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Abstract Accurate condition assessment and monitoring of
concrete bridge deck deterioration progression requires both
use of multiple nondestructive evaluation (NDE) technolo-
gies and automation in data collection and analysis. RABIT
(robotics assisted bridge inspection tool) for bridge decks
enables fully autonomous data collection at rates three or
more times higher than it is typically done by a team of five
inspectors using manual NDE technologies. The system
concentrates on the detection and characterization of three
most common internal deterioration and damage types: rebar
corrosion, delamination, and concrete degradation. For that
purpose, RABIT implements four NDE technologies: elec-
trical resistivity (ER), ground-penetrating radar (GPR),
impact echo (IE) and ultrasonic surface waves (USW)
method. High productivity and higher spatial data resolution
are achieved through the use of large sensor arrays or mul-
tiple probes for the four NDE methods. RABIT surveys also
complement visual inspection by collecting high resolution
images of the deck surface, which can be used for crack
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mapping and documentation of deck spalling, previous
repairs, etc. The NDE technologies are used in a comple-
mentary way to enhance the overall condition assessment,
certainty regarding the detected deterioration and better
identification of the primary cause of deterioration. RABIT’s
components, operation, field implementation and validation,
as well as future integration with a robotic platform for
minimally invasive rehabilitation, are described.
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1 Introduction

Federal highway administration’s (FHWA’s) long term
bridge performance (LTBP) Program has as an overarching
objective to collect and manage high-quality quantitative

Ali Maher
mmaher @rci.rutgers.edu

Rutgers, The State University of New Jersey, 96
Frelinghuysen Rd, Piscataway, NJ 08854, USA

Ajou University, Sanhakwon 712, 206 Worldcup-ro,
Yeongtong-gu, Suwon-Si, Gyeonggi-do 16499, Republic of
Korea

Rutgers, The State University of New Jersey, 100 Brett Rd,
Piscataway, NJ 08854, USA

Department of Architectural Engineering, Dong-A
University, 37 Nakdong-Daero, Busan 604-714, Korea

@ Springer


http://orcid.org/0000-0003-3487-2782
http://crossmark.crossref.org/dialog/?doi=10.1007/s41315-017-0027-5&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s41315-017-0027-5&amp;domain=pdf

N. Gucunski et al.

bridge performance data. The data will from one side help
the bridge community better understand bridge perfor-
mance and deterioration, and from the other facilitate
development of more realistic bridge performance models:
deterioration, predictive and life-cycle cost models. To
enable collection of quantitative and objective data on
representative samples of different bridge populations, the
Program relies on the use of nondestructive evaluation and
sensing technologies. From a number of identified perfor-
mance issues, the performance of concrete bridge decks
was identified as the performance issue of highest impor-
tance and urgency. Considering the ambitious LTBP Pro-
gram’s plan of monitoring of a number of clusters of
bridges, the need for a rapid and cost effective collection of
bridge deck condition data became an imperative. The
solution was sought through the development of a fully
autonomous robotic system that deploys all the NDE
technologies of interest.

In the first 5 years of the LTBP Program, it was
demonstrated that NDE technologies can detect and char-
acterize deterioration progression in bridge decks through
periodical evaluations, and that the condition can be
objectively described (Gucunski et al. 2013). Bridge deck
deterioration is often a set of complex processes caused by
numerous physical, chemical and other factors. These
processes are in many cases connected and accelerate one
another, ultimately leading to creation of defects in decks,
like cracking and delamination. Therefore, this plurality of
deterioration processes and generated defects cannot be
captured by a single NDE technology, but requires a
complementary multi-technology approach. Four NDE
technologies used on a regular basis within the LTBP
Program provide the needed ability to describe the most
important processes and defects: corrosion, delamination,
and concrete quality degradation. The technologies
include: electrical resistivity (ER), ground penetrating
radar (GPR), impact echo (IE) and ultrasonic surface waves
(USW) method.

Attempts to bring automation and robotics into inspec-
tion of bridge decks are relatively new. One of the early
attempts to automate the data collection was done at Ger-
man Federal Institute for Material Research and Testing
(BAM) through the development of NDT-Stepper
(Wiggenhauser 2008). The NDT-Stepper is an automated
cart that moves in prescribed constant increments and
pneumatically deploys single impact echo and ultrasonic
probes. The speed of the Stepper was on the order of
2-3 m/min. BAM has later developed a robotic system
BETOSCAN for inspection of reinforced concrete slabs
(Raupach et al. 2008; Wiggenhauser 2012). The robotic
platform enables deployment of multiple NDE methods
and measurements: ultrasonic, potential mapping, micro-
waves, cover meter, thermometers. As such, BETOSCAN
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can assess slabs for presence of delamination and voids,
corrosion activity, moisture, and others. Lim et al. (2011)
used a similar robotic platform to develop a system using
vision that can automatically detect and map cracks in
concrete slabs.

The RABIT platform brings elements of the previous
efforts and implements them in a much bigger robotic
platform, where single sensor NDE units are substituted by
multiple units or sensor arrays. The paper provides a
detailed description of the RABIT system and its operation.
The first half of the paper concentrates on the description of
the RABIT robotic platform, and NDE sensor and navi-
gational components. The second half of the paper provides
samples of RABIT results. Results from two bridges that
have been extensively investigated in the past using manual
NDE technologies were used for demonstration and vali-
dation of the RABIT performance. The comparison of
manual and RABIT obtained results is made through
condition maps, and calculated condition indices. Finally,
an ongoing effort in integration of RABIT with robotic
platform ANDERS for joint bridge deck evaluation and
rehabilitation is presented.

2 Description of RABIT

The RABIT development started in early 2011. Since the
time of the first deployments in 2013, RABIT was con-
tinuously improved upon and now is deployed on almost
hundred bridges throughout the United States. The fol-
lowing sections describe the robotic platform and installed
NDE sensor components, followed by the description of
the RABIT’s navigation components and data collection
processes.

