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EXECUTIVE SUMMARY

Introduction

The Indiana Department of Transportation (INDOT) has
traditionally paired visual inspection with bridge deck age to
assess the condition of bridge decks and make programming
decisions about possible future work actions. While chain
dragging and hammer sounding are used by bridge inspectors to
complement the information obtained from visual inspection, the
internal condition of bridge decks cannot be accurately evaluated
unless nondestructive inspection methods are employed.
Considering the multiple NDT (nondestructive testing) methods
that are available, INDOT needs guidance to select NDT methods
that effectively assess the condition of large numbers of bridge
decks on a network-wide basis and are also effective on a case-by-
case, project-level basis for individual bridges. Consequently, the
purpose of this study is to examine various NDT methods and
develop recommendations for an NDT strategy for network-level
and project-level bridge inspections in Indiana that will comple-
ment bridge information from traditional bridge inspections and
provide asset engineers with improved information for long-term
programming decisions.

Findings

Several different factors were considered for the development
of the nondestructive testing plan for the research study. These
included different bridge deck characteristics, such as the type of
bridge deck, type of supporting structure, reinforcement protec-
tion (plain or epoxy-coated), bridge NBI deck and wearing surface
conditions, presence, type of overlay (latex modified concrete or
epoxy overlay), depth of top reinforcement layer, and geographic
location within the state. Several different NDT methods that
were suitable for ease of implementation were also considered,
such as ground penetrating radar (GPR), automated sounding,
impact echo (IE), and infrared thermography (IRT). For each of
these NDT methods, a different way of collecting the nondes-
tructive data was used. Lastly, a limited number of concrete cores
was collected and used to assess the results from the nondestruc-
tive scanning.

The next step in the research plan was to select a variety of
consultants who provide NDT services to collect NDT data from
a set of bridge decks that represented various combinations of the
bridge deck characteristics noted previously. The INDOT
Division of Research also collected NDT data. Many of the
consultants nondestructively scanned the same set of bridge decks
so that a broad spectrum of NDT information could be compared.
A total of nine different NDT consultants plus INDOT collected
NDT information. The testing was conducted in two rounds—the
first in the fall of 2020 and the second in the summer to fall of
2021. Some of the consultants conducted more than one NDT
method when scanning the bridge decks, while others conducted
only a single test method. The NDT results from different
consultants were compared to gauge the degree of agreement in
the deck conditions for a given test method. The results of
different test methods were also compared to understand the
relative sensitivity of the NDT methods. It was recognized that
comparing different NDT methods may be problematic because
different methods detect different types of deck distress condi-
tions.

Based upon the comparisons and the results observed in this
study, the following findings were discovered.

® IE results compare reasonably well, and the method was
found to be repeatable. Selective concrete cores extracted
from some of the bridge decks universally confirmed the IE
results.

® IRT results for delamination detection were found to be
somewhat comparable between entities. However, it was also
determined that the IRT method can be notably affected by
shaded deck areas, moisture, and small temperature
differences. Percentage delamination values detected by
IRT were routinely less than those found by IE, but they
were greater than the values from automated sounding for
most bridges.

® GPR was used to both detect the concrete cover thickness
above the top reinforcement and assess the condition of the
bridge deck.

- Both air-launched GPR and ground-coupled GPR were
found to be very effective in detecting the location of the
top layer of reinforcement and determining the amount of
concrete cover for the top reinforcement layer. Either
method is suitable for verifying the concrete cover of a
bridge deck.

- Bridge deck deterioration results detected by both air-
launched and ground-coupled GPR were found to have
significant variations in both values and locations.
Therefore, the method is not believed to be consistently
repeatable, and it is not recommended as a sole method to
evaluate bridge deck condition. Nevertheless, it is believed
that it can provide valuable information about the possible
likelihood of corrosion activity in a bridge deck and is
useful when combined with other primary NDT informa-
tion, such as IRT or IE.

® Automated sounding results were found to provide low
delamination detection values compared to other methods.

® There is a need for ground-truth testing to clearly identify
the actual bridge deck condition so that suitable compar-
isons with nondestructive testing can be verified. A follow-up
study is recommended to fill in this missing information and
develop additional confidence in the results found herein.

Implementation

There is a significant need by INDOT to complement current
bridge inspection information based upon visual inspection data
and bridge age with reliable nondestructive testing data. The
combination of visual information and internal deck condition
information will help bridge inspectors evaluate the deck and
wearing surface conditions more accurately. Improved condition
assessments will provide asset engineers with further information
that can be used strategically in future programing of major bridge
deck work actions.

The following recommendations were made for network-level
NDT inspection and project-level NDT inspection of bridge decks
in Indiana.

® Aecrial IRT is recommended as the initial network-level
inspection method to scan a large number of bridges and
effectively conduct a triage of bridge deck condition. If
significant delamination activity is detected, then follow-up
network-level scanning on only the problematic bridge decks
should be performed using vehicle-mounted IRT. It may be



advantageous to also add vehicle-mounted air-launched
GPR to complement the IRT information to assess the
probability of corrosion activity.

® [E is recommended as a project-level test for future NDT
assessment to detect delamination discontinuities in bridge
decks.

® Pole-mounted IRT-UTD is recommended as a secondary
project-level test for bridges with very high-volume traffic
because of its ease of installation and removal in the field.

The recommended network-level inspection methods should
be employed to evaluate the entire network of interstate bridge
decks and NHS bridge decks. Additional state road bridges can
also be included in the rotation of bridge assessments depending

upon available funds and personnel. These condition assessments
can be refreshed every 2 to 4 years so that the condition
assessments can be compared and changes in bridge deck
condition tracked, much like routine medical assessments are
conducted for people.

If the condition of the bridge decks evaluated in the network-
level assessments deteriorate to a significant extent, then project-
level inspections may be initiated to gather information for
making decisions regarding the application of an overlay or even a
deck replacement on specific bridges. Use of reliable nondestruc-
tive test information of the actual bridge deck condition is much
more reliable than simply using visual inspection and bridge deck
age alone to make major programming decisions that can cost
several millions of dollars.
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1. INTRODUCTION

To make programming decisions for bridge decks,
the present INDOT protocol integrates visual bridge
inspection data with the age of the bridge deck.
Although it is a good starting point to detect the
damage level of bridges, visual inspection cannot assess
what is happening inside the structure or under the
bridge due to deck pans. Nondestructive testing (NDT)
of a bridge deck is a methodology used to detect
deterioration and damage under the deck surface. The
NDT information can provide additional reliable
results on the deck condition that can be used to
complement the visual inspection information. There
are many different NDT methods that can be used for
different applications, such as ground penetrating radar
(GPR), infrared thermography (IRT), impact echo
(IE), etc. (Gucunski et al., 2013). Delamination and
probability of corrosion are two major bridge deck
deterioration parameters that NDT technologies can
identify.

After 20 years of service, INDOT often initiates a
significant construction operation for bridge decks,
such as the installation of an overlay or a deck
replacement. As a result, a typical bridge service life
would be 80 years, with an overlay after 20 years of
bridge service life, a deck replacement after 40 years,
another overlay after 60 years, and bridge replacement
after 80 years. As part of a study conducted by Taylor
et al. (2016), this model was compared to the service life
of the decks—and the related cost—if non-destructive
testing (NDT) was used to determine significant work
action decisions. The lowest cost option available
through the programming actions currently used by
INDOT is always more costly than the use of NDT to
determine the main bridge deck work actions; it is
estimated to be 23% to 54% more expensive (Taylor
et al., 2018). The savings were enormous when the cost
reductions were applied to Indiana’s full network of
bridges. A number of studies have been conducted to
show the numerous benefits of adopting NDT to assess
bridge deck conditions, including the aforementioned
study for Indiana (Taylor et al., 2016).

INDOT previously contracted with an NDT con-
sultant (Consultant J) to test 259 bridge decks using
air-launched GPR scanning. However, the bridge
deck type and the nondestructive testing method were
not always coordinated. Some of the decks were
reinforced concrete with no overlay, while others had
different types and thicknesses of overlay material.
Consequently, there was significant variation in the
results, creating some concerns about the reliability and
apparent usefulness of bridge deck NDT information in
evaluating the condition of bridge decks.

The purpose of the research discussed herein is (1) to
examine the reliability of various NDT test methods
and their usefulness in assessing the condition of bridge
decks and (2) to make recommendations of viable NDT
methods for network-level and project-level bridge deck
inspections.

2. BACKGROUND INFORMATION

Both project-level and network-level evaluations are
good candidates for NDT bridge deck inspections.
Project-level testing is a detailed bridge deck inspection
that normally involves maintenance of traffic (MOT),
whereas network-level testing is the assessment of a
large number of bridges at highway speeds in an
abbreviated period and, in most cases, without MOT.

Project-level (PL) inspections are often performed
when the number of bridges to be evaluated is limited
and detailed inspection protocols need to be carried
out. Chain dragging and hammer sounding, half-cell
potential, IE testing, chloride ion penetration testing,
and ground coupled GPR scanning are some of the
inspection methods commonly used. The results of
these more detailed inspection techniques are frequently
more accurate and detailed than the results of network-
level inspections, which are more limited.

Network-level (NL) inspections are often used to
scan or analyze a large set of bridge decks and to
acquire a better knowledge of the INDOT bridge
inventory. NDT testing methods performed during
such inspections are designed to collect bridge deck
condition data quickly. Many entities apply infrared
thermography and air-launched ground penetrating
radar to collect NDT data at highway speeds. The
precision of these bridge deck scans is often lower than
project-level inspection methods. The NDT findings
produced during network-level scanning, on the other
hand, are still reasonably accurate and can be used as
an initial scanning or screening method to evaluate
decks and identify those decks that may be good
candidates for further project-level inspection.

In the research described in this report, five major
NDT methods were used to evaluate the condition of
selected bridge decks: GPR, sounding, IE, IRT, and
destructive sampling. GPR and IRT testing were used
in both project-level and network-level testing. Air-
launched GPR was used for network-level scanning and
ground-coupled GPR was used for project-level testing.
IRT testing was completed in different ways, such as
aerial IRT, pole-mounted IRT, vehicle-mounted IRT,
and drone-mounted IRT. Pole-mounted IRT needed
traffic control for installation and removal, so it is
categorized as project-level testing. IE, concrete cores,
and automatic sounding methods were only used in
project-level testing. Detailed information about each
testing method is provided below.

2.1 Ground Penetrating Radar

GPR is a common NDT method used to quickly
examine the conditions of a structure. Electromagnetic
waves that are transmitted into the bridge deck and
pass through the top reinforcement level are used to
evaluate the condition of bridge decks. Reinforcement
cover thickness, the configuration of reinforcement,
the probability of corrosion of reinforcement, and
concrete deterioration are major condition assessments
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that GPR can provide. The results from deck scanning
are used to create a subsurface contour map. Deicing
salt chlorides are a common cause of concrete deck
reinforcing steel corrosion, and chloride concentrations
in concrete attenuate GPR signals. Therefore, a relative
comparison of data throughout the deck can identify
locations of possible corrosion. The operating fre-
quency of the antennas can be set as needed to allow
for different levels of detail and penetration depth.
GPR can be divided into two types: air-launched GPR
and ground-coupled GPR (Romero & Roberts, 2002).
Data are collected at traffic speed using air-launched
GPR, which commonly has antenna mounts on a
vehicle (Figure 2.1). Using air-launched GPR, a large
amount of data can be collected in a short period.
A ground-coupled GPR antenna usually is installed
on a pushcart (Figure 2.2). Inspectors take repeated
passes to push the cart across the bridge deck. By
directly touching, or nearly touching, the bridge
surface, the antenna transmits and receives waves.
When comparing the two types of GPR tests, air-
launched GPR is better for evaluating many bridges,
while ground-coupled GPR is better for more precise
measurements.

2.2 Sounding Inspection Methods

Two general sounding inspection methods are
commonly used to detect delaminated regions in a
bridge deck: manual sounding and automated sounding
inspection.

Figure 2.2 Example of ground-coupled GPR equipment.

Chain dragging and hammer sounding are two
traditional manual sounding inspection methods that
are used by many state DOTs. Elastic sound waves are
sent into the bridge deck by either dragging chains or
striking the deck with a hammer. Operators listen to
the sound, and especially changes in the sound, to
determine the condition of the bridge deck. A sound
deck has a distinct ringing sound, but a delaminated
deck has an echoing or muffled sound. The manual
sounding inspection method mainly applies to bridge
decks with significant delamination. The limitation of
the manual sounding method is that minor delamina-
tion is hard to distinguish by the human ear, and results
rely on the skill and experience of operators.

An automated sounding method performs an inspec-
tion similar in nature to that used in manual inspec-
tions, but deck sounding and the sound collection is
performed in an automated fashion (Figure 2.3).
Automated sounding equipment may use, for example,
chains mounted to wheels or a number of impact
hammers to generate the deck sounding. Isolated
microphones are used to record the induced dynamic
sound excitation. The microphones capture sound and
vibration amplitudes as a function of time, then convert
the data to the frequency domain for analysis.

Instead of human judgment, the method adjusts and
compares acoustic data to classify the deck condition.
The data are classified as either “intact” or “delami-
nated.”

2.3 Impact Echo

The impact echo (IE) technique is a project-level
method for detecting delaminations in concrete (see
Figure 2.4). Waves are sent into the bridge deck by
impacting or striking the surface and measuring the time
needed for the wave to pass through the deck by
monitoring the reflected waves. This is accomplished by
striking the surface of the bridge deck being tested and
measuring the response using a neighboring sensor
(Sansalone & Carino, 1989). The dominant return
frequency from the bottom of the deck would indicate
intact concrete, while a delaminated region within the
deck will produce a shift in the return frequency and
indicate an internal discontinuity.
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Figure 2.4 Example of IE equipment.

Figure 2.5 Example of a plane for aerial IRT (used with
permission from consultant).

2.4 Infrared Thermography

IR thermography (IRT) is a common NDT method
used to discover subsurface delamination. Surface
radiation of electromagnetic waves associated with
temperature fluctuations at infrared wavelengths is
used to analyze the condition of a bridge deck. The
heating and cooling behavior of the resultant material
is compared to the surrounding material. Temperature
difference within a bridge deck is measured by infrared
cameras, which subsequently transforms the informa-
tion into a signal. These signals are then analyzed to
generate temperature maps in the structure. Variable
parameters, such as density and thermal conductivity of
the material, temperature of the surrounding area, and
humidity of air can affect the testing results. IRT is
commonly used to detect delaminations at or above the
top reinforcement level and debonding between the
overlay and bridge deck (Maierhofer, et al., 2002, 2004,

o
B S L R e

Figure 2.6 Example of the vehicle-mounted IRT equipment
(used with permission from consultant).

Figure 2.7 Example of drone-mounted IRT equipment (used
with permission from consultant).

2006; Maser & Bernhardt, 2000). IR thermography
testing can be collected in different ways: mounted on
an airplane (aerial IRT), mounted on a vehicle (vehicle-
mounted IRT), mounted on a drone (drone-mounted
IRT), and mounted on a pole (pole-mounted IRT) (see
Figure 2.5 through Figure 2.8). The data collection
system may influence the accuracy of the results in
terms of testing speed, distance from the surface of a
deck, and presence of an overlay.
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Figure 2.8 Example of pole-mounted IRT equipment (used with permission from consultant).

Figure 2.9 Example of a concrete core.

2.5 Destructive Sampling

Core drilling is a reliable approach for obtaining
representative samples from concrete structures.
Concrete cores of the actual bridge deck material offer
samples for laboratory tests to determine the presence of
steel, condition of concrete, chemical contents, etc.
Cores are commonly cut with a rotary cutting tool
equipped with diamond bits. Depending on the purpose
of the concrete core, the size of the cylindrical specimen

can be varied. A typical specimen is depicted in Figure
2.9. If the core is located in a region of the deck that
exhibits deterioration, it can provide visual evidence of
delamination inside the deck caused by reinforcement
corrosion or debonding at the interface between the
original concrete deck and a surface overlay.

3. TESTING INFORMATION
3.1 Bridge Selection

Two rounds of testing were conducted for the
research study. The first and second rounds of deck
scanning were performed in fall 2020 and summer/fall
2021, respectively. In the first round of testing, 20
bridges were selected for network-level testing. Out of
these bridges, 10 were then selected for project-level
testing. In addition, a total 38 bridges along I-65 were
chosen for aerial IRT testing; only a couple of these
bridges were included in the set of network-level
bridges to be tested. Lastly, ten bridges with newly-
constructed bridge decks were selected to nondestruc-
tively measure the concrete cover depth to the top
reinforcing bars in the deck. In the second round of
testing, 10 bridges were selected for both project-level
and network-level testing, while 14 bridges along SR
18 and 27 bridges along I-69 were chosen for aerial
IRT testing.

