastructure.
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In these systems, construction defects (e.g., air voids) and stress-
induced delamination (e.g., debonding, decohesion) can lead to the
reduction in bearing capacity and result in immature brittle failures
of the multilayer composite systems. One example is the failure of
fiber-reinforced polymer (FRP)-strengthened concrete structures.
FRP-strengthened concrete structures are less ductile than tradi-
tional RC structures because of the limited deformability provided
by FRP composites. This suggests a reduction of the plastic de-
formability in FRP-concrete composite systems and a brittle or
semibrittle failure mode that should be avoided in the ultimate state
of the structures. Structural damages, such as concrete cracking or
crumbling inside the FRP wrapping, and/or debonding of the FRP
sheet from concrete, may occur under various degrees of confine-
ment pressure provided by the FRP wrap. These types of failures
have been observed in FRP-confined concrete specimens (Au and
Buyukozturk 2005), and also FRP-confined large-scale RC struc-
tures (Sheikh and Yau 2002). Additionally, construction defects,
such as trapped air voids or pockets (material separation), can occur
at the interface between FRP sheets/plates and the substrate con-
crete during the cast-in-place construction. Under mechanical
loads, stress concentrations can develop around these air voids,
leading to further development of FRP debonding from the con-
crete substrate in the near-surface region. Another example is
the fatigue failure of wind turbines caused by the presence of
air voids (Chambers et al. 2006) and composite delamination
(Kensche 2006; Marin et al. 2008). The theoretical background
of composite delamination has also been investigated by Chen
and Leib (1993).

Both structural damages and construction defects can lead to
brittle, premature failures of multilayer composite systems, which
need to be detected and repaired for the safety, sustainability, and
efficient maintenance of the systems. To achieve the goal, damage
assessment techniques are needed for detecting damage and de-
fects, such as air voids and delaminations, in multilayer composite
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systems. In this paper, a distant damage assessment method is pro-
posed for the inspection of multilayer composite systems in civil
engineering. Distant inspection represents several advantages over
contact/near-contact inspection for large-scale civil infrastructure,
such as the inspection ease on structures in remote areas. The pro-
posed distant damage assessment method mainly consists of an
image reconstruction component for projecting complex distant
measurements onto a spatial domain as reconstructed images
and a morphological processing component for quantifying the in-
formation contained in the images. Glass-fiber-reinforced polymer
(GFRP)-confined concrete cylinders with artificial near-surface
defects were used as an example multilayer composite system in
the development of the method. Laboratory far-field complex
electromagnetic (EM) measurements (reflection response) of the
cylinders were collected.

In what follows, several inspection methods using EM measure-
ments on GFRP-concrete structures are reviewed. Theoretical back-
ground of the proposed method is provided, followed by the
application of the method on GFRP-confined concrete cylinders.
Imaging and assessment results are provided with discussions.
Finally, research findings and issues are summarized in the
conclusion.

Review of Damage Assessment Methods Using
EM Waves

Damage assessment using EM waves is usually conducted by
microwave or radar nondestructive testing (NDT) techniques
characterized by the frequency spectrum in which the chosen
EM waves belong. Although the microwave spectrum (300 MHz
to 30 GHz) is included in the radio frequency (RF) spectrum
(300 Hz to 110 GHz), the term “microwave NDT” has also been
used interchangeably with “radar NDT” in civil engineering.
EM waves can be produced and collected by different devices
such as antenna, waveguide, and coaxial probe. Most used EM
waves are in the frequency range from very high frequency
(VHF) (30 MHz to 300 MHz) to super high frequency (SHF)
(3 GHz to 30 GHz) for the applications including material charac-
terization (Al-Qadi et al. 1995; Bois et al. 2000; Arunachlam et al.
2006), bridge pier scour detection (Millard et al. 1998; Forde et al.
1999), void and crack detection in stone and masonry structures
(Binda et al. 1998; Maierhofer et al. 2001), damage detection in
sluices (Maierhofer et al. 1998), fatigue cracks detection in steel
structures (Qaddoumi et al. 2000), concrete cover thickness detec-
tion (Klysz et al. 2004), concrete cracking detection (Buyukozturk
and Rhim 1995; Rhim and Buyukozturk 2000; Maierhofer
et al. 2003; Nadakuduti et al. 2006), rebar detection (Rhim and
Buyukozturk 2000; Shaw et al. 2005), and structural testing and
remote sensing (Farrar et al. 1999; Shinozuka et al. 2000; Pieraccini
et al. 2004). Frequencies used for detecting underground and
underwater objects are usually less than 1 GHz to achieve better
penetration. For detecting anomalies (air voids, rebar) in concrete,
higher frequencies (greater than 1 GHz) are usually adopted for
better resolution. Frequencies chosen for material characterization
are widely distributed because of different experimental configura-
tions. Additional general information on the use of microwave/
radar NDT in civil engineering can be found in the literature (Blitz
1997; Yu 2009).

