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Abstract

This study aims at evaluating reinforced concrete (RC) bridge elements using ultrasonic pitch and catch (UPC) non-
destructive testing (NDT) technique. A validation reinforced concrete slab with two embedded layers of rebars and
artificial defects (voids, honeycombs, and debondings) was designed and tested. A commercial UPC NDT device
(hereafter called “UPC device”), which is based on the ultrasonic shear-wave test method using dry-point-contact
transmitting and receiving transducers in a “pitch-catch” configuration, was used to map internal defects of the
validation RC slab. The recorded data from the UPC device was analyzed using a modified synthetic aperture
focusing technique (SAFT). A software was developed to reconstruct 2-D images of the RC slab cross-sections using
novel signal filtering and processing techniques. The results revealed that the 2-D image reconstructed from the
developed software accurately exhibited locations and horizontal dimensions of the steel rebars, voids, and
debondings. In addition, the developed software was capable to provide much higher resolution and sharper
images of the anomalies inside the RC slab compared to the UPC device’s proprietary imaging software.

Keywords: Ultrasonic pitch and catch (UPC), Reinforced-concrete slabs, Artificial defects, Voids, Honeycombs,
Debondings, Modified SAFT (synthetic aperture focusing technique), Signal filtering and processing

Introduction
According to the 2017 infrastructure report card,
America’s infrastructure (e.g., bridges, rail, roads, dams
and levees, transit, energy, and aviation) was rated D+,
which is interpreted as poor to fair conditions. This rat-
ing poses a serious concern as a large portion of the na-
tion’s infrastructure exhibited significant deterioration
with a strong risk of failure. For bridge structures, ap-
proximately 40% of the total 614,387 bridges in the
United States is equal to or over 50 years old. In 2016,
about 9.1% of the nation’s bridges (56,007 bridges) were
structurally deficient (i.e., bridges that require significant
maintenance, rehabilitation, or replacement) and 13.6%

of the U.S. bridges were considered functionally obsolete
(i.e., bridges that have the low load-carrying capacity and
do not meet current engineering standards/specifica-
tions). The federal government estimates that $123
billion are required to address the nation’s backlog of
bridge rehabilitation projects [4]. Proper inspection,
maintenance, rehabilitation, or replacement of these
bridges, therefore, play critical roles in the nation’s econ-
omy and to the safety of the traveling public.
Visual inspection is known to be a fast, convenient,

inexpensive, versatile, and simple testing technique for
in-situ inspection of concrete structures. It, however,
typically limits the inspector to examine anomalies/de-
fects/discontinuities on the surface only and rely heavily
on subjective assessments, which may significantly differ
from one inspector expert to another [13, 26]. Accord-
ingly, more reliable, rapid, and cost-effective testing
methods are necessary to optimize the rehabilitation and
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maintenance of structures. Advanced non-destructive
testing and evaluation (NDT & E) techniques appear to
be great solutions to address these deteriorated bridges,
as they can facilitate fast, cost-effective, efficient, rapid
data collection, and reliable condition assessment of
existing structures. These techniques are also becoming
increasingly important given the facts that they can be
carried out without significant detriment to bridge struc-
tures and potentially without the need for traffic inter-
ruptions [6, 22]. This study aims at utilizing the NDT &
E method to assess current conditions of concrete bridge
components such as reinforced-concrete slabs.
Imaging of concrete structures can be performed by

one or combinations of the following major NDT & E
techniques: electromagnetic based (e.g., ground penetrat-
ing radar, infrared thermography, and radiography) and
stress-wave based (e.g., impact echo and ultrasonic pulse
velocity). Each NDT & E technique has its own advan-
tages and limitations [1]. For example, ground penetrat-
ing radar (GPR) with high-frequency antenna (usually
higher than 900MHz) can obtain strong signal reflec-
tions from embedded objects (a.k.a. inclusions) in con-
crete structures. The thermographic testing method can
generate a rapid mapping of large surface areas, but it is
susceptible to temperature fluctuations and requires a
highly uniform heat source.
The ultrasonic technique (a.k.a. acoustic-based