The bridges that were selected for nondestructive
evaluation were chosen based on the inclusion of
various critical factors that may influence the test
results. During the selection process, parameters such
as superstructure type, type of wearing surface, type of
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design, deck protection, facility carried, age of deck, age
of overlay, deck rating, and wearing surface rating were
taken into account. The explanation of each factor is
listed below.

Steel, concrete, and prestressed concrete were three
superstructure types that were considered in bridge
selection. Second, the three major types of wearing
surfaces considered were latex concrete overlay,
epoxy overlay, and monolithic concrete (no overlay).
This study did not include decks with an asphalt
overlay. Furthermore, slab bridges, girder bridges,
and truss bridges were included as different types of
bridge design. Bridges were selected from each of
these three types. Then, deck protection was con-
cerned with the presence of epoxy-coated reinforce-
ment in the deck. Selected bridge decks included those
with black steel and others with epoxy-coated
reinforcement. Moreover, the type of roads carried
by most bridges that were evaluated were interstate,
state road, and US Highway; few bridges carried
city roads. In addition, the ages of the decks and
overlays were an important consideration. Newer
bridge decks or overlays would be expected to have
few defects, which would not be ideal for detecting
delamination or degradation. As a result, for testing,
bridges with older decks or overlays were selected.
Finally, bridge decks with deck and wearing surface
NBI ratings of 8, 9, and less than 4 were not used in
this study.

3.2 Bridge Information

For the first round of scanning, 61 bridges were
tested by seven different NDT methods, and six
entities (INDOT and five consultants) were involved.
For the second round of testing, 56 bridges were
tested by eight different NDT methods, and eight
entities (INDOT and seven consultants) were invol-
ved. Table 3.1 is a summary table of the 24 bridges
evaluated by NL and PL testing for both rounds.
Locations of these bridges are shown in Figure 3.1.
A total of 75 bridges were selected for the two rounds
of aerial IRT testing, and summarized information is
provided in Table 3.2. The locations of these bridges
are marked in Figure 3.2. Summary information for
new bridges decks is listed in Table 3.3, and locations
are presented in Figure 3.3. Detailed information of
all tested bridges for both rounds is presented in
Appendix A.

3.3 Entities Information

Ten different entities comprised of various NDT
consultants and INDOT participated in this study.
A summary of testing information for each entity is
provided in Table 3.4. Information about the entities
and the NDT equipment as well as the scanning results
is sourced from reports prepared by each entity and is
used with permission.

TABLE 3.1
Summary of bridges evaluated by NL and PL testing

Type of Wearing
Structure Test Super- Type of Reinf. Bar Road Age of Age of Deck Surface
Number Round Structure Type Design Overlay Protection Carried Deck Overlay Rating Rating
1310 1&2 Concrete Slab Latex None SR 63 35 5 5
1347 1&2 PC! Girder None Coated SR 32 - 7 6
4845 2 Steel Girder None Coated SR 39 - 5 5
4930 2 PC! Girder Latex None SR 50 24 4 5
5230 1 Steel Girder None None US Hwy 3 5 6
8630 2 PC! Girder Latex Coated US Hwy 43 28 5 4
11940 1 Steel Girder Latex Coated US Hwy 38 20 7 7
16500 1&2 Concrete Slab Epoxy Coated SR 40 5 6 8
17940 2 Steel Truss Epoxy Coated SR 8 26 6 7
18770 1&2 Steel Girder Latex Coated US Hwy 30 2 5 5
18870 1 Concrete Slab Latex Coated US Hwy 38 19 5 6
19640 1&2 Steel Girder Latex Coated SR 41 15 6 6
20610 1&2 Steel Girder Latex None SR 50 27 6 5
22690 1&2 Steel Girder Latex None SR 54 32 6 6
24220 2 Concrete Girder Latex None SR 49 19 6 6
31080 1&2 PC! Girder None None SR 46 - 5 5
35520 1&2 Steel Arch Latex Coated Interstate 26 1 7 6
37070 1&2 Steel Girder None Coated Interstate 28 - 7 7
37100 1&2 Concrete Slab Latex None Interstate 62 27 5 5
37150 1&2 Steel Girder Epoxy Coated Interstate 63 28 7 8
41810 1&2 Concrete Slab Latex None Interstate 4 - 6 6
41870 1&2 Steel Girder None Coated Interstate 27 - 6 6
49180 2 Steel Girder Latex None Interstate 6 - 7 7
49200 1&2 Steel Girder Latex None Interstate 40 5 5 6
76140 1 Steel Girder Epoxy Coated Interstate 32 7 7 8

'PC indicates prestressed concrete.
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Figure 3.1 Locations of bridges listed by structure number
for PL and NL testing.

3.3.1 Consultant A

3.3.1.1 Equipment and setting. Consultant A used an
automated sounding system (Figure 3.4) to evaluate
bridges for this research. The system uses chains to
repeatedly hit the bridge deck like a manual chain drag
test but in an automated manner. Testing speed is
15 mph. A proprietary algorithm is used to analyze
the response sound from the chains, and the software
is able to categorize the sound as “intact” or
“delaminated.” Results are also verified by inspectors.
Moreover, deck imaging data are collected during the
testing, and the imaging data can help to identify
cracks, patches, and spalls.

3.3.1.2 Tested bridges. Table 3.5 presents the
number of bridges that were tested by Consultant
A. Detailed information for each bridge can be found
in Appendix A.

3.3.2 Consultant B
3.3.2.1 Equipment and setting

3.3.2.1.1 Automated sounding. Consultant B used
their automated sounding system to complete NDT

testing for this research. The system in Figure 3.5 uses
12 impactor and sensor pairs that are uniformly
positioned at 1-ft intervals. The traveling speed is
around 3 mph, and the width of each scan is 12 ft. The
frequency of impacts is 2 Hz, with each impact
separated by approximately 40 ms to avoid crosstalk
between channels. The setting can eliminate interfer-
ence across channels. The system uses the microphones
to capture sound and vibration amplitudes as a
function of time, then converts the data to the
frequency domain for analysis. This sounding method
does not need to terminate traffic as is done when using
manual sounding. A large amount of data can be
generated in a short period of time.

3.3.2.1.2 Ground-coupled GPR. Consultant B used
a Proceq GP8000 CWSF antenna to complete ground-
coupled GPR tests for this research. The equipment,
which is shown in Figure 3.6, was used to scan the bridge
deck along lines in the longitudinal direction at intervals
spaced at 5-ft transversely. Only the transverse reinfor-
cing bars are measured for condition and cover depth.

3.3.2.1.3 Infiared thermography. Consultant B
used a Vision Aerial SwitchBlade-Elite 2.0 tricopter
drone with a FLIR Duo Pro R 640 thermal camera
attached to collect IRT data. The camara has a 13-mm
lens with the frame rate 30 Hz. Figure 3.7 shows the
system. The system flies adjacent to the bridge decks to
record the IRT information for the deck surface. The
IRT data are analyzed by Pix4d to provide information
of delamination and debonding.

3.3.2.2 Tested bridges. Table 3.6 presents the number
of bridges that were tested by Consultant B. Detailed
information for each bridge can be found in
Appendix A.

3.3.3 INDOT In-House NDT
3.3.3.1 Equipment and setting

3.3.3.1.1 Concrete cores drilled. Concrete cores
were drilled based on visual inspection of the deck.
The intent of taking the cores was to confirm the
accuracy of the IE NDT results. Three or four cores
were drilled on each bridge selected for the concrete
core test; 14 cores were taken for Round 1 and 6 cores
for Round 2. For the first round of testing, the diameter
of core bit used was 3 in. However, 4-in. diameter cores
were used for the second round of testing. The depth to
which cores were drilled varied due to factors such as
cores breaking at weak concrete depth locations. The
typical coring equipment that INDOT used is shown in
Figure 3.8.

3.3.3.1.2 Impact echo (INDOT). A push-cart IE
scanner, manufactured by Consultant F, was used
for the testing. Figure 3.9 shows the scanner used in
this study. The IE scanner method is based on
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TABLE 3.2

Summary of bridges evaluated by aerial IRT testing

Wearing
Structure  Superstructure  Type of Reinf. Bar Age of Age of Type of Road Deck Surface
Number Type Design Overlay Protection Deck  Overlay Carried Rating Rating
1-65 (round 1) 36070 Steel Girder None Coated 5 - Interstate 8 8
36130 Steel Girder None Coated 25 — Interstate 7 7
36150 Steel Girder None Coated 25 - Interstate 7 7
36170 Steel Girder None Coated 25 — Interstate 7 7
36190 Steel Girder None Coated 25 - Interstate 7 7
36210 Steel Girder None Coated 25 — Interstate 6 6
36230 Steel Girder None Coated 25 - Interstate 7 7
36250 Steel Girder None Coated 25 — Interstate 7 7
36270 Steel Girder None Coated 25 - Interstate 7 6
36290 Steel Girder None Coated 25 — Interstate 7 7
36320 Steel Girder None None 3 - Interstate 6 6
36330 Steel Girder None Coated 7 — Interstate 7 7
36520 Steel Girder Latex None 48 19 Interstate 6 5
36660 Steel Girder Latex None 50 2 Interstate 6 6
36680 Steel Girder Latex None 52 3 Interstate 6 8
36690 Steel Girder Latex None 52 3 Interstate 5 8
36700 Steel Girder Latex None 53 3 Interstate 6 8
36720 Steel Girder None Coated 17 — Interstate 7 7
36730 Steel Girder None Coated 17 - Interstate 7 7
36740 Steel Girder None Coated 17 — Interstate 7 7
36750 Concrete Slab None Coated 17 - Interstate 6 6
36760 Steel Girder None Coated 17 — Interstate 7 7
36770 Steel Girder None Coated 17 - Interstate 7 6
36780 Steel Girder None Coated 17 — Interstate 7 6
36790 Steel Girder None Coated 26 - Interstate 7 7
36800 Steel Girder None Coated 26 — Interstate 6 6
36850 Steel Girder None Coated 26 - Interstate 7 7
36880 Steel Girder None Coated 22 — Interstate 7 7
36900 Steel Girder None Coated 22 — Interstate 7 7
36920 Steel Girder None Coated 22 — Interstate 6 6
36950 Steel Girder None Coated 22 - Interstate 7 9
36980 Steel Girder None Coated 22 — Interstate 7 7
37030 Steel Girder None Coated 28 — Interstate 6 6
37060 Concrete Girder Latex None 62 27 Interstate 4 4
37070 Steel Girder None Coated 28 - Interstate 7 7
37100 Concrete Slab Latex None 62 26 Interstate 5 5
37120 Concrete Girder Latex None 62 27 Interstate 5 6
50720 Steel Girder None Coated 28 — Interstate 7 7
1-69 (round 2) 39620 PC! Girder None Coated 29 - Interstate 7 7
39630 PC! Girder None Coated 29 - Interstate 7 6
39640 Steel Girder None Coated 29 — Interstate 7 6
39650 Steel Girder None Coated 29 - Interstate 6 6
39740 Concrete Slab Latex None 59 6 Interstate 6 7
39770 Concrete Slab Latex None 59 21 Interstate 6 6
39780 Concrete Slab Latex None 59 21 Interstate 6 5
39850 Concrete Slab None Coated 9 - Interstate 6 6
39860 Concrete Slab None Coated 9 — Interstate 7 7
39870 Steel Girder None Coated 26 - Interstate 6 6
39880 Steel Girder None Coated 26 — Interstate 7 7
39910 Concrete Girder Latex None 59 26 Interstate 6 7
39920 Concrete Girder Latex None 59 26 Interstate 6 6
40000 Steel Girder None Coated 12 - Interstate 7 7
40010 Steel Girder None Coated 29 — Interstate 6 6
40130 Concrete Slab Latex None 59 29 Interstate 5 5
40140 Concrete Slab Latex None 59 29 Interstate 5 4
40220 Steel Girder Latex Coated 29 18 Interstate 7 6
40230 Steel Girder Latex Coated 29 18 Interstate 7 6
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TABLE 3.2

( Continued)
Wearing
Structure  Superstructure  Type of Reinf. Bar Age of Age of Type of Road Deck Surface
Number Type Design Overlay  Protection Deck  Overlay Carried Rating Rating
40330 PC' Girder Latex Coated 30 17 Interstate 7 7
40340 PC! Girder Latex Coated 30 18 Interstate 6 5
40350 PC! Girder Latex Coated 30 19 Interstate 7 6
40360 PC! Girder Latex Coated 30 19 Interstate 7 6
SR 18 (round 2) 4708 Concrete Slab Latex Coated 41 16 SR 7 6
4710 Concrete Slab None Coated 31 — SR 7 7
4730 Concrete Slab Latex Coated 37 6 SR 7 6
4740 Concrete Slab Latex Coated 38 6 SR 7 7
4750 PC' Girder None Coated 32 - SR 7 7
4770 Steel Girder None Coated 38 - SR 7 7
4820 Steel Girder Latex Coated 46 19 SR 6 6
4830 Steel Girder Latex Coated 46 19 SR 7 7
4845 Steel Girder None Coated 39 - SR 5 5
4859 Concrete Slab Latex None 58 33 SR 6 6
4860 Concrete Slab None Coated 29 - SR 6 6
4910 Concrete Slab Latex Coated 36 8 SR 7 6
4920 PC' Girder None Coated 32 - SR 7 7
4930 PC! Girder Latex None 50 24 SR 5 4
'PC indicates prestressed concrete.
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Figure 3.2 Locations of bridges listed by structure number
for aerial IRT testing.

3.3.3.1.3 Ground-coupled GPR. GSSI equipment
was used to collect GPR data from the bridge decks.
An SIR-20 control unit with a 1.6 GHz ground
connected antenna (Model 51600) was used to collect
GPR data, and a 1.5-ft grid spacing was used to con-
trol the scanned area. The information was obtained
using 24 traces per foot along the track being scanned.
Figure 3.10 shows the equipment.

3.3.3.2 Data processing and analysis procedure

3.3.3.2.1 Concrete corves drilled. Concrete cores
were returned to the lab for additional investigation.
At this point, measurements such as overlay thickness
and reinforcing bar cover depth were recorded.
Delamination/debonding or vertical cracks can be
identified by inspecting the condition of a concrete
core. The information was used to confirm NDT results
collected by other testing methods.

3.3.3.2.2 Impact echo (INDOT). The IE delami-
nation/debonding maps indicate areas of delamination/
debonding detected by the IE survey. It is important to
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TABLE 3.3

Summary of new bridges for reinforcing bar cover depth measurement (round 1)

Structure Superstructure Type of Wearing Reinf. Bar Age of Type of Road Deck Wearing
Number Type Design Surface Protection Deck Carried Rating Surface Rating
13321 PC! Girder None Coated 3 SR 9 9
16171 Steel Girder None Coated 3 US Hwy 9 9
16811 Concrete Slab None Coated 3 SR 9 9
28326 Steel Girder None Coated 3 SR 9 9
32675 Steel Girder None Coated 4 City Road 8 8
33500 Steel Girder None Coated 5 Interstate 8 8
44090 Steel Girder None Coated 3 Interstate 8 8
17051 PC! Tee Beam None Coated 3 SR 9 9
28430 Steel Girder None Coated 2 SR 8 8
44120 Steel Girder None Coated 4 Interstate 8 8

'PC indicates prestressed concrete.

Figure 3.3 Locations of bridges listed by structure number
for reinforcing bar cover depth measurement.

note that the analysis results focused primarily on
delamination/debonding within the top half of the
overall thickness of the structural deck, with or without
an overlay on the top surface.

The bridge deck, with or without an overlay, was
assessed using thickness echo results provided by the IE
NDT technique. Sound concrete areas/regions generally
have a thickness echo corresponding to the overall
depth of the bridge deck with/without an overlay. For
simplicity and easy to interpret results by bridge
inspectors and bridge asset engineers, two color codes
were used to show sound concrete and deteriorated
concrete regions in the deck. For a typical bridge
concrete deck, sound concrete regions denoted with
grey color typically have an echo thickness which falls
within +10-15% of the nominal IE thickness. A red
color denotes total areas at the surface or within the
deck with flaws such as delamination/debonding. These
red regions generally have a smaller thickness echo
(typically less than 10% of the nominal IE thickness) or
have apparent thickness appreciably higher (typically
20% more than the nominal IE thickness) than the
nominal IE thickness. Analysis assumed concrete
compressional wave velocity of 12,000 ft/s.