For the damage assessment problem of FRP-concrete systems in
which the near-surface debonding is targeted for detection, both
near-field and far-field EM measurements have been used. Li
and Liu (2001) applied a bistatic radar NDT system to detect air
voids in the interface region between GFRP-epoxy layer/jacket
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and concrete surfaces. Radar measurements were collected at a fre-
quency of 10 GHz by using a pair of dielectric lenses for signal
focusing. The imagery of the structure was the assembly of reflec-
tion coefficients at various spatial points. The presence of damages
and defects was represented by the variation of reflection coeffi-
cients. Feng et al. (2002) used a horn antenna and a waveguide
reflectometer for detecting air voids in the interface region of
GFRP-confined concrete specimens. Dielectric lenses were intro-
duced to mechanically focus plane waves on a localized spot inside
the specimens to enhance the strength of reflected signals. Reflec-
tion coefficients were used for evaluating the difference between
intact and damaged responses. Later, Kim et al. (2004) proposed
the use of planar slot antenna arrays for detecting air voids in con-
crete panel and block specimens. The in-depth imagery was the
assembly of the coefficients associated with the Hankel function
used to decompose reflection coefficient. The focusing intensity
in the imagery was used to indicate the presence and location of
damages. Akuthota et al. (2004) used an open-ended rectangular
waveguide probe and near-field radar measurements for detecting
disbonds and delaminations between carbon-FRP (CFRP) laminate
and the concrete substrate. Transmitted EM waves were linearly
polarized with orientation orthogonal to the unidirectional carbon
fibers to achieve strong penetration through the CFRP laminate.
Beyond the use of microwave/radar NDT, a comprehensive review
of other NDT methods for the damage assessment of FRP-concrete
systems, including acoustic/ultrasound methods, passive and active
infrared (IR) thermography (Kurita et al. 2009), can be found in
Yu (2009).

From the review on the damage assessment methods for FRP-
concrete structures using EM waves, it is found that (1) reflected
EM waves are reportedly feasible for revealing the in-depth con-
dition of the structures; (2) near-field measurements (inspection
distance usually less than 1 m) are typically required to perform
in-depth assessment of the structures; (3) spatial images are gen-
erally needed for locating defects; (4) improvement of image res-
olution in near-field methods is usually performed by mechanical
devices, requiring specially designed antenna arrays or lens with
various shapes and dimensions; (5) far-field measurements are gen-
erally used for reconstructing surface profiles of structures; and
(6) damage assessment by using either one-dimensional signals
or two-dimensional images is manually and qualitatively performed
in many techniques, suggesting the need for subjective evaluation.

On the basis of these findings, a distant inspection technique
using reflected far-field EM waves is proposed. In-depth assess-
ment is conducted by processing the complex EM measurements
(amplitude and phase) into spatial images by using back-projection
algorithms. In the proposed method, image resolution is numeri-
cally improved by including additional measurements at different
frequencies and incident angles of inspection. Reconstructed im-
ages are quantitatively and automatically evaluated by the use of
mathematical morphology. In what follows, theoretical background
of the method is introduced, and an application of the method on
GFRP-concrete cylinders is provided.

Theory and Application of the Method

The proposed damage assessment method consists of two major
steps; an image reconstruction process and an image interpretation
process. The image reconstruction processing transforms measured
distant (far-field), reflected EM waves from a target structure to
spatial images depicting the in-depth profile (range—cross range)
of the structure by using back-projection algorithms. The image
interpretation processing characterizes the back-projection images
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Fig. 1. Overview of the proposed damage assessment methodology

by quantifying the images using mathematical morphology. Fig. 1
shows the overview of the proposed method.

In the reconstructed in-depth profile (range—cross-range
images or back-projection images) of a structure, the presence
of near-surface defects is represented by scattering signals in the
images. This transformation is achieved by the integrated use of
inverse synthetic aperture radar (ISAR) measurements and back-
projection algorithms. The transformation projects physical signals
(EM waves) onto a spatial plane where the magnitude of image
pixels indicates the intensity of EM wave scattering. The image
interpretation processing utilizes techniques in mathematical (or
quantitative) morphology such as erosion and dilation to extract
the features of reconstructed back-projection images. Quantifica-
tion of images is performed on the feature-extracted images, using
Euler’s number as a measure.

Theory

Image Reconstruction Processing

Far-Field Reflected EM Waves

In the measurements of reflected EM waves, the target structure
is inspected by one radar antenna used as the signal transmitter
and the receiver (monostatic mode). Far-field ISAR measurements
are collected by measuring the reflection response of the target
structure along a synthetic aperture that is defined by the range of
azimuth angle or total inspection angle, ;.. The far-field condition
is satisfied by deploying the radar at a distance beyond the far-field
distance djy generally defined by (Skolnik 1990)

2D?
dy = —~ (1)

where D = largest dimension of antenna apertures; and A =

minimum wavelength. Transmitted radar signals (EM waves) are

approximately plane waves beyond the far-field distance, whose
- wf

accuracy can be evaluated by a wave-front error £, (r) and a phase

error EV"(r) (Yu and Buyukozturk 2008)

2

B ()= @)
T 2

By =" 3

where r = range distance or the inspection range. Cross range is
defined as the direction perpendicular to the range direction. ISAR
measurements are the SAR measurements collected by the radar
orbiting the target structure at a constant range distance.

Fig. 2 illustrates the physical inspection scheme in which
far-field ISAR measurements are collected. In Fig. 2, the radar
begins transmitting continuous waves to the target structure at one
frequency, collecting steady-state reflection responses, and shifting
to next frequency from a starting position. It moves to the next
position on the synthetic aperture and repeats the same procedure.