method) is the most applied imaging methods in
medicine and has been used successfully for many
years to evaluate metallic and composite materials
[15, 23]. First tests on concrete specimens using the
ultrasonic (UT) methods began in the early 1990s.
Presently, major practical applications of the UT
methods for concrete structures include: (1) To meas-
ure the compressive strength, elastic modulus, and
thickness [14, 21] (2) To locate rebars and tendon
ducts ([20]); and (3) To detect inclusions in concrete
structures [15, 24, 25]. According to [22], the
acoustic-based UT shear-wave tomography technique
can provide 2D and/or 3D visualizations of concrete
structures with ease, speed, and efficiency and it
would be preferred for imaging concrete structures.
Two-sided UT testing methods require the coupling of

transmitters and receivers in two sides of structures with
couplants and gels, which may not be applicable in the
field because of limitations in physical coupling and sur-
face preparation [23]. Further, the UT wave is attenuated
when propagating through a large concrete structure,
and small inclusions cannot be captured [7]. One-sided
UT array technology can overcome the shortcoming of
the two-sided UT techniques. Several techniques were
developed, such as the phased array ultrasonic testing
(PAUT) and the UT pitch-catch method. The main dif-
ferences between the two methods are transducer

configurations and field applications as discussed in the
next paragraphs.
Phased array technology uses a matrix of multiple sin-

gle transducers (up to 128 transducers) into one probe
and electronic time delays to create UT beams that can
be steered, scanned, swept, and focused electronically for
fast inspection, full data storage, and multiple angle in-
spections [9]. The most common application of PAUT is
weld inspections [3], and a generic examination would
be looking for flaws oriented parallel to the weld centre-
line [9]. In addition, PAUT also applied for mapping
corrosion for steel bridges and ancillary structures [17].
Limited applications of PAUT method for concrete
structures were found in the literature [18].
The UT pitch-catch method has been developed to de-

tect inclusions in full-scale reinforced concrete struc-
tures [7]. The dry-point-contact transducer array unit is
available to overcome the UT contact problems (i.e., dif-
ficulty of preparing the surface to the required condi-
tion), make it possible to test the concrete structures
with minimal surface preparations. The commercially-
available UPC device (Fig. 1) is a low-frequency ultra-
sonic shear-wave tomography device that can be used to
image the subsurface concrete condition in a matter of
few seconds. The measurement unit of the UPC device
composes of 48 dry-point-contact (DPC) transmitting
and receiving transducers (with ceramic wear-resistant
tips) arranged in a matrix antenna array with 12 chan-
nels (channels C1 through C12 as shown in Fig. 1b) at a
longitudinal spacing of 30 mm; each channel is com-
posed of four transducers at a transverse spacing of 25
mm (Fig. 1b). The use of the DPC transducers allows in-
spection/testing on a rough and uneven surface without
surface preparation [19]. Besides, couplant, a liquid ma-
terial that uses to facilitate the transmission of ultrasonic
energy from the transducer into the test object, is not re-
quired for this UPC device. This is due to the fact that
the DPC transducers can overcome the large acoustic
impedance mismatch between air and solids (i.e., the test
object).
Figure 2 shows the basic principles of the UPC device.

It is based on the ultrasonic pulse-echo method using
transmitting and receiving transducers in a “pitch-catch”
configuration (Fig. 2a). In the pitch-catch method, one
channel Ci (i ∈ [1 : 11]) acting as a transmitter emits
shear-wave pulse into the test object, and the other
channels Cj (j ∈ [(i + 1) : 12]) sequentially act as a receiver
picking up direct and reflected pulse (a.k.a. echo) [16].
As a result, the 1st channel only acts as a transmitter
while the 12th channel always serves as a receiver. For
example, Fig. 2b shows the first channel acting as the
transmitter and other channels acting as receivers while
Fig. 2c exhibits the second channel as the transmitter
and other channels (except the first and second
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channels) as receivers. Based on this principle, there are
a total of 66 transmitting-receiving pairs or 66 data ar-
rays for each B-scan. The depth of the reflecting inter-
face (i.e., defects, anomalies, discontinuities,
irregularities, etc.), Z, can be calculated by Eq. 1.