3.3.3.2.3 Ground-coupled GPR. The procedure
utilized to process the GPR data is described in the
flowchart in Figure 3.11. The data correction plots
include a plot of the regression lines used to make the
time amplitude corrections. The raw and migrated
amplitudes were corrected using two different methodol-
ogies. For the first method, the “Linear” method, one
linear regression line was produced based upon the
population without the outliers. For the second metho-
dology, “POLY™, a 5th order polynomial curve was fitted
to the time amplitude data, followed by a group of line
segments. All points within the bounds of the line
segments were then corrected individually. Next, thresh-
olds for the corrected populations were determined using
a statistical methodology. Plots of the thresholds and
populations are included. Contour maps of the estimated
area of the bridge deck with a higher probability of
corrosion for the different populations and thresholds
were then developed. There was little difference in the
results between the “Linear” and “POLY” methodologies
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TABLE 3.4
Summary of entities involved in NDT evaluations

Round of Number of
Entity Testing Method Equipment Bridges
Consultant A 2nd round Automated sounding Deck acoustic response system 20
Consultant B 1st round Automated sounding Deck acoustic response system 10
Ground-coupled GPR Proceq GP8000 antenna 10
Drone-mounted IRT FLIR Duo Pro R 640 Thermal Camera/13 mm/ 10
30 HZ mounted on a Switchblade-Elite drone
INDOT Ist round 1IE Pushcart IE Scanner 10
Ground-coupled GPR SIR-20 control unit with a 1.6 GHz antenna model 3
51600
Concrete cores Concrete Core Drill 4
2nd round 1E Pushcart IE Scanner 10
Ground-coupled GPR SIR-20 control unit with a 1.6 GHz antenna model 3
51600
Concrete cores Concrete Core Drill 2
Consultant C 2nd round Drone-mounted IRT DIJI Matrice 210 V2 RTK drone with a DJI Zenmuse 10
XT?2 infrared and visual imaging system
Consultant D 1st round Air-launched GPR Dual 1-GHz horn antenna vehicle-based system 20
Vehicle-mounted IRT 640 x 512-pixel FLIR Systems Model A6701sc 20
infrared camera and a Sony-Alpha a7sii 4K
resolution visual camera
Aerial IRT Fixed-wing airplane with IR camara 38
Ground-coupled GPR GSSI 1.6 GHz antennas 10
2nd round Air-launched 3D GPR DX1821 antenna 10
Aerial IRT Fixed-wing airplane with IR camara 41
Consultant E Ist round Vehicle-mounted IRT Vehicle-mounted imaging system 20
2nd round Vehicle-mounted IRT Vehicle-mounted imaging system 10
Consultant F 2nd round 1E Pushcart IE Scanner 5
Ground-coupled GPR A GSSI STR-4000 data acquisition unit with a 5
ground-coupled 1,600 MHz antenna
Consultant G Ist round Air-launched GPR GSSI RoadScan 30 system 10
Consultant H 2nd round Ground-coupled Multichannel IDS GeoRadar RIS Hi-BrigHT 10
GPR
Consultant T 1st round Pole-mounted IRT Pole-mounted IRT system 2
2nd round Pole-mounted IRT Pole-mounted IRT system 4

for the tested bridges. The raw amplitude and migrated
amplitude results were similar. The plot that best
describes the “Corrosion potential” higher probability
of corrosion is the RAW 1.5-3 dB threshold.

3.3.3.3 Tested bridges. Table 3.7 presents the number
of bridges that were tested by INDOT. Detailed
information for each bridge can be found in Appendix A.

3.3.4 Consultant C

3.3.4.1 Equipment and setting. Consultant C used a
high-resolution infrared imaging device placed on a
drone as shown in Figure 3.12. The device includes
a FLIR Model DJI Zenmuse XT2 imager attached on
a Matrice 210 V2 RTK drone. The drone follows
the predefined flight routes to fly adjacent to each
bridge deck at heights varying from 175 ft to 300 ft
above the deck surface.

3.3.4.2 Data processing and analysis procedure. The
IRT data were processed and analyzed offsite by
Consultant C. A computer-assisted interpretation of the
IRT data is performed for the observation of unexpected
thermal differences and other signs of interior concrete
delamination.

3.3.4.3 Tested bridges. Table 3.8 presents the number
of bridges that were tested by Consultant C. Detailed
information for each bridge can be found in Appendix A.

3.3.5 Consultant D
3.3.5.1 Equipment and setting

3.3.5.1.1 Ground-coupled GPR. Two GSSI 1.6
GHz antennas were attached on the rear of a survey
truck, and an SIR 30 data acquisition system was
installed inside for the ground-coupled GPR test (see
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Figure 3.4 Automated sounding system from Consultant A (used with permission from consultant).

Figure 3.5 Automated sounding system (left); individual impactor and microphone (right) (used with permission from

consultant).

TABLE 3.5
Number of bridges evaluated by Consultant A

Round of Testing Method Overlay Number of Bridges
2nd Round Automated sounding None 5

Latex 12

Epoxy 3

Figure 3.6 Photo of Proceq GP8000 antenna with tablet PC
for remote data acquisition (used with permission from
consultant).

Figure 3.13). Scans were completed at a rate of 60 scans
per foot in the direction of traffic with distance
control provided by an attached encoder wheel. The

test was taken at a maximum speed of 5 mph in a
series of lines spaced 1 ft transversely across the width
of each deck. The distance measuring instrument
(DMI) data were also recorded with each GPR data
point, so GPR results can be presented with distance
information.

3.3.5.1.2 Air-launched 3D GPR. The air-launched
3D GPR test was completed by using a system
manufactured by 3D Radar, which is known as a
Geoscope (Figure 3.14). The system includes an air-
launched DX1821 antenna and a data gathering device.
The antenna generates 21 data channels, and each
channel is separated 3 in. laterally for a total coverage
width of 5 ft. Three data passes were performed for
each lane to provide comprehensive lateral coverage.
The scanning procedure created an overlap of data,
thereby preventing gaps to appear between passes.
Each shoulder received one pass as well. Data were
collected with DMI data at a regular driving speed.

Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2022/31 11



m

Figure 3.7 Photo of a FLIR Duo Pro R 640 Thermal Camera/13
permission from consultant).

mm/30 HZ mounted on a Switchblade-Elite drone (used with

TABLE 3.6

Number of bridges evaluated by Consultant B

Round of Testing Method Overlay Number of Bridges

1st Round Automated sounding None 2
Ground-coupled GPR Latex 6
Drone-mounted IRT Epoxy 2

Figure 3.8 INDOT typical core drill equipment.

A 3-in. (transverse) by 2-in. (longitudinal) testing
grid was used because the longitudinal collection rate
was one set of transverse scans per 2 in. of long-
itudinal motion. An external GPS device was
mounted on the top of the testing truck to record
GPS coordinates for data analysis. The 3D Radar
technology is a stepped frequency system where the
data are generated in a stepped fashion by sending
out a series of sine waves at a set of predetermined
frequencies. The frequency range for the system
applied in this research was 150 to 2,990 MHz, with
frequency increments of 20 MHz.

12 Joint Transportation R

Figure 3.9 IE push-cart scanner used by INDOT.

3.3.5.1.3 Air-launched GPR. The air-launched
GPR surveys were conducted using a dual 1-GHz horn
antenna vehicle-based system (see Figure 3.15). The
GPR data were collected at regular highway speeds
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Figure 3.11 The procedure utilized to process the GPR data (Harris, 2021).

throughout the width of each deck in a series of lines
with a maximum spacing of 3 ft. The DMI distance data
were continually entered into each GPR record, result-
ing in a distance for each GPR data scan.

3.3.5.1.4 IRT by vehicle. The IRT and high-
resolution visual (HRV) surveys were conducted using
a 640 x 512-pixel FLIR Systems Model A6701sc

infrared camera and a Sony—Alpha a7sii 4K resolution
visual camera. Both devices were mounted on top of the
survey vehicle (Figure 3.15) and controlled remotely in
the vehicle. One pass per driving lane and shoulder over
each deck was used to gather the IR and HRV data.
A 15-ft deck width is covered by each pass. For precise
position reference, a DMI is coupled to the IR and
HRYV cameras.
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TABLE 3.7
Number of bridges evaluated by INDOT

Round of Testing Method Overlay Number of Bridges
Ist Round Concrete cores drilled None 2
Latex 0
Epoxy 0
1E None 2
Latex 6
Epoxy 2
Ground-coupled GPR None 2
Latex 1
Epoxy 0
2nd Round Concrete cores drilled None 0
Latex 2
Epoxy 0
1E None 2
Latex 7
Epoxy 1
Ground-coupled GPR None 1
Latex 2
Epoxy 0
TABLE 3.8
Number of bridges evaluated by Consultant C
Round of Testing Method Overlay Number of Bridges
2nd Round Drone-mounted IRT None 2
Latex
Epoxy 1

Figure 3.12 High-resolution infrared imaging equipment and drone equipment (used with permission from consultant).

3.3.5.1.5 Aerial IRT. A consultant hired by
Consultant D was used to collect the aerial infrared
data. The aerial IRT data were obtained with high-
resolution visual data from a fixed-wing airplane that
was piloted by a licensed pilot (see Figure 3.16).
The airplane was 500 to 1,000 ft above each bridge
when the IRT data were collected. The data were sent

to Consultant D using a file sharing platform for
quality assurance evaluation.

3.3.5.1.6 Impact echo. The IE testing was per-
formed using an IE scanner equipment as depicted in
Figure 3.17. The testing sites were chosen to verify the
deterioration identified in the NL GPR and IR data.
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Figure 3.15 Consultant D survey vehicle with GPR, HRV, and IR equipment (used with permission from consultant).
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Figure 3.16 Fixed-wing airplane used for aerial IR surveys (used with permission from consultant).

Control
tablet

Figure 3.17 IE system from Consultant D (used with permission from consultant).

The final maps show the locations of verified delamina-
tion and/or deterioration.

3.3.5.1.7 Hammer sounding. Hammer sounding
was conducted in a few spots to verify delaminations
detected by IR data obtained earlier on tested bridge
decks. When a hollow sound was detected while
sounding, it was affirmed that the region was indeed
delaminated. Delaminations that were confirmed were
reported and are shown in the final maps.

3.3.5.2 Data processing and analysis procedure

3.3.5.2.1 Ground-coupled GPR. Deterioration at
the level of reinforcement was quantified and mapped
using ground-coupled GPR data. The deterioration
maps are made by plotting computed amplitudes of the
GPR signal response to construct contour maps.

3.3.5.2.2 Air-launched 3D GPR. Because the
recorded data includes a set of reactions to each of

the frequency steps, the response is referred to as being
in the “frequency domain.” A brief broadband pulse is
created by an impulse radar system, and the reaction to
this pulse is generated in the “time domain.” The 3D
GPR data is transformed to time domain as most GPR
analysis is performed in the time domain. The data files
are placed on a plan view map once the data has been
translated into the time domain. The result map of a
bridge deck has several data files that are spliced
together to form one full file. The top layer of
reinforcement in bridge decks can be tracked once the
full file is created. Amplitudes at the reinforcement level
were computed to conduct the deterioration analysis
using Consultant D’s software. Contour plots are used
to present the analyzed GPR data.

3.3.5.2.3 Air-launched GPR. The air-launched
GPR analysis is carried out with Consultant D’s
proprietary software using the following procedure.
First, the beginning and end of the structure are
located, and the GPR distance data are compared with
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the dimension of the bridge deck. Dielectric disconti-
nuities in the GPR data are then recognized, and
the corresponding features are identified. Last, con-
crete attenuation, reinforcing bar depth, and concrete
dielectric constant are calculated. Contour plots are
used to present the analyzed GPR data.

3.3.5.2.4 IRT by vehicle. Surface features (disco-
loration, oil stains, sand, rust deposits, etc.) that
appear in the results but are unrelated to subsurface
conditions were compared to the infrared data
to distinguish delaminated areas from surface fea-
tures. Each image has a “snip” taken from it and is
calibrated to capture an area 1 ft in the direction of
travel and 12 ft across. Then, the snips are composed
together to generate a single strip image for each pass.
Each deck’s composite thermal and visual pictures
are created by aligning the separate strip images.
Delaminations or overlay debonding are shown by
white blotchy patches on the IRT picture that do not
correlate to surface features. Due to the thermal
barrier created by the delaminations, these are “hot
spots” where the surface temperatures are greater.
These thermal differences in decks with overlays
might be caused by debonding of the overlay or
delamination at the level of the reinforcement.
Debonding of the overlay will be more intensive in
general. Each map’s delaminated and debonded
regions are traced, and the sum of the highlighted
areas yields an estimate of each deck’s percentage of
delamination and debonding. It is important to note
that the IRT technique identifies the difference in
surface temperature induced by subsurface debonding
and delamination. The depth to which it can reliably
detect anomalies is restricted to 4 in.

3.3.5.2.5 Aerial IRT. The amount of overlay
debonding and/or delamination at the level of the
reinforcement as well as patching were estimated using
aerial IRT plan-views by an experienced analyst. The
quantity estimations were obtained by tracing the “hot
spots” in the IRT and using a mapping application to
quantify the regions expected to be delaminated. In a
similar way, evidence of patching in visual imagery was
defined and measured.

3.3.5.3 Tested bridges. Table 3.9 presents the number
of bridges that were tested by Consultant D. Detailed
information for each bridge can be found in Appendix A.

3.3.6 Consultant E

3.3.6.1 Equipment and setting. Figure 3.18 shows a
transportable imaging platform installed on a truck. An
IRT camera, two line-scanning cameras, a GPS device,
and a speedometer unit are all part of the system. These
sensors work together to detect surface and sub-surface
problems on highways and bridge decks. The IRT
camera is positioned on the back of the vehicle and
captures a 15-ft-wide swath. The two cameras are set on

either end of the rear frame in a similar fashion, and each
capture a 13-ft swath. They capture a total of 18 ft when
mounted in a single row, with some overlap in the middle
to allow for picture-stitching. The system operates at
speeds ranging from 10 to 70 mph, obviating the need for
lane closures.

3.3.6.2 Data processing and analysis procedure.
The IRT camera, line-scanning cameras, distance/
speed data, and GPS information are all extracted
from the recording vehicle and converted using
IrSUITE, JeSUITE, and Kuraves, three different
but interconnected software systems. The software
program determines the best placement for each
recorded image based on the distance pitches
acquired from the distance/speed data. This process
is known as “image stitching,” and it requires
capturing individual photos, applying different
perspective correction procedures to them, and
then arranging them in rows to create a composite
image. Each bridge was thoroughly inspected by
Consultant E’s analysts in compliance with
AASHTO bridge element-level inspection criteria
(Figure 3.19).

3.3.6.3 Tested bridges. Table 3.10 presents the
number of bridges that were tested by Consultant E.
Detailed information for each bridge can be found in
Appendix A.

3.3.7 Consultant F
3.3.7.1 Equipment and setting

3.3.7.1.1 Impact echo. Consultant F used the
pushcart IE scanner system (Figure 3.20) to run an IE
test every 6 in. on two scan lines at a speed of around
1.0 mph. Scan lines were positioned 1 ft apart and
operated longitudinally throughout the whole width of
the bridge. The IE technique detects voids if they exist
and is mostly sensitive to cracking, delamination, and
debonding that is parallel to the test surface. The
approach utilizes a tiny impact solenoid to administer
a low-strain impact, and a displacement transducer
positioned in the rolling sensor wheels to measure the
resonant concrete thickness/delamination response
echoes. A typical IE pulse was assumed to travel
through concrete at a velocity of 12,000 ft/s. If there is
no damage, the IE tests will provide sharp and
consistent resonant echo frequencies that match to the
thickness of the concrete deck at that test location.