After completing the measurements over the entire angular
(from 0 to 6;,) and frequency (from wy;, tO wy,.) range, the
frequency-angle measurements (amplitude and phase) are obtained,
and a data plane (w, ) is consequently constructed, as shown in
Fig. 3. On this data plane, integration of various amounts of far-
field ISAR measurements is equivalent to reconstructing images
by using different areas on the data plane. In addition, image
resolutions are gradually improved with the increase of the area on
the data plane.

In-depth profiles or range—cross-range images of the target
structure are generated by tomographic reconstruction methods
(Kak and Slaney 1999) by using the far-field ISAR measurements.
The used tomographic reconstruction method is implemented by a
time-domain back-projection algorithm for the efficiency and flex-
ibility offered by the algorithm. Each pixel in the back-projection
images is reconstructed by coherently integrating the far-field ISAR
measurements over the ranges of incident frequency and azimuth
angle. Processing efficiency is provided by dividing the entire aper-
ture into several subapertures and performing one-dimensional
(1D) inverse Fourier transformation (IFT) for each subaperture
(Yegulap 1999). Coherent integration/summation is conducted by
time-shifting and space-aligning the signal collected at each aper-
ture position for every pixel in the image. This integration can be
performed with subaperture and subband measurements. Complete

\Starting position

Target
structure

Synthetic
aperture

Range distance, r

Radar \

Fig. 2. Far-field ISAR measurements

Fig. 3. Physical coordinates and the data plane (w, 6)
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reconstruction is accomplished after the integration is done
throughout the entire data plane. Processing flexibility is offered
by the option of rendering images at subaperture level, rather than
after collecting and storing all the measurements along the aperture.

Collected far-field ISAR measurements are processed by
back-projection algorithms whose principles are provided in the
following section.

Principles of Back-Projection Algorithms

Consider the planar scattering problem in a domain ) containing
N point scatterers (Fig. 4) and an incident wave with unit amplitude
to be (Kong 2000)

Yine(7) = - explik; 7 @

where k; = k& — k;y = incident wave vector; and 7 = relative
position vector from the radar to any observation point; |F| = r.

The scattered field from scatterer j at 7; and observed at 7 is
(Tsang et al. 2000)

kw
<

s;(7, k;

q/}scat(i 7'j) exp(zk|r— r|) wmu( ) (5)

|r— ,I
where s; = s;(7, k; )= = scattered amplitude at scatterer j because of
an 1n01dent wave at k;, observed at 7. By neglecting the interaction
among scatterers, the total scattered field from N scatterer observed

at 7 is the summation of the scattered fields from all scatterers

N (7,
w\Cdt Z

where k, = kg X + kg9 = scattering direction vector; ky = —k;
when the radar operates in monostatic mode. Without losing gen-
erality, consider the case of single scatterer here. Knowing that
k=w/c and 0 = 6; = tan~" (k;, /k;,), Eq. (5) can be written by

>¢~>

- eXp lk|r_r |) ¢|nc( ) (6)

Vread(©,0) = Y (k,7,) = 2 exp i -w(1 + cos?6 — sin’6)
C

2
(7)

Eq. (7) is actually a sliced projection of the two-dimensional
(2D) Fourier transform (FT) of the domain €);. Unlike the
reconstruction algorithms which sum up all projections then per-
form 2D IFT (plane projection) to obtain the final image, the
back-projection algorithm first perform 1D IFT (line projection)
to generate subimages. The final image is rendered by summing
up all subimages. The center in back-projection images is made
coincident with the center of the scatterer by performing a modu-
lation operation in the frequency domain or a convolution operation

Fig. 4. Scattering of N point scatterers
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in time domain. This “shift-back-then-project” scheme coins the
name of the algorithm.

The shifting-back step in the back-projection algorithm in fre-
quency domain is performed by applying a ramp filter in which
frequency w, is shifted back by a carrier frequency w, (Desai
and Jenkins 1992)

P(V7 9) = /w"‘a" dw- '(;bscal(w — We, 9)“"] - wc‘ : exp(fiwv) (8:’1)

'min

Sg Wmax r
20, dw - lw—w.| - Tl —
2 - W |w — w,| - exp |:l . (w—w,)
x (1 + cos?d — sinf) — iwv} (8b)

where v = spatial variable of the 1D IFT projection. Translating the
local 1D IFT coordinate [v, P(v, 6;)] to the global polar coordinate
(r, ¢) indicates that

v =rcos(¢d — ) )

Transforming from P(v, ) to P[rcos(¢ — 0), 0] is usually asso-
ciated with upsampling to ensure the quality of image resolution. In
other words, P[rcos(¢ —6),6] is the interpolated version of
P(v,0). Computational issues related to such interpolation can
be found in the texts on SAR (Carrara et al., 1995; Soumekh 1999).

The back-projection image in polar coordinates is finally ob-
tained by integrating the azimuth angle over the entire inspection
range

e
Ir, ) = /4. 0 P(reos(9—6),) (102)
Oint/2 Wmax
:s—g- do dw - |w — w,| - exp if(wfwf)
r —Oini/2 Winin c
x (1 + cos?@ — sin?6) — iwr cos(¢p — 9)] (100)

where the polar coordinate variables (r, ¢) are related to the
Cartesian coordinate variables by

X =rcos¢ (11a)
y=rsing (11b)

Therefore, the image plane I(x,y) = I(rcos ¢, rsin¢) can be
reconstructed. Fig. 5 illustrates the processing steps of back-
projection algorithms.