2.1 Robotic platform and NDE components

The RABIT with its main NDE and navigation components
marked is shown in Fig. 1. The mobile platform is a Seekur
robot manufactured by Adept Mobile Robot, Inc. The
platform itself, without sensors, is approximately 1.4 m
(4 ft-8 in.) long, 1.2 m (4 ft) wide and 1.1 m (3 ft-8 in.)
tall. With all the sensor components fully extended, the
RABIT platform is close to 2.7 m (9 ft) long, 1.8 m (6 ft)
wide, and with the panoramic camera mounted about 1.5 m
(5 ft) high. The high agility of the robotic platform is
achieved through electrical all-wheel driving and steering.
Four omni-directional wheels allow fast movement from
one test location to the next one in any direction. They also
enable the platform to move laterally and to turn at a zero
radius, which is of major interest during maneuvering on
narrow bridges or work zones.
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Fig. 1 RABIT during data collection and its components

Two major challenges in the RABIT development were
building an accurate and reliable system for robot local-
ization and navigation, and seamless integration of sensor
components for fully autonomous data collection. The
navigation accuracy on the order of several centimeters
(about 2 in.) was achieved by a fusion of three systems.
The first system is the differential global positioning sys-
tem (DGPS) with real-time kinematic (RTK) correction.
The DGPS consists of a base-station GPS receiver (visible
later in Fig. 7), fixed during the data collection process, and
two moving GPS receivers located at the front and back of
the robot (Fig. 1). All the GPS units are manufactured by
Novatel, Inc. The GPS receivers on the robot receive both
the location signal from satellites and a correction signal
from the base-station GPS in real time through a separated
radio channel. A GPS post-processing program compen-
sates the GPS signal errors and produces a more precise
positioning. The second navigation component is an iner-
tial measurement unit (IMU) manufactured by Microstrain,
Inc., which is measuring the rotational position. The third
system is wheel odometry that enables accurate distance
measurement. The information coming from the three
navigation components is fused using an extended Kalman
filter (EKF) (La et al. 2013). The presence of the IMU and
wheel odometry is essential in the areas where there is
denial of GPS signal. The seamless robot operation and
integration of sensor components was achieved through
integrated work of three computers. One computer runs the
Linux based path planning and provides robot navigation.
The other two computers are running on Windows oper-
ating system and are primarily responsible for NDE sensor
integration and data collection. There is an RS-232 com-
munication between the two systems to coordinate the

navigation and the acquisition programs. All three com-
puters can be reached from outside computers through
wireless communication.

The main NDE components installed in RABIT are
marked in Fig. 1. There are two main sensor deployment
systems on the front and rear ends of the robotic platform.
The front deployment system carries two acoustic arrays
and four electrical resistivity (ER) probes, while the rear
deployment system carries two GPR arrays. Both deploy-
ment systems and attached arrays are designed to cover a
1.8 m (6 ft) wide surveying strip, which corresponds to a
half-width of a typical travel lane. In addition, there are
three cameras, two cameras on the front end for high res-
olution imaging of the deck surface, and the third camera
above the platform for panoramic imaging of wide bridge
deck areas. The acoustic arrays are about 0.9 m x 0.2 m
boxes, each containing seven accelerometers and four
impact sources. The arrangement of the sources and
receivers is shown in Fig. 2. The sources are linear sole-
noid type impactors, while the receivers are accelerome-
ters. The acoustic arrays were designed and manufactured
by Geomedia Research and Development, Inc. The arrays
were slightly modified by the research team. As illustrated
in Fig. 2, each acoustic array enables the conduct of eight
impact echo (IE) and up to six ultrasonic surface waves
(USW) tests. The IE test is used to detect and characterize
delamination (Lin and Sansalone 1997; Sansalone 1997,
Carino 2001; Gibson and Popovics 2005; Gucunski et al.
2006). The spacing between a source and near receiver is
7.5 cm (3 in.). The spacing between the sensors allows
delamination assessment with a resolution of 15 cm (0.5 ft)
in the deck’s transverse direction, which is four times
higher than the one according to the LTBP Program pro-
tocols for data collection (0.6 m) using manual IE devices.
The USW test utilizes various combinations of a source
and two receivers to conduct the test. The spacing between
two receivers is equal to the double source to near receiver
spacing, 15 cm (6 in.). The USW test is utilized to assess
concrete quality and, thus, possible concrete degradation,
by measuring concrete modulus (Nazarian et al. 1993).
Instances of significant drops in the measured modulus will
often be an indication of presence of delamination or other
major defects (Yuan et al. 1999). The acoustic arrays are
pneumatically pressed against the deck surface to achieve
uniform coupling between the sensors and deck surface.

The two Hi-Bright GPR arrays manufactured by IDS
(Ingegneria dei Sistemi), Italy, on the rear end of RABIT
have in total 32 bow-tie type antennas, each of a 2.0 GHz
center frequency. Each GPR array box contains eight pairs
of antennas of dual-polarization, as illustrated in Fig. 3.
Antennas of dual polarization can improve GPR data
analysis in situations when the top rebar is not in the pre-
ferred orientation, which is being transverse to the RABIT
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Fig. 2 Photo of the interior of acoustic array (fop) and schematic of the arrangement of sensors and receivers and corresponding tests (bottom)

survey direction. The spacing between antennas is 10 cm
(4 in.), providing a six times higher spatial resolution in the
transverse deck direction than according to the LTBP
Program protocols that call for a 0.6 m (2 ft) spacing
between survey lines. A minor loss of spatial resolution
with the current antenna arrangement is the spacing
between the end antennas of the two arrays, which is about
25 cm (10 in.). The primary objectives of GPR surveys are
evaluation of corrosive environment, mapping of rebars
and other metallic objects, concrete cover measurements,
and summary condition assessment of bridge decks. The
GPR based condition assessment of concrete bridge decks
has been described in many publications (Maser 1992;
Roberts et al. 2001; Barnes and Trottier 2000; Gucunski
et al. 2008) and ASTM standard (2008).