3.3.7.1.2 Ground-coupled GPR. GPR testing was
performed using GSSI SIR-4000 equipment with a
ground-coupled 1,600 MHz antenna (Figure 3.21) to
assess the possibility for corrosion due to chloride
presence by analyzing steel reinforcement reflection
amplitude changes over the bridge deck area. The GPR
data were normally acquired while the cart was rolled
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TABLE 3.9
Number of bridges evaluated by Consultant D

Round of Testing Method Overlay Number of Bridges
Ist Round Air-launched GPR None 4
Latex 12
Epoxy 4
Vehicle-mounted IRT None 4
Latex 12
Epoxy 4
Ground-coupled GPR None 2
Latex 6
Epoxy 2
Aerial IRT None 29
Latex 9
Epoxy 0
2nd Round Air-launched 3D GPR None 2
Latex
Epoxy 1
Aerial IRT None 16
Latex 21
Epoxy 0

Infrared Camera

Line
Cameras

Figure 3.18 Vehicle-mounted imaging system (used with permission from consultant).

across the bridge along longitudinal scan lines with a
1-ft transverse spacing (same configuration as used for
the IE scanning). However, two of the five assessed
bridges had longitudinal reinforcement closest to the
test surface, necessitating transverse scans at 1-ft
longitudinal intervals.

On both NDE systems, integrated RTK GPS
devices recorded the exact locations of each test
point. An Emlid Reach GPS device was installed in
both the GPR and IE systems, allowing all data to be

georeferenced. Consultant F used the Indiana Cont-
inuously Operating Reference Station (InCORS)
network to send real-time adjustments to the push-
cart units and offered RTK correction with a 10-cm
accuracy estimate. A 2-ft transverse grid was laid out
across each bridge to ensure complete coverage
during data collection and to aid in testing with the
IE scanner system and GPR system in straight
longitudinal passes when the top deck steel was
transverse to the traffic direction.
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Figure 3.19 Data processing procedure by Consultant E (used with permission from consultant).

TABLE 3.10
Number of bridges evaluated by Consultant E
Round of Number of
Testing Method Overlay Bridges
Ist Round Vehicle- None 4
mounted IRT Latex 12
Epoxy 4
2nd Round Vehicle- None 2
mounted IRT Latex 7
Epoxy 1

3.3.7.2 Data Processing and Analysis Procedure

3.3.7.2.1 Impact echo. The thickness of the gener-
ated resonant echo is used to illustrate the IE results.

— ~—

Figure 3.21 Ground-coupled GPR equipment from
Consultant F.

If there are near-surface delaminations inside the
concrete slab, often in the top 3 in, the delaminated
concrete replies with a low-frequency, undamped
flexural resonance response that appears considerably
thicker than the actual deck thickness. If the concrete
is sound on the surface but has internal horizontal
cracking, an echo resonance is detected to determine
the depth of the internal cracking, which might be
delaminations caused by deep top steel or delamina-
tions at the bottom of the deck caused by bottom steel
corrosion.

3.3.7.2.2 Ground-coupled GPR. The ground-
coupled GPR reflection for each top layer reinforcing
bar is collected and the depth and amplitude of this
reflection are tabulated. This enables the creation of an
accurate steel reinforcement concrete cover depth map
as well as a map of deck condition based on relative
GPR reflection amplitude. Consultant F considered a

Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2022/31 19



number of signal attenuation values due to reinforcing
bar depth changes in order to identify effects caused by
chloride concentrations. Because GPR reflection ampli-
tudes are analyzed as a relative measurement, multiple
cut-off values were chosen to determine which areas are
possibly delaminated and which areas are in good
condition. Consultant F provided numerous versions
of the GPR results, each with different cut-off values of
10%, 20%, and 30%.

3.3.7.3 Tested bridges. Table 3.11 presents the
number of bridges that were tested by Consultant F.
Detailed information for each bridge can be found in
Appendix A.

3.3.8 Consultant G

3.3.8.1 Equipment and setting. Consultant G reported
that the ASTM D6087(2008) (ASTM, 2008) Standard
Test Method for Evaluating Asphalt-Covered Concrete
Bridge Decks Using Ground Penetrating Radar was
employed using a GSSI RoadScanTM 30 system
(Figure 3.22) equipped with a 2 GHz air-launched
horn antenna and a submeter GPS as positional
assistance. The collected profiles for each bridge were
separated at 3-ft intervals. Data was collected at a speed
of 45 mph or greater with six scans per foot. The GPR
survey was limited to within the vehicle lanes (i.e.,
inside line to outside line) for some of the bridges due to
shoulder width restrictions.

3.3.8.2 Data processing and analysis procedure. GSSI
Radan 7 GPR software with the BridgeScan module

TABLE 3.11
Number of bridges evaluated by Consultant F

was used to estimate the depths and normalize
amplitude responses (in dB) from the top of the
interpreted upper transverse layer of embedded steel
reinforcement. The data are also used to estimate the
concrete cover dielectric. Consultant G performed extra
analytical processes to create a more quantitative
data analysis associated to possible deterioration since
signal attenuation is directly related to depth. A 90th
percentile linear regression was used to calculate trends
in signal attenuation by mapping normalized amplitude
responses versus depth, which assumed that at least
10% of the top transverse bars were not deteriorated.
The final depth adjusted amplitudes were calculated
using these trends. Consultant G evaluated the
cumulative percentage from histograms that were
created from the depth-corrected amplitudes to
interpret statistical threshold criteria of the severity
that was associated with the prospective areas of
deterioration. The final estimated data, which were
comprised of concrete cover depth, calculated dielectric
of the concrete cover, normalized amplitudes, and
depth adjusted amplitudes, were grided and shown
using Golden Software’s Surfer.

3.3.8.3 Tested bridges. Table 3.12 presents the
number of bridges that were tested by Consultant G.
Detailed information for each bridge can be found in
Appendix A.

3.3.9 Consultant H

3.3.9.1 Equipment and setting. To gather data across
the bridge deck, Consultant H used a ground-coupled

Round of Testing Method Overlay Number of Bridges
2nd Round Vehicle-mounted IRT None 2
Ground-coupled GPR Latex 3
Epoxy 0

Figure 3.22 GSSI RoadScan 30 system (used with permission from consultant).
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Multichannel Ground Penetrating Radar (MCGPR)
system consisting of an IDS GeoRadar Hi-BrigHT
scanner mounted to a push-cart that is shown in Figure
3.23. The IDS GeoRadar Hi-BrigHT system includes
16 channels that operate at a 2,000 MHz antenna
frequency that are oriented in both the horizontal
(8 channels) and vertical (8 channels) dipole directions.
This enables the collection of large amounts of data in a
single run. The data were georeferenced with sub-meter
precision using an instrument-mounted Leica GGO04
and using the bridge deck expansion joints to locate
when available.

3.3.9.2 Data processing and analysis procedure. IDS
GeoRadar’s GRED software package was used to
post-process the MCGPR data. Position correction,
background removal (filtering), and data visual
assessment were all part of the MCGPR post-
processing. For deterioration evaluation, the GPR
data were analyzed by applying the signature of the
depth of the top reinforcement as well as the amplitude
of that signature.

3.3.9.3 Tested bridges. Table 3.13 presents the
number of bridges that were tested by Consultant H.
Detailed information for each bridge can be found in
Appendix A.
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Figure 3.23 Ground-coupled MCGPR equipment (IDS GeoRadar RIS Hi-BrigHT).

TABLE 3.12
Number of bridges evaluated by Consultant G

3.3.10 Consultant 1

3.3.10.1 Equipment and setting. Consultant I used
their pole-mounted IRT system to scan bridge decks.
The measurements are collected over a two-day period.
A shoulder closure of about one-hour was required
to install the pole-mounted IRT systems on the right
barrier rail of each bridge. A typical top deck
installation is shown in Figure 3.24. The entire width
of the bridge deck (shoulder plus two lanes) was
measured for a length of 100 to 120 ft in each direction
from the setup position using the pole-mounted IRT
technology. The devices collected data automatically
during the scanning period. Views of various parts of
the bridge deck can be recorded from a single setup
point by using the pan and tilt functions of the pole-
mounted IRT camera head.

3.3.10.2 Data processing and analysis procedure. The
daily temperature variations heat up and cool down the
deck structure being examined. Pole-mounted IRT data
are collected over a relatively long period of time to
capture these daily changes, resulting in increased
sensitivity to IRT data collected over a short time-
frame. When delamination indications are investigated
during the heating and cooling cycles, they usually
show symmetric color representations. Shallower
delamination indications can heat up more quickly

Round of Testing Method Overlay Number of Bridges
1st Round Vehicle-mounted IRT None 2
Ground-coupled GPR Latex 6
Epoxy 2
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TABLE 3.13
Number of bridges evaluated by Consultant H

Round of Testing Method Overlay Number of Bridges
2nd Round Ground-coupled MCGPR None 2

Latex

Epoxy 1

RT System
P
|

o

1-94
Eastbound

Figure 3.24 Typical top deck equipment setup on the barrier rail (used with permission from consultant).

TABLE 3.14
Number of bridges evaluated by Consultant 1
Number of

Round of Testing Method Overlay Bridges

1st Round Pole-mounted IRT None 0
Latex 2
Epoxy 0

2nd Round Pole-mounted IRT None 1
Latex 3
Epoxy 0

and appear lighter in color, but deeper delamination
indications will appear darker in color during the
cooling process because they cool down quicker than
sound concrete. To estimate the depth of a delami-
nation, and define the dynamic reaction of the deck
temperature, pole-mounted IRT data are processed
using the heating cycle, cooling cycle, or both.

3.3.10.3 Tested bridges. Table 3.14 presents the
number of bridges that were tested by Consultant I.
Detailed information for each bridge can be found in
Appendix A.

4. RESULTS AND DISCUSSION

In this chapter, test results are presented and
discussed based on the comparison between different
entities and testing methods.

4.1 Existing Test Results

Consultant J had previously examined 259 bridges in
all six INDOT districts using vehicle-mounted air-
launched GPR with data collected at highway speeds.
The number of bridges inspected in each district is
provided in Table 4.1. A 1-GHz antenna was used to
collect GPR data. The results were shown on maps to
demonstrate the condition of deterioration of each deck.
Furthermore, Consultant J produced color maps for
each bridge deck showing the reinforcing bar cover
depth. Additionally, during the GPR scan, visual
inspections of the bridge deck surfaces were performed,
and photos were taken of any substantial problems seen
on the decks.

4.2 Result Comparison for Same Method

In this section, testing results for air-launched
GPR, ground-coupled GPR, IE, IRT, automated
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TABLE 4.1
Number of bridges tested by Consultant J in each district

District Crawfordsville Fort Wayne Greenfield LaPorte Seymour Vincennes
Number of Bridges 56 7 77 44 29 46
sounding, and reinforcing bar cover depth are severity levels should be utilized to compare between

presented and discussed based on the comparison
between different entities using the same NDT
method. The purpose of the comparison of results
between entities is to check if the NDT method
examined can produce consistent and repeatable
results. The test results and deterioration maps
provided herein are sourced from reports prepared
by each entity and are used with permission.

4.2.1 Air-launched GPR Results

In the first round of testing, Consultant D evaluated
20 bridges with their air-launched GPR equipment,
while Consultant G examined 10 of these bridges. In the
second round of testing, Consultant D evaluated 10
bridges by using an air-launched 3D GPR system.
Consultant J tested nine bridges before this study,
and the results were compared to the air-launched
GPR results from Consultant D and Consultant G.
Consultant D provided the percentage of deterioration
using one value. Depending on the severity of the
deterioration, areas of deterioration are highlighted in
dark blue and transitions to pink with increasing
severity. Delaminations are also highlighted in red
on the result maps but are not discussed in this section
as these defects were detected by IRT. The legend
for Consultant D’s maps is shown in Figure 4.la.
Consultant G divided the percentage of deterioration
into four levels: good, fair, poor, and severe. In
Figure 4.1b, each severity level is defined by various
colors. Location of deterioration is represented by
different colors on plan view maps. Consultant J
divided the percentage of deterioration into five levels
and used various colors to represent severity (Figure
4.1c). The deterioration percentage values detected by
the three entities are summarized in Table 4.2. In the
table, only poor and severe levels were considered for
results from Consultant G, and only medium and
high deterioration severity levels were used for
Consultant J. Detailed result tables can be found in
Appendix B.

For the first round of testing, Consultant D indicated
that four bridges had deterioration percentages greater
than 10% of their scanned area. Other bridges had a
minor amount of deterioration in the bridge deck,
which Consultant J concurred with. If only the severe
level of deterioration indicated by Consultant G is used
to compare with other entities, they all agreed that
the examined bridges exhibited minor deterioration.
However, when the poor and severe condition levels for
Consultant G were compared with other entities, the
comparison was not good. Because it was unclear which

entities’ data, comparing percentage values for each
bridge may not be the best approach. Nevertheless, it is
reasonable to compare six bridges tested by Consultant
D in the two rounds of testing. The average absolute
difference between the 3D GPR survey and the
conventional air-launched GPR survey is 2.7%, which
indicates relatively good agreement between the two
methods overall.

Bridge 31080 and Bridge 37100 were selected to
provide an example of the comparison between the
results maps for the first round of testing. Figure 4.2a
shows the result map from Consultant D for Bridge
31080. The location of bridge deck concrete delami-
nation and deterioration can be seen on the plan view
map. The map has a 4-ft increment distance scale
along the length of the bridge deck. Figure 4.2b shows
the result map for Bridge 31080 provided by
Consultant G. The last result map for Bridge 31080
provided in Figure 4.2c is from Consultant J. The
plan view map shows the location of bridge deck
concrete deterioration and a 2-ft increment distance
scale along the length and width of the bridge deck.
Similarly, Figure 4.3 depicts the result maps from the
three entities for Bridge 37100.

Overall, locations of deteriorated areas compare well
for Bridge 31080, but poor comparisons are observed
for Bridge 37100 between result maps from Consultant
D, Consultant G, and Consultant J. When comparing
the result maps for Bridge 31080, it is clear that
deterioration is likely occurring along the pier loca-
tions. However, maps for Bridge 37100 only show some
agreement between Consultant G and Consultant J at
the right end of the span. At the same position,
Consultant D did not identify any deterioration.
Furthermore, other entities did not have good agree-
ment with other deteriorated areas highlighted on the
map from Consultant G.

Bridge 20610 was selected for the comparison
between the first round and the second round of
testing. Consultant D participated in both rounds, so
the result map collected with a conventional GPR was
compared to the 3D GPR result map. Figure 4.4a
shows the result map from the first round of testing,
and Figure 4.4b shows the map from the second round
of testing.

It was discovered that the 3D GPR result map and
the conventional air-launched GPR result map did not
always compare well; while the average deterioration
difference was only 2.7%, the deterioration location
varied considerably. Consultant D indicated that RF
noise interference was present in a portion of the
frequency spectrum, preventing the clear detection of
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Rebar-level deterioration Corrected Amplitude (dB)

detected by GPR 5
[ Good
Increasing severity = -
Delamination 5 Fair
Detected by IR =
(a) Consultant D Y
Poor
-15
Increasing severity
> -20 Severe
-
Concrete deterioration severity level indicator -25
(c) Consultant J (b) Consultant G
Figure 4.1 Legends for air-launched GPR result maps (used with permission from consultant).
TABLE 4.2
Summary table of air-launched GPR results
Consultant G Consultant J
Deterioration (% of Area Surveyed for Deterioration (% of Area Surveyed for
Different Levels of Severity) Different Levels of Severity)
Consultant D Consultant D First Round Previous Testing
Structure Number First Round Second Round Poor & Severe Severe Poor Medium & High High Medium
01310 3.1 4.7 - - - - - -
01347 2.3 3.5 - - - - - -
04845 - 10.7 - - - - - -
04930 - 9.6 - - - - - -
05230 2.6 - - - - - - -
08630 - - - - - - - -
11940 3 - - - - - - -
16500 10.1 - 19.3 4.5 14.8 - - -
17940 9.6 16.3 - - - - - -
18770 1.7 - 15.8 5.5 10.3 5.6 0.8 4.8
18870 10.4 - - - - - - -
19640 6.5 8.7 - - - - - -
20610 6.5 9.1 - - - 2.1 0.3 1.8
22690 2.0 - 22.5 7.1 15.5 2.7 0.4 2.3
24220 - - - - - - - -
31080 - - 17.7 5.6 12.1 6.6 0.6 6.0
35520 12.1 - 17.7 6.4 11.3 2.0 0.1 1.9
37070 6.8 - 13.9 3.2 10.6 1.0 0.0 1.0
37100 1.5 - 15.8 6.8 9.0 3.5 0.7 2.8
37150 3.5 - 17.9 5.2 12.7 4.7 0.7 4.0
41810 9.1 - 16.5 4.6 11.9 - - -
41870 59 - 13.0 2.9 10.1 39 0.7 3.2
49200 13.5 11.9 - - - - - -
76140 3.7 - - - - - - -
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Figure 4.2 Air-launched GPR result maps for Bridge 31080 (used with permission from consultant).

the reinforcing bars. The problem occurred on the other
five bridges as well. As a result, the 3D GPR data was
not believed to be particularly reliable for these tests.
Result maps for other bridges can be found in
Appendix C.