From Eq. (10b), it is clear that the final back-projection image is
the superposition of subimages generated by using subaperture or
subband measurements

m- w/’
10,6 / d / - T (. )

m= lnl

:Zzlmn(rv(b) (12)

m=1 n=1

where 1,,,(r, ¢) = subimage processed by using the data of sub-
bandwidth [men+1] and of subaperture range [6,,0,,. ], sug-
gesting that the aperture (angular) range 6, is divided into M
subapertures and the bandwidth into N subbands for processing.

Physical Meaning of the Scattering Signals in
Back-Projection Images

In the monostatic mode of radar operation, the scattering signals
in back-projection images are proportional to the magnitude of
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of back-projection algorithms

far-field ISAR measurements. The back-projection processing of
ISAR measurements distinguishes the contributions of various
scatterers in the physical coordinate system and reconstructs these
contributions as the scattering signals in the back-projection image.
Therefore, the shape and magnitude of a scattering signal in back-
projection images indicate the influence of a scatterer (defect) in
the structure. In other words, the presence of defects or damages
triggers the scattering effect and is revealed by the back-projection
processing.

The back-projection images contains two types of scattering
signals; defect scattering signal (or defect signal) and background
scattering signal (or background signal). Defect scattering signals
are caused by the presence of defects, whereas background scatter-
ing signals are attributed to the direction reflection from the surface
of the structure. Background scattering signals can be easily iden-
tified as long as the information regarding the geometry of the
structure is provided beforehand, which is usually the case in field
inspection. After excluding background scattering signals, the
remaining scattering signals are believed related to the presence
(location, size, and orientation) of defects.

Advantages of the Back-Projection Algorithm

The main advantages of the back-projection algorithm include:
(1) lower and localized artifact levels than frequency-domain algo-
rithms, (2) easy adjustment to an approximate inverse formula for
perturbed problems, (3) readily for parallel computing with limited
interprocessor communications, and (4) simple motion compensa-
tion by time-shift operation (McCorkle and Rofheart 1996; Nilsson
and Anderson 1998).

As a result of the advantages previously mentioned, subimages
with different bandwidths and angular ranges can be available
before the physical inspection (far-field ISAR measurements) is
completed. This enables the technique for different purposes of
inspection. For instance, subimages of narrow bandwidths and
angular ranges (although poor resolution) are advantageous for pre-
liminary inspections because of their rapid inspection and process-
ing. Final images that use full bandwidth and full angular range
data are useful for detailed inspections once a suspicious local area
can be determined. The superposing process of subimages provides
not only the gradually improved image resolutions (range and cross
range), but also the evolution of scattering signals in the image. For
example, angular sensitivity of defect scattering signals is revealed

by processing ISAR measurements at each subaperture. It is evident
that understanding the pattern (evolution, convergence) of defect
scattering signals in back-projection images is beneficial to study-
ing actual defects or damages. Knowledge about the needed fre-
quency bandwidth and angular range for revealing certain types
of defects in back-projection images can also be established on
the basis of such understanding.

Image Interpretation Processing

Damage assessment of structures is performed on the basis of in-
terpretation of the back-projection images. The presence of defects
or damage can be asserted either by (1) discovering suspicious scat-
tering signals in one image after background signals are excluded,
or by (2) comparing suspicious images with the one known to be
without any defect signals. Either case poses a pattern recognition
problem in which the characteristics of defect scattering signals
must be studied.

In this paper, the maximum amplitude (local index) and the pat-
tern of back-projection images (global index) are used for quanti-
fying the presence of defects. While the maximum amplitude of
a back-projection image locally indicates the significance (size,
angular sensitivity) of scattering signals (defect or background),
the morphological pattern of a back-projection image captures the
global feature of the image. Knowing that the back-projection
image of a damaged structure contains defect signals in addition to
background signals, the image pattern should be distinguishable
from the one of an intact structure. This difference is globally char-
acterized by mathematical morphology using a quantitative index
(Euler’s number) as a damage indicator. In what follows, these two
approaches are to be explained.

Approach I: Maximum Amplitude

Since the presence of defects leads to the appearance of scattering
signals in the back-projection images, no defect signals should be
expected in the image of an intact structure after excluding back-
ground signals. However, in some circumstances, such as the
specular dominant case shown in Fig. 6(a), background signals
become dominant and cover the defect signal. This is the case when
low signal-to-noise ratio (SNR) is encountered, and the maximum
amplitude is associated with background signals. Contrarily, in the
specular recessive case shown in Fig. 6(b), high SNR can be
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(a) Specular dominant —
(synthetic aperture on x-y plane)

(b) Specular recessive —
(synthetic aperture on x-z plane)

Fig. 6. Specular dominant and recessive modes

expected owing to the alleviation of background signals (noise),
and the maximum amplitude is associated with defect signals.

In this paper, the maximum amplitude in the back-projection
images can be determined by

Inax = max[I'(x, y)|(x,y) € Q] (13a)
or

Igiax = maX[Id(x7y)|(xay) € Qv} (13b)

or where I’ and I%, = maximum amplitude in the back-
projection images of intact [7(x,y)] and damaged [I¢(x,y)] struc-
tures in the domain 2, respectively. (x, y) forms the image plane.
Note that the difference in I'(x,y) and I¢(x,y) is the defect signal.
Performance of maximum amplitude index on damage assessment
is demonstrated in the “Application” section.

