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ABSTRACT

Ground penetrating radar (GPR) data were acquired across four bridge decks with
the objective of developing an advanced workflow for GPR operation that would allow
the bridge owners to accurately estimate repair quantities for certain bridge decks, based
on GPR data. The primary contributions from this research are as follows:
1.

It was demonstrated that the conditions of bridge decks can be cost-effectively
and efficiently assessed using the GPR tool.

2.

The GPR tool’s ability to provide rapid and reliable results in comparison with
conventional bridge deck condition assessment techniques was established.

3.

The qualitative and quantitative relationships between the GPR reflection
amplitude and depth of concrete degradation were analyzed to develop an
effective technique to estimate the amount of deteriorated concrete present in a
particular bridge deck; this technique could enable bridge owners to use the GPR
tool (only) to estimate the thickness of concrete that would be removed by
processes such as hydro demolition.

4.

The air-launched and ground-coupled GPR systems were compared in terms of
accuracy of data acquisition and reliability of results. It was determined that airlaunched GPR is a reliable tool for the fast and cost-effective assessment of
bridge decks.
This work is new and important because it extends the traditional use of the GPR

technique and presents the advanced approach for data interpretation and concrete
material removal estimation, especially in areas where deterioration was not visually
exposed.
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1. INTRODUCTION

The rapid, accurate, and cost-effective assessment of the conditions of existing
bridge decks is critically important for proper transport network functioning. The regular
evaluation of the overall health of operating bridges and timely inspections of the state of
deterioration are important parts of effective roadway management. The ground
penetrating radar (GPR) tool was used to assess the general conditions of bridge decks.
When accompanied with core control data, visual inspection, and supplemental
geophysical findings, GPR could significantly improve the reliability of the bridge deck
evaluation procedure.
The comprehensive application of the ground penetrating radar technique in
assessing bridge deck conditions is demonstrated in this dissertation. Four GPR bridge
deck condition assessment case studies are presented. These case studies demonstrate the
advantages and limitations of the GPR tool. GPR data were collected using groundcoupled (all four study sites) and air-launched (only two study sites) equipped with highfrequency antennas (1.5 GHz and 2 GHz, respectively). Visual inspections of the bridge
deck surface and core extraction procedures were performed at all four study sites. The
investigations included documenting the all visible defects, assessing the bridge deck
condition using GPR, determining the depth of material removal via hydro demolition
during bridge deck rehabilitation, and extracting the core specimens.
This research was a part of the studies on the nondestructive evaluation of bridge
decks, supported by Missouri University of Science and Technology and the Missouri
Department of Transportation.

1.1. PROBLEM DEFINITION
Depending on the type of bridge and the requirements at the construction location,
the average cost of minor bridge rehabilitation in Missouri is $325,000 and the average
replacement cost is $665,000 so it is a critically important part of roadway management
to monitor existing bridges in a timely manner to ensure the most rational employment of
available resources [1]. During the routine service of the bridge system, its elements,
especially the wearing surface and deck, are subjected to deterioration, which limits the
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bridge capacity, durability, and overall safety. Deck composition entails a shorter average
service time than the whole bridge (35 years versus 68 years) and it is arranged to be
repaired or replaced more than once over the life cycle of the bridge [2]. Deck
degradation over time is usually caused by harsh operational conditions, such as heavy
traffic loads, temperature fluctuations, and exposure to deicing salts and chemical agents.
According to materials provided by the American Society of Civil Engineers (ASCE), at
the beginning of 2013, a substantial part of the Missouri State bridges network were
considered structurally deficient or outdated considering current standards. The
combination of structurally deficient and functionally obsolete bridges is 28% or 6,893 of
the overall Missouri bridge system [3]. Bridge deck monitoring is essential to identify
most of the problems in their early stages and to prevent and/or delay deck degradation
spread [4]. Once started, bridge deck deterioration never stops and the longer it occurs,
the more damage is subjected to the bridge deck.
Currently, several different assessment techniques are used for bridge deck
assessment. Conventional methods, such as chain dragging and hammer sounding, have
established protocols for assessment and interpretation of the results, although the
interpretation is more qualitative rather than quantitative. Advanced nondestructive
methods, such as GPR investigations, have a tremendous potential for effective use for
monitoring of the health of bridge decks, providing rapid and cost effective results.
However, there is no established standard developed for assessment of the reliability of
inspection results. Data were acquired across multiple bridge decks in an attempt to
address the problem of the absence of a process of proper data acquisition and reliability
of air-launched GPR data in comparison with ground coupled GPR data.

1.2. LITERATURE BACKGROUND
Various destructive and nondestructive methods are being used to monitor the
health of bridge decks over time with a purpose to identify areas of severe bridge material
deterioration and to estimate concrete repair quantities. The advantage of nondestructive
methods is the possibility to perform periodic investigations during operation over time.
There are various types of nondestructive methods, such as chain dragging, hammer
sounding, acoustic surveys, GPR inspections, infrared thermography, and other methods
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[5]. It should be noted that many of these methods do not provide direct measurements
and operate by known empirical relationships.
Barnes and Trottier [6] stated that surveys based on visual inspection alone can
provide an accurate estimation of upcoming repairs, although the reliability of the results
is dependent on the inspector’s experience and skills, and the character of deterioration
distribution [7]. Bridges without significant surface distress are relatively easy to
diagnose, whereas it is always a challenge to accurately estimate repair quantities for
bridges that have moderate or severe deterioration. That can affect the repair evaluation
and lead to cost overruns [6].
Recent studies [8, 9] investigated the use of infrared thermography and impact
echo methods for detection of both deep and shallow delaminations in various stages.
The first literature references that were dedicated to successful use of GPR for
bridge deck survey were published in the early 1980s [10]. Nowadays GPR has been
determined to be an efficient technique for inspection of reinforced bridge decks [6, 11,
and 12] because of its sensitivity for dielectric contrast between concrete and steel. Using
collected reflection amplitudes, surficial distribution of damaged areas over the bridge
deck can be presented as a 2D map showing the degradation spread and its intensity. GPR
also measures the thickness of concrete and asphalt layers, spacing and depth of
reinforcing bars, and concrete damage [13]. Saarenketo stated that both ground coupled
and air-launched high frequency GPR systems can be used in bridge decks surveys,
providing detailed information about the bridge deck’s structures and reinforcing steel;
for most cases it is recommended to keep a slow speed of data collection to obtain the
best possible quality while working with available traffic control. However, GPR survey
doesn’t require any other method, but it could be efficiently used in conjunction with
other nondestructive evaluation methods and limited core sampling for evaluation of
damage in the deck [6]. Normalized to the depth, GPR data can be used with high
reliability for the purposes of deck condition evaluation [7].
In an effort to eliminate the disadvantages of various methods and to increase the
accuracy of bridge deck assessment, several nondestructive methods can be combined in
a one survey unit. As a part of the Long-Term Bridge Performance (LTBP) program, the
Federal Highway Administration (FHWA) has developed the remotely controlled
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RABITTM bridge deck assessment tool that contains a panoramic camera, high-definition
cameras for capturing surface pictures, electrical resistivity probe for identification of the
corrosive environment, impact echo and ultrasonic surface waves tools for concrete
stiffness testing and delaminations detection, ground penetrating radar for quality
assessment of concrete deck deterioration and a global positioning system unit for data
location [14].

1.3. DISSERTATION SCOPE OF WORK AND ORGANIZATION
The objective of this dissertation is to develop an advanced workflow for
interpreting GPR data that will allow the surveyors to accurately estimate the repair
quantities for certain bridges based on GPR data. The goal is to understand that bridge
decks require minor rehabilitation or replacement in the early stages of degradation. That
goal could be achieved by acquiring ground-coupled or air-launched GPR data. This
study included the analysis of the visual inspection, GPR, core sampling, and light
detection and ranging (LiDAR) data. A correspondence of the collected ground-coupled
GPR data with the air-launched GPR data, visual inspection results, core data, and hydro
demolition results are highly anticipated. For the achievement of proposed goals, the
following research was performed as part of this dissertation:
1. A background review was completed (Section 2) with an overview of concrete
deck types, description of bridge deck degradation mechanisms, and available
techniques for bridge deck condition inspection and maintenance.
2. A comprehensive workflow for advanced bridge deck assessment was
developed based on results of detailed bridge deck surveys. This will be
presented in Sections 3 and 4.
3. A developed workflow was implemented for all presented case studies
(Section 4).
4. The results of the GPR data interpretation were compared to the visual
inspection, core, and LiDAR data to validate estimations (Sections 4.1.8.,
4.2.7., 4.3.8., 4.4.8.).
The results were based on the correspondence of interpolated GPR data sets with
the LiDAR scan results. In addition to conventional confirmation of GPR results with
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point-based evaluations (ground truth taken in certain points and visual inspection results
related to particular location over the deck surface), GPR results were qualitatively
compared with not interpolated LiDAR data, which reflects the actual condition of bridge
deck material in terms of its deterioration stage using a high definition grid of data points,
covering the inspected deck surface. Possible relationships between GPR reflection
amplitude and concrete removal depth after hydro demolition were analyzed in terms of
qualitative comparison of data sets.
To the best of the author’s knowledge, this study represents one of the first
published description of the quantitative and qualitative approach of GPR data
verification; however, Varnavina et al. describe a possible relationship between GPR
reflection amplitude and concrete removal depth after hydro demolition, using a
quantitative approach [15]. There was an attempt to develop a standard protocol for
assessment of the reliability of the inspection results, and data interpretation. Data were
acquired across the multiple bridge decks in attempt to address the problem of the
absence of an algorithm for proper data acquisition and reliability of air-launched GPR
data in comparison with ground coupled GPR data.
A part of the work, presented in this dissertation, was performed for projects
entitled “Nondestructive Evaluation of MoDOT Bridge Decks – Pilot Study” and “AirLaunched GPR Evaluation for Rapid Assessment of MoDOT Bridge Decks” [16, 17].
These projects were collaborative efforts between MoDOT and researchers from the
Department of Civil Engineering and the Department of Geological Engineering at
Missouri University of Science and Technology (Missouri S&T). Eleven concrete bridge
decks in Missouri, USA, were inspected using ground coupled GPR to assess the
condition of bridge decks in effort to examine the ability of the nondestructive techniques
in evaluating the condition of bridge decks to enable faster, better, and more costeffective bridge deck assessments, and to determine the accuracy of the information
provided. Ten decks in Missouri were inspected using an air-launched GPR system in
effort to confirm that the air-launched GPR tool can be implemented as a part of a longterm program that enables faster, better, and more cost-effective assessments of MoDOT
bridge decks. A series of supplemental methods including core sampling, visual
inspection, and acoustic testing were performed for the GPR data control.
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2. BACKGROUND

Bridges are crucial parts of the transportation network, providing comprehensive
routes over most physical obstacles such as roads, valleys, canyons, and water streams.
They regulate intensive traffic flows by splitting transportation routes and overpassing
highways or railroad lines. Section 2.1 provides a general description of the major design
and structural features of typical concrete decks. Section 2.2 discusses the causes of
bridge deck deterioration. Sections 2.3 and 2.4 provide an overview of the bridge deck
condition evaluation procedures, and rehabilitation and repair methods.

2.1. BRIDGE DECK DESIGN
Concrete and steel are primarily used to design bridge systems because of their
sustainability, high strength, and durability. Reinforced concrete is a highly reliable and
environmentally stable composite construction material with high compressive strength.
Concrete bridge design is defined by building purposes, bridge orientation and position,
bridge function, its construction materials, type of spanning feature, nature of the place,
where the bridge is constructed, and expected traffic conditions. Concrete bridges are
generally constructed with cast-in-place or precast concrete deck slabs, that are reinforced
with mild steel in the longitudinal and/or transverse directions. Cast-in-place concrete
decks are composed of a reinforced concrete slab with transversely and longitudinally
oriented rebars, optionally designed using prestressed steel. Precast concrete decks are
composed of prestressed concrete slabs or precast concrete panels, which can be
employed as the base for placement of a final cast-in-place concrete deck [18].
Bridges generally consist of substructure and superstructure elements. The
substructure is a part of the bridge system that supports the superstructure and distributes
the loads applied to the body of the bridge to the bridge footings. It includes the piers,
abutments, interior bents, footings, pilings, and the foundation itself. The superstructure
supports the deck and serve as a connector for substructure elements. It may consist of a
single span or combination of a few spans. The bridge deck, bridge rails, sidewalk,
handrails, and some draining features are elements of the bridge superstructure. Bridge
deck directly carries the traffic and distribute the loads over the steel superstructure,
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distributing vertical loads from the transportation network. Figure 2.1 displays structural
elements of a typical highway bridge.

Figure 2.1. Structural elements of a typical highway bridge.

There are a significant number of bridges constructed in the 1960s that are still in
service. These structures were built following transportation agency’s design standards
that are now obsolete.
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2.2. BRIDGE DECK DEGRADATION
Bridge deck elements are permanently exposed to harsh environmental conditions
and traffic flow impact. The progression of in-service bridge deck deterioration is usually
hidden from observation until the damage to the wearing surface and reinforcing system
elements is far advanced or even critical. It is often unclear if the bridge requires just
wearing surface maintenance or should be completely rehabilitated. That fact makes the
process of evaluating and testing for the actual condition of the bridge deck difficult and
lengthy. Degradation advances over time and leads to complete bridge deficiency. Once
started, bridge deck deterioration never stops; the longer it occurs, the more damage is
subjected to the bridge infrastructure leading to the higher maintenance expenses. Deep
knowledge and understanding of the deterioration mechanism can be the key to
successful detecting degradation and implementing rehabilitation procedures [19].
Concrete deterioration is a complex process, usually supplemented by reinforcing
steel corrosion. Reinforced concrete tends to loss its integrity over time due to many
reasons, identified and described by Bien et al. [20], such as poor initial quality,
overloading, deicing salts impact, freeze-thaw cycle-induced stress, structure fatigue, and
rebar corrosion. Bridge deck deterioration, once started, will not stop without
intervention. The possible causes of degradation in bridge deck elements were divided
into four sections in this dissertation: chemically induced, improper concrete mixing
and/or poor design induced, temperature and climate induced, and traffic load induced.
Figure 2.2 displays two types of concrete bridge deck degradation.

