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ABSTRACT

Steel rebars is a vital component in reinforced concrete (RC) and prestressed concrete structures since they
provide mechanical functions to those structures. Damages occurred to steel rebars can lead to the premature
failure of concrete structures. Characterization of steel rebars using nondestructive evaluation (NDE) offers
engineers and decision makers important information for effective/good repair of aging concrete structures.
Among existing NDE techniques, microwave/radar NDE has been proven to be a promising technique for surface
and subsurface sensing of concrete structures. The objective of this paper is to use microwave/radar NDE
to characterize steel rebar grids in free space, as a basis for the subsurface sensing of steel rebars inside RC
structures. A portable 10-GHz radar system based on synthetic aperture radar (SAR) imaging was used in this
paper. Effect of rebar grid spacing was considered and used to define subsurface steel rebar grids. Five rebar
grid spacings were used; 12.7 cm (5 in.), 17.78 cm (7 in.), 22.86 cm (9 in.), 27.94 cm (11 in.), and 33.02 cm (13
in.) # 3 rebars were used in all grid specimens. All SAR images were collected inside an anechoic chamber. It
was found that SAR images can successfully capture the change of rebar grid spacing and used for quantifying
the spacing of rebar grids. Empirical models were proposed to estimate actual rebar spacing and contour area
using SAR images.
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1. INTRODUCTION

Reinforced concrete is a widely used construction material in many countries. Steel rebars play an important role
in reinforced concrete (RC) and prestressed concrete structures since they provide tensile strength, toughness
and ductility to those structures. Deterioration or damage of RC is mainly due to the corrosion of steel rebars
inside the concrete structures, resulting in the premature failure of concrete structures. Characterization of steel
rebars in concrete structures is important as it can provide civil engineers useful information for structural repair
and rehabilitation.! Usually, such characterization should be performed without causing damage. Therefore,
nondestructive evaluation (NDE) methods are used for the evaluation of RC structures.

There are many NDE methods applied to RC structures, including acoustic emission, thermo-infrared, optical,
microwave/radar, etc. Among existing NDE methods, microwave/radar NDE has been proven to be a promising
method for surface and subsurface sensing of RC structures. Li conducted experiment research using acoustic
emission on a RC specimen to detect and monitor steel rebar corrosion.?> They found that acoustic emission
can detect steel rebar corrosion earlier than half-cell potential measurements or galvanic current. Weng reported
the use of acoustic emission for detecting steel rebar corrosion of RC bridges.? Beak integrated electromagnetic
heat induction and infrared thermography for detecting steel rebar corrosion.* By taking the advantage of
thermal property of corroded and non-corroded steel rebars, they found a relationship between the IR thermal
characteristics and the corrosion level of steel rebars. In view of the limitations of infrared thermography (affected
by temperature), Clark used infrared thermography techniques, which was possible to detect small temperature
change in corroded rebars.” Their methods successfully identified the internal corrosion of concrete bridges.
In terms of using thermal infrared techniques, Hassan reported the use of optical based sensors for monitoring
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corroded steel rebars through etched cladding bragg grating.® They reported that optical fiber sensor may be
able to locate the position of corrosion. Lee designed a sensor using a sacrificial plate identical to a target
structure was monitored by the fiber bragg gratings.” Szymanik combined the microwave excitation techniques
with active infrared thermography.® Instead of acoustic emission, thermo-infrared or optical techniques, ground
penetrating radar (GPR) was used for nondestructive testing of concrete structures.? 19 They demonstrated that
the application of GPR was suitable for detecting rebars, voids and detachments. To our best knowledge, no
reported work on the use of synthetic aperture radar (SAR) for detecting of rebars and rebar spacing.

The objective of this research is to investigate steel rebar spacing by using a SAR imaging system. In this
paper, the SAR algorithm is presented first, followed by the introduction of a SAR system. A rebar frame that
is fabricated at five rebar spacings (12.7 cm (5 in.), 17.78 cm (7 in.), 22.86 cm (9 in.), 27.94 cm (11 in.), and
33.02 cm (13 in.)) are studied. The experimental results are discussed with major findings summarized.

2. THEORETICAL BACKGROUND

In SAR imaging, sripmap, spotlight and inverse modes are frequently used. For stripmap mode, it is typically
used in scanning large areas. For spotlight and inverse modes, they are used in generating the highest resolution
SAR images. In this research work, stripmap SAR imaging was selected.
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Figure 1: Stripmap of SAR imaging

In stripmap SAR imaging mode, range () represents the forward-looking direction of a radar. While the cross-
range (r;) represents the direction perpendicular to the range direction. Schematic configuration of stripmap
SAR imaging is illustrated in Figure 1. For SAR imaging sensing, it is based on backprojection algorithm. As
shown in Figure 1, at each location of imaging radar, the incident wave with an unit amplitude is defined as'!

winc(f) = % : eXpiEi - (1)

where k; = k;p& — kiyy — the incident wave vector, ¥ — the relative position from the radar to any obser-
vation position, ¢ = imaginary number. Both & and ¢ are unit vectors in a Cartesian coordinate system. The
configuration of scattered wave and configuration of incident are illustrated in Figure 2. The scattered wave from
scatter j at 7; but observed at 7 is given in Eq.(2):
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Figure 2: Scattering of N points scatters

where s; = s,(7, kAl) — the scattered amplitude at scatter j due to an incident wave at k; observed at 7. When the
interaction between scatters is neglected, the total scattered field from N scatters but observed at 7 is summed as
the scattered fields from all scatters. According to two-dimensional Fourier transform (FT), a sliced projection
in domain 2, is described as:
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Peoar(7) = 223 |(_|) - exp (k| — 75]) - Gine(7) (3)
where kg = kgpd + ksyy = the scattered wave vector, k= —k; happens when radar works as a monostaic mode.