Z ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Cs

Δt
2

� �2

− X2

s
ð1Þ

where Cs = shear-wave speed; Δt =measured travel time;
X = horizontal spacing between the first channel and the
test location (Fig. 2a).
Synthetic aperture focusing technique (SAFT), a digital

signal processing method for ultrasonic testing, is used
to reconstruct 2-D images of the interior of the test ob-
ject (i.e., the RC slab in this study) at the test location.
SAFT was originally developed in the early 1970s based

on synthetic aperture airborne radar systems [10]. Its al-
gorithm numerically superimposes pulse-echo signals
measured at several positions, thus structural noise is
suppressed by spatial superposition and resulting in a
high-resolution image [25].
Hoegh et al. [12] investigate assurance/quality control

of concrete pavements using the UPC device. Results of
multiple field trials indicated that the UPC device is cap-
able of determining concrete pavement thickness and lo-
cations of reinforcements. The results also showed that
this device is adequate to detect flaws such as delamin-
ation and degradation at pavement joints. Although the
commercially-available UPC device comes with data in-
terpretation proprietary software (that uses the synthetic
aperture focusing technique), it is necessary to
emphasize the importance of developing an automated
data interpretation process for broader applications. This

Fig. 1 Commercially-available UPC device. a Front panel of the UPC device. b 48 low-frequency DPC transducers
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automation process can eliminate the need for special-
ized and experienced/expertise users and result in the
productivity of data interpretation.
Bishko et al. [5] present field applications of the UPC

device for concrete testing. Advanced methods of com-
puter tomography and SAFT algorithm were used for
signal processing. The authors concluded that the UPC
device can be applied for detection and size/location es-
timations of different objects inside concrete such as
ducts, rebars, delaminations, air hollows, etc. Although
the SAFT algorithm employed in the UPC device’s pro-
prietary imaging software is based on a modified SAFT
(known as SAFT-Combinations or SAFT-C) to enhance
the signal-to-noise ratio and image resolution [2], it has
limited the application of the UPC device because
single-layer homogeneous medium (e.g., concrete) and
constant shear-wave velocity have been assumed. In
practice, bridge components such as bridge decks in-
clude multiple-layers of overlays of different materials
with varying shear-wave velocities. As a result, the pro-
prietary software may underestimate or overestimate in-
formation on the multi-layer bridge deck (e.g., depth,
thickness, internal defects) [16]. Also, the Hilbert

transform used in the signal processing by the propri-
etary software may result in an inaccurate presentation
of reflected waves at the backwalls or discontinuities
(i.e., misleading information on the tested components).
This study aims at developing inhouse software with a
modified SAFT algorithm (more effective than the ori-
ginal SAFT and the afore-mentioned SAFT-C algo-
rithms) and proposes a novel signal filtering method for
accurate predictions (e.g., locations and dimensions) of
internal defects of reinforced concrete slabs.

Developed software
Computer code with a fully graphical interface (written
in Borland Delphi) was developed to overcome the
shortcoming of the current commercial UPC device’s
proprietary software for ultrasonic imaging of concrete
structures. The most significant advantages of the in-
house developed software include 1) developed a new
procedure to calculate the approximate shear-wave vel-
ocity in a media using direct arrival time from each
measurement pairs; 2) produced a single panoramic re-
construction from multiple overlapping scans by using a
superposition algorithm; 3) proposed novel signal

Fig. 2 Basic principles of the UPC device. a Transmitting and receiving transducers in a “pitch-catch” configuration. b The first channel of
transducers transmitting signals and subsequently receiving by other channels. c The second channel of transducers transmitting signals and
subsequently receiving by other channels
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filtering and processing (i.e., sharp and high-resolution
reconstructed images of the embedded objects are ob-
tained with the images synthesized from the ultrasonic
linear array); 4) determined the embedded object in the
RC structure from signal amplitudes obtained on vertical
and horizontal sections of the 2D reconstructed image
that reveals information on dimensions and exact loca-
tions of the embedded objects.