There are four ER probes of Wenner type attached to the
front end of acoustic arrays. The primary objective of ER
measurements is to evaluate the corrosive environment and
to it correlate corrosion rates (Brown 1980; Gowers and
Millard 1999). The Resipod probes manufactured by Pro-
ceq have four electrodes with a 50 mm (2 in.) spacing
between them. The spacing between the probes is about
45 cm (22 in.). As illustrated in Fig. 4, electrical current is
induced through two outer electrodes and the potential of
the generated electrical field measured using two inner
electrodes. The two are used to calculate the electrical
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resistivity. To establish the electrical contact between the
deck surface and probes, the probes’ electrodes are being
continuously moistened using a spraying system. The
spraying system sprays water on each of the electrodes
using very fine copper tubes at the end of each data col-
lection cycle. Finally, the two high resolution cameras are
deployed ahead and above the acoustic arrays (Fig. 1) to
take high resolution images of the deck surface. Each of the
cameras captures approximately 1.2m x 09 m
(4 ft x 3 ft) deck area. While the camera resolution can be
varied, it is set to capture sub-millimeter cracks. The third
camera is placed on a pneumatic mast at the center of the
robotic platform (Fig. 1), which can lift it up to a 4.5 m
(15 ft) height. The camera has a 360° mirror (Fig. 4) to
capture panoramic images of wider bridge deck areas.

2.2 Data collection operations

The robot navigation is designed to cover the rectangular-
shape survey area of a straight line bridge. It consists of
straight line scans, each of them covering a 1.8 m (6 ft)
wide strip. Omni-motion planning is done to navigate the
robot at the end of each line to the next one. The navigation
program consists of two sub-programs, namely linear
motion planning (LMP) and omni motion planning (OMP).
The LMP controls the robot to follow a straight line and the
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Fig. 3 Photo of an IDS Hi-
Bright GPR antenna array (fop)
and schematic of the

arrangement of antennas
(bottom)

10 cm
D
W e [ ] [ [ [ ) [ ] o [
1 2 3 4 5 6 7 8
HH @ o [ [ ) [ ] ® [ ) o
9 10 11 12 13 14 15 16
70 cm ‘
[ ! >

SN 03,

e R
X7 S
".-— -

P

Fig. 4 Electrical resistivity (Wenner) probe (left) and panoramic camera with a mirror (right)

OMP transits the robot from an end of a scan line to the it will never cross outside the surveying region and inter-
beginning of the next scan line. The OMP takes the safety ~ fere with the ongoing traffic. At the beginning of the data
issues into account by moving the robot in such a way that  collection process, the GPS base station, visible on the
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Fig. 5 Command van: RABIT transportation (left) and control screens (right)

tripod on the left side of Fig. 7, collects information from
as many satellites as available about its location. The
process takes, in most cases, about 20 min and needs to be
done only once for a particular bridge. It is followed by
recording of three GPS points at the rectangle corners using
a portable cart with a GPS system. Based on these three
points, the navigation program will interpolate the coor-
dinates of the starting and end points of each line to feed
into the LMP program. It will also interpolate the coordi-
nates of the safe turning points to feed into the OMP
program. As the result, the robot will first move along a
straight line to a desired location, controlled by the LMP
program. Then, the RABIT will go to the safe location to
turn around 180° and move to the starting location of the
next scan, controlled by the OMP program. The scanning
will continue in a zigzag-shape trajectory (La et al. 2013).

During the data collection, the robot stops at a prede-
fined distance, typically every 0.6 m (2 ft) to allow NDE
sensors to be deployed and data collected. It takes 5-6 s for
the acoustic array sensors and resistivity probes to accu-
rately acquire and transfer the data to the command center.
The speed of the robot is also limited by the GPR arrays to
achieve high spatial resolution of GPR data. For the current
configuration, the RABIT takes 3—4 s to move between two
test points, or 9-10 s between two data collections. NDE
data at each point is saved together with its corresponding
location to aid the data processing. The location is in a
local coordinating system for each bridge, which can be
interpolated from the three GPS points collected at the
beginning of the data collection process. The RABIT col-
lects data at rates of about 320-360 m*/h (approximately
3500—4000 ft*/h). This is about three to four times faster
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than a team of five NDE technicians using manual tech-
nologies. The increased productivity is also reflected in a
reduced cost of the NDE surveys by RABIT. Based on the
SHRP 2 study on the performance of manual NDE tech-
nologies (Gucunski et al. 2013), a combined data collection
and analysis cost per square foot of a bridge deck for the
four NDE technologies is about $2. The RABIT unit cost is
about 50-60% of the manual testing cost for bridges with
the deck larger than 10,000 square feet. Considering
additional cost reductions because of shorter traffic control
deployments, indirect savings stemming from reduced
traffic interruptions, reduced exposure of bridge inspectors
in the work zone, the benefits are obvious.

A part of the RABIT system is the “command van”,
which serves two roles. The first role is to transport the
RABIT between bridges to be tested. As shown in Fig. 5,
the RABIT’s sensor arrays are folded to a V-shape position
for transportation. The RABIT is unloaded from the van
using a pair of foldable aluminium ramps. A joystick or
notebook computer is used to manoeuvre the robot during
unloading. It is loaded into the van the same way, but this
time with an assistance of a winch mounted inside the van.
The second and primary role of the van is to serve as a
command center for all RABIT operations. All the data
collected by RABIT: from the NDE sensor arrays and
probes, digital cameras, GPS and other positioning units, is
wirelessly transmitted to the van. All the data is being
displayed as collected on four large monitors, as shown in
Fig. 5. All but GPR data can be analyzed in real or near-
real time. The movement of RABIT is monitored in two
ways. An image of the RABIT on the bridge deck from the
van’s rooftop camera (Fig. 5) is displayed on one of two
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additional smaller monitors, while the RABIT’s position
based on the GPS coordinates is presented on a schematic
of the bridge deck on one of the four large displays.

3 Performance validation surveys

RABIT was deployed and its performance evaluated on a
number of bridges in the States of New Jersey, Delaware,
Maryland, Virginia and Pennsylvania between 2013 and
2015. Two bridges in New Jersey and Virginia were
selected to illustrate the RABIT survey results. The first
bridge is Municipal Drive Bridge over Pohatcong Creek in
Pohatcong Township (Pohatcong Bridge), New Jersey,
while the second one is the State Route 15 over Interstate

Fig. 6 Manual NDE data
collection on the Pohatcong
Creek Bridge (top) and NDE
sensors (bottom)

66 bridge in Haymarket, Virginia (Haymarket Bridge).
These two bridges were selected because those were also
surveyed, multiple times, using manual NDE technologies
over the last 5 years.