Overall, comparing the deterioration percentage of
the area surveyed and the result maps for all bridges
listed in Table 4.2, poor comparisons for the air-
launched GPR results are generally found between the
results from Consultant D, Consultant G, and
Consultant J. The selection of the frequency threshold
associated with deterioration is believed to be the major
issue causing the observed discrepancy.

4.2.2 Ground-coupled GPR Results

In the first round of testing, Consultant D and
Consultant B used their ground-coupled GPR equip-
ment to assess ten bridges. In the second round of
testing, Consultant H used their multichannel GPR
equipment to test ten bridges, and Consultant F used
ground-coupled GPR to test five of these bridges.
INDOT also evaluated three bridges using a ground-
coupled GPR antenna in each round of testing.
Consultant D provided the percentage of deterioration

using one value. Depending on the severity of the
deterioration, areas of deterioration are highlighted in
dark blue or pink on the result maps. The delamina-
tion and patched areas that are not considered in this
section of the report are highlighted in red and green,
respectively. The legend for Consultant D’s map is
provided in Figure 4.5a. Consultant B divided the
percentage of deterioration into four levels: intact,
fair, poor, and severe. In Figure 4.5b, each severity
level is defined by various colors. Consultant H used
three colors to represent the deterioration potential.
Figure 4.5c shows that green, yellow, and red are used
to correspond to low, medium, and high potentials.
INDOT uses red to indicate deteriorated areas, and
Consultant F uses yellow. The deterioration percen-
tage values detected by the four entities are summar-
ized in Table 4.3. Because Consultant F provided
three result maps for the scanned bridges and each
map had a cut-off value of 10%, 20%, and 30% of the
data, result values cannot be present in the table. Only
poor and severe levels are considered for results from
Consultant B, and medium and high deterioration
potential are considered for results from Consultant
H in the table. Detailed results can be found in
Appendix B.
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Figure 4.3 Air-launched GPR result maps for Bridge 37100 (used with permission from consultant).

For the first round of testing, Consultant D indicated
that all ten bridges had deterioration percentages of less
than 10% of the scanned area. Consultant B concurred
with the results if the severe and poor levels of
deterioration are added together, except for Bridge
37070 and Bridge 37100. When comparing these two
bridges, Consultant B detected more deterioration
when only the severe level from Consultant B was
used. Moreover, INDOT identified more deterioration
than Consultant D and Consultant B for Bridge 41810.
Because it was unclear which severity levels should
be utilized to compare between entities’ data and the
thresholds chosen by each entity were different,
comparing percentage values for each bridge is not
the best approach.

The percentage value of deterioration for three
bridges can be compared between INDOT and Con-
sultant H’s results in the second round of testing.
Bridges 20610 and 24220 show severe deterioration on
their bridge decks, and Bridge 04845 has less deteriora-
tion than the others, notwithstanding the differences in
percentage values. The choice of the thresholds, as
noted in the discussion of the first round of testing,
is believed to be the primary reason for differences
in the percentage values. The low repeatability of
deterioration percentage values in ground-coupled
GPR data was observed.

For the map comparison for ground-coupled GPR,
Bridge 22690 and Bridge 41810 are selected as examples
for the first round of testing. Figure 4.6a shows the
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Figure 4.4 Air-launched GPR result maps for Bridge 20610 (used with permission from consultant).
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Figure 4.5 Legends for ground-coupled GPR result maps (used with permission from consultant).

result map from Consultant D for Bridge 22690. The
location of the bridge deck concrete deterioration can
be observed on the plan view map. The map has a 4-ft
increment distance scale along the length of the bridge
deck. Consultant B provides the second result map
for Bridge 22690 in Figure 4.6b. The map includes a
distance scale with 20-ft increments throughout the
length of the bridge deck. The third result map for
Bridge 22690 provided in Figure 4.6¢ is from INDOT.
The plan view map shows the location of bridge deck
concrete deterioration and a 20-ft increment distance
scale along the length and a 5-ft increment along the
width of the bridge deck. Similarly, Figure 4.7 shows
result maps for Bridge 41810 from the three entities.
Poor comparison is found when comparing locations
of deteriorated areas between the result maps from
Consultant D, Consultant B, and INDOT for Bridge
22690, but they compare better for Bridge 41810. From
Consultant B’s results, a large amount of deterioration
is present along the shoulder of the bridge, but it is not
confirmed by Consultant D and INDOT for Bridge
22690. Consultant B scanned bridges in the longitudinal
direction with test grids of 5-ft spacing in the lateral
direction, so the result map shows GPR results in a
series of lines related to the 5-ft spacing. This
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undoubtedly caused some inaccuracy in the results.
Moreover, weather conditions were not controlled
carefully in the first round of testing. Entities tested
bridges on different days, and weather conditions were
therefore not consistent. The moisture content of the
deck can affect GPR results. It may also be a
contributing factor to the discrepancies observed.
When comparing the result maps for Bridge 41810,
deterioration is occurring along the pier locations.
Overall, result map comparisons for the ten bridges that
were tested in the first round of testing are not ideal.

For the second round of testing, Bridge 04845 is
selected for the comparison of the deteriorated areas.
The bridge was tested by INDOT, Consultant H, and
Consultant F with their ground-coupled GPR equip-
ment. Figure 4.8a shows the result map from INDOT,
and Figure 4.8b shows the map from Consultant H.
The result map with 10% of data from Consultant F
was selected to compare with the other entities, and the
map is shown in Figure 4.8c.

For bridge 04845, the result maps from the three
entities compare well overall. They all agree that the
location at the first pier from the left end of the deck
exhibits some degree of deterioration. Other bridges
were examined in the second round of testing by the
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TABLE 4.3
Summary table of ground-coupled GPR results

Consultant B

Consultant H

Consultant D Deterioration (% of Area Surveyed) INDOT Deterioration (% of Area Surveyed)
Deterioration First Deterioration Second
(% of Area Surveyed) Round (% of Area Surveyed) Round

Structure First Poor & First Second High &
Number Round Severe Severe Poor Round Round Medium High Medium
01310 - - - - - - 62 3 59
01347 - - - - - - 9 <1 9
04845 - - - - - 8.5 13 <1 13
04930 - - - - - - 33 1 61
08630 - - - - - - 6 <1 6
16500 8.9 6.1 1.7 4.4 - - - - -
17940 - - - - - - 10 <1 9
18770 7.2 6.3 33 3.0 - - - - -
19640 - - - - - - 16 <1 16
20610 - - - - - 449 66 4 62
22690 1.3 5.7 2.2 3.5 7.9 - - - -
24220 - - - - - 38.7 40 4 37
31080 3.0 3.8 0.7 3.1 - - - - -
35520 9.6 3.6 0.9 2.7 - - - - -
37070 9.8 21.6 17.2 4.4 - - - - -
37100 7.6 25 17.0 8.0 - - - - -
37150 32 2.6 0.6 2.0 - - - - -
41810 4.9 5.5 2.1 34 18.5 - - - -
41870 59 7.3 6.0 1.3 9.0 - - -
49180 - - - - - - 4 <1 3

ground-coupled GPR method and also provided a fair
comparison for the location of deteriorated area
between the three entities. Weather conditions were
more carefully controlled during this round of testing.
Result maps for other bridges can be found in
Appendix C.

Overall, comparing the deterioration percentage of
the area surveyed and the result maps for all bridges
listed in Table 4.3, poor comparison is observed for
the first round of testing between results from
Consultant D, Consultant B, and INDOT. The
results from the second round of testing performed
well in terms of the locations of deterioration, but
selecting the appropriate threshold remains a chal-
lenge for GPR testing.

4.2.3 Impact Echo Results

INDOT used the IE method to evaluate ten
bridges in each round of testing and provided the
percentage of delamination using a single value.
INDOT used red to indicate delaminated areas in
the result maps. Consultant F tested five bridges with
their IE equipment in the second round of testing.
Depending on the location of the delamination
through the depth of the deck, delamination is
separated into six categories, each represented by a
different color on the result maps. The legend used
by Consultant F is provided in Figure 4.9. The
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delamination percentage values detected by the
two entities are summarized in Table 4.4. For the
results from Consultant F, only near surface delami-
nation, likely top delamination, and deep top
delamination are considered for the results. Detailed
results can be found in Appendix B.

Five bridges can be compared between INDOT and
Consultant F’s results in the second round of testing.
In the table, the summation percentage values of
the three delamination categories considered for
Consultant F are provided. Both entities agree that
Bridge 01310, Bridge 04930, and Bridge 24220 have
more delamination than the other two bridges. Bridge
01347 and Bridge 04845 are likely in good condition.
However, the relative percentage values between the
results from the two entities are quite different for
Bridge 04845. Because Consultant F divided the
delamination results into six categories, choosing
which categories to compare with the results from
INDOT is a challenge. The percentage results and the
result maps should both be compared to make a
better judgment.

For the map comparison, Bridge 01347 and Bridge
24220 are selected as examples for the second round of
testing. Figure 4.10a shows the result map from
INDOT for Bridge 01347. The location of delamination
can be observed on the plan view map. The map has a
10-ft increment distance scale along the length and a 5-
ft increment distance scale along the width of the bridge
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Figure 4.6 Ground-coupled GPR result maps for Bridge 22690 (used with permission from consultant).

deck. The result map provided by Consultant F for
Bridge 01347 is presented in Figure 4.10b. The map
includes a distance scale in 5-ft increments throughout
the length and width of the bridge deck. Similarly,
Figure 4.11 shows result maps for Bridge 41810 from
the two entities.

The locations of delamination compare well between
the result maps from INDOT and Consultant F for
both bridges. INDOT and Consultant F used the same
manufacturer model of IE, so it is not surprising that
the results are very similar. All five bridges provide
good comparisons, and this gives evidence that the IE
test is fairly repeatable. Result maps for other bridges
can be found in Appendix C.

Overall, based upon the results for all bridges
listed in Table 4.4, good comparison was observed
for the delamination percentage of area surveyed and
the result maps from INDOT and Consultant F.
Therefore, the IE test is believed to be reliable and
repeatable for detecting delamination in a bridge
deck.
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4.2.4 Infrared Thermography Results

In the first round of testing, Consultant D and
Consultant E used their vehicle-mounted IRT equip-
ment to assess 20 bridges. Consultant B tested ten of
these bridges with their drone-mounted IRT equip-
ment. Consultant I surveyed two bridges with their
pole-mounted IRT equipment. Lastly, aerial IRT was
used by Consultant D to scan 38 bridges along 1-65. In
the second round of testing, Consultant E used their
vehicle-mounted IRT equipment to test ten bridges,
and Consultant C used drone-mounted IRT to test the
same bridges. Four of these bridges were evaluated by
Consultant I using their pole-mounted IRT equipment.
Consultant D also scanned 37 bridges using the aerial
IRT method along I-69 and SR 18. All entities provided
the delamination percentage of the area surveyed as a
single value. In the result maps of the vehicle-mounted
IRT from Consultant D, the delamination and patched
areas are highlighted in red and green, respectively, and
the legend is provided in Figure 4.12a. The aerial IRT
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Figure 4.7 Ground-coupled GPR result maps for Bridge 41810 (used with permission from consultant).

result maps used red boxes to mark the delamination
areas. In Figure 4.12b, Consultant E used colored boxes
with different outline colors to represent delamination
and patch areas. The legend for Consultant B is shown
in Figure 4.12¢, and the areas with spalling, patching,
and delamination are marked by different hatched
boxes. Consultant I used red to indicate deep defects in

the deck and yellow marks to indicate shallow defects.
Consultant C highlighted the delamination areas in
blue. The delamination percentage values detected by
the five entities are summarized in Table 4.5. Detailed
results can be found in Appendix B.

For the first round of testing, the aerial IRT by
Consultant D and drone-mounted IRT by Consultant
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Figure 4.9 Legend for IE result maps from Consultant F (used with permission from consultant).

B found a slightly lower amount of delamination than
other methods, except pole-mounted IRT. For the
aerial IRT, the results may be somewhat influence by
the data collection period since the time involved in
collecting the aerial IRT data is much shorter than
other IRT methods due to the speed of the airplane and
the height of the airplane above the bridge decks.
Moreover, it is not surprising that a large number of
bridges tested by aerial IRT may be in good condition
since an entire corridor is flown in one trip and the
bridges along the interstates often receive aggressive
maintenance to keep them in good condition.

The drone-mounted IRT data provided by Con-
sultant B also may have some related issues. The drones
are not allowed to fly directly above the bridges due to
possible conflicts with traffic on the bridge. Hence, they
fly adjacent to the bridge and not directly over the
bridge deck. However, their data collection period is
greater than that of an airplane or even a truck with
IRT equipment attached.

The  vehicle-mounted IRT results between
Consultant D and Consultant E match for some

bridges but others do not compare well because the
results can be affected by many conditions, including
shaded areas, moisture, and small temperature differ-
ences. Data were collected at different times by each
entity, and variables that could affect results such as
moisture were not carefully controlled during the first
round of testing.

For the second round of testing, some bridges, such
as Bridge 49200 and Bridge 08630, have good
comparisons in percentage values, while others show
different values. As explained in Section 2.4, the
accuracy of the IRT results can be affected by the type
of IRT methods. Aerial IRT scans are collected quickly
and from far above the deck, which may provide
slightly less accurate results. The pole-mounted IRT has
a longer testing period than any other IRT method; the
system processes IRT images collected over a two-day
period. Hence, it is believed that it may deliver the most
accurate results. Vehicle-mounted IRT can collect data
close to the surface of the deck at highway speeds, and
drone-mounted IRT can slowly scan the deck but at
farther distances from the surface of the deck.
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TABLE 4.4
Summary table of IE results

INDOT

Consultant F

Delamination (% of Area Surveyed)

Delamination
(% of Area Surveyed)

Second Round

Structure Second Sum of Three Near Surface Likely Top Delamination or  Deep Top Delamination or
Number First Round Round Categories Delamination Thickened Concrete Internal Cracking
01310 - 16.0 20.4 2.9 34 14.1
01347 - 5.1 3.5 1.8 1.3 0.4
04845 - 7.9 1.8 0.3 1.3 0.2
04930 - 35.0 29.5 17.4 10.8 1.3
08630 - 12.0 - - - -
16500 0.7 - - - - -
17940 - 4.8 - - - -
18770 - - - - - -
19640 - - - - - -
20610 - 13.1 - - — -
22690 9.6 - - - - -
24220 - - 38.0 20.5 8.2 9.3
31080 - - - - - -
35520 0 - - - - -
37070 3.8 - - - - -
37100 13.5 - - - - -
37150 7.5 - - - - -
41810 8.2 - - - - -
41870 3.8 - - - - -
49180 - 8.2 - - - -
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Figure 4.10 IE result maps for Bridge 01347 (used with permission from consultant).
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Figure 4.12 Legends for IRT result maps (used with permission from consultant).

Therefore, differences in the accuracy of the IRT
methods are expected.

The first six bridges listed in Table 4.5 can be
compared between the first round and the second round
of testing. Consultant E provided significantly different
results for the same bridges in different rounds of
testing because they revised their judgment used during
the analysis of the data in the second round of testing.
Most entities agree that Bridge 01347 is in good
condition, and Bridge 20610 has more delamination
than the other five bridges. Minor delamination (less
than 5%) was detected by Consultant D and Consultant
E in the first round of testing indicating that most of the
bridges are in good condition. However, the pole-
mounted IRT used by Consultant I identified signifi-
cantly more delamination than other entities for Bridge
01310, which has a latex overly. Furthermore, the
delamination reported by Consultant I agreed well with
that found by both entities using IE.

The delamination percentages of the area surveyed
listed in Table 4.5 are generally lower for most bridges
compared to the IE method. The finding may indi-
cate that the IRT test only detected delamination
at a relatively shallow depth and that deep delamina-
tion at the bottom reinforcement layer in decks
cannot be easily found using this method, except
perhaps for the pole-mounted IRT. Ground-truth
testing (i.e., concrete coring) could help to confirm
this conclusion.

For the map comparison, Bridge 31080 is selected as
an example from the first round of testing. Figure 4.13a
shows the result map from Consultant D. The location
of bridge deck delamination can be observed on the
plan view map. The map has a 4-ft increment distance
scale along the length of the bridge deck. Figure 4.13b
shows the result map provided by Consultant E. The
map includes a distance scale with 10-ft increments
throughout the length and width of the bridge deck.
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Figure 4.13 IRT result maps for Bridge 31080 for the comparison of the first round of testing (used with permission from

consultant).