Figure 2.2. Different types of concrete bridge deck degradation: (a) deck spalling, (b)
rebar corrosion.
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2.2.1. Chemically Induced Degradation. Chemical agents, such as alkaline
solutions, chloride ions, iron oxides, etc., degrade the constituents of concrete bridge
decks and can accelerate the rate of reinforcing steel corrosion.
2.2.1.1 Alkali-aggregate reactions. Depending on the nature of the minerals
involved in the reaction, alkali-aggregate interaction presented by alkali-silica reaction
(ASR) and alkali-carbonate reaction (ACR). The ASR’s active agent is reactive silica
SiO2. The ACR’s active agents are certain types of dolomitic rocks CaMg (CO3)2 [21].
These reactions can be caused by an increased pH index of concrete paste. Another
reason could be the active reaction of external alkaline agents with certain building
materials [22]. Figure 2.3 (a) explains how alkalis from cement react with siliceous
aggregate and form gel. Figure 2.3 (b) shows how the gel absorbs moisture. Figure 2.3 (c)
demonstrates how cracks develop in cement paste and aggregate when the gel expands.

Figure 2.3. Mechanism of alkali-silica (ASR) reaction.

10
The alkali-carbonate reaction is observed in certain dolomitic rocks that contain
large crystals of dolomite (calcium-magnesium carbonate), surrounded by calcite or a
clay matrix. Dolomite aggregates are not commonly used for concrete composition due to
their vulnerability to ACR. Figure 2.4 illustrates the mechanism of the alkali-carbonate
reaction, which was explained by Tang and Han [22].

Figure 2.4. Schematic diagram of the mechanism of an alkali-carbonate reaction.

Both reactions lead to a loss of integrity in the affected aggregates and the
development of quality degradation mechanisms such as swelling, pressure build-up,
subsequent cracking, corrosion and frost vulnerability. The degradation affects the overall
stiffness of the deck body and causes the concrete structures to lose strength, resulting in
reduced durability and longevity of the concrete structures [23].
2.2.1.2 Carbonation. Carbonation is the second leading cause of corrosion in
reinforcing steel. Carbonation is usually caused by solution, containing dissolved
atmospheric carbon dioxide being injected into pore water. Carbonates, formed by
interacting air carbon dioxide and concrete hydroxides, reduce the pore solution’s pH and
weaken the natural protective film on the reinforcing steel elements without accelerating
the rate of corrosion. The corrosion spread pace depends mostly on the relative humidity
of the concrete material [24, 25].
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2.2.1.3 Sulfate attack. A sulfate attack can be described as a chemical
breakdown mechanism, attacking the cement paste.by sulfate ions from an external
environment, such as sulfate containing water. Sulfates attack mortars and deck concrete
material by penetration a solution from the outside and being incorporated incorporating
into the concrete when the compound is mixed. The chemical composition of hardened
cement makes it vulnerable to the adverse impact of sulfates. The sulfates disrupts the
cement paste and weaken the deck body by reducing the bond between the cement paste
and the aggregate, resulting in material expansion and extensive cracking. In an internal
magnesium or sodium sulfate attack, sulfates, incorporated during concrete mixing
(through the use of sulfate-rich aggregate, excessive gypsum additive or erroneous
contamination) can cause delayed ettringite, gypsum, and brucite formation and can
damage concrete structures by causing expansion in the affected material [26].
2.2.1.4 Chemically induced corrosion of rebar. Inside the body of the bridge
deck, reinforcing steel is surrounded by cement-based materials and a concrete cover,
batch of which are naturally high in alkalinity (pH index between 12 and 13) and can
form thin oxide film on the steel surface. The oxide film decays with time - allowing an
electric cell to form on the steel elements and produce the conducive environment for
corrosion to begin. According to the Portland Cement Association (PCA) corrosion is the
leading cause of deterioration in concrete. Figure 2.5 represents corrosion taking place on
a carbon steel surface.

Figure 2.5. Corrosion as a result of an electrochemical reaction.
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The concrete material tends to crack with use, making it vulnerable to the
injection of water and deicing chemicals, such as sodium, calcium, magnesium, and
potassium into the body of the bridge, where they interact with the reinforcing system
elements [27]. Corrosion is a time-based process that occurs as a result of electrochemical
(the most prevalent mode) or chemical reactions. Electrochemical reaction requires
presence of anode (where corrosion occurs), cathode (zone, which maintain ionic
balance), and electrolyte (charge transport medium).
Ions are formed on a cathode, where the electrons that are carried by the metal
react with oxygen and cause damage. This process is accelerated by differences in
acidity, temperature, salinity, and moisture content. When one zone has a higher oxygen
concentration than another the corrosion pace also accelerates. Rust formation increases
the volume occupied by reinforcing steel by 3-5 times its original size and forces concrete
to crack and spall, which causes delamination above the rebar mat [28]. Corrosion
propagation subjects more material subjected to deterioration and increases the pace of
damage occurrence. Figure 2.6, from the National Association of Corrosion Engineers
(NACE) document “Corrosion Control Plan for Bridges” represents the extent of damage
dealt to the bridge by corrosion as a function of time of service [29].

Figure 2.6. Typical bridge condition as a function of time [29].
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2.2.2. Improper Concrete Mixing and/or Poor Design Induced Degradation.
The durability of the bridge deck depends highly on the quality and composition of
materials being used in the concrete mixture. Mixing the building materials improperly
(water-to-cement/aggregates ratio), using poor quality water, and, consolidating and
curing concrete can all cause accelerated deterioration flow. An adequate thickness of
concrete coating prevents chlorides from interacting with steel reinforcements for a
longer period of time and decreases the rate of corrosion where it occurs [30]. Highly
permeable, improperly mixed concrete that is made with a high water-to-cement ratio
enables the amount of carbonation to increase. Highly porous concrete is also vulnerable
to salt crystallization weathering. Concrete aggregate can be made partly of sand or
gravel. These materials are chemically conducive to the formation of hydrophilic gel,
because they swell in high moisture zones as a result of the cement paste reacting with
alkali and silicates. Mineral admixtures, such as granulated blast-furnace slag, can be
used in complex with fly ash to reduce alkali-silica reactivity and prevent reactivity
expansion.
Properly placed and consolidated concrete, with no large voids presented in a
deck body, restrains its distribution and the rate of bridge deck deterioration by providing
isolation for water solution and chemical agents trapped in cracks, caverns and
construction slots. Proper curing procedure can strengthen the top layer of the bridge
deck and reduce the initial cracking and permeability of the concrete, which will prevent
deicing chemicals from infiltrating through the shrinkage cracks [31]. Design standards
and construction regulations have been significantly changed since the 1960s and many
bridges built in that period do not meet the requirements of modern transportation
agencies.
2.2.3. Temperature and Climate Induced Degradation. Depending on the
composition of the dissolved admixtures, water solution can expand about 8-10% with
freezing and increase pressure in the capillaries and pores of the concrete. When the
generated pressure exceeds the concrete’s tensile strength, cracks develop and cause the
existing cavities to dilate and rupture. Deicing chemicals that are placed on the surface of
the bridge deck to melt snow and ice affect the freezing temperature of water by
decreasing it. As a result, the concrete material loses heat provoking the pore water
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solution to freeze and cause cracking [19]. Developing cracks allow infiltration of moist
content and harmful chemical reagents and are usually considered precursors for more
significant problems. Cracking may not seriously harm the overall bridge deck
performance initially, but with rapid distribution, cracking can initiate the process of
concrete disintegration and propagate the loss of bond between the reinforcing system
elements and the surrounding concrete body. Distributed cracking accelerates corrosion –
water solution and chemical reagents infiltrate the internal bridge deck structure and
provoke the expansion of steel reinforcing system elements. Cracking, scalling and
spalling are often caused by developing corrosion, freeze-thaw cycles and repetitive
stresses [32]. Freeze-thaw cycles also induce repetitive bursts of stress that exceed the
tensile strength of the bridge deck structures, resulting in the peeling and flanking of a
finished concrete material. Absorbed water freezes in capillary spaces and expands when
the temperature drops. Inner expansion forces flakes of the concrete surface to loosen
from the outward lining of the concrete, harming the cement paste’s integrity [33].
Damage caused by freeze-thaw phenomena is a specific concern for concrete structures
functioning in cold regions where de-icing salts are used on roadways. Adding airentraining admixtures to the concrete mix can provide better concrete durability. It
creates a series of well disturbed air voids in the concrete that protect the structure from
the freeze-thaw damage. In contradiction to the entrained air, concrete material can also
contain entrapped air that less evenly distributed and does not contribute to the frost
resistivity of the structure. Concrete’s potential for delamination increases exponentially
as the air content increases [34].
Concrete bridge decks that are in proximity to the sea or ocean which contains
about 3.5% of soluble chlorides and sulfates by weight, are more prone to corrosion.
Concrete material in coastal and offshore structures is subjected to the simultaneous
action of a number of physical and chemical deterioration processes such as sulfate
attacks, alkali-aggregate expansion, freezing and thawing, and wave abrasion. Due to the
corrosion of reinforcing steel caused by salt absorption, seawaters influence is especially
severe for reinforced concrete [33].
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2.2.4. Traffic Induced Degradation. Multiple surveys described by Gucunski et
al. [9] indicate that “highway bridges are subjected to vehicular load levels and
combinations far in excess of those for which they were designed”. An intensive traffic
load that exceeds the pre-designed bridge capability affects the pace of deterioration,
contributing to the development of hairline cracks, splitting, and/or shear cracks. The
load can also cause the deck elements to bend. Areas of the bridge where traffic flow
mostly stops and turns, tend to develop ruts and shoving of the asphalt material. Heavy
loads can result in asphalt overlay debonding, creating an environment that enables
further deterioration [19].

2.3. BRIDGE DECK INSPECTION
Transportation officials commonly use nondestructive and destructive test
methods to monitor and maintain the overall health of existing bridge decks in a timely
manner. When deterioration spreads into a certain amount of bridge deck material, the
bridge will require repair or full replacement. The internal structure of the bridge system
is usually overlaid with concrete material and, optionally, with asphalt. Developing
degradation of the deck material may not be visible or easy to identify in its early stage.
That fact increases the overall cost of maintenance since it’s difficult to detect where the
problem becomes too severe for effective and smooth rehabilitation [35]. According to
the statistics, presented by Hartle et al. [36], the life of a typical highway concrete bridge
is from forty to fifty years. A significant amount of highway bridges were built in the
1960s, so more bridges are reaching the end of their expected service life now than ever
before. A great variety of both invasive and non-invasive (nondestructive) techniques
have been used historically in an attempt to assess the internal bridge deck condition and
detect the internal damage in a stage where no observed defects are noticed with
unknown extent.
2.3.1. Nondestructive Methods for Investigating Bridge Deck Deterioration.
Utilizing nondestructive testing (NDT) methods allows investigators to detect the
distribution of deterioration without damaging the bridge deck material. Basic forms of
NDT, such as visual inspection and audible methods (chain dragging and hammer
sounding), are widely used solely or as a supplemental investigation tool for more
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advanced methods, such as portable seismic property analyzer, half-cell spalling
potential, infrared surveys, and ground penetrating radar (GPR). Each of these methods
has its own strengths and limitations, so the best method to accurately determine deck
deterioration is a combination of techniques.
2.3.1.1 Visual inspection. The initial part of bridge deck condition evaluation is a
visual inspection, which involves careful examination of the top and bottom sides of the
bridge deck [37]. Surface defects, such as concrete stains, localized depressions, signs of
spalling and scalling, cracks, and rust stains (possible corrosion indicator or sign of
sulfide inclusion in the aggregates of the deck material) should be documented,
photographed and listed in catalogue. Cracks, as precursors of deck deterioration, are
important features to document. Developed crack systems allow deicing agents and water
solution to reach the reinforcing steel elements, initiating and/or accelerating
deterioration of the deck. Noted depressed areas can be associated with deteriorated
concrete material below the surface. Spalling and scaling can be noted through visual
assessment as exposed aggregate over the popped concrete and zones where the surface
of the concrete flakes off. Visual inspection doesn’t reveal rebar corrosion,
delaminations, or subsurface deterioration. On bridges where the concrete surface is
covered with asphalt, signs of early deterioration may not be exposed to the observer.
Visual inspection is a very commonly used method of bridge deck evaluation but
it is relatively subjective due to the inspector’s experience and the diversity of the visible
deterioration features. Properly performed visual inspection requires a significant amount
of time; at least one lane of a bridge should be closed to traffic to provide a safe work
environment.
2.3.1.2 Audible methods: chain dragging and hammer sounding. Chain
dragging and hammer sounding are two commonly used audible methods aimed at
locating delaminations in the body of the bridge deck when they have progressed to the
point where major rehabilitation is required. A chain drag test is performed by dragging a
chain (or a set of multiple chains) across the bridge while listening to the audible
response. The technician should be able to distinguish a distinct audible ringing sound on
healthy section with no voids or delaminations from dull, hollow sound on a section with
delaminations or severely damaged concrete. Hammer sounding is performed by
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inflicting a series of a hammer strikes while obtaining the respond sound (a sharp ringing
sound for hard concrete and a dull sound or loud pop for concrete material with internal
discontinuities). This method is used to detect of delaminations and impending spalls [19,
37]. Both methods are relatively simple, economical, and quick to perform, but timeconsuming, physically demanding and highly dependent on technician experience. Along
with the visual inspection, these methods require lane closures and traffic control. It
should be noted that only severely deteriorated areas can be detected, and there is a
possibility of misinterpreting zones of incipient degradation. The existing ASTM D458012 describes the procedure and regulations for the sounding of bridge decks [38].
2.3.1.3 Portable seismic property analyzer. A portable seismic property
analyzer (PSPA) is an ultrasonic seismic device that incorporates nondestructive seismic
methods, such as impact echo (IE) and ultrasonic surface-wave (USW), to estimate the
average elastic modulus and evaluate the thickness of paved surfaces [39]. The handcarried device, shown in Figure 2.7, consists of one acoustic source and two receiver
transducers designed for field testing in conjunction with a laptop with specific software
installed to carry operating commands and store the data recorded by the transducers.

Figure 2.7. Portable Seismic Property Analyzer (PSPA) device.
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PSPA induces short-time mechanical impacts that excite high frequency elastic
waves that propagate through the material and interact with the subsurface features,
borders between different mediums and cavities [40]. The ultrasonic surface wave
method (USW) is used to determine and analyze the values of Young’s Modulus of a
layered material (asphalt and/or concrete). It is assumed for the USW method application
that the properties of the top layer of the concrete structure are quite uniform. The elastic
modulus of the upper layer can be calculated, assuming that the propagating surface wave
velocity is independent on the wavelength for wavelengths less than the thickness of the
uppermost layer of the tested material. Concrete/asphalt quality characterization can be
performed for both new and aging concrete structures [39]. The impact echo (IE) method
identifies the apparent position of wave reflectors in the bridge deck body [9]. That
principle can be used primarily for detecting delamination zones estimating the thickness
of a concrete detecting delaminations, evaluating concrete quality and detecting flaws in
concrete [40]. The PSPA IE mode for thickness variations control provides reliable
thickness measurements for high quality deck material. However, results, obtained on
debonded and/or delaminated material, tend to be abnormally low. Figure 2.8 displays the
process of PSPA data collection.