Since k = w/c and 0 = 0; = tan~'(k;y/kiz), the Eq.(2) can be rewritten as:
_ Se r 2 )
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The one-dimensional (1D) inverse FT (IFT) is used to produce sub-images in backprojection algorithm. But

the final image is generated through the summation of all sub-images. The scattering response in sub-images is
expressed in the following equation:

P(v,0) = / / dw(w — we, 0)|w — we| - exp(—iwv) (5)
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where v= spatial variable of 1D IFT projection. When transforming the local 1D IFT coordinate (v, P(v, 6))
to global polar coordinate (7, ¢), v is written in the following form.

v =rcos(¢p—0s) (7)

To improve image quality, the transformation from P(v, ) to P(r cos(¢ — 0)) is required, which is associated
with upsampling. Thus, the final backprojection image is the integral of sub-images along the entire synthetic
aperture:

Oint/2
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Therefore, the final version of backprojection SAR image amplitude I(r,r;) in range-cross-range plane is ex-
pressed in the following
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where h = a matched filter, ¢ = time, ¢ = the velocity of light, A = wavelength, A = a function accounting
for antenna pattern, processing gain and the range spreading loss, R, = maximum cross-range, S = scattering
amplitude, a = the two-way amplitude azimuth antenna pattern, Ry = range location of the radar and F = a
focusing function.

3. EXPERIMENTATION
3.1 Specimen preparation

Purchased long steel rebars were cut into small pieces at a length of 15 in. Surface rust on the steel rebar was
first cleaned by a steel brush. Figure 3 shows the rebars used in our experiment.
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Figure 3: Rebars preparation for the experiment

3.2 Instrument introduction
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Figure 4: Imaging radar system

The imaging radar system consists of three parts: a radar sensor, a positioner and a desktop personal
computer. The radar sensor has a signal generator, a radar antenna and a power supply. With the help of a
biaxial positioner, the radar can move both in vertical and horizontal directions at a given step increment. The
frequency range and the bandwidth of the radar system are 8-18 GHz and 4 GHz, respectively. Figure 4 shows
the imaging radar system.



3.3 Experimental procedure

In this experiment, the range and cross-range of the SAR, were set to be 60 cm and 80 cm, respectively. A single
rebar was investigated first. The rebar was placed in front of the radar sensor. To avoid noise effect, SAR images
were collected inside an anechoic chamber. Figure 5 shows the experiment setup of single steel rebar.

(a) (b)

Figure 5: Single steel rebar setup: (a) single rebar located in front of radar, (b) the experiment setup

To explore the rebar spacing effect, a rebar frame was fabricated. This rebar frame was bonded by a cotton
string, whose dielectric constant was approximate to 1 (aviod noise effect).!'? The rebar spacing of the frame was
adjustable. Five rebar spacings (12.7 cm (5 in.), 17.78 ¢cm (7 in.), 22.86 cm (9 in.), 27.94 cm (11 in.), and 33.02
cm (13 in.)) were considered in our experiment.

4. RESULTS AND FINDINGS
4.1 Single rebar investigation

Before investigating the effect of steel rebar spacing on SAR images, the pattern of single rebar SAR images was
first studied. Figure 6 shows the configuration and its corresponding SAR image at 60-cm range. In Figure 6,
a strong scatterer centered at range = 60 cm and cross-range = 40 cm was reconstructed by the SAR imaging
algorithm. This strong scatterer indicated the integrated specular return of a steel rebar at range 60 cm. The
shape (distribution of SAR amplitudes) of the scatterer was related to rebar geometry. Adjacent to the strong
scatterer, few ring-shape secondary scatterers were also reconstructed, representing multiple reflections between
the steel rebar and the radar antenna. Local maximum SAR amplitudes on each cross-range were indicated by
a curve in Figure 6 (b). Furthermore, it was observed that the local maximum SAR amplitudes near the center
of strong scatterer are less fluctuating. This is due to the geometric scattering effect of a round-shape cylinder
(steel rebar). Average range of local maximum SAR amplitudes was calculated by
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n

(10)

Tavg =

where r; = the range value of local maximum SAR amplitude at cross-range 4, and n = total number of local
maximum SAR amplitudes. In this case, the average range of Figure 6 (b) was 60.625 cm with a 1.04% error.
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Figure 6: (a) Schematic configuration of a single rebar, (b) single rebar SAR image
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Figure 7: Contour areas vs. amplitude

The strong scatterer in Figure 6 (b) was also analyzed by studying the pattern of SAR amplitude distribution
or contours at various SAR amplitudes. It was observed that the contour area of SAR amplitudes decreases with
the increase of SAR amplitudes. An empirical model was developed as follows.