The third result map provided in Figure 4.13c is from
Consultant B. The plan view map shows the location of
bridge deck concrete deterioration and a 20-ft incre-
ment distance scale along the length of the bridge deck.
For the second round of testing, Consultant E,
Consultant C, and Consultant D are chosen, and the
results maps for Bridge 04930 are shown in Figure 4.14.
The result maps from Consultant C are shown with a
5-ft grid. Bridge 19640 is chosen for the comparison
between the first round and the second round, and
the result maps from Consultant E (both rounds),
Consultant C (second round), and Consultant D (first
round) are presented in Figure 4.15.

In general, Bridge 31080 result maps show agreement
for the majority of the delaminated locations. There is a
good comparison between the location of the delamina-
tion indications, even though the delamination percen-
tages of the area surveyed are different. For Bridge
04930, the shaded areas on the bridge deck affect the
IRT results for the result maps from Consultant E and
Consultant D because these areas will experience less
temperature change. It is difficult for both aerial IRT
and vehicle-mounted IRT to measure accurate delami-
nation results when shading is present. Other areas
in the result maps are roughly comparable, but
Consultant E shows less delaminated area than the
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other two entities. For Bridge 19640, a fairly good
comparison is made between the result maps from
Consultant E’s first round, Consultant E’s second
round, and Consultant C. Consultant D indicated the
least delaminated area, but most of the delaminated
areas that Consultant D found are also shown by
Consultant E and Consultant C. All bridges are
compared, and result maps can be found in Appendix C.

Overall, considering the delamination percentage of
the area surveyed and the result maps for all bridges
listed in Table 4.5, the results are somewhat compar-
able, but there is some disagreement among the various
types of IRT methods. Parameters, such as distance
from the deck, testing duration, temperature difference,
presence of moisture, and overlay presence likely
affected the IRT results. Choosing proper IRT methods
for the different goals of testing is important. Hence,
aerial IRT may be ideal for network-level scanning as
an initial screening of bridge condition, while pole-
mounted IRT is likely a good choice for project-level
scanning.

4.2.5 Automated Sounding Results

Consultant B used their automated sounding system
to evaluate 10 bridges in the first round of testing and
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Figure 4.14 IRT result maps for Bridge 04930 for the comparison of the second round of testing (used with permission from

consultant).

provided the percentage of delamination in four levels:
intact, fair, poor, and severe. As indicated in Figure
4.16a, each severity level is defined by various colors.
In the second round of testing, Bridge 31080 was under
construction, so Consultant A tested 19 bridges with
their automated sounding equipment, and 9 of these
19 bridges can be compared with the results from
Consultant B. The legend used by Consultant A is
provided in Figure 4.16b. The delamination percentage
values detected by the two entities are summarized in
Table 4.6. This study only considered the poor and

severe levels indicated by Consultant B. Detailed results
can be found in Appendix B.

By comparing results between Consultant B and
Consultant A, it is found that both entities indicate a
low amount of delamination for the bridges tested.
They agree that Bridge 16500, Bridge 18770, and
Bridge 37070 are in good condition. However, the
percentage values between the results from the two
entities have a larger difference for Bridge 22690 and
Bridge 37150. Because Consultant B divided the
delamination results into four levels, which levels to
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Figure 4.15 IRT result maps for Bridge 19640 for the comparison between rounds (used with permission from consultant).
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Figure 4.16 Legends for automated sounding result maps (used with permission from consultant).
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TABLE 4.6
Summary table of automated sounding results

Consultant B

Delamination (% of Area Surveyed)

Consultant A

First Round

Delamination (% of Area Surveyed)

Structure Number Poor Severe Poor & Severe Second Round
01310 - - 0.4
01347 - - - 0.1
04845 — — 0.2
04930 — - 0.6
08630 — — 0.0
16500 0.2 0.1 0.3 0.0
17940 — — 0.0
18770 0.2 0.1 0.3 0.0
19640 — — 39
20610 - - - 34
22690 0.3 0.1 0.4 2.9
24220 - - 5.4
31080 1.1 0.4 1.5 -
35520 0.2 0.2 0.4 0.0
37070 0.1 0.1 0.2 0.0
37100 0.1 0.1 0.2 1.3
37150 0.3 0.1 0.4 1.8
41810 0.8 0.7 1.5 0.9
41870 0.1 0.0 0.1 1.2
49180 - - - 1.1

consider for comparison with the results from
Consultant A was difficult to identify. The percentage
results and the result maps should both be compared
to make a better judgment.

For the map comparison, Bridge 41810 and Bridge
16500 are selected as examples. The result map from
Consultant B for Bridge 41810 is provided in Figure
4.17a. The location of delamination can be observed on
the plan view map. The map has a distance scale with
2-ft increments along the length and width of the bridge
deck. The result map from Consultant A for Bridge
41810 is presented in Figure 4.17b. Similarly, Figure
4.18 shows result maps for Bridge 16500 from the two
entities.

The locations of delamination are only comparable
within the first span of Bridge 41810. Other locations
for Bridge 41810, and the entire bridge for Bridge
16500, are not comparable between the result maps for
the two entities. Consultant B and Consultant A used
different automated sounding equipment, so the results
may vary. Comparisons for other bridges are presented
in Appendix C, and poor comparisons are observed for
these bridges.

Overall, considering the results for all bridges listed
in Table 4.6, relatively small delamination values were
detected by both entities, with larger delamination
values usually detected by Consultant A compared to
Consultant B. However, the comparison of delamina-
tion percentage detected, and the areas indicated on the
result maps from Consultant B and Consultant A is
generally poor. Therefore, there are some concerns
about the reliability and repeatability of the automated

sounding test based on the comparisons between the
results from the two consultants.

4.2.6 Reinforcing Bar Cover Depth Results

Concrete cover depth for the top reinforcement layer
is an important parameter when evaluating the quality
of the bridge deck construction. Therefore, in the first
round of testing, Consultant D, Consultant B, and
Consultant G were asked to assess ten bridges for
concrete cover thickness to the top reinforcement using
either ground-coupled or air-launched GPR equipment.
Additionally, ten newer bridge decks were selected to
check the concrete cover thickness by Consultant D. Six
concrete cores were drilled by INDOT to verify the
concrete cover depth for Bridge 13321 and Bridge
16171. In the second round of testing, Consultant H
used their multichannel GPR equipment to measure
cover depth for ten bridges. The four entities used color
bars to identify the concrete cover thickness at various
locations on a bridge deck. Consultant G and
Consultant H used various ranges of color bars for
different bridges depending on the highest cover
thickness interval, and examples of the color bars are
shown in Figure 4.19¢ and Figure 4.19d. Consultant D
and Consultant B used the same color bar for all
bridges (Figure 4.19a and Figure 4.19b). Average
concrete cover thicknesses are presented in Table 4.7
for the bridges tested. Detailed results can be found in
Appendix B.

For the first round of testing, concrete cover
thicknesses compared well between the three entities.
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Figure 4.17 Automated sounding result maps for Bridge 41810 (used with permission from consultant).

Bridge 16500, Bridge 37100, and Bridge 41810 are slab
bridges, so the concrete cover thickness is somewhat
greater than other bridges. Moreover, Bridge 22690 and
Bridge 35520 have a latex concrete overlay on the deck;
therefore, these decks have a thicker cover thickness.
The concrete cover thickness of other bridges is
approximately the typical concrete cover thickness,
which is 2.5 in. The average concrete cover thickness
for newer bridges was measured to be greater than
2.5 in., which meets the top cover thickness requirement
(2.5 in.). In the second round of testing, reasonable
concrete cover thicknesses were measured by Con-
sultant H. Bridge 01310 is a slab bridge, and Bridge
24220, Bridge 04930, and Bridge 20610 have a latex
concrete overlay. Therefore, greater concrete cover
thicknesses were measured. Overall, the average con-
crete cover thicknesses for tested bridges are acceptable.

Bridge 37100 and Bridge 41810 are used as examples
to compare the result maps from Consultant B and
Consultant G. Consultant D did not provide concrete
cover thickness result maps. Figure 4.20a shows the

40

result map from Consultant B for Bridge 37100.
Variations in the concrete cover thickness can be
observed on the plan view map. The map has a 20-ft
increment distance scale along the length of the bridge
deck. The result map from Consultant G for Bridge
37100 is shown in Figure 4.20b. The map includes
a distance scale with 1-ft increments throughout the
length and width of the bridge deck. Because
Consultant G only scanned the traffic lanes, the area
in the red box on Consultant B’s map should be used to
compare with result map from Consultant G. Similarly,
Figure 4.21 shows result maps for Bridge 41810 from
the two entities.

Because Consultant B used the same color bars for
all bridges, the cover thickness range for the color scale
is quite large. Colors have low contrast between areas
with small differences in cover thicknesses. However,
the result maps from Consultant B and Consultant G
are comparable based on the trend of the color changes.
Both entities agree that the concrete cover thickness
increases to 9 in. in the third span of Bridge 37100, and
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Figure 4.19 Legends for concrete cover thickness result maps (used with permission from consultant).
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TABLE 4.7
Summary table of average concrete cover thickness results

Consultant D Consultant B

Consultant G Consultant H

Avg. Concrete Cover

Thickness (in.) Thickness (in.)

Avg. Concrete Cover

Avg. Concrete Cover
Thickness (in.)

Avg. Concrete Cover
Thickness (in.)

Structure
Number First Round First Round First Round Second Round
01310' - - - 5.0
01347 - - - 3.1
04845 - - - 2.3
04930 - - - 3.4
08630 - - - 2.0
16500" 3.8 43 4.9 -
17940 - - - 1.9
18770 2.8 3.0 3.3 -
19640 - - - 1.5
20610 - - - 3.3
22690 45 4.8 4.7 -
24220 - - - 4.1
31080 3.6 4.1 4.0 -
35520 3.1 4.2 4.1 -
37070 2.5 2.8 2.9 -
37100" 6.3 7.6 6.0 -
37150 2.3 2.8 2.8 -
41810" 3.5 4.4 3.3 -
41870 2.5 2.9 2.9 -
49180 - - - 2.7
133212 2.7 - — -
161712 3.1 - - -
168112 3.5 - - -
170512 2.9 - - -
28326 2.5 - - -
284307 3.4 - - -
32675% 3.2 - - -
335007 2.7 - - -
44090? 2.9 - - -
441207 3.1 - - -
ISlab bridge.

2Bridge is a newer girder/beam bridge.

other areas of thick cover are indicated on both result
maps. For Bridge 41810, both result maps show thin
concrete cover thickness at the left end of the bridge
and thick cover thickness at the right end of the bridge.
Comparisons for other bridges can be found in
Appendix C.

Consultant D used air-launched GPR to evaluate
10 newer bridge decks for the concrete cover depth of
the reinforcement. For two of the bridges, concrete
cores were extracted to verify the cover depth. Figure
4.22a shows the location of the three concrete cores
that were drilled on the deck of Bridge 13321. For the
best comparison, the three locations are also pre-
sented on the result map from Consultant D in Figure
4.22b. Three cores were also extracted from Bridge
16171, and the locations of the cores are shown in
Figure 4.23.

By measuring the height of each concrete core above
the top layer of reinforcement, the concrete cover depth
can be determined. For Bridge 13321, the height of the
core at location C1 is 2.875 in., C2 is 2.25 in., and C3 is

2.5 in. The concrete cover depth at these three locations
can be observed from Consultant D’s air-launched
GPR result map. On the map, the depth is in a range of
2.25 in. to 2.5 in. at location CI1, around 2.5 in. at
location C2, and 2.5 in. to 2.75 in. at location C3. For
Bridge 16171, the height of the core at location Cl1 is 2.5
in., C2 is 2.875 in., and C3 is 2.625 in. The concrete
cover depths that are read from Consultant D’s result
map are in the range of 2.75 in. to 3 in. at location C1, 3
in. to 3.25 in. at location C2, and 2.75 in. to 3 in. at
location C3. The comparison between the results from
concrete cores and air-lauched GPR is good for the two
bridges. The error is less than 0.375 in. between the two
methods. As a result, air-launched GPR, which is
verified by concrete cores, appears to be a very reliable
and accurate method to measure the concrete cover
depth.

Overall, comparing average concrete cover depth and
result maps for all bridges listed in Table 4.7, a good
comparison is observed for the first round of testing
between the results from Consultant D, Consultant B,
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Figure 4.20 Concrete cover thickness result maps for Bridge 37100 (used with permission from consultant).

and Consultant G. The height of concrete cores above
the top layer of reinforcement also matches the air-
launched GPR results for two newer bridge decks. As a
result, the GPR method appears to work well to
measure the concrete cover depth above the top
reinforcement.

4.3 Result Comparison for Different NDT Methods

In this section, test results are compared between air-
launched GPR and ground-coupled GPR, air-launched
GPR and IRT, IE and IRT, IE and concrete cores, and
IRT and automated sounding. The reason why results
between different NDT methods were compared is to
determine if the various NDT methods can produce
somewhat comparable results to detect delamination
or deterioration. Obviously, different NDT methods
measure different quantities, and some variations in
results are expected.

4.3.1 Air-launched GPR vs. Ground-coupled GPR
Results

Consultant B, Consultant D, Consultant F,
Consultant G, Consultant H, and INDOT used air-
launched or ground-coupled GPR methods to evaluate
selected bridges in the two rounds of testing. Results
from Consultant J are also used to compare with other
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GPR results. Table 4.8 summarizes the GPR results.
The summation of the two most severe levels is shown
in the table for the entities that divided their results into
several levels of deterioration. Results from Consultant
F are not shown in the table since they provided plan
view maps for three different deterioration levels rather
than a single distinct value.

Ground-coupled GPR is performed slower and
closer to the surface of the bridge deck than air-
launched GPR, so ground-coupled GPR may detect
more deterioration than air-launched GPR. However,
the results did not always confirm this behavior.
The results for eight bridges are consistent with this
expectation, but for other bridges, air-launched GPR
results indicate greater percentages of deteriorated
areas than ground-coupled GPR results. One of the
reasons is that no standard frequency threshold for
the GPR methods is used, so variations in the results
may occur. Moreover, the frequency of antennas is
different for air-launched GPR and ground-coupled
GPR. These two factors undoubtedly affected the
results.

For the map comparison, Bridge 20610 and Bridge
37100 are selected as examples to compare the results
for air-launched GPR and ground-coupled GPR.
Consultant D provided both a regular air-launched
GPR result map and a 3D air-launched GPR result
map for Bridge 20610. Consultant J used air-launched
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Figure 4.21 Concrete cover thickness result maps for Bridge 41810 (used with permission from consultant).

GPR to evaluate the bridge, and Consultant H and
INDOT also tested this bridge by using ground-coupled
GPR. Figure 4.24 shows the result maps for Bridge
20610. Similarly, Figure 4.25 shows five result maps
for Bridge 37100 from Consultant D, Consultant G,
Consultant J, and Consultant B.

For Bridge 20610, ground-coupled GPR result
maps from Consultant H and INDOT show a large
amount of deterioration that is evenly distributed
over the entire bridge deck. However, air-launched
GPR result maps do not indicate deterioration to the
same extent. Locations of deterioration do not match
between the result maps of Consultants D and J and
the maps for other entities. For Bridge 37100, the
result maps from each entity show different results. It
is difficult to find agreement between locations and
the amount of deterioration indicated by the various
result maps.

Overall, the deterioration percentage of the area
surveyed and the result maps for bridges listed in Table
4.8 compare poorly between entities. As a result, the
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GPR method was generally not found to be repeatable
or reliable.

4.3.2 Air-launched GPR vs. Vehicle-mounted Infrared
Thermography Results

Air-launched GPR results are compared with vehi-
cle-mounted IRT results in this section because the
equipment for both methods is truck-mounted, and the
results are collected at highway speed. The air-launched
GPR results are from Consultant D, Consultant G, and
Consultant J. Consultant D also completed vehicle-
mounted IRT testing in the first round of scanning, and
Consultant E used their vehicle-mounted IRT equip-
ment to test selected bridges in both rounds of
scanning. Table 4.9 summarizes air-launched GPR
results and vehicle-mounted IRT results. The summa-
tion of the two most severe levels is shown in the table
for the results from Consultant G and Consultant J.