Figure 2.8. PSPA unit during bridge deck testing.
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PSPA equipment is relatively simple to operate, making it suitable for assessing
certain areas over the bridge deck (it takes around 15 seconds for a single measurement; a
significant number of measurements are required for proper data analysis). It should be
noted that a PSPA survey is a time-consuming process that requires lane closures and
traffic control operations. Data verification requires a sophisticated analysis and its
results can be affected by the presence of underlying defects and poor quality testing
material. Test points should be checked for the presence of underlying rebar using a
rebarscope or GPR prior to the investigations.
2.3.1.4 Half-cell potential. The Half-cell corrosion potential (HCP) method is
used to detect distributing corrosion in the reinforcing steel. The probability of active
corrosion can be evaluated by measuring the potential difference between reinforcement
and a standard portable half-cell apparatus. The obtained data should be properly
interpreted, taking into consideration the numerous material properties that can influence
measurements [19]. The procedure described in ASTM C876-09 requires prewetting the
test area to allow conducive galvanic coupling [42].
2.3.1.5 Ground penetrating radar. Ground penetrating radar (GPR) is an
electromagnetic-based nondestructive geophysical method, revealing internal details with
no need for breaking out. GPR has many applications and can be used for assessing the
bridge deck condition detecting, locating bridge deck elements, such as steel
reinforcement and wire mesh, and interfaces within the structure [6, 7, 16, 17, and 43].
GPR operates by transmitting short pulses of high-frequency electromagnetic
energy into the structure of interest. These pulses are reflected back to the antenna with
some energy remaining to propagate further into the structure and gradually diminish
with time. With electromagnetic pulses propagating through the media, the receiver
measures the two-way travel time and amplitude of the reflected signal, which is related
to the location and nature of the discontinuities in the material. Figure 2.9 illustrates how
GPR works in reinforced concrete scanning.
A signal passed through two mediums with different dielectric properties over the
same distance will arrive back to the receiver at different times. Variations in the
electrical conductivity (inverse of resistivity) and relative dielectric permittivity
(dielectric constant) affect the ability of GPR pulses to penetrate the material and
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determine the speed at which GPR waves propagate through the material. The GPR
signal propagation velocity (𝑣𝑖 ) through a conditionally homogeneous medium can be
calculated as:
(1.1)

𝑣𝑖 = 𝑐/√𝜀𝑖
where: εi is the known or calculated dielectric constant for a particular material
and c is the speed of light in air (11.8 in/ns (0.3 m/ns). Ranges of relative dielectric
permittivity and calculated propagation velocity for different materials are given in Table
2.1.

Figure 2.9. GPR operating principle.

The dielectric constant values and conductivity of the bridge deck concrete
material can be affected by the presence of saline-based moisture content, building
material inhomogeneity, variable asphalt/cover density and thickness, the distribution of
different materials used in a localized repair in the bridge deck body, etc. In bridge deck
inspection, GPR is sensitive to variations in the electrical properties of the materials that
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make up various interfaces of the bridge’s body (layered material, such as
asphalt/concrete overlays and point targets, such as reinforcing steel elements, etc.).
Reflection of the GPR signal occurs at the interfaces, where dielectric permittivity and/or
electrical conductivity change. For the interface of two materials with dielectric constants
contrast, strength of the reflected signal can be calculated as:
(1.2)

𝑅=

√𝜀1 − √𝜀2
√𝜀1 + √𝜀2

where: 𝜀 1 is relative dielectric constant of the overlaying material and 𝜀 2 is relative
dielectric constant of the underlying material. The reflection coefficient R is a measure of
the incident EM wave that is reflected at a given boundary. The velocity of the GPR
signal propagation is also different between mediums with different electrical properties.
Increased signal attenuation and its travel time can be taken into account as signs of
developed deterioration [6].
A typical GPR system consists of a combined or separated transmitter and
receiver, a control unit, and data storage with distance meter for lateral data collection
control (shown in Figure 2.10).

Figure 2.10. Ground-coupled GPR survey unit (GSSI SIR-3000) equipped with a 1.5
GHz ground-coupled antenna.
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Main components, such as the antenna and control unit, complemented with an
electronic or mechanic distance-measuring instrument (DMI) provides lateral control
over the distance along the profiles. DMI measures the distance along the profile by
counting the number of revolutions per unit of distance.
As the cart with GPR antenna is towed along a survey traverse, a series of scans is
collected at discrete points along the traverse. The reflected energy is captured by a
transmitter and may be displayed on an oscilloscope to form a series of pulses that are
referred to as the radar waveform. Transmitting antenna radiates a wide conical beam of
electromagnetic energy into the subsurface. The center of the antenna is the apex of the
propagating energy with a broad transmission pattern. When the GPR system crosses the
position over the linear targets, arranged perpendicular to the traverse, reflections form a
hyperbolic shape. The distance between the antenna and the reflection interface defines
the time required for the signal to travel to an object and back. The shortest two-way
travel time obtained in case, when the surveying object is right below the antenna,
therefore, the cross-section of a single reinforcing bar would be displayed as a hyperbola
on the GPR readout. Figures 2.11 and 2.12 display examples of a GPR scan from a bridge
deck with reinforcing bars reflections represented as hyperbolas.

Figure 2.11. GPR scan example depicting concrete bridge deck material with embedded
rebars. Horizontal axis represents distance; vertical axis represents depth.
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Figure 2.12. Example of processed ground-coupled GPR scan. Time-zero correction and
background removal algorithms applied. Horizontal axis represents distance along the
traverse; vertical axis represents depth.

Two main types of GPR units are commonly used for bridge deck condition
assessment: ground-coupled (shown in Figure 2.10) and air-launched systems (shown in
Figure 2.13).

Figure 2.13. Air-launched GPR system mounted on survey truck. [1] 2 GHz air-launched
antennas; [2] DMI.

Air-launched GPR systems can rapidly and reliably assess the relative condition
of a bridge deck, which is defined as a “reconnaissance-style assessment” by Sneed and
Anderson [17].
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The typical deliverables of a ground-coupled or air-launched GPR survey are 2-D
images depicting the inner structure of the scanned slabs: layers of concrete and
(optionally) asphalt, embedded rebar and signs of bridge material degradation. The GPR
image interpretation includes, but is not limited to mapping and/or identification of the
bridge deck layer thickness, variations of concrete/asphalt quality, signs of delaminations
and debonding, and the presence of moisture content.
Deteriorated concrete, exposed to saline moisture intrusion and chloride content
ingress, produce highly variable reflections at the overlay (concrete and/or asphalt)
boundary due to the higher dielectric permittivity of the degraded material. That will
affect electromagnetic wave propagation and cause the GPR signal to attenuate its
strength through absorption as it travels through the bridge deck and reflects back. Figure
2.14 contains a boxed area that shows the potential deterioration zone, indicated by
varying apparent depths of placed reinforcing bars and overall signal attenuation [44].

Figure 2.14. Example of GPR image showing bridge material in different conditions.
Horizontal axis represents distance; vertical axis represents depth.
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Processed numerical data were used as the foundation for generating of 2-D
amplitude contour maps with colored contour lines that show the anomalies caused by
zones of concrete deterioration due to the corrosion of reinforcement steel. The output of
the GPR investigation is a surface map depicting the amplitude of the reflections from the
uppermost transverse layer of the rebar variations. An example of a bridge deck
deterioration map based on reflection amplitude distribution is shown in Figure 2.15.

Figure 2.15. Sample of air-launched GPR amplitude map. Dashed red line indicates
keyed construction joint. Solid black and red lines indicate deck joint and bent locations,
respectively.

The map depicts the anomalies caused by concrete deterioration. A specific color
code is used to represent the data and its correlation with the available supplemental data.
The color code was based on the assumed intensity of the deterioration distribution, and
should correlate well with the GPR data, visual inspection results, evaluation of the cores,
and traverse-by-traverse GPR data comparison. Shades of red/orange represent weak
reflections with low amplitudes due to possible disintegration and/or corrosion in the
reinforcement of the structure. Shades of blue indicate areas of the structure with no
damage. The purpose of the ground penetrating radar survey was to demonstrate the
method’s utility in comprehensively evaluating of the condition of the bridge decks.
The other objective was to develop the most reliable approach for acquiring,
processing, and interpreting for the effective applications of ground-coupled and airlaunched ground penetrating radar.

26

Table 2.1. Dielectric constants and propagation velocities of different materials [46].

2.3.1.6 Infrared thermography. Infrared thermography (IR) is used to detect
deterioration areas using temperature variations obtained from the bridge deck surface.
Hand-held units, vehicle-operated temperature mapping systems and stationary IR
cameras are used to transform the thermal emanation, radiated from a surface of interest
in the infrared band into a visible image with distinguished energy levels, represented by
different colors or a gray palette.
Depending on the material’s physical properties, such as density, thermal
conductivity and heat capacity, asphalt and/or concrete have varying heating and cooling
rates. Areas of thermal segregation on thermograms (temperature coded surface maps
made of infrared images) can be identified as locations of concrete disintegration, voids,
cracks, and delaminations. Data collection can be performed over the top and bottom
sides of the bridge [19].
2.3.2. Destructive Methods for Investigating Bridge Deck Deterioration.
Destructive investigation methods enable the localized evaluation of the bridge deck but
with certain damage dealt to the bridge deck. Core control is widely used by
transportation officials to monitor bridge decks and validate the results of more advanced
nondestructive methods, listed in section 2.3.1. Core inspection results are used for
planning repairs and/or rehabilitations.
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2.3.2.1 Coring. Core sample extraction is an invasive method to directly assess
the localized bridge deck material at selected points. Extraction is performed
perpendicular to the concrete. Core extraction areas can be picked based on the results of
a nondestructive investigation and/or the location of the designed extraction grid. Coring
is usually performed in places where distress is noticed to determine the cause and extent
of deterioration.
Figure 2.16 illustrates the procedure of core extraction. The extracted core
specimen is intended for simple visual inspection and optional petrographic analysis [45,
46].

Figure 2.16. Core extraction procedure.
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2.3.3. Supplemental Method – LiDAR. Light detection and ranging (LiDAR) is
a remote sensing technology that employs laser pulses evaluate the range to the target by
measuring and comparing the delay between the transmission and detection of reflected
signals. A single bridge scan provides a large number of data points (tens to hundreds of
thousands) with high accuracy [47]. As a part of bridge deck inspection, LiDAR is
generally employed twice during rehabilitation. The first scan performed prior to the
milling/hydro demolition, and the second measurement is conducted after concrete
removal, but prior to placing the new concrete overlay. The procedure of comparing of
two scans allows to obtain locations and depths of material removal [15].

2.4. METHODS OF BRIDGE DECK REHABILITATION
Depending on the deterioration distribution and overall structure condition of a
particular bridge, half deck replacement or full deck replacement rehabilitation process
can be initiated. Transportation officials typically choose the repair strategies of bridge
deck rehabilitation based on the results of several destructive and nondestructive bridge
deck inspection methods. A considered solution must be cost-effective in terms of the
bridge’s service life. Multiple rehabilitation methods for evaluating the service life of
bridge elements and their reliability were described by Weyers et al [4].
Hydro demolition and milling are used in bridge deck remediation to remove the
deteriorated material and leave the sound concrete in place for further rehabilitation and
overlay.
2.4.1. Complete Deck Replacement. Deck replacement is typically required if
deterioration signs are confined above and beneath the upper mat of the reinforcing steel.
The decision can be made based on the results of GPR investigations, supplemented by
multiple core specimen extractions. In a complete deck replacement, the existing deck is
completely removed from the bridge substructure to be replaced in the shortest possible
amount of time.
2.4.2. Removal and Replacement of Deteriorated Concrete. If the detected
deterioration signs are mostly noticed above the upper mat of the reinforcing steel, the
removal and replacement of the deteriorated concrete can be initiated. Decision can be
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made based on the results of most nondestructive inspection methods. Traditional impact
removal or hydro demolition can be used to remove loose and deteriorated concrete
material.
2.4.2.1 Traditional impact removal. The most common way to remove
deteriorated bridge deck material is to employ impact sources such as jackhammers or
pneumatic breakers. They are traditionally used to break up the concrete and reveal the
damaged reinforcing steel. Sandblasting is used as a tool for rust and dirt removal prior to
the placement of fresh concrete. Patching concrete is typically designed for fast
condensation and strength development. Early deterioration can be a consequence of
shrinkage cracking distribution [48].
2.4.2.2 Hydro demolition. Hydro demolition is a procedure to remove
deteriorated concrete from the top surface of the bridge deck with high pressure (up to the
20, 000 psi) water jets [5049]. It can be performed after the deck is scarified by a milling
machine. A well-calibrated hydro demolition machine removes all unsound concrete,
including concrete that is cracked, delaminated, chloride-contaminated, carbonated,
spalled, and damaged by fires or freeze-thawing circles. A small amount of sound
concrete (up to 0.5 in.) is typically removed during the procedure. A vacuum is then used
to remove concrete debris while the bridge deck is still wet. The remaining deteriorated
concrete is removed with a jackhammer. The rehabilitated deck is typically overlaid with
an extra layer of latex-modified concrete. Hydro demolition is a cost-effective and rapid
method for bridge deck remediation with little or no harm induced to the surrounding
concrete. Compared to milling or jackhammering, it is a more delicate method in terms of
the damage extent and environmental impact. Hydro demolition eliminates the need for
saw cutting, sandblasting, and locally patching deteriorated surface areas [15, 50]. Figure
2.17 displays a sample of the bridge deck surface after the deteriorated concrete is
removed by hydro demolition.
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Figure 2.17. A surface of bridge deck after deteriorated concrete removal by hydro
demolition. Exposed reinforcing bars are in moderate to poor condition.
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3. BRIDGE DECK EVALUATION WORKFLOW DEVELOPMENT

Four bridges were investigated in situ to assess the bridge deck condition. Bridge
A1297 was investigated using ground-coupled GPR prior to the removal of deteriorated
concrete by milling and following hydro demolition. Bridge A2966 was investigated
using ground-coupled GPR without following concrete removal procedures. Bridges
A3406 and A0569 were investigated with both ground-coupled and air-launched GPR.
No concrete removal procedures were performed for those bridges.
Data sets for each bridge deck included a detailed field notes with engineering
drawings of each deck and explanations of the structure design and reinforced bars
orientation. The notes also included weather conditions records, visual inspection reports,
interpretations of ground-coupled (A2966); both ground-coupled and air-launched GPR
data (A3406 and A0569); LiDAR data (A1297), and lists of core specimens that were
taken along with detailed photo materials and descriptions. Ground-coupled GPR
scanning and visual inspection were performed simultaneously; air-launched GPR
scanning was performed after a variable amount of time. Core locations were chosen
based on the results of the visual inspection and ground-coupled GPR scanning.
Investigation procedures for a particular bridge were commenced following the
generation of CAD files and the determination of the bridge deck inspection workflow.