Approach II: Mathematical Morphology
Pattern recognition of the back-projection images is conducted by
extracting the features (edges) from the images and by evaluating
the features quantitatively by using mathematical morphology.
Global features (e.g., shape of scattering signals) are character-
ized and quantitatively evaluated by using techniques in math-
ematical morphology (Shirai 1987; Marchand-Maillet and Sharaiha
2000; Nixon and Aguado 2002). In this paper, the back-projection
images are evaluated by mathematical morphology in the following
two steps:

1. Feature extraction—The back-projection images are rendered
with continuous response levels, in which both background
and defect signals are involved. To extract the characteristic
shape of a back-projection image, the image is first trans-
formed into a binary image based on a threshold value ny,,.
Two morphological operations, erosion and dilation, are sub-
sequently applied to the binary image to obtain a feature-
extracted version of the original back-projection image. These
morphological operations are defined by

ex(l) = {rlK,SI(x,y)} (14)

y(l) = {r|V.NI(x,y) # O} (15)

where I(x,y) = back-projection images; £ = erosion operator
functioning with the erosion structure K; K, = eroded set
operating at position r; dy = dilation operator functioning with
the dilation structure V; V, = dilated set operating at r, and
@ = empty set An eight-node element is adopted for both ero-
sion and dilation structures, as shown in Fig. 7. The feature
extraction operation on I(x,y) is performed on the binary ver-
sion of I(x,y) in this paper, denoted by Iy (x,y|ng, ). The
operation is defined by
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Fig. 7. Eight-node element for morphological operations

j(xvylnthv) = Oy{expw(x, ynny )]} (16)

where I(x, y|ng, ) = feature-extracted binary image character-
ized by a threshold value ny,; ny,, = threshold value related to
the level of the extracted edge in the image. It is the maximum
magnitude level in the image, at which the characteristic shape
of the image is preserved.

2. Feature quantification—A quantitative index used in this paper
to globally characterize I(x, y|ny,) is Euler’s number, ng. The
variation of np with respect to the incident angle is interesting
and investigated here. For each I(x, y|ng, ) obtained at a given
incident angle 6, ng is defined by

nE(9|nthv) = Nob; (9|nthv) - nhol(9|nthv) (17)

where  ngp(0|ng,) = number of objects in 1(x, |y )
and 7,0 (0ng,) = number of holes within the objects in
1(x, y|ng, ). With a fixed value of ng,, nz(6) can be obtained.
The presence of damage introduces additional defect signals
into back-projection images globally, and changes the maximum
amplitude locally. Logically, the presence of a defect creates a
defect scattering signal, leading to an increasing n,;. The value of
ng(0) is subsequently altered. Given same ng,, and same inspection
domain €, the fluctuation of defect scattering signals will create
more holes than objects, thus resulting in small n;(6). The purpose
of using mathematical morphology is to quantify such change.
Additionally, in view of the angular sensitivity of defect signals,
it is believed that damage assessment based on single measurement
(or image) is unlikely to be reliable. Multiple images (more infor-
mation) are needed to confirm the speculation on one suspicious
image. For this reason, an averaging (low-pass) filter is applied
to the ng(#) curve, which is defined by

Oint /2 ng 0
3 (©)

1, (0) = .

(18)

O=—0/2

where n/;(6) = filtered ny; curve; and L = length of the filter (data
points used in the filter). The purpose of this filter is to remove local
fluctuations from the original ng curve in order to (1) avoid false
alarms at local level and (2) obtain globally consistent results.
Additionally, the length of the filter suggests the required amount
of angular measurements. The length of the filter also relies on the
resolution of the image. For high resolution images, small L values
are expected.

Application

The proposed damage assessment method is validated using the far-
field ISAR measurements of two GFRP-confined concrete cylinder
specimens. These specimens are further subjected to physical radar
measurements in the radar facility at the Massachusetts Institute of
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(a) Specimen AD1

0.381 m

(b) Specimen AD2

Fig. 8. Two artificially damaged GFRP-concrete specimens

Technology (MIT) Lincoln Laboratory. Collected far-field ISAR
measurements are processed by the image reconstruction algorithm
to render back-projection images. The reconstructed images are
analyzed by using both a local index (maximum amplitude) and a
global index (Euler’s number) for damage assessment.

In the following section, a description of the specimens and their
far-field ISAR measurements are provided. Physical inspection,
numerical processing, and pattern recognition by using radar mea-
surements from the GFRP-confined concrete specimens are also
explained.