Modified SAFT (synthetic aperture focusing technique)
In the ultrasonic pitch and catch (a.k.a. pulse-echo)
method, travel time from transmitter to receiver and
amplitude of pulses reflected at an object embedded in
the concrete structures are measured. Synthetic aper-
tures focus the signal amplitude to any point in the sam-
pling area of large transducers by coherent
superposition. Initially, the synthetic aperture focusing

technique (SAFT) is developed to interpret signals with
transmitting and receiving at the same location. This
technique also can be applied for an array of transmit-
ters and receivers located at different locations. Two-
dimensional (2D) SAFT is obtained from the linear aper-
ture and represented by a B-scan cross-section. A three-
dimensional (3D) SAFT is synthesized from the planar
synthetic apertures of two perpendicular directions, such
as B-scan and A-scan.
In this study, the original SAFT is modified and im-

proved to interpret signals from transmitting and receiv-
ing transducers located at different locations on one side
of the concrete component. In an ultrasonic linear array
of transmitting and receiving pair, the impulse respect to
a travel time represents response characteristics of posi-
tions in the media that have the same travel-path length.
Synthesizing the overall signal produces a reconstructed

Fig. 3 Three overlapping B-scans and their combination. a RC slab and embedded rebars. b The first scan. c The second scan. d The third scan. e
Combined overlapping scan
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image referred to as a SAFT B-scan. The relationships
between the synthesized signal and the ultrasonic linear
array are given in the following equations:

gij ¼
XN − 1

t¼1

XN

r¼tþ1
A xt ; xe; xi; zkð Þϕtr xi; z j

� � ð2Þ

ϕtr xi; z j
� � ¼ s xt; xr;

1
c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xi − xtð Þ2 þ z2j

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xi − xrð Þ2 þ z2j

q� �� �

ð3Þ

where gij is synthesized impulse at each position within
the region of interest (ROI); i and j are horizontal and
vertical indexes of a position in the ROI; N is number of
transducer channels; t and r are indexes of the transmit-
ting and receiving transducers; xt and xr are horizontal
coordinates of the transmitting and receiving

transducers; xi and zj are horizontal and vertical coordi-
nates of a position in the ROI with the ith and jth in-
dexes; ϕtr and s is a function of the magnitude of the
impulse at an evaluated time; and A is the apodization
factor expressed as follows:

A xt ; xe; xi; zkð Þ ¼ αt xt ; xi; zkð Þαr xr; xi; zkð Þ ð4Þ

αt xt ; xi; zkð Þ ¼ z jffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xi − xtð Þ2 þ z2j

q ð5Þ

αr xr; xi; zkð Þ ¼ z jffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xi − xrð Þ2 þ z2j

q ð6Þ

where: αt and αr are cosines of the angles between travel
paths and vertical lines at the locations of transmitting

Fig. 4 Details of the RC slab specimen. a Locations of artificial voids, debondings, and honeycombs. b Schematic view

Zatar et al. Journal of Infrastructure Preservation and Resilience            (2020) 1:12 Page 6 of 13



and receiving transducers, respectively. The above equa-
tions allow for eliminating the direct arrival impulse (i.e.,
reduction of the impulse near the surface, where zj is
negligible).
To cover for a large ROI, multiple overlapping scans

are combined into a single panoramic reconstructed
image. The scans are conducted at equal spacings in the
direction along the aperture of the linear array. In this
case, all impulses from the individual scan are accumu-
lated according to their physical locations. The ampli-
tude of the impulse, Gij, is determined from the
individual impulse as the following equation:

Gij ¼
XM

m¼1
gmij ð7Þ

where M is the number of overlapping scans; m is the
index of a scan.
The Hilbert transform focuses the instantaneous amp-

litude within the ROI to change in acoustic impedance
that can obtain high reflectivity in reconstruction for the
location of the embedded objects. However, it cannot
distinguish rebars and voids when they appear in the
same form in the reconstructed image. Therefore, in this
study, the Hilbert transform is dismissed for detecting
not only the location but also the characteristics of em-
bedded objects in the RC structure.
Figure 3 demonstrates the SAFT panoramic algo-

rithms, which three overlapping B-scans of two rebars

(embedded in a 178 mm thick concrete slab and with
125 mm spacing) are combined. The scans were con-
ducted from left to right with a spacing of 50 mm, as
shown in Fig. 3b-d. The overlapping scans were then
combined using Eq. 7 and the resulting reconstructed
image is presented in Fig. 3e. All scans show high-
intensity reflections (dark-red color) at the rebar loca-
tions and slab bottom (i.e., backwall reflection). This
example proved that the proposed algorithm effectively
reconstructs the visualization image from multiple over-
lapping scans.

Experimental program
Specimen preparation and details
To validate the effectiveness of the inhouse developed
software, a reinforced concrete (RC) slab was designed
with two layers of #5 steel rebars and artificial defects
(Fig. 4). Overall dimensions of the RC slab were 114.3 ×
121.9 × 17.8 cm (width × length × thickness). The artifi-
cial defects embedded in the RC slab included honey-
combs, voids, and debondings. The honeycombs were
made of cobbles and low-grade mortar. Expanded poly-
styrene (EPS) foam was used to represent the artificial
voids as it had the same dielectric properties as air. Two
sizes of honeycombs and voids were prepared: small and
large sizes with dimensions of 102 × 203 × 30 mm and
305 × 203 × 30mm (width × length × thickness), respect-
ively. The rebars were wrapped around by thin plastic

Fig. 5 Data collection on the RC slab using the UPC device
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film to represent artificial debondings of the rebars. The
diameters of the plastic-wrapped rebars were varied be-
tween 17.8 mm and 27.9 mm (Fig. 4a). Ready-mix con-
crete from in-transit mixers was used for the casting of
the RC slab. The slab specimen was then cured and
tested in laboratory conditions.

Data collection and acquisition
The data collection was performed in both horizontal
and vertical directions with equal spacing of 50 mm
(Fig. 5). A total of 420 data points (corresponding to the
grid point locations in Fig. 5) were collected on the val-
idation RC slab. The operating frequency was set to a
default value of 50 kHz while the shear-wave velocity
was set to be determined by actual measurements. By
turning on the “using the measured velocity” option, the
time for the pulse travel through the device (a.k.a.
“delay” time) is automatically measured (in microsec-
onds). Table 1 lists the key parameters of the device
used for the data collection. Detailed descriptions are
provided for each parameter. It should be noted that the
shear-wave pulse velocity of 2450m/s was assumed for
concrete and this value was used in SAFT reconstruction
by the device.

Results and discussions
The signal amplitudes for the reconstructed image of the
concrete slab obtained from SAFT without applying the
Hilbert transform can be positive and negative values
and mapped in a color range from black (minimum
negative to zero) to dark red (maximum positive), as
shown in Fig. 6. The color spectrum is defined in Fig. 6
with “dark” designates black to blue colors and “bright”
indicates light-blue to dark-red colors. Figure 7 exhibits
the 2D B-scan reconstructed images using the in-house
developed software for the detection of rebars, artificial
debondings, and voids embedded in the RC slab.
The bottom of the concrete slab (a.k.a. backwall reflec-

tion) has a clear polarized bright-dark pattern with a
bright-color strip on top and dark-color strip

underneath, as shown in Fig. 7. The backwall reflection
can also be determined from the positive-negative wave-
form pattern (Fig. 7b). The thickness of the concrete slab
can be approximated by the depth of the positive peak
of the signal amplitude. The calculated thickness of the
concrete slab (based on the reconstructed images)
ranges from 182mm to 191 mm, which is approximately
2.2%–7.3% higher than the design thickness of the slab.
These discrepancies may be caused by the uneven sur-
face of the RC slabs. Similar observations were reported
by other researchers [8, 23].