3.1 Pohatcong bridge survey

The Pohatcong Bridge is a single span, steel girder bridge
built in 1978. The bridge deck is a bare concrete deck
38.2 m (125 ft) long. It is 11.3 m (37 ft) wide, between a
sidewalk on one side and a curb on the other. The bridge
has a skew of 45°. The bridge deck received National
Bridge Inventory (NBI) rating 6 (satisfactory condition)
during the 2000-2014 period. As the results will show, the
rating does not reflect the actual level of deterioration

GPR Antenna
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obtained from the NDE results. The average daily traffic
(ADT) and average daily truck traffic (ADTT) is around
1100 and 10, respectively. The deck surface has visible
signs of deterioration, primarily fine cracks. The bridge
was surveyed by RABIT in May of 2015, while the most
recent complete manual survey was done in August of
2014. The manual survey was conducted on a
0.6m x 0.6 m (2 ft x 2 ft) grid using four NDE tech-
nologies implemented in RABIT: ER, IE, USW and GPR
(Fig. 6). The first and last lines of the grid for manual
testing were offset 0.3 m (1 ft) from the curb and sidewalk,
respectively. The GPR scanning was conducted in the
longitudinal direction of the bridge, since the top rebars
were in the deck’s transverse direction, at sampling rates of
about 200 samples/m (60 samples/ft). A GSSI 1.6 GHz
ground-coupled antenna was used in the survey. Other
manual NDE equipment included Proceq’s Resipod for ER,
GRD’s portable seismic property analyzer (PSPA) for
USW, and IE Cane developed at Rutgers for IE testing. The
RABIT’s scanning path was planned similarly, with a
0.3 m (1 ft) offset from the curbs (Fig. 7). It took six
RABIT passes to cover the entire bridge deck width. Also,
all the manual point measurements close to the joints were
taken around 0.3 m (1 ft) away from the joints.

The results of ER and GPR surveys are shown in Fig 8.
For both ER and GPR similarity of the manual and RABIT
obtained results can be observed. The similarity is espe-
cially pronounced for the GPR condition maps. The
RABIT’s ER map describes an overall more severe cor-
rosive environment than the manual ER map, which can be
attributed to the seasonal effects. Also, also there is a
noticeable similarity between the ER and GPR maps. The
zones of lowest resistivity in the ER maps match the zones
of highest attenuation levels in the GPR maps, which
confirms that both measurements are in a great part con-
trolled by the electrical conductivity of concrete. To

Fig. 7 RABIT data collection on the Pohatcong Creek Bridge (photo:
N. Romanenko, Rutgers University)
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Fig. 8 ER (fop) and GPR (bottom) condition maps for the Pohatcong
Bridge

quantify the overall deck condition with respect to the
corrosive environment and anticipated corrosion rates, an
ER condition index is used. The condition index represents,
on the scale 0 (worst) to 100 (best), a weighted average of
percentages of deck area in different condition states. In
particular:

ER Condition Index
o AVery Low X 100 + AModemte x 50 + AHigh x 0

AToml

(1)

where Avery 1ows Aboderate» a0d Apigy are the areas with ER
in their ranges of <40, 40-70, and >70 kQ cm, respec-
tively, and Az, is the total surveyed area. The three
condition states were identified based on the results of a
correlation study of results from ER and half-cell potential
(HCP) surveys (Gucunski et al. 2017; Pailes 2014). The
ASTM (C876-09 standard (2009) provides three distinct
zones with respect to the probability of active corrosion
from a HCP survey. The three weight factors: 100, 50 and
0, were adopted by the FHWA’s LTBP Program as esti-
mates of significance of deterioration process severity.
Similarly, the overall condition based on the GPR results is
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Table 1 Condition indices and average concrete modulus for Pohatcong Bridge from RABIT and Manual NDE Surveys

NDE Condition index Percentage of deck area

ER High Moderate Very low
RABIT™ 1.4 98 2 0
Manual 0.4 99 0

GPR Serious Poor Fair Good
RABIT™ 28.6 41 44 12

Manual 24.2 34 56 10

1IE Serious Poor Fair Good
RABIT™ 32.3 50 11 25 14
Manual 36.0 38 10 43 10

USW Average E (GPa) STDEV (GPa) <20 GPa 20-30 GPa >30 GPa
RABIT™ 25.50 6.55 38 36 27
Manual 24.48 4.07 51 43 7

described by the GPR condition index calculated according
to

GPR Based Condition Index
~ Ag x 100 + Ap x 70 + Ap x 40+ Ag x O

AT otal

(2)

where Ag, Ar, Ap, and Ay are the areas with the GPR signal

attenuation (normalized dB) ranges of >—15, —15 to —17,
—17 to —20, and <—20, respectively. It should be men-
tioned that the given GPR ranges were formed for the
manual 1.6 GHz ground-coupled antenna. Similar to the
ER, since the GPR provides a qualitative assessment of the
condition of the deck with respect to corrosion and possible
delamination, the given ranges were identified based on the
previous correlations with other NDE technologies that
characterize corrosion and delamination. Based on the
number of survey results, an attenuation equivalency of the
Hi-Bright antennas was found so that the condition index
formula can be applied. The condition indices and per-
centages of the deck area receiving different grades for ER
and GPR are shown in Table 1. The condition indices for
both ER and GPR are very low, and there are only minor
differences between the condition indices and deck area
percentages from the RABIT and manual testing.

The results of delamination surveys using IE and con-
crete quality surveys using USW for both manual and
RABIT testing are depicted in Fig. 9. While the manual
and RABIT results, respectively, identify similar prob-
lematic areas, a much higher data resolution can be
observed in the RABIT condition maps. Also, a number of
low modulus areas in the USW maps match the

delaminated areas in the IE maps, as described earlier in
the discussion on the USW test. To compare the overall
assessment by the two approaches, the condition index with
respect to delamination and the concrete average modulus
were calculated. The condition index with respect to
delamination was calculated according to

Delamination Index (IE)
_ AGood x 100 + AFalr x 50 + APoor x50 +ASeri0u.s x 0

ATotal

(3)

where Agoods AFairs APoors aNd Agerions are the areas in
“Good”, “Fair”, “Poor”, and “Serious” conditions. The
good grade is assigned to the areas where there are no signs
of delamination, fair and poor to the areas with signs of
incipient delamination, and serious to the areas with a fully
developed delamination characterized by a low frequency
response (Sansalone 1997; Gucunski et al. 2006). Similar
to the ER condition index, the three weight factors: 100, 50
and 0, were adopted by the FHWA’s LTBP Program as
estimates of delamination severity. The condition index
with respect to delamination and percentages of the deck
area receiving different grades are shown in Table 1. The
average concrete modulus and its standard deviation are
also provided in the table. The delamination index from
RABIT is slightly lower than from the manual testing. On
the other hand, the average modulus and the standard
deviation, from the RABIT’s USW testing are higher than
from the manual testing.