3.1. DOCUMENTS ANALYSIS
Bridge deck inspections were accompanied with as-built drawings, appraisal
sheets, and available inspection history reports, provided by the Missouri Department of
Transportation (MoDOT). Documents were carefully reviewed to prepare comprehensive
computer aided design (CAD) drawings of each bridge deck using commercially
available AutoCAD software. The generated CAD drawings incorporated structural
elements of each bridge (bents, support beams, and deck outline) accompanied by the
reinforcement system design (rebar orientation, rebar spacing, and the diameter of
employed reinforcing steel) the barrier wall, and the curb. Typical base map drawing and
cross section representations are shown in Figure 3.1 and Figure 3.2.
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Figure 3.1. Sample base map CAD drawing (Bridge A0569).

Figure 3.2. Sample of bridge deck cross section (CAD drawing for bridge A0569).
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Cross section A-A represents the longitudinal cross section of the bridge (parallel
to the orientation of the GPR profiles). B-B represents the cross-section of the bridge
deck perpendicular to traffic flow (transverse direction). C-C is the cross section of the
bridge deck perpendicular to traffic flow in areas where extra longitudinal reinforcement
system elements are provided over bents. During the research, all kinds of investigation
outcomes (visually-noted defects, core locations, and GPR reflection amplitude maps
based on the reflection amplitudes from the top reinforcing bar in the transverse bridge
direction) were inserted into the CAD drawings as separate data layers. The
representation of data in the comprehensive CAD files was significant to the investigation
process.

3.2. VISUAL INSPECTION
Each bridge deck was thoroughly observed prior to GPR scanning. Visible defects
and signs of deterioration, such as concrete patches, asphalt-filled potholes, cracks,
efflorescence, and unfilled concrete spalls, were listed, photographically documented,
individually numbered, measured and then inserted in CAD files as a separate layer.
During the investigation, the undersides of the decks were quickly examined for signs of
deterioration, such as concrete spalling, rust marks, efflorescence, etc. Figure 3.3 shows a
series of photographs taken during the visual inspection. All data collected during visual
observations were employed as a part of a complex CAD file, superposed over the bridge
drawings.

Figure 3.3. Bridge deck surface with observed features.
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3.3. GROUND PENETRATING RADAR INVESTIGATIONS
Existing engineering drawings and generated CAD files were carefully examined
and used to pre-design an individual procedure for collecting data for each bridge deck,
including the design of the profiles grid (with certain spacing and individual GPR setup
due to time frames, complicated reinforcement system configuration and apparent
dielectric properties of inspected materials). GPR data were collected using high
frequency antennas (1.5/2GHz), manufactured by GSSI, which provided high-quality
data with great lateral and vertical resolution for assessing the integrity of the reinforced
concrete structures and their conditions. The GPR signal reflection, and its attenuation
from the top layer of the reinforcing steel in the transverse direction, were captured. The
DMI distance data were also captured and synchronously recorded into each GPR scan.
The GPR units were properly calibrated for each bridge deck to obtain accurate distance
measurements.
The appropriate acquisition and processing parameters were developed
individually for each observed bridge in order to conduct a rapid, efficient, and costeffective bridge deck assessment. Data was acquired across similarly placed traverses for
a spatial comparison of air-launched GPR with ground-coupled GPR inspection results.
In order to follow the established procedure and make further data analysis easier, the
deck material and its dielectric constant were assumed uniform during the GPR data
acquisition. For the purposes of the depth control, dielectric constant was individually
adjusted to conform the designed depth to top transverse reinforcement for the each of
observed bridge decks. The acquired data were sorted and processed using GSSI
RADAN 6.6 and RADAN 7 software for normalization and numerical analysis. The
relative coordinates, arrival times (nanoseconds, ns) and amplitudes (normalized decibels,
NdB) of the reflections from each imaged segment of transverse reinforcement steel were
captured in a Microsoft Excel spreadsheet. The travel times of the GPR signal were
converted into apparent depths. The contouring software Surfer (developed by Golden
Software) was used to interpolate the data values obtained from parallel profiles to get an
apparent distribution of the data between the profiles. Surfer was also used for surface
modelling and generating of 2-D maps of the distribution of the reflection amplitudes
from the top transverse layer of reinforcing bar. The reflection amplitude distribution was
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analyzed and, based on the correlation between the obtained amplitude maps and results
of the visual evaluation of core samples, a specific color code was developed to visually
segregate the apparently uniform bridge deck material from the apparently deteriorated
bridge deck material.
3.3.1. Ground-Coupled Ground Penetrating Radar Scan. Ground-coupled
GPR data were acquired using a GSSI SIR-30000 system with one high-frequency 1.5
GHz antenna. At least one driving lane was closed while the surveys were conducted.
The traverse locations, oriented parallel with the direction of traffic flow, were marked on
the deck surface with colored chalk after debris removal. An antenna was then towed
along the marks to acquire data. Example of marked survey traverses are shown in Figure
3.4.

Figure 3.4. Marked ground-coupled GPR traverses over the bridge surface.

Traverses were variably spaced at 0.75 to 2.5 ft. intervals, depending on the
bridge deck design and time constraints. Measuring tapes, chalk marks, and visible joints
were used as reference points to identify the start and end position for each scan. Survey
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parameters were selected based on available bridge deck design information and time
constraints. A sample of the collected ground-coupled GPR data is displayed in Figure
3.5.

Figure 3.5. Sample of raw ground-coupled GPR data. Horizontal axis represents distance
along the traverse; vertical axis represents depth.

3.3.2. Air-Launched Ground Penetrating Radar Scan. Air-launched GPR data
were collected using an air-launched GSSI SIR-30 system equipped with two highfrequency 2.0 GHz GSSI 42000S horn antennas, mounted parallel to each other in front
of the survey truck, with 2/4 ft. center-to-center spacing. The air-launched GPR unit can
acquire data at vehicle speeds of up to 50 miles per hour. However, due to the necessity
of real-time monitoring of the incoming data and visual quality control during radar
operation, air-launched GPR data were acquired at a vehicle speed of about 10-12 miles
per hour. At least one driving lane was closed at the time to provide most comfortable
working environment with no time constraints. The location, direction and spacing of the
topmost layer of longitudinal reinforcing bars was determined using the provided bridge
deck drawings, verified with the ground-coupled GPR unit, and marked with chalk to
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position the GPR antennas between them. A laser rangefinder was used to keep constant
distance between the survey truck and bridge deck curb. Survey parameters were selected
based on the available bridge deck design information and time constraints to enable
relatively rapid acquisition of reasonable quality data. A sample of collected air-launched
GPR data is displayed in a Figure 3.6.

Figure 3.6. Sample of raw air-launched GPR data. Horizontal axis represents distance
along the traverse; vertical axis represents depth.

The SIR-30 system, with two 2 GHz air-launched horn antennas initially designed
for pavement thickness evaluation, was used for the bridge deck investigation with a goal
of rapid and effective assessment of the relative condition of the bridge decks
(“reconnaissance-style investigations”). Due to the compromise between the assessed
material quality and data acquisition pace, single pieces of reinforcing steel will appear as
a smothered layer of hyperbolas on a GPR scan. For air-launched GPR data, a static
metal plate reflection should be collected prior to the data acquisition. Figure 3.7 displays
an overall look at the metal plate calibration procedure.
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Figure 3.7. Metal plate positioned under the GPR antenna for recording calibration data.

A metal plate calibration file was used to prevent the antenna from bouncing as
the survey truck drove through the traverse and to correct the reflection amplitude as a
function of the variable antenna’s height above the bridge deck surface. The procedure
required placing a solid metal plate underneath the horn antenna while a person jumped
up and down on the survey truck bumper to simulate how much the truck may bounce
while the data is being acquired [51]. Figure 3.8 represents the obtained metal plate
calibration data.

Figure 3.8. Sample image of single channel metal plate calibration file. Horizontal axis
represents the number of collected scans; vertical axis represents depth.
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Calibration data should be recorded with no lateral control emitting a constant
number of scans in a certain unit of time (seconds). In this mode, GPR collects data a
with fixed scan rate (the horizontal scan density is a function of the scan rate). According
to the GSSI manual, 10 seconds of data should be recorded prior to and after the actual
survey and applied to all collected GPR scans. Figure 3.9 represents a sample of the raw
air-launched GPR data with the applied metal plate calibration file. Custom filters (preloaded GSSI provided filters for specific GSSI horn antennas) should be applied to all
air-launched GPR scans prior to processing and interpreting the data for noise reduction
designation.

Figure 3.9. Sample of raw air-launched GPR data with applied metal plate calibration
file. Horizontal axis represents distance along the traverse; vertical axis represents depth.

3.3.3. Ground-Penetrating Radar Data Processing and Interpretation. The
raw data were reviewed to determine the rebar spacing and to assess the general reflective
character of the rebars. Prior to the comprehensive interpretation and analytical work, a
correction of time zero position have to be applied in order to ensure that the GPR images
are consistent with the correct asphalt and/or concrete surface representation. Time zero
adjustment corrects the vertical position of the reflector associated with the bridge deck
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surface, according to the time point where the GPR pulse injects the subsurface. For the
elimination of frequency noise, possibly caused by antenna ringing, background removal
procedure can be performed following the time zero adjustment step. If there is a need to
better visualize the iron reinforcement mesh, migration can be used to collapse the
hyperbolas that represent the objects of interest (rebar). In that case, diffraction
hyperbolas will be collapsed and translocated to the realistic spatial positions. A sample
of the processed ground-coupled GPR scan is shown in Figure 3.10.

Figure 3.10. Sample of processed ground-coupled GPR data. Horizontal axis represents
distance along the traverse; vertical axis represents depth.

Advanced processing steps, such as migration, deconvolution (improvement of
the GPR scan temporal resolution) and filtering weren’t applied by default due to the
goals of this dissertation and the intention to not affect the amplitudes of reflection by
data processing. Areas where the GPR signal showed an apparent attenuation, and/or
increased apparent depth of rebars reflections, were identified for further analysis and
comparison with numerical GPR data and visual inspection results. Figure 3.11 shows the
obtained variations in the rebar reflection amplitude that could indicate deterioration of
the concrete.
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Figure 3.11. Example of GPR scan showing electromagnetic signal reflections from
reinforcement bars, surrounded by bridge material in different conditions. Horizontal axis
represents distance along the traverse; vertical axis represents depth.

The reflection amplitudes and two-way travel time numerical values were picked
by a manual and semi-automatic mapping tool using the GSSI RADAN 6.6/7 software to
further analyze and generate surface maps of the reflection amplitude distribution. A
visualization of that process is shown in Figure 3.12.

Figure 3.12. Analysis of a GPR scan: a) visual assignment of apparently deteriorated
sections on raw GPR scan; b) numerical analysis of semi-processed GPR scan.
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The asphalt and/or concrete wearing thickness may vary across the deck.
Reinforcing steel elements may not be placed at a constant depth relative to the top
surface of the deck, due to the antecedent rehabilitation procedures, the presence of
construction irregularities, surface defects, uneven surface wearing and variable milling
depth. In that case, the picked arrival time can be used to obtain the apparent depth of
reinforcing bar placement by selecting the correct dielectric permittivity for the observed
deck material. Apparent depth variations on a GPR image can also be associated with a
deteriorated zone with no increment in thickness of the surface wearing. GPR signals
dissipate and attenuate with depth, so the reflection amplitude distribution should be
normalized to a constant apparent depth prior to the quantitative data analysis. That can
be performed by plotting the amplitude versus the two-way travel time value distribution
to determine a best fit linear trend for its further removal from the plot by altering
amplitudes, and assigning all target reflections to a certain constant depth [7] as shown in
Figure 3.13.

Figure 3.13. Reflection amplitude plotted versus two-way travel time before depth
correction (a) and after depth correction (b). [43].

It should be taken into consideration that the described procedure alters the
amplitude scale. Normalization removes subtle anomalies associated with inconsistent
rebar depth and implies that variations in reflection amplitudes are expected to
correspond to deterioration only. Normalized data were used to generate the reflection
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amplitudes distribution surface map from the top layer of transverse rebar over the bridge
deck (GPR map) as shown in Figure 3.14.

Figure 3.14. Normalized GPR map for bridge A1297.

Areas where reflection amplitude values are lower than the maximum obtained
reflection amplitude are usually imputed to the zones favorable for the degradation
development. For this research, there was an attempt to select a range of values that most
probably corresponds with a GPR response to the deteriorated material. Using data from
bridge A1297, an appropriate scale for the deterioration extent, associated with a certain
distribution of GPR reflection amplitudes, was developed based on suitable reflection
amplitude intervals. Then, the spatial distribution of certain amplitudes, obtained from the
GPR map, was superposed over the LiDAR map to show the correlation between the
deterioration degrees, predicted by GPR with an amount of removed material.
Utilization of the described interpretation workflow can be challenging for bridge
decks in uniform condition (mostly degraded or mostly sound) where the whole range of
picked amplitudes does not exceed 5-10 NdB. In that case, interpreted GPR data are most
reliable if ground truth (coring) is available to constrain and verify the interpretation.
However, multiple case studies investigation, described by Varnavina et al. (2015),
describe a possible correlation between the GPR reflection amplitude variations and the
amount of concrete removed during hydro demolition, measured with LiDAR
technology. Taking this fact into consideration, radio controlled drone can be employed
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for the rapid collection of supplemental visual data. Figure 3.15 was taken during the
equipment tests.

Figure 3.15. Picture taken from the GPR survey truck perspective with superposed data
elements, such as bridge deck dimensions marked and numbered crack zones with a
superposed overlay of generated map of distribution of reflection amplitudes variations.