Fig. 6 Color spectrum for signal amplitudes

Table 1 Key parameters of the UPC Device [19]

Parameter Unit Value Description

Color gain dB 10 The brightness of the reconstructed B-scan image

Analog gain dB 20 Amplification applied to the receiving transducer signals

Operating
frequency

kHz 50 Center frequency of transmitted pulse; varied between 25 to 85 kHz depending on material and depth of test object;
50 kHz is recommended as default value

Velocity m/s 2450 Manually entered shear-wave speed for use in SAFT reconstruction

Delay μs 22 Time for pulse to travel through the device

Image quality – High From low to high

Horizontal step mm 50 Horizontal spacing of grid points

Vertical step mm 50 Vertical spacing of grid points

dB decibel
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In Fig. 7a, the first layer of the fully bonded rebars
(i.e., rebars without the thin plastic wraps) are highly vis-
ible in the reconstructed image (i.e., areas with bright
color and dark shadows above). Locations of rebars can
be determined not only from the reconstructed images
but also from the signal amplitudes either in vertical or
horizontal directions. In the vertical direction (Fig. 7c),
the rebar is represented by a waveform with a minimum
peak followed by a maximum peak. This waveform usu-
ally appears when the ultrasonic wave reflects from
higher density inclusions such as rebars embedded in
the concrete. The depth of the rebar is equal to the

mean value of those two-peak coordinates that can pro-
vide an excellent approximation to the measured depth.
The rebar locations in the horizontal direction are ac-
curately identified based on peak amplitudes of the
waveform (refer to circular marks on the horizontal sec-
tion of the 2D reconstructed image as shown in Fig. 8).
The rebars in the second layer are not obviously ob-
served in the reconstructed image because of the signal
lost due to reflection from the first layer and attenuation
(Fig. 7a). However, these rebars have a similar waveform
pattern as the rebars in the first layer. Locations of the
second-layer rebars can be determined based on the

Fig. 7 2D reconstructed image of backwall and fully-bonded rebars. a 2D reconstructed image at the location of the fully bonded rebars (refer to
section 1–1 in Fig. 4a). b Backwall reflection at section A-A (refer to Fig. 7a). c Amplitude versus depth relationship at the location of a fully-
bonded rebar (refer to section B-B in Fig. 7a)
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waveform pattern, although the peaks of the signal am-
plitudes of the second-layer rebars are lower than those
of the first-layer rebars (Fig. 7c). The rebars near the
edges of the concrete slab appear in different sizes and
shapes in comparison with the interior rebars. It can be
observed that those rebars are located in areas with
fewer scans causing limited aperture effects [11]. Finer
scan spacings near the edges of the RC structure is thus
recommended to overcome the reconstructed 2D
images.

The artificial debonded rebars (i.e., rebars wrapped
with thin plastic films of varying thicknesses, as shown
in Fig. 4) are detected with absolutely different patterns
in comparison to those of the fully-bonded rebars. The
reflection amplitude from a debonded rebar has a se-
quential form of bright-dark-bright pattern (Fig. 9a) or
positive-negative-positive waveform (Fig. 9b) in the ver-
tical direction. This phenomenon occurs when the ultra-
sonic shear wave reflects from an object embedded in
the concrete slab with a higher density wrapped by a

Fig. 9 2D reconstructed image of artificial debonded rebars. a 2D reconstructed image at the location of the artificial debonded rebars (refer to
section 2–2 in Fig. 4a). b Amplitude versus depth relationship at the location of an artificial debonded rebar (refer to section D-D in Fig. 9a)

Fig. 8 Amplitude versus horizontal coordinate relationship at the location of the first-layer rebars (refer to section C-C in Fig. 7a)
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thin layer of lower density than concrete material that
helps to identify the debonded rebars. The location of
the debonded rebar is likely at the center of the dark
spot in the bright-dark-bright pattern area (Fig. 9a) or
negative amplitude region (Fig. 9b). The reflected waves
of the debonded rebars are in contrast with the fully-
bonded rebars. This result implies that the thickness of
the plastic-wrapped layer of the debonded rebars has

effects on the reflected wave. It is observed that the
thickness of the debonded rebars is decreasing from left
to right based on the size of dark spots in the bright-
dark-bright pattern areas (Fig. 9a).
Figure 10a shows the reconstructed image obtained

from the developed software with a precise indication of
the locations and horizontal dimensions of the artificial
voids. As discussed earlier, when the ultrasonic shear