Most of the differences between the manual NDE and
RABIT results are attributed to the use of different sensors
and probes. The only identical probes in the manual and
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RABIT testing were ER Proceq Resipod probes. Still, the
surveys were taken 9 months apart, during different sea-
sonal conditions that, in addition to continued deteriora-
tion, could have affected the electrical conductivity of
concrete. The manual GPR survey was conducted using a
1.6 GHz antenna, while the RABIT’s GPR arrays have
antennas with a 2.0 GHz center frequency. Similarly, there
are differences between sensors used in the IE and USW
devices. In the case of IE, where the delamination grades
are assigned based on both the dominant frequency peak
and the measured energy in the rest of the spectrum, the
grades may differ slightly. Similar differences between the
results were observed during a SHRP 2 study (Gucunski
et al. 2013), where a number of participants using the same
NDE technology, but different sensors or devices, provided
close, yet not identical results. Finally, some of the dif-
ferences in the condition maps are a result of interpolation
during plotting. The data from manual NDE surveys is
collected with equal spatial resolution in the longitudinal
and transverse deck directions. On the other hand, the
RABIT’s data have a significantly higher resolution in the
transverse direction, affecting the data interpolation
process.

The combined condition index from RABIT and manual
NDE surveys, calculated as a simple average of condition
indices from IE, ER and GPR, is 20.8 and 20.2, respec-
tively. Bridge owners should calculate the combined index
as a weighted average. The weights for different NDE
technologies results should be defined based on the sig-
nificance of a particular type of deterioration in the bridge
management decision making. For example, some bridge
owners guide their decisions regarding rehabilitation or
repair of bridge decks primarily, or solely, based on the
state of delamination. On the other hand, some agencies are
primarily concerned about the state of corrosion. To reflect
such practices, the weight factors for condition indices
describing the state of delamination or corrosion should
receive higher values, respectively. Finally, while it took
4 h to grid and collect data using the manual NDE tech-
nologies, the RABIT data collection took only slightly
more than an hour.

3.2 Haymarket bridge survey

The Haymarket Bridge is a two-span continuous steel
girder structure with a bare concrete deck. The bridge was
constructed in 1979. The bridge deck is 84.1 m (276 ft)
long, 13.8 m (42 ft) wide and on an average 21.5 cm
(8.5 in.) thick. The bridge has a skew angle of 17 degrees.
The top rebar mat has epoxy coated rebars, while the
bottom mat has bare rebars. The deck was extensively
evaluated by NDE technologies. It was surveyed four times
as a part of the LTBP Program using manual NDE
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technologies, in 2009, 2011, 2014 and 2015, and a section
of the deck was surveyed in 2010 by multiple NDE teams
as a part of the SHRP 2 study on the performance of NDE
technologies (Gucunski et al. 2013). The performance of
four manual NDE technologies: IE, GPR, USW and ER,
was validated through coring of the Haymarket Bridge
deck and through ground truth information for a fabricated
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slab with defects during the SHRP 2 study (Gucunski et al.
2013). Therefore, the same information on the Haymarket
Bridge, and comparisons with the manual NDE results,
were of special importance for the RABIT performance
validation. The bridge deck received NBI rating 6 during
the 1992-2014 period. Similar to the Pohatcong Bridge, it
does not reflect the actual deterioration level obtained from
the NDE evaluations. The average daily traffic (ADT) and
average daily truck traffic (ADTT) for the past 5 years
were around 13,000 and 600, respectively. The deck sur-
face had numerous signs of deterioration, such as cracks
and patches from previous repairs, as can be observed in
Fig. 10.

The results from the ER and GPR surveys are shown in
Fig. 11. For both surveys, there is a high similarity between
the condition maps obtained from the manual and RABIT
data collections. The similarity is especially pronounced
for the ER condition maps, which, unlike the Pohatcong
Bridge, can be attributed to the survey at the same time. In
general, a study of a number of NDE bridge deck surveys
have shown that the highest correlation between the com-
monly used NDE methods is achieved between ER and
GPR (Pailes 2014). In addition, and similar to the

Fig. 11 Comparison of ER D
(top) and GPR condition maps -
(bottom) from the manual and
RABIT surveys of the

Haymarket Bridge
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Pohatcong Bridge, there is a noticeable similarity between
the ER and GPR maps in the zones of lowest resistivity
matching the zones of highest attenuation levels. The ER
and GPR based condition indices and percentages of the
deck area receiving different grades are shown in Table 2.
Again, the indices from both RABIT and manual surveys
are very low and take close values.

The results of IE and USW surveys for both manual and
RABIT testing are presented in Fig. 12. Again, there are
many similarities in identification of the most of delami-
nated sections of the deck between the manual and RABIT
results. However, there are also some differences in the
appearance of the delaminated zones, which are in the great
part a result of much higher spatial resolution of the
RABIT data. The calculated delamination indices provide a
very similar result (Table 2), which can be attributed to the
fact that those are calculated from the actual test point
results, not from the areas resulting from the data inter-
polation. The combined condition index, calculated as a
simple average of condition indices from IE, ER and GPR
is 26.0 and 26.1 for the RABIT and manual NDE,
respectively. The USW modulus map obtained from the
manual testing appears to be much smoother than the one
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Table 2 Condition indices and average concrete modulus for Hay-
market Bridge from RABIT and Manual NDE surveys

NDE Condition index Percentage of deck area

ER High Moderate Very low
RABIT 9.9 86 8
Manual 14.7 78 14

GPR Serious Poor Fair Good
RABIT 26.2 50 35 10 5
Manual 24.2 52 37 6 5

1IE Serious Poor Fair Good
RABIT 419 37 14 28 21
Manual 39.3 45 7 31 21

UusSw Average STDEV  Percentage of deck area

E (GPa) (GPa)
<20 GPa 20-30 GPa >30 GPa

RABIT 2391 11.72 46 24 30
Manual 20.74 6.81 73 20 7

from the RABIT survey. The reason is the manual USW
data collection on a 1.2 m x 1.2 grid, which was the only
option to complete the survey of the entire bridge deck
during the allocated traffic control window. Similar to the

Fig. 12 Comparison of IE (top)
and USW condition maps
(bottom) from the manual and
RABIT surveys of the

Pohatcong Bridge, low concrete modulus areas in the USW
maps match the delaminated areas in the IE maps. The
concrete average modulus, standard deviation and per-
centages of deck area in different concrete modulus ranges
are provided in Table 2.