A(I) = 263.3 — 1.761 (11)

where A(I) = contour area (¢cm?), and I = SAR amplitude. The coefficient of determination of Eq.(11) was
0.997. Figure 7 illustrates the performance of Eq.(11). The contour area at different amplitudes is given in Table
1.



Table 1: Contour area at different amplitudes

Amplitude, I | Contour area, A (cm?)
80 120
85 112.2
90 104.1
95 95.9
100 87.6
105 79.2
110 70.6
115 62.2
120 54.0
125 45.8
130 36.7
135 27.4
140 15.9
145 5.7
147 0.5

4.2 Rebar spacing investigation

In the study of steel rebar spacing, an apparatus made of two steel rebars was used, as shown in Figure 8 (a). The
center-to-center distance between two steel rebars was quantified by rebar spacing denoted by d. SAR images

of the two rebar apparatus at five rebar spacings were collected, as shown in Figure 8 (b) to (f).
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Figure 8: SAR images at different rebar spacing: (a) Schematic configuration of two rebars (b) d; = 12.7 cm (5
in.), (c) do = 17.28 cm (7 in.), (d) d3 = 22.86 cm (9 in.), (e) dy = 27.94 cm (11 in.), (f) d5 = 33.02 cm (13 in.)

(b) to (f), similar pattern of scatterers was found with enhanced ring-shape secondary scatterers representing
multiple reflections from i) between steel rebar and radar antenna (rebar-antenna reflection), and ii) between steel



rebars (rebar-rebar reflection). Also in Figure 8 (b) to (f), it was found that secondary scatterers representing
rebar-antenna reflections basically maintains their pattern at various rebar spacings. Other secondary scatterers
representing rebar-rebar reflections were amplified by the decrease of rebar spacing as expected.
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Figure 9: (a) SAR image at rebar spacing d4y = 27.94 cm (11 in). (b) definition of cross-range coordinate
difference Ar, at dy = 27.94 cm (11 in.)
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Figure 10: Actual rebar spacing vs. measured cross-range coordinate difference

In order to use SAR images for estimating steel rebar spacing in this research, cross-range coordinate difference
Ar, was defined and used. Cross-range coordinate difference Ar, was defined by the distance between two local
maximum SAR amplitudes on the cross-range axis. In Figure 9 (a), the SAR image of 27.94 cm (11 in.) rebar
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Figure 11: Maximum amplitude vs. actual rebar spacing

spacing is shown. Extracted from Figure 9 (b), a SAR curve at 60 cm range is provided. In Figure 9 (b),
cross-range coordinate difference Ar, is calculated by finding the distance between two local maximum SAR
amplitudes. Figure 11 illustrates the maximum amplitude at difference rebar spacings. The highlighted points
in Figure 11 are used to calculate the cross-range coordinates.

The cross-range coordinate difference values of all SAR images at five rebar spacings were determined as
shown in Figure 10. A linear empirical model was developed for relating cross-range coordinate difference Ar,
to steel rebar spacing d, also shown in Figure 10. Eq. (12) provides the expression of this empirical model.

Ar,(d) = 1.05d + 0.806 (12)

where d = determined rebar spacing (cm), Ar, = cross-range coordinate difference (cm) and the coefficient
of determination of Eq.(12) was 0.99. To use information from SAR images for estimating actual steel rebar
spacing, Eq. (12) was re-arranged into Eq. (13).

d(Ar,) = 0.95Ar, — 0.77 (13)

Eq. (13) represents the empirical model for estimating actual steel rebar spacing d by using cross-range coordinate
difference Ar, from SAR images.

Table 2: Actual rebar spacing, measured cross-range coordinate difference and their corresponding error

Actual rebar spacing (cm) | Measured cross-range coordinate difference (cm) | Error (%)
d; =12.70 13.63 7.40
dy = 17.78 20.47 15.07
ds = 22.86 24.05 8.49
dy = 27.94 29.76 4.29
ds = 33.02 35.94 8.90




5. CONCLUSION

This paper reports our experimental study on the SAR images of single rebar specimen and two-rebar specimen
with various rebar spacings (12.7 cm (5 in.), 17.78 cm (7 in.), 22.86 cm (9 in.), 27.94 cm (11 in.), and 33.02 cm
(13 in.)). In the single rebar imaging result, it is found that contour area linearly decreases with the increase
of SAR amplitude. In the two-rebar imaging result, the rebar-antenna reflection is not affected by the change
of rebar spacing in the SAR images of the two-rebar specimen. On the other hand, the rebar-rebar reflection is
enhanced by the decrease of rebar spacing. The center-to-center distance in SAR images of two-rebar specimen
can be used to predict actual rebar spacing. An empirical model is proposed to estimate actual steel rebar
spacing, using SAR imaging.
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