Description of Laboratory Specimens

Two GFRP-confined concrete cylinder specimens are artificially
damaged by inserting artificial anomalies (Styrofoam piece and
sheet) at the interface region between GFRP sheet and the con-
crete core. Dimensions of the specimens and defect configuration
are illustrated in Fig. 8(a) and 8(b), in which Fig. 8(a) shows Speci-
men AD1 with a cubiclike defect, and Fig. 8(b) shows Specimen
AD2 with a delamination-type defect. Both defects are inserted

Table 1. Description of GFRP-Concrete Cylinder Specimens

Property Description

Size of the concrete cylinder Diameter: 15.2 cm/height:
30.4 cm and 38.1 cm
Thickness of GFRP-epoxy layer 0.25 cm
Portland type I
Water:cement:sand:aggregate =
0.45:1:2.52:3.21
Curing duration 28 days
GFRP brand Tyfo SEH-51A
(by Fyfe Co. LLC)
Tyfo S Epoxy
(by Fyfe Co. LLC)

Cement type
Mix ratio of concrete (by weight)

Epoxy brand

Volumetric ratio of GFRP-epoxy layer 0.645:0.355
Dielectric constant (¢}) and loss 5.69
factor (/) of concrete at 10 GHz 0.62
Dielectric constant (¢}.) and loss 5.004
factor (¢//) of GFRP at 10 GHz 0.112
Dielectric constant (¢,.) and loss 1
factor (¢//) of Styrofoam 0

approximately at the midheight of the specimens. Material proper-
ties of the GFRP-concrete specimens are summarized in Table 1.
These specimens were manufactured and subjected to far-field
ISAR measurements in a laboratory environment.

Physical Inspection

Monostatic far-field ISAR measurements of the GFRP-concrete
specimens were conducted at the MIT Lincoln Laboratory using
the Compact RCS (radar cross section)/Antenna Range facility de-
signed for performing far-field measurements. Measurements were
collected in specular recessive configuration, as shown in Fig. 6(b),
in which the specular return is only significant when the axis of
the cylinder is perpendicular to line-of-sight of the radar. This
facility can achieve high SNR for a large frequency bandwidth
ranging from 0.7 GHz to 100 GHz. SNR is enhanced by the co-
herent, wide bandwidth measurements. The radar system is capable
of producing a far-field condition with a 20-m quiet zone, different
antenna radiation patterns, and full polarimetric RCS measure-
ments. Far-field ISAR measurements were conducted in X-band
(8 GHz to 12 GHz) at an interval of 0.02 GHz. Time-harmonic
continuous EM waves of both HH (horizontally polarized transmit-
ting and receiving) and VV (vertically polarized transmitting and
receiving) polarization were used (Kong 2000). The angular range
of inspection was 60° (30° on each side) with an interval of 0.2°.
Accomplishing the physical inspection of the GFRP-confined con-
crete specimens provided the frequency-angle data. In this paper,
three data sets are reported; (1) intact side of Specimen ADI,
(2) damaged side of Specimen ADI, and (3) damaged side of
Specimen AD2, which are illustrated in Fig. 9. The intact side
of Specimen AD2 was not measured because of the time constraint

0=-30°
0 (N
30°
(a) Specimen AD1 (b) Specimen AD1 (c) Specimen AD2
— Intact side — Damaged side — Damaged side

Fig. 9. Three frequency-angle data sets of the far-field ISAR
measurements
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Fig. 10. Reconstructed images of the intact and damaged sides of Specimen AD1—HH polarization (§ = —15°)

in the experimental work at the MIT Lincoln Laboratory. Addition-
ally, measurements and their reconstructed image (Fig. 10) on the
intact side of Specimen AD1 have provided key features of the
specimen and, therefore, can be used as a basis for comparing intact
and damaged specimens in this study.

Numerical Processing

Collected frequency-angle data (far-field ISAR measurements)
of Specimens AD1 and AD2 with full frequency bandwidth
(8 GHz to 12 GHz) were processed by the image reconstruction
algorithm to obtain back-projection images (in-depth profile), as
shown in Figs. 11-13. Both HH and VV polarized signals were
used. In these images, the specimens were tilted at 15° to alleviate

(dBsm)

0.25

0.2

0.15

0.1

0.05

Cross-range, (m)

0
Range, (m)

(a) Intact side

0.1

Cross-range, (m)

the impact of specular returns. The response level in these images
ranged from —25 dBsm (decibel per square meter) to —75 dBsm.
With the full bandwidth, the range (x-axis) and cross range (y-axis)
resolutions were 0.0372 m (1.46 in) and 0.0401 m (1.58 in),
respectively.

In Fig. 10(a), two background scattering signals caused by the
edge reflection of Specimen AD1 are observed. In Fig. 10(b), the
presence of the artificial defect is revealed by a strong defect signal
in the middle of Specimen AD1 by using HH polarized radar sig-
nals. The center of the defect signal coincides with the center of
where the Styrofoam defect is physically inserted. Same observa-
tion is found by using VV polarized radar signals, as shown in
Figs. 11(a) and 11(b).

-0.2 -0.1 0 0.1 0.2
Range, (m)

(b) Damaged side

Fig. 11. Reconstructed images of the intact and damaged sides of Specimen AD1—VYV polarization (§ = —15°)
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(a) HH polarization
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Fig. 12. Reconstructed images of the damaged side of Specimen AD2 (6 = —15°)
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Fig. 13. Maximum amplitudes of the back-projection images of Specimen ADI

In Fig. 12, processed back-projection images (HH and VV
polarizations) of Specimen AD2 even reveal the detailed informa-
tion of a delamination defect. Within the region where the defect
scattering signal is found, two distinguishable peaks are discov-
ered. The locations of these two peaks correspond to where the
two edges of the delamination defect are inside Specimen AD2.