Finally, to illustrate the importance of the imaging
capability of the RABIT, a stitched image of the surface of
the bridge deck is shown in Fig. 13. The image describes
approximately a 2.7 m (9 ft) long and 1.8 m (6 ft) wide
section of the deck. Repairs from interventions at different
times can be observed in the figure. The high resolution
image of the deck becomes a permanent record of the
visible condition that can be used in mapping of visible
features, such as cracks and repairs, or future comparisons.
The surface image can overlay a 3D image of the interior
of a bridge deck that enables integration and visualization
of the results of multiple NDE technologies (Kim et al.
2017).

4 Future integration of robotic evaluation
and problem mitigation

The ability to detect and characterize early deterioration or
defect development should be complemented by the ability
for their mitigation for the maximum benefit. The current

Haymarket Bridge
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Fig. 13 Stitched image of a section of the Haymarket Bridge deck

practice of partial- and full-depth repairs of concrete bridge
decks are being done at advanced stages of delamination.
The repairs involve removal of damaged concrete, and rust
and other deleterious materials from reinforcing steel, and
placement of the repair material. This is a labor intensive
and expensive process. In contrast to this approach, con-
centration of the current research is development and
implementation of a minimally invasive rehabilitation
(MIR) strategy for early problem intervention. The MIR’s
approach concentrates on mitigation of early stage
delamination and cracking using robotics. To repair a
delamination, a group of small diameter holes is drilled and
a specially developed cement based material is injected.
The injection is done under a combination of low pressure
on one, and vacuum on the other side of the end-effector, to
fill the delamination and connecting cracks within the deck.
While the intervention will not always fully correct the
problem, it will extend the life of a bridge deck. The MIR
robot, named ANDERS, and the robotic end-effector for
material delivery are shown in Fig. 14.

Furthermore, there are efforts in developing an efficient
cooperative control strategy for the heterogeneous robot
team, including the robotic NDE and MIR systems, con-
ebots (traffic cone robots) and aerial robots. Since both
RABIT and ANDERS MIR robotic systems navigate using
a common differential GPS, the activities are concentrating
on their synchronized operation in terms of activity
sequencing and collision avoidance. The use of conebots in
robotic setting up of a work zone is also explored. The
formation control aims a team of conebots to set up the
work zone of a desired shape, but in a way that is compliant
with the current manual work zone setting up protocols.
Overall, the goal of this research effort supported by
National Science Foundation’s NRI Program is to establish
human-robot collaboration that will reduce negative
impacts on traffic flow and safety, while maintaining an
effective and efficient operation of evaluation and reha-
bilitation robotic systems.

Drilling and
Filling Unit

Fig. 14 Mobile manipulator-based autonomous rehabilitation plat-
form ANDERS (fop), and 5-DoF manipulator with drilling/filling
robotic end-effector (bottom)

5 Conclusions

The use of robotics in inspection and problem mitigation of
concrete bridge decks will lead to more efficient and cost
effective management of bridges. While individual robotic
systems have been, or are being developed, their syn-
chronized operation will be an essential part to achieve the
ultimate benefit from their development. The robotic plat-
form RABIT builds on the best practices of NDE and
visual inspection for concrete bridge decks to improve the
speed, accuracy and cost of data collection, and compre-
hensiveness of the condition interpretation. The three
attributes of the data collection are stemming from the use
of a large number of sensors and sensor arrays and their
simultaneous application, fully autonomous RABIT motion
and reduced traffic closures. In addition, the deployment of
RABIT significantly reduces risks to bridge inspectors due
to a smaller number of personnel needed and their reduced
exposure to the passing traffic. The comprehensiveness of
the condition assessment is achieved through a signifi-
cantly higher spatial data resolution, and multi NDE
technology data collection, including imaging, for
improved correlations between the visible and hidden
deterioration and damage. A comparison of the results from
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comparative surveys of the two bridges using manual NDE
technologies and RABIT has demonstrated similarity of the
obtained results, but with the RABITSs data being of higher
resolution and collected three times faster. Implementation
of RABIT opens opportunities for the condition assessment
and monitoring of large populations of bridges and, thus,
collection of large volumes of data. Those data are of
critical importance for the development of more realistic
concrete deck deterioration models, as well as more real-
istic predictive and life cycle cost models.

Acknowledgements RABIT was developed under DTFH61-08-C-
00005 contract from the US Department of Transportation—Federal
Highway Administration (USDOT-FHWA). The authors sincerely
acknowledge this FHWA’s support through the Long Term Bridge
Performance Program, especially Drs. Hamid Ghasemi and Robert
Zobel. The authors are also grateful to the Virginia Department of
Transportation (VDOT) for its cooperation in providing access to the
Haymarket Bridge and Warren County Engineer’s office that allowed
access to the Pohatcong Bridge. ANDERS NRI robotic system
development was supported under the research project entitled
“Automated Nondestructive Evaluation and Rehabilitation System
(ANDERS) for Concrete Bridge Decks”. The project was funded by
the National Institute of Standard Technology (NIST) under its
Technology  Innovation  Program  (TIP)  under  award
70NANB10HO14. The support of the NIST-TIP for the ANDERS
project is gratefully acknowledged. The work on the model and for-
mation control framework development for multi-robot coordination
and human-robot collaboration is supported by NSF-NRI: Collabo-
rative Research award IIS-1426828 through project entitled: “Mini-
mally Invasive Robotic Non-Destructive Evaluation and
Rehabilitation for Bridge Decks (Bridge-MINDER)”. The support of
the NSF-NRI for the Bridge-MINDER project is gratefully
acknowledged. Finally, the authors are grateful to the previous or
current research staff at Rutgers’ School of Engineering and Center
for Advanced Infrastructure and Transportation (CAIT), especially
Professors Kristin Dana, Perumalsamy Balaguru and Husam Najm,
research engineer Hooman Parvardeh, and former research staff and
graduate students, Dr. Hung La, Dr. Matthew Klein, Ronny Lim,
Parneet Kaur and Prateek Prasanna.