Two portable action cameras required. Camera #1, mounted in the front of the
survey truck, records 1080 HD videos and took pictures every 5 seconds. With the known
bridge dimensions, camera angle, and distances between deck elements, the surface
defect locations detected in pictures and/or video can be associated with their real
locations over the bridge deck. After data superposition, surface defects can be
distinguished from the internally distributed deterioration signs (anomalies on the
generated GPR maps). Camera #2, mounted on the drone’s gimbal, records high-quality
4K videos, with the potential to magnify a single frame up to 4 times with no quality loss,
for careful visual examination (shown in Figure 3.16). It takes around 5 minutes for an
experienced operator to safely pass the bridge in both directions to collect multimedia
materials. It should be noted that, in some areas, drone launch should be approved by
local authorities or the project supervisor.
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Figure 3.16. Pictures taken from the RC drone perspective.

The desired quality of the collected data and its volume generally depend on the
bridge deck design (deck width and length, existence of asphalt overlay, and
reinforcement setup), selected equipment type and settings, available traffic control
options, and weather conditions [16, 17]. Appropriate acquisition parameters, such as
employed antenna frequency, number of scans per unit of distance, dielectric constant,
range, number of samples per scan and survey grid design, must be properly selected
prior to a GPR inspection in order to conduct a rapid and cost effective assessment of the
bridge deck [43]. The final deterioration distribution maps were exported in CAD format
and used as a separate layer for visual aid and data understanding.
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3.4. CORE CONTROL
Multiple core samples were taken on each bridge deck in an effort to verify the
results of visual inspection and GPR data. Where possible, points of cores extraction
were chosen by in-field analysis of raw data on areas where the bridge deck appeared to
be in good and bad condition. Six to twelve cores were extracted from each deck due to
the MoDOT limit, explored deck condition, and time constraints. Figure 3.17 displays the
process of core extraction.

Figure 3.17. Core control procedures.

Cores were drilled to at least the bottom of the top transverse reinforcing bar,
where possible. The extracted core samples were 2-3 in. in diameter. The core holes were
also investigated. The core samples were labeled, photographically documented, bagged,
and transported to Missouri S&T for further testing. The core inspection results were
implemented as a separate layer to the existing CAD files. The correlation between core
quality and the deterioration extent, predicted by GPR, were analyzed. An example of the
extracted core specimen is shown in a Figure 3.18.
Each core specimen was examined at Missouri S&T for its length, surface
material, number of pieces (if broken), presence of reinforcing bar, concrete roughness,
number of voids, quality of aggregate coating with the paste mixture in the concrete,
volume of paste, signs of air entrainment, flaking surfaces, discolorations, delaminations,
segregation of the aggregate, and presence of cracks. Cores with no delamination signs or
deterioration indications were ranked as “good”. Cores with some visible deterioration
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were ranked as “fair”. Cores with significant signs of deterioration, and those that were in
many pieces when extracted, were ranked as “poor” based on the examination results.

Figure 3.18. Core sample overview.

3.5. LiDAR
The LiDAR technique was used on the two bridge decks in an effort to survey the
material removal depth during the rehabilitation process. Two scans per lane were
performed. The first scan was completed prior to the milling of the bridge deck and its
following rehabilitation. The second scan was conducted after removal of the deteriorated
material by hydro demolition but prior to the placement of the new overlay. Two sets of
LiDAR data can be compared to obtain locations and depth of material removal.
Figure 3.19 represents the results of two utilized data sets for bridge A1297.
Following the workflow designed for GPR inspection, a system of categories was
developed to present the LiDAR data. The extent of material removal during
rehabilitation was divided into three similar categories. The first category is removal to a
depth of less than 0.75 in. (typical depth of material removal by milling and hydro
demolition). The second is material removal at a depth between 0.75 in. and the topmost
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layer of the reinforcing system. The third category is material removal at a depth greater
than the depth to the top of the topmost layer of the reinforcing system. These three
categories are illustrated in Table 3.1.

Figure 3.19. LiDAR image of bridge deck showing depth difference between prerehabilitation and post-hydro demolition data.

The LiDAR measurement results were implemented as a separate layer to the
existing CAD files. The correlation between the amount of bridge material removed and
the deterioration extent, predicted by GPR, was analyzed. Based on this correlation,
normalized GPR maps were accompanied with modified deterioration threshold.
Correlation between the results of the visual evaluation of the cores and the LiDAR
evaluation of the concrete was also performed.
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Table 3.1. Categories of Material Depth Removal during Rehabilitation.
Category 1

Depth of removal < 0.75 in.

Category 2

0.75 in. < depth of removal < depth to the top of
reinforcement

Category 3

Depth of removal > depth to the top of
reinforcement
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4. BRIDGE DECK EVALUATION CASE STUDIES

The following chapters present four case studies. Section 4 includes bridge deck
descriptions, results of visual assessments, ground-coupled GPR inspection results (for
bridges A, B, C, and D), air-launched GPR inspection results (for bridges C and D), core
inspection results (for bridges A, B, C, and D), LiDAR data, and deck rehabilitation
results for bridge A. The GPR investigations, supplemented by additional destructive and
nondestructive methods were performed on the four bridge decks in an effort to
demonstrate the utility of ground-coupled and air-launched GPR in terms of
comprehensively evaluating the Missouri Department of Transportation (MoDOT) bridge
decks. The locations of the bridges investigated are shown in Figure 4.1.

Figure 4.1. Map of Bridge Locations (obtained from Google Earth service).
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4.1. BRIDGE A (A1297)
The first objective of this survey was to design an effective protocol for groundcoupled GPR data acquisition, processing, and interpretation to get detailed subsurface
bridge deck condition information and evaluate the expected extent of deterioration for
upcoming deck rehabilitation. The secondary objective of this survey was to acquire
LiDAR data both before and after rehabilitation to determine how accurately the GPR
tool predicted the extent of concrete material to be removed. Available engineering
documents, visual inspection results and core control data were taken into account to
validate the reliability of innovative GPR results.
4.1.1. Bridge Description. Bridge A1297, built in 1972, is located approximately
10 miles east of Sedalia in Morgan County, Missouri. The bridge spans over a railroad
line, carrying two lanes of two-way traffic (U.S. 50 E and W bound) on a 46 feet 10 inch
wide deck over the Union Pacific Railroad. The three-span structure is a continuous steel
system with a cast-in-place reinforced concrete deck. The total structure length is 157
feet. The designed thickness of the bridge deck is 7.5 in. with a concrete cover of 1.875
in. The deck contains two mats of uncoated reinforcing steel. The general view of a
bridge is shown in Figure 4.2.

Figure 4.2. Bridge A1297 (A), general view.
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4.1.2. Fieldwork Summary. The ground-coupled GPR inspection accompanied
with a visual inspection, took place on October 16th, 2012. Core extraction was
performed on November 2nd, 2012. The documented high and low temperatures for the
day of the investigation were 83°F and 67°F, respectively, with a total of 3.5 in. of
precipitation reported in the seven days prior to the investigation. The bridge underwent
rehabilitation in June - September of 2013. The west bound lane of the bridge was
scanned with LiDAR to document the extent of the concrete removal during the
rehabilitation. The east bound lane was scanned once, after the hydro demolition took
place. LiDAR data were compared with the GPR results.
4.1.3. Document Analysis. Prior to the field evaluations, the available as-built
drawings, appraisal sheets, and available inspection history reports (provided by
MoDOT) were carefully examined and used as a basis for comprehensive approach for
the GPR setup and settings development. Data such as the bridge deck design, bearing
slab thickness (7.5 in. with 1.875 in. concrete cover on top and 1 in. on the bottom),
reinforcement design (transverse steel bars, spaced 5 in., are positioned on top of the
longitudinal bars in the deck, making the longitudinal bar spacing 6 in. over the bents and
12 in. in other areas with varying spacing on the bottom mat), and the diameter of the
employed reinforcing steel (all longitudinal bars are #4 (0.625 in. diameter) and all
transverse bars are #5 (0.625 in. diameter) were taken into account for the GPR survey
design. Figure 4.3 illustrates the deck reinforcement design for bridge A1297.
Table 4.1 outlines details of the bridge. The CAD file assigned to this particular
bridge was created prior to the document analysis and enhanced with gathered
information during the research.
4.1.4. Visual Inspection Results. The bridge was examined for visible defects,
surface attributes of concrete deteriorations and demerits. Information about all the
visible defects, such as surface patches, repair evidences, and cracks, was listed,
photographically documented, individually numbered, measured, and then inserted in
CAD files as a separate layer. A brief visual inspection of the underside of the deck was
performed. A total of 69 defects were documented. The typical deck condition for bridge
A1297 is presented in Figure 4.4.
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Figure 4.3. Bridge A1297 deck cross sections.

The absence of deck drains was noted during the visual inspection. According to
the bridge design, water mass would run off to all corners of the structure. During the
investigation, the bridge did not experience any deflection or vibration during traffic
loading.
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Figure 4.4. Typical deck condition of bridge A1297 observed during field investigation.
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Defects, such as transverse cracks, concrete patches, asphalt-filled potholes,
spalls, were located all over the bridge, especially in the middle span (span #2 in Figure
4.5). Figure 4.5 represents the visual notes incorporated into the CAD drawings of the
bridge, which show the exact size, location, and type of each visually noted defect.

Figure 4.5. Bridge A1297’s visual inspection results.
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Table 4.1. Bridge A1297 details [16].

4.1.5. LiDAR. A hydro demolition machine was used to remove the deteriorated
bridge deck material. The procedure was performed on one lane at a time with the other
lane remaining open to the traffic flow. After rehabilitation completion, the first lane was
reopened to traffic, while the second lane was closed for material removal and
rehabilitation. The westbound lane was scanned with LiDAR prior to and after the hydro
demolition. The eastbound lane was scanned only after the hydro demolition took place
due to time constraints. To make calculating the material removal possible, a synthetic
image of the eastbound lane was simulated in an effort to compensate for the absence of
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an actual scan being taken before hydro demolition. The integrated LiDAR results for the
eastbound lane were considered valid after careful examination and comparison with the
photographic materials taken during the visual inspection.
The map depicted in Figure 4.6 represents the differences between the LIDAR
scans before and after the material removal procedure. The scale represents the depth
difference between the LiDAR scans taken before and after hydro demolition (in.). The
LiDAR data representation was trimmed to match the GPR map offsets of 1.3 ft. from the
southern curb and 1.2 ft. from the northern curb, so the LiDAR image covers 41.5 ft. of
the deck width.
Figure 4.7 shows a fragment of the LiDAR map overlaid with visual inspection
results. The extent of the bridge deck material removal was categorized based on depth in
accordance with the threshold established in section 3.5. Based on the LiDAR data,
19.7% of the deck was determined to have 0.75 in. or less of material removed (including
the milling of the entire deck surface). Approximately 59.7% of the deck had material
removed at depths greater than 0.75 in. but not deeper than the top of the reinforcement
with an average depth to the top of the reinforcement bars of 1.80 in., 20.6 % of the deck
had material removed at a depth greater than the top of the reinforcement.
Figure 4.8 summarizes the LiDAR scanning results.

Figure 4.6. LiDAR data representation for bridge A1297. Scale represents difference
between original surface and surface after hydro demolition (in.).
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Figure 4.7. Fragments of the A1297 CAD drawing with superposed LiDAR results and
visual inspection results. CP stands for “concrete patch,” TC stands for “transverse
crack,” and AFP stands for “asphalt-filled pothole.” Scale represents difference between
original surface and surface after hydro demolition (in.).

19.7

20.6

Depth of removal > depth to the
top of reinforcement

0.75 in. < depth of removal <
depth to the top of
reinforcement
Depth of removal < 0.75 in.

59.7

Figure 4.8. Bridge A1297’s LiDAR depth of concrete removal results.
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4.1.6. Ground Penetrating Radar (Ground-Coupled). According to the known
varying reinforcement placement design (see figure 4.2), time constraints, and utilized
equipment, it was decided to use 42 parallel traverses with 1 ft. lateral spacing for GPR
data collection along the direction of traffic. The GPR data collection was conducted on
October 24th, 2012 using GSSI SIR-3000 unit equipped with high frequency groundcoupled 1.5 GHz antenna. GPR data were acquired across the bridge deck in an effort to
demonstrate the utility and cost-effectiveness of using a high-frequency ground-coupled
GPR system to assess the inner condition of bridge deck. Both lanes of the bridge deck
were scanned with GPR. The traverses were marked with colored chalk as shown in
Figure 4.9.

Figure 4.9. Chalk marks (reference points) for ground-coupled GPR traverses on the
bridge surface.

Due to the size constraints of the GPR cart, 1.3 ft. of the south shoulder and 1.2 ft.
of the north shoulder were not scanned. However, the scan covered the entire length of
the bridge deck. Areas of deck material degradation were identified based on the general
character of the GPR pulses propagation and rebar reflection amplitude distribution. The
GPR traverses were oriented both with the direction of traffic flow and against it (data
were collected in a “snake” mode). Figure 4.10 displays the implemented parameters.
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Figure 4.10. File header showing the parameters of the data collected for bridge A1297.

The raw data were reviewed to confirm the rebar spacing and assess the general
reflective character of the rebar. Areas of diminished amplitude were easily recognizable
in the raw data (presented in Figure 4.11).

Figure 4.11. Example of unprocessed GPR image obtained from bridge A1297 showing
reinforcement bars in different conditions.
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The data from bridge A1297 were clear, so no processing was performed to
accelerate the data analysis and interpretation. Both visual and statistical analysis of the
GPR scans was performed to determine the relatively good and bad areas by visually
determining the zones where the GPR signal experienced attenuation and picking
amplitudes variation. The GPR traverses were compared one by one to make sure there
were no gain jumps or anomalies caused by the electrical environment. The obtained
variations in rebar reflection amplitude most possibly indicate concrete deterioration. A
detailed analysis of the processed data showed that the amplitude values from the top
layer of the rebar vary. Rebars that were conducted as bad ones had amplitude reductions
(Figure 4.12).

Figure 4.12. Picked amplitudes of reflections from reinforcement bars. Diminishing
amplitudes obtained from possibly deteriorated areas are marked by red frames.