To explain the results in Figs. 10-12, comparison among the
minimum wavelength, image resolutions, and the characteristic
length of two defects is provided in Table 2. It is known that
the size (characteristic length /) of defects must be greater than
the minimum wavelength \;, in order to trigger the scattering
effect (to be detectable); but, as demonstrated in this example, [,
must be sufficiently greater max(p,, p,,) S0 as to be recognizable in
the reconstructed images. In Table 2, the characteristic length of the
cubiclike defect in Specimen AD]1 is only slightly greater than the

maximum resolution in the image. Therefore, details of the defect
are not clearly recognizable. Contrarily, the /., of the delamination
defect is much greater than the maximum resolution, suggesting the
detectability of such defect. From the results in Figs. 10-12, the

Table 2. Comparison of Signal Wavelength, Image Resolution, and
Characteristic Length of Defects

Minimum wavelength,
Amin (at 12 GHz)

Image resolutions
at full bandwidth

Characteristic length
of defects, [,

In air: 0.0125 m pr: 0.0372 m ADI: 0.0455 m
(range or x)
In concrete: 0.0112 m Pyt 0.0401 m AD2: 0.0762 m

(dielectric constant = 5) (cross-range or y)
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Fig. 14. Differential amplitudes AA in both blind test and a priori test
from Fig. 13

presence of the artificial defect has been successfully revealed in
the back-projection images.

Pattern Recognition

On applying the method for damage assessment in this section,
only the back-projection images of Specimen ADI1 are used for
the reason that both intact and damaged responses of the specimen
are available for direct comparison.

Local Index—Maximum Amplitude

In this approach, identifying background signals is important (in
order to exclude them), and it is interesting to know how influential
background signals could be on the result. Maximum amplitudes
are extracted from the back-projection images in two scenarios;
(1) including background signals (blind test), and (2) excluding
background signals (a priori test). Evaluating a back-projection
image without excluding background signals is a blind test, from
which the overall maximum amplitude is obtained. Excluding
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background signals requires a priori knowledge about the structure.
Figs. 13(a) and 13(b) show the maximum amplitudes of back-
projection images produced from the intact and damaged sides
of Specimen ADI in both scenarios.

In Figs. 13(a) and 13(b), two curves of maximum amplitude
are presented. As previously mentioned in this paper, the presence
of defects introduces defect signals in the reconstructed images.
The difference between the intact and damaged maximum ampli-
tude curves indicates the degree of detectability. In this example,
it is observed that the defect signal is detectable in two angular
regions, 6 € [-30°, —7°] and 0 € [7°,30°], in blind test scenario
in Fig. 13(a). Two similar regions are also found in Fig. 13(b) where
background signals are excluded, but with better detectability
because of the significant separation between the curves. In the
angular region 6 € (—=7°,7°), specular effects are dominant, and
the difference is not distinguishable.

Differential amplitude between maximum amplitude curves is
also calculated for both blind test and a priori test scenarios, as
shown in Fig. 14. The differential amplitude, AA, is determined by

Ay — A
A

1

AA = (19)

where A; = damage curve; and A; = intact curve in Fig. 13. The
blind test is performed by taking the absolute maximum scattering
response of the image (including the scattering responses from the
background), while a priori test is conducted by taking the relative
maximum scattering response centered at the possible defect loca-
tion (excluding the scattering responses from the background).
In Fig. 14, AA is shown in percentage, whose pattern demonstrates
the sensitivity and effectiveness of incident angle on damage
assessment. It is found that, in the case of Specimen ADI, oblique
incident scheme provides a robust performance with slight influ-
ence from the background scattering signals. Meanwhile, optimal
incident angle can also be determined by AA; the optimal incident
angle is approximately 15° in this example. It is also observed that
the maximum values of AA on two sides are different, while their
almost-identical location (~ + 15° and ~ — 15°) confirms the
symmetrical feature of the defect (the defect produces symmetric
scattering). Conclusions are drawn from the example presented in
this section.
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Fig. 15. Variation of ny with respect to ny, of the damaged-side images of Specimen ADI
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Global Index—Mathematical Morphology
In generating the feature-extracted images I(x, y|ny,) the value of
ng,, must be determined. The value of ny,, is decided when the
variation of Euler’s number nj is at critical stage. When small
ng,y values are chosen, all or most of the signals are preserved,
leading to a feature-extracted image I(x, y|ny,,) dominated by low
amplitude signals. When large ny,, values are chosen, I(x, y|ngpy)
will be dominated by high amplitude signals. Consequently, the
computed Euler’s number ny in these two extreme cases does
not represent/reflect the main feature of the image. To avoid the
use of misleading ny,,, the pattern of ny is provided, as shown in
Figs. 15 and 16, in which ng,, is normalized to the maximum am-
plitude of I(x, y|ngy ). Fig. 15 shows the variation of n; versus ny,
computed from the intact-side back-projection images of Specimen
ADI. Fig. 17(a) is produced from Fig. 10(a) and Fig. 17(b) from
Fig. 11(a). In Figs. 15(a) and 15(b), fluctuation of ny in the region
where ny,, is small (0 < ng, < 0.4) is attributed to background
signals, while in another region of large ny, (0.73 < ng, < 1)
the fluctuation of ng is caused by the disturbance of high amplitude
signals. In both regions, the computed ng does not represent the
main feature of the image. To avoid using misleading values of
ng, the critical ny,, should be determined as the maximum ny,, out-
side these two regions. As indicated in Figs. 15(a) and 15(b), criti-
cal ny,, is 0.81 for the images by using both HH and V'V polarized
signals. In Figs. 16(a) and 16(b), critical ng, is 0.73.