By comparing the percentage values listed in
Table 4.9, the air-launched GPR results compare
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TABLE 4.8

Summary table of air-launched GPR results vs. ground-coupled GPR results

Air-Launched GPR Deterioration
(% of Area Surveyed)

Ground-Coupled GPR Deterioration
(% of Area Surveyed)

Consultant Consultant  Consultant Consultant Consultant Consultant
D G J D B H INDOT

Structure Two One One One One One
Number Antenna 3D Antenna Antenna Antenna Antenna Multichannel Antenna
01310 3.1 4.7 - - - - 62.0 -
01347 2.3 3.5 - - - - 9.0 -
17940 9.6 16.3 - - - - 10.0 -
19640 6.5 8.7 - - - - 16.0 -
20610 6.5 9.1 - 2.1 - - 66.0 449
49200 13.5 11.9 - - - - - -
04845 - 10.7 - - - - 13.0 -
04930 - 9.6 - - - - 33.0 -
05230 2.6 - - - - - - -
08630 - 5.5 - - - - 6.0 -
11940 3.0 - - - - - - -
16500 10.1 - 19.3 - 8.9 6.1 - -
18770 1.7 - 15.8 5.6 7.2 6.3 - -
18870 104 - - - - - - -
22690 2.0 - 22.5 2.7 1.3 5.7 - 7.9
24220 — 18.0 — — — — 40.0 —
31080 5.1 - 17.7 6.6 3.0 3.8 - -
35520 12.1 - 17.7 2.0 9.6 3.6 - -
37070 6.8 - 139 1.0 9.8 21.6 - -
37100 1.5 - 15.8 3.5 7.6 25.0 - -
37150 3.5 - 17.9 4.7 3.2 2.6 - -
41810 9.1 - 16.5 - 49 5.5 - 18.5
41870 5.9 - 13.0 3.9 5.9 7.3 - 9.0
76140 3.7 - - - - - - -

poorly with the vehicle-mounted IRT results. This
finding is to be expected because the GPR method
measures the probability of corrosion in a bridge
deck, while the IRT method detects delamination.
Therefore, the results from the two NDT methods
are not directly comparable. However, together
they provide an important picture of the behavior in
the bridge deck. The GPR value and location
indicates the likelihood of corrosion development,
while the IRT regions indicate those areas where
delamination cracking and/or separation has already
occurred. The map comparisons can provide more
evidence.

For the map comparison, Bridge 19640 and Bridge
31080 are selected as examples to compare the result
maps for air-launched GPR and vehicle-mounted IRT.
Consultant D provided air-launched GPR results and
vehicle-mounted IRT results together on the same map
for the first round. Blue areas show GPR results and
red boxes indicate IRT results. Note that the regions of
distress do not necessarily need to match. For Bridge
19640, four result maps are presented in Figure 4.26
from Consultant D and Consultant E (both rounds).
Similarly, Figure 4.27 shows five result maps for Bridge
31080 from Consultant D, Consultant G, Consultant J,
and Consultant E.

For both bridges, some areas do match between the
GPR and the IRT results because corrosion can cause
delamination in a bridge deck. A large amount of
reinforcement corrosion could be present at the match-
ing areas that led to delamination. Other areas do not
match well between the result maps from different
methods, which simply indicates that the two methods
detect different types of deck distress in a bridge deck.

Overall, the percentage of the area surveyed and the
result maps do not compare well between air-launched
GPR and vehicle-mounted IRT. Therefore, other
means of collecting IRT data, such as drone-mounted
IRT and pole-mounted IRT, should also not be
comparable with GPR results since they were found
to provide comparable or greater delamination values
than vehicle-mounted IRT.

4.3.3 Impact Echo vs. Infrared Thermography Results

IE results are compared with IRT results in
this section. INDOT and Consultant F collected IE
data, while Consultant B (drone-mounted IRT),
Consultant C (drone-mounted IRT), Consultant I
(pole-mounted IRT), Consultant D (vehicle-mounted
IRT), and Consultant E (vehicle-mounted IRT)
collected IRT data. Table 4.10 summarizes the IE
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Figure 4.24 GPR result maps for Bridge 20610 (used with permission from consultant).

and IRT results. A summation of the three most
severe categories is shown in the table for the results
from Consultant F.

By comparing the percentage values listed in Table
4.10, the IE results show a larger delamination
percentage of the area surveyed than the IRT results
for most bridges. The IE test is a project-level test. The
equipment physically touches the surface of a bridge
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deck and slowly scans the deck. The vehicle-mounted
IRT and drone-mounted IRT tests collect data above a
bridge deck at a faster speed. The aerial IRT results
are not included in this comparison because the aerial
IRT detects even less delamination than other IRT
methods. Therefore, more delaminated areas are
detected by the IE method than by the vehicle and
drone-mounted IRT methods. The pole-mounted IRT
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Figure 4.25 GPR result maps for Bridge 37100 (used with permission from consultant).

values were greater than the IE values for Bridge 01310
and Bridge 37070, likely because the equipment stays
on the bridge deck much longer compared to other IRT
methods.

For the map comparison, Bridge 19640 and Bridge
24220 are selected as examples to compare the result

maps for the IE and IRT methods. For Bridge 19640,
five result maps are presented in Figure 4.28 from
INDOT, Consultant C, Consultant D, and Consultant
E. Similarly, Figure 4.29 shows five result maps for
Bridge 24220 from INDOT, Consultant F, Consultant
C, Consultant I, and Consultant E.
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TABLE 4.9

Summary of air-launched GPR results vs. vehicle-mounted IRT results

Air-Launched GPR Deterioration
(% of Area Surveyed)

Vehicle-Mounted IRT Delamination
(% of Area Surveyed)

Consultant D Consultant G

Consultant J

Consultant D Consultant E

Structure First Second First Previous First First Second
Number Round Round' Round Testing Round Round Round
01310 3.1 4.7 - - 1.3 0.2 1.0
01347 2.3 3.5 - - 1.5 0.2 4.3
17940 9.6 16.3 - - 0.7 0.2 7.6
19640 6.5 8.7 - - 1.4 3.3 8.6
20610 6.5 9.1 - 2.1 6.3 4.5 4.7
49200 13.5 11.9 - - 1.6 1.1 4.5
04845 - 10.7 - - - - 3.2
04930 - 9.6 - - - - 2.0
05230 2.6 - - - 2.3 0.9 -
08630 - 5.5 - - - - 1.5
11940 3.0 - - - 1.9 0.4 -
16500 10.1 - 19.3 - 2.9 0.8 -
18770 1.7 - 15.8 5.6 1.3 1.3 -
18870 104 - - - 2.3 0.0 -
22690 2.0 - 22.5 2.7 2.7 2.3 -
24220 - 18 - - - - 3.6
31080 5.1 - 17.7 6.6 14.4 4.0 -
35520 12.1 - 17.7 2.0 0.0 0.1 -
37070 6.8 - 13.9 1.0 0.7 0.1 -
37100 1.5 - 15.8 3.5 0.0 0.4 -
37150 3.5 - 17.9 4.7 0.2 0.3 -
41810 9.1 - 16.5 - 0.0 0.2 -
41870 5.9 - 13.0 3.9 0.4 0.3 -
76140 3.7 - - - 1.1 0.0 -

13D air-launched GPR.

By comparing the result maps, locations of delami-
nation that are shown on IRT result maps can generally
be located on result maps for the IE method. However,
result maps for the IE test show much more delamination
than the IRT result maps. Other comparisons between IE
and IRT present the same results. Clearly, IE and IRT
can both detect delamination, but IE generally provides
greater detection results than the IRT methods. Hence,
IRT tests, such as aerial IRT and vehicle-mounted IRT,
can be used to quickly scan bridge decks to gain
delamination information about a deck, but a more
thorough evaluation using IE may yield a more complete
picture of the delamination condition.

Overall, the percentages of the area surveyed are not
comparable between the two methods, but the result
maps show similarities in terms of the locations of
delamination. The principles and setups of the two
methods are distinct, so the results are often different.
The IE method can be used to collect precise delamina-
tion results with fewer interferences, and IRT is good for
rapid testing.

4.3.4 Infrared Thermography vs. Automated Sounding
Results

IRT results are compared with automated sounding
results in this section. Consultant A and Consultant B

collected the automated sounding data, while Con-
sultant B (drone-mounted IRT), Consultant C (drone-
mounted IRT), Consultant I (pole-mounted IRT),
Consultant D (vehicle-mounted IRT), and Consultant
E (vehicle-mounted IRT) collected the IRT data.
Table 4.11 summarizes the automated sounding and
IRT results. The summation of the two most severe
levels is shown in the table for the results from
Consultant B.

By comparing the percentage values listed in Table
4.11, the automated sounding results show a lower
delamination percentage of the area surveyed than the
IRT results for 15 bridges. Another five bridges have
minor delamination indicated by both methods. They
all agree that Bridge 24220 is in the most severe
condition compared to other bridges.

For the map comparison, Bridge 22690 and Bridge
41810 are selected as examples to compare the result
maps for the automated sounding and IRT methods.
For Bridge 22690, five result maps are presented
in Figure 4.30 from Consultant B, Consultant A,
Consultant D, and Consultant E. Similarly, Figure 4.31
shows five result maps for Bridge 41810 from the same
entities.

For Bridge 22690, a few locations of delamination
that are shown on the automated sounding result
maps can also be located on result maps from the
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Figure 4.26

IRT method, but most of the delaminated areas do
not match. For Bridge 41810, result maps from
automated sounding show more delamination than
IRT result maps, but both methods indicate that
there is little delamination present in the deck. Other
comparisons between automated sounding and
IRT present similar results, except with IRT results

50

ehicle-mounted IRT)

Air-launched GPR and vehicle-mounted IRT result maps for Bridge 19640 (used with permission from consultant).

sometimes indicating more delamination than auto-
mated sounding results. It should be noted that
results from Consultant A generally compare more
favorably with the IRT results than results from
Consultant B.

Overall, the automated sounding test usually results
in lower detected delamination percentage values than
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TABLE 4.10
Summary table of IE results vs. vehicle-mounted IRT results

IE Delamination
(% of Area Surveyed)

IRT Delamination
(% of Area Surveyed)

INDOT Consultant F Consultant B Consultant C Consultant I Consultant D Consultant E

Structure  First Second Second Drone-Mounted Drone-Mounted Pole-Mounted Vehicle- Vehicle- Vehicle-Mounted
Number Round Round Round IRT IRT IRT Mounted IRT  Mounted IRT! IRT?
01310 - 16.0 20.4 - 5.5 24.0 1.3 0.2 1.0
01347 - 5.1 3.5 - <0.1 2.0 1.5 0.2 4.3
04845 - 7.9 1.8 - <0.1 - - - 32
04930 - 35.0 29.5 - 7.1 - - - 2.0
08630 - 12.0 - - 1.3 - - - 1.5
16500 0.7 - - 0.0 - - 2.9 0.8 -
17940 - 4.8 - - 2.2 - 0.7 0.2 7.6
18770 2.2 - - 0.0 - - 1.3 1.3 -
19640 - 14.0 - - 5.0 - 1.4 3.3 8.6
20610 - 13.1 - - 2.9 - 6.3 6.3 4.7
22690 9.6 - - 1.4 - - 2.7 2.3 -
24220 - 36.0 38.0 - 3.6 15.0 - - 3.6
31080 19.5 - - 5.7 - - 14.4 4.0 -
35520 0 - - 0.0 - - 0.0 0.1 -
37070 3.8 - - 0.0 - 6.0 0.7 0.1 -
37100 13.5 - - 0.0 - - 0.0 0.4 -
37150 7.5 - - 0.0 - - 0.2 0.3 -
41810 8.2 - - 0.4 - - 0.0 0.2 -
41870 3.8 - - 0.2 - - 0.4 0.3 -

'First round of testing.
2Second round of testing.

the IRT test. Furthermore, the map comparisons
between the two methods generally do not compare
well.

4.3.5 Impact Echo vs. Automated Sounding Results

Comparisons made in Section 4.3.3 and 4.3.4
show that the IE method detects greater delamination
levels than the IRT method, and the IRT method
usually detects more than the automated sounding
method. Therefore, if comparing the results from IE
and automated sounding, the automated sounding
method would usually detect far less delamination
than IE. The comparison of the results provide
evidence that the automated sounding method is not
as sensitive as the other two methods for detecting
delamination.

4.3.6 Impact Echo vs. Concrete Coring Results

Concrete cores were extracted from four bridges to
confirm the IE results. In the first round of testing,
Bridge 22690 and Bridge 41870 were selected for
concrete core testing. Four random locations were
chosen on each bridge. The diameter of the cores was
3 in. For Bridge 22690, the four locations are shown in
Figure 4.32, with the cores taken to an average depth of
7 in. The four concrete cores were found to be in good

condition, which matches the IE results. Figure 4.33
shows the core locations for Bridge 41870, with the
cores taken to an average depth of 6 in. Concrete core
C1 had a vertical crack that extended from the top of
the core, and the other three cores were in good
condition. According to the IE results for Bridge 41870,
no delamination was expected at the four locations. It
should be noted that the IE test is not expected to detect
vertical cracks. Photos of the concrete cores are
provided in Appendix B.

For the second round of testing, Bridge 20610 and
Bridge 24220 were selected for concrete core testing.
Rather than selecting random core locations, the three
concrete cores were extracted from each deck at the
location of a delamination indicated by IE results. The
diameter of the concrete cores was 4 in., and the cores
were taken to an average depth of 6.5 in. Figure 4.34
and Figure 4.35 show the locations of concrete cores on
the IE result maps for Bridge 20610 and Bridge 24220,
respectively. For Bridge 20610, an overlay was added
on the deck 26 years ago, and debonding was found on
core DS2 and DS3. DS1 shows delamination close to
the overlay. For Bridge 24220, the three cores revealed
delamination at the top reinforcing bar level. All cores
proved that there was delamination or debonding at the
locations that were indicated on the IE result map.
Photographs of the concrete cores are shown in
Appendix B.
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TABLE 4.11

Summary table of automated sounding results vs. vehicle-mounted IRT results

Automated Sounding
Delamination
(% of Area Surveyed)

IRT Delamination
(% of Area Surveyed)

Consultant Consultant Consultant Consultant Consultant Consultant
B A B C 1 D

Structure First Second Drone-Mounted Drone-Mounted Pole-Mounted Vehicle- Vehicle- Vehicle-
Number Round Round IRT IRT IRT Mounted IRT Mounted IRT! Mounted IRT?
01310 - 0.4 - 5.5 24.0 1.3 0.2 1.0
01347 - 0.1 - <0.1 2.0 1.5 0.2 4.3
04845 - 0.2 — <0.1 - - - 3.2
04930 - 0.6 - 7.1 - - - 2.0
08630 - 0.0 - 1.3 - - - 1.5
16500 0.3 0.0 0.0 - - 29 0.8 -
17940 - 0.0 - 2.2 - 0.7 0.2 7.6
18770 0.3 0.0 0.0 - - 1.3 1.3 -
19640 - 3.9 - 5.0 - 1.4 3.3 8.6
20610 - 3.4 - 2.9 - 6.3 6.3 4.7
22690 0.4 29 1.4 - - 2.7 2.3 -
24220 - 5.4 - 3.6 15.0 - - 3.6
31080 1.5 - 5.7 - - 14.4 4.0 -
35520 0.4 0.0 0.0 - - 0.0 0.1 -
37070 0.2 0.0 0.0 - 6.0 0.7 0.1 -
37100 0.2 1.3 0.0 - - 0.0 0.4 -
37150 0.4 1.8 0.0 - - 0.2 0.3 -
41810 1.5 0.9 0.4 - - 0.0 0.2 -
41870 0.1 1.2 0.2 - - 0.4 0.3 -
49200 - 1.1 - 5.1 5.0 1.6 1.1 4.5

'First round of testing.
2Second round of testing.
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Figure 4.31 (Continued) Automated sounding and IRT result maps for Bridge 41810 (used with permission from consultant).
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Figure 4.35 Concrete core locations on IE result map for Bridge 24220.

5. SUMMARY AND RECOMMENDED NDT
BRIDGE DECK INSPECTION PROCEDURES

In this chapter, a summary of the findings on NDT
effectiveness and recommendations on future network-
level and project-level NDT testing are provided. The
findings and recommendations are limited to the NDT
methods that were considered during this research.
Other NDT methods may be valuable, but they are not
included in this evaluation.