The reflection amplitudes were plotted against the two-way travel time for the
GPR data to normalize the data to the constant apparent depth prior to conducting further
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work. Figure 4.13 represents the reflection amplitude plotted versus the two-way travel
time after depth correction for the GPR data with a linear trend of data dispersion.
The steep trend line in Figure 4.13 (a) shows a high influence of depth on the
reflection amplitude. That can be explained by the bridge deck condition, a significant
variation in the depth of placement of reinforcing steel and/or significant amount of
precipitations a few days prior to the survey. Figure 4.13 (b) represents the reflection
amplitude plotted versus the two-way travel time after depth correction for the GPR data.
An altered reflection amplitude scale was implemented to develop the of normalized GPR
map. The whole range of the normalized reflection amplitude values was presented as a
histogram in an effort to roughly assess the probability distribution of a normalized
reflection amplitude by depicting the frequencies of observations occurring in particular
ranges of values.
Figure 4.14 shows the GPR data histogram for bridge A1297. The vertical axis
represents the occurrence frequency for each of the amplitudes listed over the horizontal
axis.

Figure 4.13. Reflection amplitude plotted versus two-way travel time before depth
correction (a) and after depth correction (b).
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The reflection amplitude values, presented with the lowest frequencies, can be
neglected in terms of development of the threshold for the possible deterioration extent
associated with certain ranges of amplitude.

Figure 4.14. Reflection amplitudes distribution histogram for bridge A1297.

Table 4.2 represents the reflection amplitude data distribution in terms of a certain
value’s occurrence frequency for the ground-coupled GPR data from bridge A1297.
Figure 4.15 represents the modified reflection amplitude distribution histogram
for bridge A1297. The values of reflection amplitudes with less than 1% of an occurrence
frequency were sorted out to develop the deterioration threshold.
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Table 4.2. Reflection amplitude values distribution in terms of occurrence frequency of
certain values for bridge A1297. The red font represents filtered reflection amplitude
values.
GPR reflection
amplitude, NdB.

Occurrence frequency
for certain reflection
amplitudes.

Percentage of total
occurrence frequency.

-20

2

0.0 %

-19

0

0.0 %

-18

1

0.0 %

-17

4

0.0 %

-16

3

0.0 %

-15

9

0.1 %

-14

41

0.3 %

-13

64

0.4 %

-12

150

1.0 %

-11

347

2.3 %

-10

644

4.2 %

-9

839

5.5 %

-8

924

6.1 %

-7

1049

6.9 %

-6

1417

9.3 %

-5

2436

16.0 %

-4

2935

19.3 %

-3

2106

13.8 %

-2

1608

10.5 %

-1

629

4.1 %

More than [-1]

38

0.2 %

In an effort to develop a comprehensive deterioration threshold for the GPR
response to the deteriorated material, obtained LiDAR scans were quantitatively and
qualitatively analyzed for a possible correlation between the amount of bridge material
removed and the deterioration extent, predicted by GPR. In an attempt to distinguish
relatively sound material from relatively deteriorated material, intervals from 5 to 8 NdB
were analyzed to assign the most prominent decrement from the obtained maximum
reflection amplitude for the deterioration threshold.
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Figure 4.15. Histogram of filtered reflection amplitudes distribution for Bridge A1297.

The top layer of transverse reinforcing steel for bridge A1297 was represented by
#5 0.625 in. rebar placed at a 1.875 in. depth within the concrete slab. Rebar subjected to
severe deterioration is expected to expand, exceeding its original diameter by up to 20 %
of its original size. Taking into account the diameter increment, a reference depth of
material removal of 1.75 in. can be assumed as evidence of existing deterioration.
Measurements made after hydro demolition (4 test locations, 8 severely deteriorated
rebars measured by calipers at each test location) showed an average increment of 0.08 –
0.1 in. in diameter of most top transverse rebars. Taking that into consideration, the
spatial distribution of the reflection amplitude values for 5 NdB decrement was
superposed on a LiDAR map. Figure 4.16 (a) displays the GPR map, normalized to a
certain depth for bridge A1297. Figure 4.16 (b) displays the GPR map, normalized to a
certain depth with a filtered scale and the delineation of the possible deterioration extent,
defined by a decrement of 5 NdB relative to the obtained maximum reflection amplitude.
Shades of blue represent the spatial distribution of relatively sound material; shades of
yellow outline the spatial distribution of possibly deteriorated material.
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Figure 4.16. GPR map, normalized to a constant depth (a) and GPR map, normalized to a
constant depth with filtered scale and delineation of possible deterioration extent by 5
NdB decrement from the obtained maximum reflection amplitude (b).

According to the Figure 4.17, the deterioration distribution extent, predicted by a
GPR threshold interval of 5 NdB from the maximum obtained reflection amplitude,
doesn’t correlate well with the actual amount of material removal obtained from the
LiDAR scan. The delineated areas of possible deterioration surpass the outlined zones,
where the depth of concrete removal is equal to or greater than 1.75 in. (defined depth to
the degraded reinforcement).

Figure 4.17. LiDAR scan of bridge A1297. Hatching represents the superposition of
delineated areas from the GPR map, where the average GPR response to the top
transverse layer of rebar is less than the obtained normalized maximum reflection
amplitude for [-5] NdB.
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Figure 4.18 displays an enlarged area of the GPR reflection amplitude
deterioration threshold delineation superposed over the LiDAR map.

Figure 4.18. Enlarged fragment of LiDAR scan of bridge A1297. Hatching represents the
superposition of delineated areas from the GPR map, where the average GPR response to
the top transverse layer of rebar is less than the obtained normalized maximum reflection
amplitude of [-5] NdB.

Apparent disparities between the GPR and LiDAR results are clearly observed.
Based on the 5 NdB decrement from obtained maximum reflection amplitude threshold,
the GPR tends to overestimate the possible deterioration distribution. Delineations, based
on the 5 8 NdB decrement from the obtained maximum reflection amplitude, surpass the
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borders of zones with a significant amount of material removed by hydro demolition. In
an attempt to define the most corresponding relation between the established GPR
reflection amplitude threshold for possibly deteriorated material and the LiDAR results,
decrements of 6, 7, and 8 dB from the obtained maximum reflection amplitude were
delineated and superposed over the LiDAR map. Figure 4.19 displays [-6] NdB
thresholds applied to the normalized GPR results.

Figure 4.19. GPR map, normalized to a constant depth with a filtered scale and the
delineation of the possible deterioration extent by a 6 NdB decrement from the obtained
maximum reflection amplitude (a) and LiDAR with hatching, representing the
superposition of delineated areas from the GPR map, where the GPR response to the top
transverse layer of rebar is less than the obtained normalized maximum reflection
amplitude for [-6] NdB.

Figure 4.20 displays an enlarged area of the GPR reflection amplitude
deterioration threshold delineation superposed over the LiDAR map. A slight disparity
between the GPR and LiDAR results can be observed. Possible deterioration zones,
predicted by GPR, tend to correlate well with areas of significant material removal, based
on the 6 NdB decrement from the obtained maximum reflection amplitude threshold.

69

Figure 4.20. Enlarged fragment of LiDAR scan of bridge A1297. Hatching represents the
superposition of delineated areas from the GPR map, where the average GPR response to
the top transverse layer of rebar is less than the obtained normalized maximum reflection
amplitude of [-6] NdB. Slight discrepancies between the established reflection amplitude
threshold and LiDAR results can be observed on span #2 area (a) and the northeastern
part of span #3 (b).

The established decrements of 7 and 8 NdB tend to underestimate the distribution
of possible deterioration. The corresponding figures (4.21 and 4.22, respectively)
demonstrate GPR and LiDAR maps generated for discussed [-7 NdB] and [-8 NdB]
amplitude thresholds.
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Figure 4.21. GPR map, normalized to a constant depth with filtered scale and delineation
of possible deterioration extent by 7 dB decrement from obtained maximum reflection
amplitude (a) and LiDAR map with hatching, representing the superposition of delineated
areas from GPR map, where GPR response to the top transverse layer of rebar is less than
the obtained normalized maximum reflection amplitude for [-7] NdB.

Delineations, based on 7 and 8 NdB decrements from the obtained maximum
reflection amplitude, have a tendency to be situated inside the borders of zones with a
significant amount of material removed by hydro demolition. According to the proposed
threshold development procedures, a decrement of 6 NdB from the obtained maximum
reflection amplitude indicates a reasonable correlation between the normalized GPR
reflection amplitude and concrete removal depth measured by the LiDAR technique.
According to the LiDAR data (depth of material removal), delineations, based on
decrements of 7 and 8 NdB below the obtained maximum reflection amplitude, can be
associated with a moderate amount of concrete material removed by hydro demolition.
In an effort to develop a comprehensive protocol for defining the threshold for
GPR data, reflection amplitude ranges were defined as “no evidence of deterioration”
(decrement of 6 NdB from the maximum of obtained reflection amplitudes), “evidence of
moderate deterioration” (a 2 NdB interval following the lowest value of the “no evidence
of deterioration” category), and “evidence of extensive deterioration” (values lower than
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the assigned moderate deterioration amplitude range). Qualitative and quantitative
investigations show a strong correlation between the GPR and LiDAR data sets.

Figure 4.22. GPR map, normalized to a constant depth with filtered scale and delineation
of possible deterioration extent by 8 dB decrement from obtained maximum reflection
amplitude (a) and LiDAR map with hatching, representing the superposition of delineated
areas from GPR map, where GPR response to the top transverse layer of rebar is less than
the obtained normalized maximum reflection amplitude for [-8] NdB.

Figure 4.23 displays the final GPR map generated for bridge A1297 with three
categories of possible deterioration assigned to specific reflection amplitude ranges. The
established approach for developing the deterioration threshold is applied to all other case
studies presented in this dissertation.
Based on the GPR results, signs of intensive were more prevalent on the central
part and in the south side than in the north side. The deterioration can be explained by the
fact that the south edge of the bridge deck receives less sunlight due to obstacles,
especially in the winter when snow and deicing chemicals are piled on the shoulder.
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Figure 4.23. Bridge A’s (A1297) GPR map with established deterioration threshold.

Figure 4.24 illustrates the GPR results included in the bridge drawing.
GPR results indicated a high levels of deterioration in areas where many visual
defects were noted. Sections of the deck with no GPR evidence of deterioration had few
documented visual defects. The defects were possibly distributed only over the very top
of the bridge deck body.
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Figure 4.24. Surface map of distribution of reflection amplitudes with proposed threshold
for deterioration categories, superposed over visual inspection results.

4.1.7. Core Inspection. A total of 6 core samples were taken. Figure 4.25
displays the locations of the core extractions over the deck of bridge A1297.
All six core samples were composed entirely of as-built concrete. Three core
samples were ranked as “good,” two as “fair,” and one as “poor.” Figure 4.26 shows
photographs of all six cores. One core sample was extracted from an area of the bridge
deck that had no evidence of deterioration, according to the GPR data. Five core samples
were extracted from areas with evidence of moderate deterioration. Table 4.3 contains
visual core inspection results.
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Figure 4.25. Core extraction locations for bridge A1297.

Figure 4.26. Core samples (Bridge A1297).

Figure 4.27 shows the location of core sample A1 on the bridge deck drawing,
overlaid with visual inspection data, GPR amplitude map, and top and bottom exhibitions
of the core specimen. This area showed no signs of deterioration according to the GPR
data, the area was free of surface defects according to the visual inspection notes. Core
A1 ranked as “good” in the visual examination.
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Figure 4.27. Bridge A1297 Core A1, (a) on bridge drawing, (b) extracted core general
view, (c) extracted core top and bottom views. CP stands for “concrete patch” and TC
stands for “transverse crack.”

Figure 4.28 displays the extraction location of core A1 on the LiDAR map (a) and
core hole general view after hydro demolition (b) and (c). Core A1 was ranked as “good”
by the visual examination results (no signs of material degradation, no cracks revealed,
and relatively homogeneous material).
A localized GPR data around the extraction point (result of interpolation of
amplitude readings between the adjacent profiles) showed the typical values for the “no
evidence of deterioration” range, according to the defined GPR threshold. A LiDAR scan
showed 1.6 in. of concrete removal over the core extraction location.
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Figure 4.28. Bridge A1297 core A1’s location on LiDAR map (a) and image of deck
around the core location after hydro demolition (b and c). CP stands for “concrete patch”,
TC stands for “transverse crack”.

Figure 4.29 shows the location of core sample A2 on the bridge deck drawing,
overlaid with visual inspection data, GPR amplitude map, and top and bottom exhibitions
of the core specimen. The core sample was extracted on the border of delineated areas for
“no signs of deterioration” and “signs of moderate deterioration,” according to the
defined GPR threshold. The GPR results of this area indicate evidence of moderate
deterioration. Core A1 ranked as “good” in the visual examination.
Figure 4.30 (a) shows the extraction location of core A2 on the LiDAR map (a)
and core hole general view after hydro demolition (b). Core A2 was ranked as “good” by
the visual examination results (no signs of material degradation, no cracks revealed, and
relatively homogeneous material). A localized GPR data around the extraction point
(result of interpolation of amplitude readings between the adjacent profiles) indicate
evidence of moderate deterioration, according to the defined GPR threshold. A LiDAR
scan showed significant amount of material removal (2.3 in.) over the core extraction
location.
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Figure 4.29. Bridge A1297 Core A2 (a) on bridge drawing, (b) extracted core general
view, (c) extracted core top and bottom views. CP stands for “concrete patch,” TC stands
for “transverse crack,” and AFP stands for “asphalt-filled pothole”.

(b)
(a)
Figure 4.30. Bridge A1297 core A2’s location on LiDAR map (a) and image of deck
around the core location after hydro demolition (b). TC stands for “transverse crack.”
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A comparison of the visual core evaluation and GPR estimated deterioration level
shows a good correlation: one of the core samples was extracted from apparently sound
bridge deck material, and five core samples were extracted from areas with evidence of
moderate deterioration. Half of bridge A1297’s cores were an ideal match with the GPR
estimated deterioration levels.

Table 4.3. Visual core inspection results for bridge A1297.

4.1.8. Discussion of Results for Bridge A1297. The investigation of bridge
A1297 (A), described in Sections 4.1.1. – 4.1.7., generated multiple data sets based on the
results of destructive and nondestructive evaluation methods. The results were analyzed
and compared to correlate testing methodologies, examine the utility of the
nondestructive techniques in evaluating the condition of bridge decks, and assess the
ability of GPR to precisely detect bridge decks deterioration. A comprehensive, easily
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repeatable and adaptive workflow for bridge deck GPR surveys was developed and
applied to accurately estimate the rehabilitation extents. The employed data acquisition,
processing and interpretation parameters were reviewed to further develop the optimum
algorithm for assessing bridge deck conditions using GPR. Recommendations for
optimum acquisition, processing, and interpretation parameters for ground-coupled GPR
assessment are provided in Section 5. Bridge A’s case study investigated the use of a
nondestructive GPR technique for assessing bridge deck conditions. The following
subsections discuss the correlation of the GPR data with visual inspection results,
correlation of GPR data with the deck rehabilitation survey, and the correlation of GPR
and LiDAR data with the visual core analysis.
4.1.8.1 Correlation of GPR data and visual inspection results. Figure 4.31
displays the visual inspection notes superposed over the map representation of the GPR
results.