Fig. 16 shows the reconstructed back-projection images /(x,y)
and their feature-extracted version I(x, y|ng, ) of Specimen AD1 by

(a) Intact-side images — n,, = 0.81

thy

using HH polarized signals at full bandwidth. With the selection of
critical ng,, the generated I(x,y|nyy) captures the main feature
of the original back-projection images /(x, y). The feature-extracted
images using VV polarized signals also provide similar result and
are not repeatedly shown here. The Euler’s number of the intact-
side image I(x, y|ny, = 0.81) is ny = —1. For the damaged-side
image 1(x,y|ng, = 0.73), np = —2.

Following the same procedure described above, I(x, y|ng, ) can
be produced for other incident angles, resulting in the intact-side
and damaged-side curves ng(6) of Specimen ADI, as shown in
Fig. 18. The ng(f) curves in Fig. 18 demonstrate the sensitivity
and effectiveness of incident angle with respect to the damage
indication by using Euler’s number. Since the scattering caused
by defects is angle-dependent, evaluating the structure by using
images at several incident angles is needed. This leads to the
application of an averaging filter to obtain nfE(G) curves.

Fig. 19 shows the n/E(G) by using a filter length (data points)
of L =3. In Fig. 19, the filtering processing produces a clear
separation between the intact-side and damaged-side ng(6) curves,
except in the specular dominant region [0 € (—10° 10°)]. The
values of ng(0) of the intact-side images are in general greater
than the ones of the damaged-side images since the presence
of defect signals creates more holes in the images, resulting in
smaller values of ng(6). In addition, the filter length is related
to the required amount of angular measurements for achieving a
globally consistent assessment. In this case, at least three angular

(b) Damaged-side images — n,,, =0.73

Fig. 16. Back-projection images and their feature-extracted version of Specimen AD1 (HH polarization, full bandwidth, § = —15°)
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Fig. 17. Variation of ny with respect to ng, of the intact-side images of Specimen ADI
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measurements (data points) are needed for each comparison
between the images of intact and damaged structures.

Conclusions

This paper proposes a method for damage assessment of multilayer
composite systems using far-field radar measurements. As an ex-
ample of multilayer composite systems, GFRP-concrete cylinders
with an artificial defect were manufactured and subjected to labo-
ratory radar measurements for validation. The presence of an
artificial defect is visually revealed in the reconstructed back-
projection images (Figs. 11-13) and is quantitatively evaluated
with a local index (Figs. 14 and 17) and a global index (Figs. 18

558 / JOURNAL OF ENGINEERING MECHANICS © ASCE / AUGUST 2011

and 19) defined in this paper. Findings from the validation of the
method are summarized in the following.

1. Effectiveness of incident angle on damage assessment is
affected by the measurement scheme. In the specular recessive
scheme shown in Fig. 6(b), background signals dominate the
total response, making defect signals undetectable. Relevant
inspection scheme must be chosen to alleviate the impact of
background signals in the method.

2. The processing of far-field radar measurements by using
the back-projection algorithm shows promising results by suc-
cessfully discovering the presence of an artificial defect in
reconstructed back-projection images (Figs. 11-13). However,
assertion on their presence should be made based on the
images at several incident angles.

J. Eng. Mech. 2011.137:547-560.
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3. Asevaluated by using a local index (maximum amplitude), it is
confirmed that detectability of defects is angle-dependent.
A defect or cracking can be more detectable in some angular
ranges than in others. With a priori knowledge about back-
ground signals, detectability can be improved. Additionally,
the shape of the maximum amplitude curve of the intact side
indicates the pattern of background signals.

4. As evaluated by using a global index (Euler’s number), the pre-
sence of a defect results in the fluctuation of defect scattering
signals in the images, creating more holes in the images and
leading to a smaller ng(6).

5. In producing the feature-extracted images of structures, the cri-
tical threshold value must be used. This step is important to
reliably render a representative version of the original back-
projection image for the image quantification by using Euler’s
number.

6. Pattern recognition of the reconstructed images by using
morphological operations further provides a quantitative eva-
luation tool for distinguishing the responses of intact and
damaged structures.

7. Effectiveness of incident angle on damage assessment is
affected by the measurement scheme. In the specular recessive
scheme shown in Fig. 6(b), background signals dominate the
total response, making defect signals undetectable. This is the
case of 6 € (—=7°,7°) in Figs. 13(a) and 13(b).

8. Detectability of defects is sensitive to the selection of incident
angles. A defect or damage is more detectable in some ranges
of incident angle than in others.

9. With a priori knowledge about background signals, detectabil-
ity can be improved, although the blind test result already pro-
vides a satisfactory performance, as shown in Fig. 14.

10. The shape of the maximum amplitude curve of the intact side
indicates the pattern of background signals.

11. Optimal incident angles can be determined by using the con-
cept of differential amplitude AA. Detailed features of defect
can be observed by the distribution of AA.

Ongoing research topics for the future development of the pro-
posed method include the study of other types of artificial defects,
such as compressive cracking of concrete, other elements for mor-
phological operations, sensitivity of morphological indices to the
inspection angle, and the ability of the method to inversely recon-
struct the orientation and magnitude of defects.
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