5.1 Evaluation of NDT Methods

A total of ten different entities were involved in this
research to provide NDT test results for 106 bridges.
GPR, IRT, IE, and automated sounding methods
were performed, and the results were compared
between different entities and methods. A general
summary of the findings of those comparisons is
provided below.

® Impact echo (IE) results compare reasonably well, and
the method was found to be repeatable. Selective
concrete cores extracted from some of the bridge decks
uniformly confirmed the IE results. IE is recommended
as a project-level test for future NDT testing to detect
delamination discontinuities in bridge decks.

® Infrared Thermography (IRT) results for delamination
detection were found to be somewhat comparable
between entities. However, it was also determined that
the IRT method can be affected by shaded deck areas,
moisture, and small temperature differences. Percentage
delamination values detected by IRT were routinely less
than those found by IE, but they were greater than the
values from automated sounding for most bridges.
Vehicle-mounted or aerial IRT is recommended for
network-level testing, and pole-mounted IRT is recom-
mended for project-level testing for bridges with high
traffic.

® Ground-penetrating radar (GPR) was used to both
detect the concrete cover thickness above the top
reinforcement and assess the condition of the bridge
deck.

- Both air-launched GPR and ground-coupled GPR
were found to be very effective in detecting the location
of the top layer of reinforcement and determining the
amount of concrete cover for the top reinforcement
layer. Either method is suitable for verifying the
concrete cover of a bridge deck.

- Bridge deck deterioration results detected by both air-
launched and ground-coupled GPR were found to have
significant variations in both values and locations.
Therefore, the method is not believed to be consistently
repeatable, and is not recommended as a sole method
to evaluate bridge deck condition. Nevertheless, it is
believed that it can provide valuable information about
the possible likelihood of corrosion activity in a bridge
deck and is useful when combined with other NDT
information such as IRT or IE.

® Automated sounding results were found to provide low
delamination detection values compared to other meth-
ods. Only two entities were used for the testing, and the
areas of delamination indicated by one of the entities
were usually greater than the values indicated by the
other.

5.2 Network-Level Testing

In this research, air-launched GPR, vehicle-mounted
IRT, drone-mounted IRT, aerial IRT, and automated
sounding methods are considered for network-level
testing. Based on the comparisons in Chapter 4, aerial
IRT, vehicle-mounted IRT, and air-launched GPR are
recommended for future testing.

Aerial IRT is a good method to scan a large number
of bridges in a short period of time. By flying over the
bridges along a selected route or corridor, information
on the bridge deck condition with respect to delamina-
tion can be gathered rather quickly. If significant
delamination activity as a percentage of the deck area,
such as greater than 5% to 8%, is detected for a
particular bridge based upon this initial aerial IRT
screening, then follow-up scanning using a vehicle-
mounted IRT camera together with an air-launched
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GPR unit will provide additional information on the
delamination percentage and the probability of future
corrosion activity.

Vehicle-mounted IRT is recommended for follow-up,
as needed, since it can detect more delamination than
aerial IRT and automated sounding based on the
comparisons in Chapter 4. Vehicle-mounted IRT data
are collected at highway speeds without traffic control,
so the cost and time efficiency are better than using
drone-mounted IRT. Air-launched GPR can be used
with the vehicle-mounted IRT because the GPR
method is able to detect the probability of corrosion,
and a significant amount of corrosion will cause
delamination. Using two NDT methods together helps
to identify delamination at the top reinforcing bar level.

This information will provide bridge inspectors
additional input on the bridge deck condition to
consider in future inspections and data for the asset
engineers that will be useful for possible future
programming of work actions. If a large amount
(greater than 20%) of delamination is detected by
aerial IRT, or by follow-up inspection, then more
sensitive project-level NDT tests, such as IE, can be
considered for collecting detailed delamination data.

Lastly, the cost per bridge for aerial IRT testing is
much less than other network-level testing methods
explored herein. As a result, aerial IRT is recommended
for the initial network-level NDT scanning, with
follow-up network-level vehicle-mounted scanning by
IRT and air-launched GPR on selected bridges. It is
also recommended, however, that a follow-up study be
conducted to directly compare aerial IRT and truck-
mounted IRT. At least 50 bridges should be scanned to
further assess the sensitivity of both methods and their
ability to detect bridge deck delaminations. The current
study, unfortunately, only had a few such comparisons
and additional data would be useful.

5.3 Project-Level Testing

In this study, project-level NDT testing was carried
out using ground-coupled GPR, pole-mounted IRT,
and IE methods. To confirm the delamination that
the IE method identified, concrete cores were also
extracted. The following NDT methods are recom-
mended for assessing bridge decks with various testing
requirements for future project-level testing.

IE was found to be a reliable method to detect bridge
deck delamination. IE was found to be able to detect
greater delamination deterioration than IRT and
automated sounding methods. IE results from different
entities matched well; therefore, the method was found
to be repeatable. Concrete cores also were found to
verify the IE results, further indicating that the IE
method is reliable. Consequently, 1E is recommended as
the preferred project-level test for delamination detec-
tion in bridge decks. It is recommended that selected
cores be used in subsequent testing to confirm the IE
findings.

Another method that can produce good delamina-
tion detection results is the use of the pole-mounted
IRT system. Compared to other IRT methods, more
data can be collected when using the pole-mounted IRT
equipment since it monitors the bridge deck over a
much longer time period. It can be set up on a bridge
deck with minimal disruption to traffic, and it can
gather data for extended periods of time without the
need for traffic control. Therefore, the pole-mounted
IRT method is believed to be ideal for monitoring
bridge decks that carry very high-traffic volumes.

6. CONCLUSIONS

The goal of this research was to assess the reliability
of NDT test results, evaluate their applicability in
determining the condition of bridge decks, and provide
recommendations for network- and project-level
inspections. Based upon the NDT results, the following
are the conclusions regarding NDT inspection and
INDOT Strategic Goals.

® For network-level bridge deck inspection, it is recom-
mended that a stepped screening process be used. The
first step would be to use aerial IRT to monitor a number
of bridges along a given corridor, such as an interstate or
US Highway. The scanning can be completed rather
quickly and will provide initial information on delamina-
tion content that will indicate if a problem exists or not
for some of the bridges along the corridor. If a large
delamination content is detected in a particular bridge,
such as great than 5% to 8%, then the second step would
be to conduct a follow-up NDT inspection using vehicle-
mounted scanning of only the problematic bridges at
highway speeds using IRT and air-launched GPR. This
scan will provide information about both the delamina-
tion content and the potential for corrosion based on
the chloride penetration, which affects the GPR signal.
A possible third step would be to recommend a more
thorough NDT inspection of selected bridges using IE if
the delamination content from the vehicle-mounted scan
indicates a delamination content above 20%.

® For project-level bridge deck inspection, it is recom-
mended that the primary bridge deck inspection be
conducted using IE to determine the delamination
content in the deck. The IE method was found to be
the most sensitive and accurate of the NDT methods
explored in the study. It is reliable and repeatable.
Additional verification can be obtained by using concrete
cores to check on the delaminated regions that were
detected by IE. A secondary project-level NDT test that
can be employed would be the use of pole-mounted IRT
equipment. The pole-mounted IRT system is a good
choice for collecting NDT data from bridges where a
very high traffic volume is carried by the bridge. The
pole-mounted IRT system can be installed in about one
hour and is then left in-place and collects NDT data over
the span of about two days. It should be mentioned that
other monitoring of a bridge deck may also be chosen
to complement the above two NDT methods. These
additional tests could include concrete cores along with a
chloride-ion penetration test, manual chain dragging, or
hammer sounding.
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® The research in this study impacts the INDOT Strategic
Goals related to Innovation & Technology and Asset
Sustainability. INDOT (2019) indicates that Innovation
and Technology involves methods that, “harness tech-
nology and innovation to develop more effective
transportation solutions,” while Asset Sustainability
involves methods that can, “enhance ability to manage
and maintain assets throughout their life cycle.”
Nondestructive testing is used to evaluate the condition
of bridge decks. This information is used to complement
other information that bridge inspectors and asset
engineers have traditionally used such as the wearing
surface condition and the age of the bridge deck.
Nondestructive testing uses the latest in the state-of-
the-art of inspection technology to look inside the decks
to help assess their condition and assist in future
planning of work actions. By developing strategies for
both network-level and project-level NDT testing, the
product of this research is able to help preserve the
valuable asset of bridge decks and plan for future work in
a cost-effective fashion.
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APPENDIX A. BRIDGE INFORMATION

Appendix A contains detailed bridge information corresponding to NL and PL testing, aerial IRT
testing, and new bridges for measuring concrete cover thickness above the top layer of
reinforcement.
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APPENDIX B. PERCENTAGE RESULTS OF TESTING

Appendix B contains percentage result data from each entity for GPR, IE, IRT,
automated sounding, and concrete cover thickness tests. Photographs of concrete cores taken by
INDOT are also provided.
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Table B.7 Detailed Concrete Cover Thickness Results for Newer Bridges

Structure
Number

16171
16811
17051
28326
28430
32675
33500
44090
44120

Wearing Surface

Monolithic Concrete
Monolithic Concrete
Monolithic Concrete
Monolithic Concrete
Monolithic Concrete
Monolithic Concrete
Monolithic Concrete
Monolithic Concrete
Monaolithic Concrete

Age of
Deck

B W W W W

Age of
Overlay

Deck
Rating

0O 00|\ |00 |00 o WD W W

Wearing
Surface
Rating

0O 00|\ |00 |00 o WD W W

Consultant D
First Round
Avg.
Concrete
Cover (in.)
3.1
3.5
2.9
2.5
3.4
3.2
2.7
2.9
3.1




Figure B.1 Photos of the concrete cores for Bridges
13321 (Newer Bridge).
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C1

C2

C3

=5

Figure B.2 Photos of the concrete cores for Bridges 16171 (Newer Bridge)
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C4

Figure B.3 Photos of the concrete cores for Bridges 22690 (First Round).
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Figure B.4 Photos of the concrete cores for Bridges 41870 (First Round).
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C1

C2

C3

Figure B.6 Photos of the concrete cores for Bridges 24220 (Second Round).
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APPENDIX C. RESULT MAPS OF TESTING
C.1 Air-Launched GPR

C.1.1 Consultant D—First Round: (Result maps contain both air-launched GPR and IRT results)

Bridge 01310
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Bridge 05230

Bent No. 1 Bent No. 2 Bent No. 3 Bent No. 4

S e S
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240

Bridge 11940
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Bridge 17940
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Bridge 18870

BentNo1 BentNo2 Bent No 3 Bent No 4
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Bridge 20610
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Bridge 22690
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C.1.3 Consultant G
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C.1.4 Consultant J
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C.2 Ground-Coupled GPR
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Bridge 37070
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Bridge 41870
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Bridge 22690
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Bridge 37070
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C.2.3 INDOT-First Round

Bridge 22690
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C.2.4 INDOT-Second Round

Bridge 04845
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C.2.5 Consultant H
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C.3 Impact Echo
C.3.1 INDOT-First Round
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C.3.2 INDOT-Second Round
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Bridge 19640
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C.3.3 Consultant F
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Bridge 24220

C.4 Infrared Thermography

C.4.1 Consultant D (Aerial IRT)-First Round
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Bridge 36800
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Bridge 37070
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C.4.2 Consultant D (vehicle-mounted IRT)-First Round (see result maps at air-launched GPR)

See result maps.

C.4.3 Consultant E (Vehicle-Mounted IRT)-First Round
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Bridge 41810
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Bridge 76140
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C.4.4 Consultant B (drone-mounted IRT)

Bridge 16500

0 10 20 30 40 50 60 70 80 90 100

0 50 100 150 200 250 300 350 ,ﬂ 400
Distance along Bridge (ft)

C-64



Bridge 22690

0 20 40 60 80 100 120 140 Q 160
Distance along Bridge (ft)

0 20 40 60 80 100 120 140 160 180
Distance along Bridge (ft)

Bridge 35520

0 50 100 150 200 250
Distance along Bridge (ft) =

C-65



Bridge 37070

0 50 100 150 200 250 300
Distance along Bridge (ft) Q

0 20 40 60 80 100 120 140
Distance along Bridge (ft)

0 50 100 150 200 250 3 300
Distance along Bridge (ft)

C-66



Bridge 41810

80 90
Distance along Bridge (ft) éz

Bridge 41870

0 50 100 150 200
Distance along Bridge (ft) ¢

C-67



C.4.5 Consultant I (pole-mounted IRT)
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C.4.6 Consultant D (Aerial IRT)-Second Round
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C.4.7 Consultant E (vehicle-mounted IRT)-Second Round
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C.4.9 Consultant I (pole-mounted IRT)-Second Round
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C.5 Automated Sounding
C.5.1 Consultant B

Bridge 16500

0 10 20 30 40 50 60 70 80 a0 100
Distance along Bridge (ft) /6
Bridge 18770

Bent1 Bent2 Bent 3 Bent 4 Bent 5 Bent 6 Bent7 Bent8

o Testing Completed in this Region

0 50 100 150 200 250 300 350 ’& 400
Distance along Bridge (ft)

Bridge 22690

0 20 40 60 80 100 120 140 S 160
Distance along Bridge (ft)

C-89



Bridge 31080

Bent 1 Pier 2 Pier 3 Bel_'nt 4
20
10

0 20 40 60 80 100 120 140 160 180
Distance along Bridge (ft) =>
Bridge 35520

¥ - o~ £

g E — [aV] [ap] <t Ly [{a] P~ o0 o :@ 5

g & E € E € E € E €& E 3 E

3 pel [0 © [0 [0 o © o 4] [} L= 3

0 1) (1] 1] Q 18] 1] @ @ Q 14} Q e

< o m [nd] [a1] [an] o [a] [a2] o o o <€

0 50 100 150 200 250 z>
Distance along Bridge (ft)
Bridge 37070
— (9] o <r wn 0
c k= i< k= = €
@ Q Q Q Q [4¥]
ia] m m m m s}

0 50 100 150 200 250 300 Q
Distance along Bridge (ft)

C-90



Bridge 37100
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C.5.2 Consultant A

Bridge 01310

W

_ — iy
Bridge 01347
, . -
@a
<<
Bridge 04845
; - \
\ | _ \

C-93



Bridge 04930

Bridge 08630

Bridge 16500

C-94



Bridge 17940

_______________________________

. i i i I
\ . |
- ’ ' Ll H . . . . . » .
= &
T ' ' T H 1 '
~ : ! 1 H ! i

Bridge 18770

C-95



Bridge 22690

”- ' -A Is
Dbl ,:L\

Bridge 24220

Bridge 35520

C-96



Bridge 37070

Bridge 37100

s A

-” -

C-97



Bridge 41870

C.6 Concrete Cover Thickness
C.6.1 Consultant D (New bridges)
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Bent No. 1 Pier No. 2 Pier No. 3

>
>
100 120 140
Distance from Bent No. 1 (ft)
Pier No. 4 Pier No. 5 Bent No. 6
>
>
285 305 325 &
Distance from Bent No. 1 (ft)
C.6.2 Consultant B
Bridge 16500

Bent 1 Bent 2 Bent 3 Bent 4

90 100
Distance along Bridge (ft) '0

C-103



Bridge 18770
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C.6.3 Consultant G
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Bridge 31080
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Bridge 37070
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Bridge 37150
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About the Joint Transportation Research Program (JTRP)

On March 11, 1937, the Indiana Legislature passed an act which authorized the Indiana State
Highway Commission to cooperate with and assist Purdue University in developing the best
methods of improving and maintaining the highways of the state and the respective counties
thereof. That collaborative effort was called the Joint Highway Research Project (JHRP). In 1997
the collaborative venture was renamed as the Joint Transportation Research Program (JTRP)

to reflect the state and national efforts to integrate the management and operation of various
transportation modes.

The first studies of JHRP were concerned with Test Road No. 1 —evaluation of the weathering
characteristics of stabilized materials. After World War II, the JHRP program grew substantially
and was regularly producing technical reports. Over 1,600 technical reports are now available,
published as part of the JHRP and subsequently JTRP collaborative venture between Purdue
University and what is now the Indiana Department of Transportation.

Free online access to all reports is provided through a unique collaboration between JTRP and
Purdue Libraries. These are available at http://docs.lib.purdue.edu/jtrp.

Further information about JTRP and its current research program is available at
http://www.purdue.edu/jtrp.

About This Report

An open access version of this publication is available online. See the URL in the citation below.
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NDT implementation plan for Indiana (Joint Transportation Research Program Publica-
tion No. FHWA/IN/JTRP-2022/31). West Lafayette, IN: Purdue University. https://doi.
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