Figure 4.31. Fragments of A1297 CAD drawing with superposed visual inspection notes
and GPR results. CP stands for “concrete patch,” AFP stands for “asphalt-filled pothole,
“and TP stands for “transverse crack”.
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A thorough visual inspection of the top surface of bridge A’s deck was conducted.
Zones with visible signs of deterioration and/or zones that contained less than the original
as-built concrete material, were mapped, identified, and documented for CAD file
implementation. Areas with a high number of noted defects tended to be located over the
delineated zones of lower amplitudes over the GPR map.
The correspondence between the locations of visually noted surface defects and
distribution of decreased reflection amplitudes on the GPR map. Resemblance ranging
from fair to good were noted between the GPR data and the visual inspection results. It
should be noted that the visual inspection results were intended to represent the
distribution of visible surface defects only.
4.1.8.2 Correlation of GPR data with deck rehabilitation survey. The GPR
survey results were subdivided into three categories by the ranges of reflection
amplitudes. The three categories for the GPR results are: no evidence of deterioration,
evidence of moderate deterioration, and evidence of extensive deterioration. The LiDAR
data was categorized by the detected removal of concrete. The three rehabilitation
material removal categories are: material removal at depths less than or equal to 0.75 in.,
material removal at depths greater than 0.75 in. but less than the depth to the top of the
topmost reinforcement bar, and material removal at depths greater than or equal to the
depth to the top of the topmost reinforcement bar.
The interpretation of the GPR data indicated a fair to good correlation between
the predicted extensive deterioration over the areas of bridge deck with greater concrete
material removal. Similar correspondence was noted for GPR interpretations that
indicated “no evidence of deterioration” or “evidence of moderate deterioration” with
lesser material removal depths. Figure 4.32 shows the results of the bridge A1297 (A)
GPR survey and LiDAR scan. A strong correlation is visible – areas where the GPR
survey predicted possible deterioration correspond to areas where more material was
removed during the hydro demolition.
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Figure 4.32. Visual comparison of GPR results (a) and rehabilitation LiDAR survey (b).

For the visual data representation, established classifications for the LiDAR and
GPR data sets were displayed as bars to illustrate the distributions of three deterioration
ranges (no evidence of deterioration, evidence of moderate deterioration, and evidence of
extensive deterioration for GPR data; material removal depths less than or equal to 0.75
in., material removal depths greater than 0.75 in. but less than the depth to the top of the
topmost reinforcement bar, and material removal depths greater than or equal to the depth
to the top of the topmost reinforcement bar for LiDAR data) over the bridge deck surface.
Figure 4.33 shows the results of the comparison.
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Figure 4.33. Percentage of deck area for bridge A1479 deterioration distribution
categorized by GPR results and rehabilitation LiDAR survey.

Because of the visual correlations showed in Figures 4.30 and 4.31, Figure 4.32
was expected to show a trend between the GPR results and the rehabilitation LiDAR
survey. However, there was no visible trend between the three different categories of the
GPR results and the rehabilitation LiDAR survey. Areas of the deck where the GPR
interpretation indicated possible severe deterioration generally corresponded to areas with
greater concrete material removal depths after the hydro demolition procedure. Similarly,
areas where the GPR interpretation indicated moderate or no evidence of deterioration
generally corresponded to areas with lesser concrete material removal depths. It should
be mentioned that there were no expectations for a direct correlation between the GPR
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maps and the LiDAR scans. The developed GPR categories and concrete material
removal thickness categories did not physically correlate. The GPR mostly responded to
the presence of saline moisture within the deteriorated bridge deck and indicated
deterioration in uppermost part of concrete material that was removed by milling and
hydro demolition. GPR data represents the distribution of the reflection amplitude from
the top transverse layer of reinforcing steel and doesn’t represent the condition of the
concrete below that level. Small areas of concrete disintegration could be situated
between the GPR profiles and eliminated during the data interpolation procedure, which
is also different for LiDAR and GPR data. However, a strong qualitative correlation of
two data sets was observed.
4.1.8.3 Correlation of GPR and LiDAR data with visual core analysis. Six
cores were extracted from the deck of bridge A1297 (A). The visual inspection results of
the cores were considered as a representation of deterioration estimates for the localized
extraction points. Those data were compared with localized GPR results to determine if
any correlations existed. A correlation between the established core ranking (“good,”
“fair,” and “poor”) and the developed GPR deterioration threshold (“no evidence of
deterioration,” “evidence of moderate deterioration,” “no evidence of deterioration”) was
observed.
There was an evident correlation between the GPR deterioration evaluation and
the results of visual inspection of the core samples. A perfect match for comparison
between the visual core evaluation results and the GPR deterioration level estimation
over the locations where the cores were extracted, would be a core rated as “poor” to be
extracted from an area with evidence of extensive deterioration, a core rated as “fair” to
be extracted from an area with evidence of moderate deterioration and a core rated as
“good” to be extracted from an area with no evidence of deterioration.
Due to the interpolation of data between the GPR profiles for contour map
generation (spaced at 1 ft. for A1297) a perfect match was not expected. Table 4.4
presents the GPR ranges, defined over the locations of core samples extraction.
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Table 4.4. Comparison of the ground-coupled GPR and a visual inspection of cores
results at core extraction locations for bridge A1297 (A).
Visual Core Evaluation

Core

GPR ranking

A1

No evidence of deterioration
Evidence of moderate
deterioration
Evidence of moderate
deterioration
Evidence of moderate
deterioration
Evidence of moderate
deterioration
Evidence of moderate
deterioration

A2
A3
B1
B2
B3

Results
Good
Good
Fair
Poor
Fair
Good

Table 4.5 displays the comparison between the visual core evaluation results and
GPR deterioration level estimation over the locations where cores were extracted. Shaded
cells indicate a perfect match. Cores A2 and B3 were extracted within 11 in. of different
GPR defined deterioration levels. They were labeled as “borderline” in Table 4.5.

Table 4.5. Ground-coupled GPR and visual core evaluation comparison for bridge A1297
(A).
GPR deterioration estimation
No Evidence of Deterioration
Evidence of moderate
Deterioration

Visual examination of cores
ranking
Good
Fair
Poor
A1
A2, B3
(Borderline)

A3, B2

B1

A correlation of the results was observed: 50% of the cores had a perfect match.
Taking into account the possibility that borderline cores were extracted from a different
GPR deterioration levels, there are 67% of the cores were a perfect match for bridge
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A1297. According to the Table 4.5, the GPR data indicated more evidence of
deterioration in areas where the core showed visible signs of deterioration. It was noted in
Section 3 that GPR generally overestimate the extent of the predicted deterioration.
There was an evident correlation between the LiDAR investigation and the visual
inspection results of the core samples. A perfect match for comparison between the visual
core evaluation results and the LiDAR evaluation of concrete removal over the locations
where the cores were extracted would be a core rated as “good” to be extracted from an
area with up to 0.75 in. of material removed, a core rated as “fair” to be extracted from an
area where from 0.75 in. to 1.85 in. of material removed, and a core rated as “poor” to be
extracted from an area with more than 1.85 in. of material removed (more than the
established threshold for the evidence of severe deterioration).
Table 4.6 displays the comparison between the visual core evaluation results and
the LiDAR estimation of depth of the bridge deck material removal over the locations
where cores were extracted. The shaded cells indicate a perfect match.

Table 4.6. Comparison of the LiDAR results and a visual inspection of cores results at
core extraction locations for bridge A1297 (A).
Core

Concrete removal
measured by
LiDAR

Visual Core
Evaluation Results

A1
A2
A3
B1
B2
B3

1.6
2.3
1.6
2.6
2.1
1.2

Good
Good
Fair
Poor
Fair
Good

Core A3 was rated as “fair” during the visual evaluation and came from an area
with evidence of moderate deterioration based on the GPR results. During the
rehabilitation process, approximately 1.6 in. of material was removed at the location of
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Core A3. Based on the established threshold, the amount of removed concrete correlated
well with the GPR predicted deterioration level. Core B1 was rated as “poor” during the
visual evaluation and came from an area with evidence of moderate deterioration based
on the GPR results. During the rehabilitation process, approximately 2.6 in. of material
was removed at the location where Core B1 was extracted. Based on the established
threshold, the amount of removed concrete correlated well with the GPR predicted
deterioration level. Cores A1, A2, B2, and B3 did not follow the expected trend
(concordance of the overall core specimen condition and the amount of removed
concrete).

4.2. BRIDGE B (A2966)
The first objective of this survey was to employ developed protocol for groundcoupled GPR data acquisition, processing, and interpretation to get detailed subsurface
bridge deck condition information and evaluate the expected extent of deterioration. The
secondary objective was to observe the possible correspondence between the distribution
of visible surface defects and GPR-provided subsurface condition information, so that
MoDOT can better determine whether to rehabilitate or to replace the bridge deck
material. Available engineering documents, visual inspection results, and core control
data were taken into account to validate the reliability of the developed approach to the
GPR results presentation.
4.2.1. Bridge Description. Bridge A2966, built in 1974, is located in Mountain
Grove in Wright County, Missouri. The bridge spans over a four lane divided highway
(U.S. 60). The bridge carries three lanes of two-way traffic on a 46 feet 10 inch wide
deck. The total structure length is 258 feet. The designed thickness of the bridge deck is
7.5 in. with a concrete cover of 1.875 in. The deck contains two mats of uncoated
reinforcing steel. The two span structure is a continuous steel system with a cast-in-place
reinforced concrete deck. The general view of a bridge is shown in Figure 4.34.
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Figure 4.34. Bridge A2966 (B), general view.

4.2.2. Fieldwork Summary. The ground-coupled GPR inspection, accompanied
with a visual inspection and core control, was performed on October 17th, 2012. The
documented high and low temperatures for the day of the investigation were 60°F and
70°F, respectively, with a total of 0.76 in. of precipitation reported in the seven days prior
to the investigation.
4.2.3. Document Analysis. Prior to the field evaluations, the available as-built
drawings, appraisal sheets and available inspection history reports (provided by MoDOT)
were carefully examined and used as a basis for a comprehensive approach for the GPR
setup and settings development. Data such as the bridge deck design, its thickness (7.5 in.
with 1.875 in. concrete cover), reinforcement design (transverse steel bars, spaced 5 in.
are positioned on top and bottom; longitudinal steel bars spaced 6 in. on the top over the
bent areas and 12 in. otherwise; support bars with various spacing), and the diameter of
the employed reinforcing steel (#4 and #5, 0.625 and 0.75 in. respectively) were taken
into account for the GPR survey design. Figure 4.35 illustrates the deck reinforcement
design for bridge A2966.
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Figure 4.35. Bridge A2966 deck cross sections.

Table 4.7 outlines details of the bridge. The CAD file assigned to this particular
bridge was created prior to the document analysis and enhanced with gathered
information during the research.
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Table 4.7. Bridge A2966 details [16].

4.2.4. Visual Inspection Results. The bridge was examined for visible defects,
surface attributes of concrete deteriorations, and asphalt demerits. Information about all
the visible defects, such as surface patches, repair evidences, and cracks, was listed,
photographically documented, individually numbered, measured, and then inserted in
CAD files as a separate layer. A brief visual inspection of the underside of the deck was
performed. A total number of 119 defects were documented. The typical deck condition
for bridge A2966 is presented in Figure 4.36.
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Figure 4.36. Typical deck condition of bridge A2966 observed during field
investigations.

Defects, such as transverse cracks (especially along with some concrete patches),
concrete patches, asphalt-filled potholes, and spalls, were located all over the bridge deck
surface. A chip seal coverage was worn away in many areas (especially in the wheel
paths).
Figure 4.37 represents the visual notes incorporated into the CAD drawings of the
bridge, which show the exact size, location, and type of each visually noted defect.
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Figure 4.37. Bridge A2966's visual inspection results.

4.2.5. Ground Penetrating Radar (Ground-Coupled). According to the known
reinforcement placement design (see Figure 4.34), time constraints, and utilized
equipment, it was decided to use 28 parallel profiles with 1.5 ft. lateral spacing for GPR
data collection along the direction of traffic. The GPR data collection was conducted on
October 17, 2012 using GSSI SIR-3000 unit equipped with high frequency groundcoupled 1.5 GHz antenna. The GPR data were acquired across the bridge deck in an
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effort to demonstrate the utility and cost-effectiveness of using a high-frequency groundcoupled GPR system to assess the inner condition of bridge deck. Both lanes of the
bridge deck were scanned with GPR.
Due to the size constraints of the GPR cart, 2 ft. of the west shoulder were not
scanned. Areas of deck material degradation were identified based on the general
character of the GPR pulses propagation and rebar reflection amplitude distribution. The
GPR traverses were oriented both with the direction of traffic flow and against it (data
were collected in a “snake” mode). Figure 4.38 shows the implemented parameters.

Figure 4.38. File header showing the parameters of the data collected for bridge A2966.

The raw data were reviewed to confirm the rebar spacing and assess the general
reflective character of the rebar. Areas of diminished amplitude were easily recognizable
in the raw data (presented in Figure 4.39).
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Figure 4.39. Example of unprocessed GPR image obtained from bridge A2966 showing
bridge material in different conditions.

The data from bridge A2966 were clear, so no processing was performed to
accelerate the data analysis and interpretation. Both visual and statistical analysis of the
GPR scans was performed to determine the relatively good and bad areas by visually
determining the zones where the GPR signal experienced attenuation and picking
amplitude variation. The GPR traverses were compared one by one to make sure there
were no gain jumps or anomalies caused by the electrical environment. The obtained
variations in rebar reflection amplitude most possibly indicate concrete deterioration. A
detailed analysis of the processed data showed that the amplitude values from the top
layer of the rebar vary. Rebars surrounded by possibly deteriorated material had
amplitude reductions (Figure 4.40).

Figure 4.40. Picked amplitudes of reflections from reinforcement bars. Diminishing
amplitudes obtained from possibly deteriorated areas are marked by red frames.
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The reflection amplitudes were plotted against the two-way travel time for the
GPR data to normalize the data to a constant apparent depth prior to conducting further
work. Figure 4.41 represents the reflection amplitude plotted versus the two-way travel
time after depth correction for the GPR data with a linear trend of data dispersion.