References

ASTM: ASTM Standard D6087-08—standard test method for
evaluating asphalt-covered concrete bridge decks using ground
penetrating radar. ASTM, West Conshohocken (2008)

ASTM: ASTM C876-09 Standard: standard test method for half cell
potentials of reinforcing steel in concrete. American Society for
Testing and Materials, West Conshohocken (2009)

Barnes, C.L., Trottier, J.-F.: Ground penetrating radar for network
level concrete deck repair management. J. Transp. Eng. 126(3),
257-262 (2000)

Brown, R.D.: Mechanisms of corrosion of steel in concrete in relation
to design, inspection, and repair of offshore and coastal
structures. In: ACI (ed.) SP-65: Performance of concrete in
marine environments, pp. 169-204. ACI, Michigan (1980)

Carino, N.J.: The impact-echo method: an overview. In: ASCE,
Chang P.C. (eds.) Proc. structures congress and exposition,
Washington (2001)

Gibson, A., Popovics, J.S.: Lamb wave basis for impact-echo method
analysis. J. Eng. Mech. 131(4), 438-443 (2005)

@ Springer

Gowers, K.R., Millard, S.G.: Measurement of concrete resistivity for
assessment of corrosion severity of steel using Wenner tech-
nique”. ACI Mater. J. 96(5), 536-542 (1999)

Gucunski, N., Consolazio, G.R., Maher, A.: Concrete bridge deck
delamination detection by integrated ultrasonic methods. Int.
J. Mater. Prod. Technol. 26(1-2), 19-34 (2006)

Gucunski, N., Rascoe, C., Parrillo, R., Roberts, R.: Comparative study
of bridge deck condition assessment by high frequency GPR. In:
Proc. of the ASNT’s NDE/NDE for highways and bridges:
structural materials technology (SMT) conference, Oakland
(2008)

Gucunski, N., Parvardeh, H., Romero, F., Pailes, B.M.: Deterioration
progression monitoring in concrete bridge decks using periodical
NDE surveys. In: Proc. second conference on smart monitoring,
Assessment and Rehabilitation of Civil Structures, Istanbul
(2013)

Gucunski, N., Imani, A., Romero, F., Nazarian, S., Azari, H.,
Wiggenhauser, H., Shokouhi, P., Taffe, A., Kutrubes, D.:
Nondestructive testing to identify concrete bridge deck deteri-
oration. Report S2-RO6A-RR-1, SHRP2 Renewal Research,
Transportation Research Board, Washington (2013)

Gucunski, N., Pailes, B., Kim, J., Azari, H., Dinh, K.: Capture and
quantification of deterioration progression in concrete bridge
decks through periodical NDE Surveys. Infrastruct. Syst. 23(1),
(2017). doi:10.1061/(ASCE)IS.1943-555X.0000321 (B4016005)

Kim, J., Gucunski, N., Duong, T., Dinh, K.:Three-dimensional
visualization and presentation of bridge deck condition based
on multiple NDE data. J. Infrastruct. Syst. 23(3), (2017). doi:10.
1061/(ASCE)IS.1943-555X.0000341

La, HM., Lim, R.S., Basily, B.B., Gucunski, N., Yi, J., Maher, A.,
Romero, F.A., Parvardeh, H.: Mechatronic systems design for an
autonomous robotic system for high-efficiency bridge deck
inspection and evaluation. IEEE/ASME Trans. Mechatron.
18(6), 1655-1656 (2013)

Lim, R.S., La, HM., Shan, Z., Sheng, W.: Developing a crack
inspection robot for bridge maintenance. In: Proc. 2011 IEEE
Intl. Conf. on robotics and automation, Shanghai. pp. 6288-6293
(2011)

Lin, J.M., Sansalone, M.: A procedure for determining P-wave speed
in concrete for use in impact-echo testing using a Rayleigh wave
speed measurement technique. In: Pessiki, S., Olson, L. (eds.)
Innovations in nondestructive testing, SP-168, pp. 137-165.
American Concrete Institute, Farmington Hills (1997)

Maser, K.R., Rawson, A.: Network bridge deck surveys using high
speed radar: Case studies of 44 decks (abridgement). Trans-
portation Research Record, Transportation Research Board,
1347, National Research Council, Washington. pp. 25-28 (1992)

Nazarian, S., Baker, M.R., Crain, K.: Report SHRP-H-375: develop-
ment and testing of a seismic pavement analyzer. National
Research Council, Washington (1993)

Pailes, B.M.: Damage identification, progression, and condition rating
of bridge decks using multi-modal non-destructive testing.
Doctoral Dissertation, Rutgers University, Piscataway (2014)

Raupach, M., Reichling, K., Wiggenhauser, H., Stoppel, M.,
Dobmann, G., Kurz, J.: BETOSCAN: An instrumented mobile
robot system for the diagnosis of reinforced concrete floors. In:
Proc. 2nd Intl. Conf. on Concrete Repair, Rehabilitation and
Retrofitting II, ICCRRR-2, November 24-26, 2008,
pp- 651-655. CRC Press, Cape Town (2009)

Roberts, G.E., Roberts, R.L., Tarussov, A.: Identifying concrete
deterioration using ground penetrating radar technology. In:
Proc., Annual ASNT Fall Conference (2001)

Sansalone, M.: Impact-echo: the complete story. ACI Mater. J. 94(6),
777-786 (1997)

Wiggenhauser, H.: Advanced NDT methods for the assessment of
concrete structures. In: Proc. 2nd Intl. Conf. on concrete repair,


http://dx.doi.org/10.1061/(ASCE)IS.1943-555X.0000321
http://dx.doi.org/10.1061/(ASCE)IS.1943-555X.0000341
http://dx.doi.org/10.1061/(ASCE)IS.1943-555X.0000341

RABIT: implementation, performance validation and integration with other robotic platforms...

rehabilitation and retrofitting II, ICCRRR-2, November 24-26,
2008, pp. 21-33. CRC Press, Cape Town (2009)