Fig. 10 2D reconstructed image of artificial voids. a 2D reconstructed image at the location of the artificial voids (refer to section 3–3 in Fig. 4a).
b Amplitude versus depth relationship at the location of an artificial void (refer to section E-E in Fig. 9a). c Amplitude versus horizontal coordinate
relationship at the location of artificial voids and fully-bonded rebars (refer to section F-F in Fig. 9a)
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wave reflects from a lower density material, the wave-
form has a dark-bright pattern or positive-negative peak
sequence in the vertical direction (Fig. 10b) as a
recognizable sign of the void. Horizontal dimensions of
the void 1 (V1) and void 2 (V2) was 113 mm and 325
mm, respectively, which was determined based on the
maximum breadth of the positive signal amplitude area
(Fig. 10c). For all artificial voids, the maximum discrep-
ancy between the prediction and the actual measure-
ment (Fig. 4a) of the horizontal dimensions is
approximately 6.5%.
The honeycombs, which were made of cobbles and low-

grade mortar, could not be detected by the UPC device.
This may be attributed to the fact that the simulated cav-
ities in the honeycombs are too small and/or the densities
of the honeycombs are similar to the concrete material.
As a result, the honeycombs are not visible as the signal
amplitudes of the honeycombs are almost comparable to
the amplitudes of the surrounding concrete.

Figures 11 shows 2D images obtained from the UPC
device’s proprietary software for the fully-bonded rebars
and artificial debonded rebars & voids. In general, the
software provides fairly good visualization of the embed-
ded objects in terms of their locations and horizontal di-
mensions. However, by applying the Hilbert transform,
the images of the embedded objects are much bigger
than their actual measured dimensions in the vertical
direction. Additionally, the proprietary software cannot
recognize the fully-bonded rebars as well as the
debonded rebars since they have a comparable color
spectrum, as shown in Fig. 11a-b.

Conclusions and future works
This study presents a methodology based on an improved
ultrasonic synthetic aperture focusing technique (SAFT)
to reconstruct images of reinforced-concrete slabs. Com-
puter software with a fully graphical interface was devel-
oped to overcome the shortcoming of the current

Fig. 11 2D image obtained from the UPC device’s proprietary software . a 2D image at the location of the fully-bonded rebars (refer to section
1–1 in Fig. 4a). b 2D image at the location of artificial debonded rebars (refer to section 2–2 in Fig. 4a). c 2D image obtained at the location of
artificial voids (refer to section 3–3 in Fig. 4a)
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commercial ultrasonic pitch and catch (UPC) device’s pro-
prietary software for ultrasonic imaging of concrete struc-
tures. The developed software was effectively visualized
the embedded objects in the concrete slab including fully-
bonded rebars, and artificial debonded rebars and voids.
The results reveal that rebars and different types of defects
can be interpreted based on specific patterns of the color
spectrum and waveform in the vertical direction. The
fully-bonded rebar is represented by a waveform with a
minimum peak followed by a maximum peak, while wave-
forms of the artificial voids are reversed. The proposed
method reveals that the reflection amplitude from a
debonded rebar has a sequential form of bright-dark-
bright pattern or positive-negative-positive waveform.
The UPC is proved to be an excellent non-destructive

testing technique for the accurate evaluation of concrete
structures. However, the data collection process is usu-
ally labor-intensive and time-consuming (depending on
the finest of the scanning grids as well as the tested/sur-
vey areas). Our future study will focus on developing a
climbing robot to automate the data collection process.
The developed software will also be improved and ex-
tended to provide real-time visualization of concrete
structures. With the developed software and the auto-
mated data collection, the inspection of constructed fa-
cilities can be facilitated.
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