Wiggenhauser, H., Niederleithinger, E.: Innovative ultrasonic tech-
niques for inspection and monitoring of large concrete structures.
In: Proc. Intl. Work. NUCPERF 2012 (RILEM Event TC
226-CNM and EFC Event 351), EPJ Web of Conferences, 56,
EDP Sciences (2013)

Yuan, D., Nazarian, S., Chen, D., Hugo, F.: Use of seismic pavement
analyzer to monitor degradation of flexible pavements under
texas mobile load simulator, pp. 3-10. National Research
Council, Washington (1999)

Nenad Gucunski is Professor
and Chairman of Civil and
Environmental Engineering at
Rutgers University. He is also
Director of Infrastructure Con-
dition Monitoring Program at
Rutgers’ Center for Advanced
Infrastructure and Transporta-
tion (CAIT). His primary
expertise is in nondestructive
testing/evaluation (NDT/NDE)
of transportation infrastructure,
soil dynamics, problems of
dynamic soil-structure interac-
tion, numerical modeling, and
geophysical methods. He published more than 200 publications, pri-
marily on various aspects of the development of NDE/NDT tech-
nologies, and their application and automation. Dr. Gucunski and his
team are the recipient of the 2014 ASCE Charles Pankow Award for
Innovation for the development of RABIT (Robotics Assisted Bridge
Inspection Tool) for bridge decks. Dr. Gucunski received his B.S.
degree in civil engineering from University of Zagreb, Croatia, and
M.S. and Ph.D. degrees in civil engineering from The University of
Michigan.

i Basily Basily received his B.S

< and M.S degrees from Cairo
University, Egypt, and his Ph.D.
from Aston University, Birm-
ingham UK, all in Mechanical
Engineering. He was a lecturer
at Birmingham University, UK,
Professor at Mechanical and
Design  Department,  Cairo
University, and is currently
Research Professor at Rutgers
University, NJ, USA. His
research  interests  include:
Machine Design, Mechatronics,
and innovative manufacturing
processes. Dr. Basily holds sixteen international patents in his field of
interest.

1

Jinyoung Kim is an Assistant
Professor at Ajou University,
Korea. He received his B.S. and
M.S. degrees in Architectural
Engineering from SungKyunK-
wan University, Korea in 2006
and 2008, respectively. He
attended the graduate school in
civil engineering at the Univer-
sity of Texas at Austin to pursue
his doctoral degree. He earned
his doctoral degree in May of
2013. His research areas over
the last five years include: (1)
development of automated NDE
utilizing robotic-assisted inspection tool, (2) health monitoring of
civil infrastructures using self-sustainable wireless sensor networks,
and (3) smart building solutions.

Jingang Yi received the B.S.
degree in electrical engineering
from  Zhejiang  University,
Hangzhou, China, in 1993, the
M.Eng. degree in precision
instruments  from  Tsinghua
University, Beijing, China, in
1996, and the M.A. degree in
mathematics and the Ph.D.
degree in mechanical engineer-
ing from the University of Cal-
ifornia, Berkeley, in 2001 and
2002, respectively. He is cur-
rently an Associate Professor of
Mechanical Engineering at
Rutgers University. His research interests include autonomous robotic
systems, dynamic systems and control, mechatronics, automation
science and engineering, with applications to biomedical systems,
civil infrastructure and transportation systems. Dr. Yi is a Fellow of
American Society of Mechanical Engineers (ASME) and Senior
Member of the IEEE. He is a recipient of the 2010 US NSF CAREER
Award.

Trung Duong completed his
M.S and Ph.D. degrees in
Mechanical and  Aerospace
Engineering at the Oklahoma
State University, Oklahoma,
USA in 2009 and 2013, respec-
tively. He is a Research Asso-
ciate at Center for Advanced
Infrastructure and Transporta-
tion (CAIT), Rutgers the State
University of New Jersey. He
/I involved in research activities of

/ / [ the Long-Term Bridge Perfor-
‘/2 ", mance (LTBP) program funded

A by the Federal Highway

Administration (FHWA) in U.S. Department of Transportation and
the Bridge Resource Program (BRP) funded by the New Jersey
Department of Transportation. His research interests are mobile
robotics, NDE technologies, image processing, and computer vision.

@ Springer



N. Gucunski et al.

Kien Dinh received his B.S
from National University of
Civil Engineering in Vietnam,
M.S from National Taiwan
University, and Ph.D from
Concordia University in
Canada, all in civil engineering.
He is currently a postdoctoral
researcher at Marshall Univer-
sity in West Virginia and was
previously a research associate
at Rutgers University, New Jer-
sey. His research interests
include nondestructive testing
techniques for concrete struc-

tures, deterioration modeling and infrastructure management.

(P
-
y

@ Springer

Seong-Hoon Kee is Assistant
Professor in the Department of
Architectural Engineering,
Dong-A  University, Busan,
South Korea. He was a Post-
doctoral Research Associate at
the Center for Advanced
Infrastructure and Transporta-
tion (CAIT), Rutgers, the State
University of New Jersey, New
Brunswick, NJ. He received his
PhD in Civil Engineering from
the University of Texas at Aus-
tin, Austin, TX. His research
interests  include  automated

nondestructive testing, structural health monitoring, and chloride-in-
duced deterioration of concrete.

Ali Maher is Professor of Civil
and Environmental Engineering
at Rutgers University. He is also
Director of Rutgers’ Center for
Advanced Infrastructure and
Transportation (CAIT), which
has been for twenty years
selected as USDOT Tier 1 and
National University Transporta-
tion Center (UTC). His exper-
tise spans the areas of ground
improvement, soil dynamics,
infrastructure  asset manage-
ment, nondestructive testing,
environmental geotechnology,

and new technology vehicles.Dr. Maher received his degrees in civil
engineering from the University of Michigan: B.S. in 1978, M.S. in
1985, and Ph.D. in 1988.



	RABIT: implementation, performance validation and integration with other robotic platforms for improved management of bridge decks
	Abstract
	Introduction
	Description of RABIT
	Robotic platform and NDE components
	Data collection operations

	Performance validation surveys
	Pohatcong bridge survey
	Haymarket bridge survey

	Future integration of robotic evaluation and problem mitigation
	Conclusions
	Acknowledgements
	References