Figure 4.41. Reflection amplitude plotted versus two-way travel time before depth
correction (a) and after depth correction (b).
The steep trend line in Figure 4.41 (a) shows a high influence of depth on the
reflection amplitude. That can be explained by the bridge deck condition, a significant
variation in the depth of reinforcing steel placement, and/or a moderate amount of
precipitation a few days prior to the survey. Figure 4.41 (b) represents the reflection
amplitude plotted versus the two-way travel time after depth correction for the GPR data.
An altered reflection amplitude scale was implemented to develop the normalized GPR
map. The whole range of the normalized reflection amplitude values was presented as a
histogram in an effort to roughly assess the probability distribution of a normalized
reflection amplitude by depicting the frequencies of observations occurring in particular
ranges of values. Figure 4.42 shows the GPR data histogram for bridge A2966. The
vertical axis represents the occurrence frequency for each of the amplitudes listed over
the horizontal axis.
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Figure 4.42. Reflection amplitude distribution histogram for bridge A2966.

The reflection amplitude values, presented with the lowest frequencies, can be
neglected in terms of development of the threshold for possible deterioration extent
associated with certain ranges of amplitude. Table 4.8 represents the reflection
amplitudes data distribution in terms of a certain value’s occurrence frequency for the
GPR data from bridge A2966.
Figure 4.43 represents the modified reflection amplitude distribution histogram
for bridge A2966. The values of reflection amplitudes with less than 1% of an occurrence
frequency were sorted out to develop the deterioration threshold.
Following the established procedure for bridge A (A1297), reflection amplitude
ranges were defined as “no evidence of deterioration” (decrement of 6 NdB interval from
the maximum of obtained reflection amplitudes), “evidence of moderate deterioration” (2
NdB interval following the lowest value of “no evidence of deterioration” category), and
“evidence of extensive deterioration” (values lower than assigned moderate deterioration
amplitude range). Figure 4.44 displays the final map for ground-coupled GPR data,
generated for the bridge A2966 with three categories of possible deterioration, assigned
to the specific reflection amplitude ranges.
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Table 4.8. Reflection amplitude value distribution in terms of occurrence frequency of
certain values for bridge A2966. The red font represents filtered reflection amplitude
values.
GPR reflection
amplitude, NdB.
-13
-12
-11
-10
-9
-8
-7
-6
-5
-4
-3
-2
-1
0
1
2
3
4
5
6
7
8
9
10
11
12
13
More than [13]

Occurrence
frequency for
certain reflection
amplitudes.
1
1
3
4
20
33
64
108
119
356
423
819
1180
1497
1748
1511
1313
1136
455
621
1004
111
48
52
17
2
1
1

Percentage of total
occurrence
frequency.
0.01
0.01
0.02
0.03
0.16
0.26
0.51
0.85
0.94
2.81
3.34
6.48
9.33
11.84
13.82
11.95
10.38
8.98
3.60
4.91
7.94
0.88
0.38
0.41
0.13
0.02
0.01
0.01

97

Figure 4.43. Histogram of filtered reflection amplitude distribution for Bridge A2966.

Figure 4.44. Bridge B's (A2966) GPR map with established deterioration threshold.
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Based on the GPR results, signs of intensive deterioration were more prevalent on
the east and west sides of the bridge deck. The central part displayed less evidences of
deterioration. The deterioration distribution can be explained by the fact that the central
part is used as a turning lane and it is not subjected to the intensive traffic loads as west
and east lanes.
Considering the fact that anomalies that were associated with depth-influenced
irregularities were removed by the GPR data normalization step, the GPR results, as
presented in Figure 4.41, demonstrate similar location and shape of reflection amplitudes
distribution that can be associated with possible deterioration. Figure 4.45 displays the
comparison of fragments clipped from not normalized (a) and normalized surface map (b)
of distribution of reflection amplitudes.
Figures 4.46 illustrates the GPR results included in the bridge drawing with visual
inspection results.

Figure 4.45. Surface maps of distribution of reflection amplitudes for not normalized
GPR map (a) and normalized to depth (b) GPR map.
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Figure 4.46. Surface map of distribution of reflection amplitudes with proposed threshold
scale for deterioration categories, superposed over visual inspection results.

Figure 4.46 clearly shows the prevalence of surface defects locations all over the
east and west lanes. GPR results indicated high levels of deterioration in areas where
many visual defects were noted. Sections of the deck with no GPR evidence of
deterioration had few documented visual defects. The defects were possibly distributed
only over the very top of the bridge deck body. More detailed comparison of
correspondence between the GPR results and visual inspection findings is presented in
Section 4.2.7.1.
4.2.6. Core Inspection. A total of 6 core samples were taken. Figure 4.47
displays the locations of the core extractions over the deck of bridge A2966.
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Figure 4.47. Core extraction locations for bridge A2966.

Core samples A1, B1, and B2 were extracted in pieces. Core A3 was extracted
with a chunk of reinforcing steel. Two core samples were ranked as “good,” two as
“fair,” and two as “poor.” Figure 4.48 shows photographs of all eight cores. Tables 4.9
and 4.10 contains the visual core inspection results.

Figure 4.48. Core samples (Bridge A2966).

Two core samples were extracted from an area of the bridge deck that had no
evidence of deterioration, according to the GPR data. Core sample A3 was extracted with
a chunk of reinforcement steel. One of the core samples was extracted from areas with
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evidence of moderate deterioration, according to the GPR data. Three core samples were
extracted from an area of bridge deck with signs of extensive deterioration, according to
the GPR data. Figure 4.49 shows the location of the core sample B1 on the bridge deck
drawing, overlaid with the visual inspection data, GPR amplitude map, and top and
bottom exhibitions of the core specimen.

Figure 4.49. Bridge A2966 core B1 location on the bridge drawing (a), extracted core
general view (b), and extracted core top and bottom views (c). CP stands for “concrete
patch,” and AFP stands for “asphalt filled pothole.”

The extraction of core B1 shows signs of extensive deterioration, according to the
GPR data. The core extraction point located close to the area with noticeable surface
defects, noted by the results of visual inspection notes. Core B1 was ranked as “poor” in
the visual examination.
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Figure 4.50 shows the location of the core sample B3 on the bridge deck drawing,
overlaid with the visual inspection data, GPR amplitude map, and top and bottom
exhibitions of core specimen.

Figure 4.50. Bridge A2966 core B3 location on the bridge drawing (a), extracted core
general view (b), extracted core top and bottom views (c). AFP stands for “asphalt filled
pothole.”

This area shows signs of extensive deterioration, according to the GPR data.
Extraction point located close to the area with noticeable surface defects, noted by the
results of visual inspection. Core B3 was ranked as “fair” in the visual examination.
A comparison of the visual core evaluation and GPR estimated deterioration level
shows a good correlation: three core samples were extracted from apparently sound
bridge deck material, one core was extracted from the area with evidence of moderate
deterioration and two core samples were extracted from the area with evidence of
extensive deterioration. Half of bridge A2966’s cores were an ideal match with the GPR
estimated deterioration levels.
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Table 4.9. Visual core inspection results for bridge A2966, part 1.

Table 4.10. Visual core inspection results for bridge A2966, part 2.
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4.2.7. Discussion of Results for Bridge A2966. The investigation of bridge
A2966 (B), described in Sections 4.2.1. – 4.2.6., generated multiple data sets based on the
results of destructive and nondestructive evaluation methods. The results were analyzed
and compared to correlate testing methodologies, examine the utility of the
nondestructive techniques in evaluating the condition of bridge decks.
The obtained results were used in development of recommendations for optimum
acquisition, processing, and interpretation parameters for ground-coupled GPR (provided
in Section 5). Bridge B’s case study investigated the use of a nondestructive GPR
technique for bridge deck conditions. The following subsections discuss the correlation of
the GPR data with the visual inspection results, and the correlation of the GPR data with
the visual core analysis.
4.2.7.1 Correlation of GPR data and visual inspection results. A thorough
visual inspection of the top surface of bridge A2966’s (B) deck was conducted. Zones
with visible signs of deterioration and/or zones that contained less than the original asbuilt concrete material were mapped, identified, and documented for CAD file
implementation. Areas with a high number of noted defects tended to be located over the
delineated zones of lower amplitudes over the GPR map.
Figure 4.51 displays the visual inspection notes superposed over the map
representation of the GPR results.
The turning lane contained a few minor surface defects such as unfilled concrete
potholes, asphalt filled potholes, concrete patches, and concrete spalling. Major surface
defects with large distribution areas were located along the west and east lanes,
overlaying the areas of moderate and extensive signs of deterioration, as clearly
delineated by the GPR results. Enlarged views of the west and east lanes areas are shown
in Figures 4.52 and 4.53, respectively.
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Figure 4.51. General view of the A2966 CAD drawing with superposed visual inspection
notes and GPR results. CP stands for “concrete patch,” AFP stands for “asphalt-filled
pothole,” and TP stands for “transverse crack.”

Figure 4.52. Fragments of the west lane of A2966 CAD drawing with superposed visual
inspection notes and GPR results. CP stands for “concrete patch,” AFP stands for
“asphalt filled pothole,” and TP stands for “transverse crack”.
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Figure 4.53. Fragments of the east lane of A2966 CAD drawing with superposed visual
inspection notes and GPR results. CP stands for “concrete patch,” AFP stands for
“asphalt-filled pothole,” and TP stands for “transverse crack.”

Most of the noted surface defects tended to be located in areas with signs of
extensive deterioration, according to the GPR results. In terms of visual investigation
findings, resemblance rating from fair to good was noted between the GPR data and the
visual inspection results. The results of the visual inspection were intended to represent
the distribution of visible surface defects only.
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4.2.7.2 Correlation of GPR data with visual core analysis. Six cores were
extracted from the deck of bridge A2966 (B). The visual inspection results of the cores
were considered as a representation of deterioration estimates for the localized extraction
points. Those data were compared with localized GPR results to determine if any
correlations existed. A correlation between the established core ranking (“good,” “fair,”
and “poor”) and the developed GPR deterioration threshold (“no evidence of
deterioration, “evidence of moderate deterioration,” and “no evidence of deterioration”)
was observed.
There was an evident correlation between the GPR deterioration evaluation and
the of visual inspection results of the core samples. A perfect match for comparison
between the visual core evaluation results and the GPR deterioration level estimation
over the locations where the cores were extracted would be a core rated as “poor” to be
extracted from an area with evidence of extensive deterioration, a core rated as “fair” to
be extracted from an area with evidence of moderate deterioration, and a core rated as
“good” to be extracted from an area with no evidence of deterioration. Due to the
interpolation of data between the GPR profiles for contour map generation (spaced at 1.5
ft. for A2966), a perfect match was not expected. Table 4.11 presents the GPR ranges,
defined over the locations of core sample extraction.

Table 4.11. Comparison of the ground-coupled GPR and a visual inspection of cores
results at core extraction locations for bridge A2966 (B).
Core

A1
A2
A3
B1
B2
B3

GPR ranking

Evidence of moderate
deterioration
No evidence of deterioration
Evidence of extensive
deterioration
Evidence of extensive
deterioration
No evidence of deterioration
Evidence of extensive
deterioration

Visual Core Evaluation Results

Fair
Good
Good
Poor
Poor
Fair
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Table 4.12 displays the comparison between the visual core evaluation results and
GPR deterioration level estimation over the locations where cores were extracted. Shaded
cells indicate a perfect match.

Table 4.12. Ground-coupled GPR and visual core evaluation comparison for bridge
A2966 (B).
GPR deterioration
estimation

Visual examination of cores ranking
Good

No Evidence of
Deterioration

A2

Evidence of
moderate
Deterioration
Evidence of
extensive
Deterioration

Fair

Poor
B2

A1

A1

B3

B1

A correlation of the results was observed: 50% of the cores had a perfect match.
According to the Table 4.12, the GPR tends to indicate more evidence of deterioration in
areas where the core shows visible signs of deterioration. It was noted in Section 3 that
GPR generally overestimate the extent of predicted deterioration. Core sample B2,
ranked as ‘poor,’ was extracted from area with no signs of deterioration according to the
GPR data. It should be noticed that the core samples represent the actual condition of
deck material at extraction point only and can greatly vary from point to point.

4.3. BRIDGE C (A3406)
The first objective of this survey was to employ developed protocol for groundcoupled GPR data acquisition, processing, and interpretation to get detailed subsurface
bridge deck condition information and to roughly evaluate the expected extent of
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deterioration. The secondary objective was to observe the utility of the air-launched GPR
tool in terms of evaluating the condition of bridge decks. Both ground-coupled and airlaunched GPR surveys were performed on site. The results of ground-coupled GPR
survey were used to confirm that the air-launched GPR tool can be implemented for fast
and cost-effective assessment of bridge decks. The third objective was to observe the
possible correspondence between the distribution of visible surface defects and
subsurface condition information provided by GPR survey, so that MoDOT can
determine whether to rehabilitate or replace the bridge deck material.
4.3.1. Bridge Description. Bridge A3406, built in 1976, is located about 7 miles
North of Vichy in Maries County, Missouri. The bridge spans over a waterway (Lanes
Creek). The general view of the bridge is shown in Figure 4.54.

Figure 4.54. Bridge C (A3406), general view.

The bridge carries two driving lanes of two-way traffic on a 46 feet 10 inch wide
deck. The three-span structure is a continuous steel system with a cast-in-place concrete
deck. The total structure length is 163 feet. The designed thickness of the bridge deck is
7.5 in. with a concrete cover of 1.875 in. The deck contains two mats of uncoated
reinforcing steel.
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4.3.2. Fieldwork Summary. The ground-coupled GPR inspection, accompanied
with a visual inspection, was performed on November 15th, 2012, using GSSI SIR-3000
unit equipped with high frequency ground-coupled 1.5 GHz antenna. The documented
high and low temperatures for the day of the investigation were 30°F and 55°F,
respectively, with a total of 0.65 in. of precipitation reported in the seven days prior to the
investigation.
The air-launched GPR inspection, was performed April 27th, 2014. The
documented high and low temperatures for the day of the investigation were 62°F and
75°F, respectively, with a total of 1.09 in. of precipitation reported in the seven days prior
to the investigation.
Investigation took place in light rain conditions. GPR data were acquired across
bridge deck in an effort to demonstrate that air-launched GPR system is capable for rapid
and effective assessment of the relative condition of the bridge decks (“reconnaissancestyle investigations”). Ground-coupled GPR data set acquired in the previous study
served as a ground truth reference data.
4.3.3. Document Analysis. Prior to the field evaluations, the available as-built
drawings, appraisal sheets, and available inspection history reports (provided by
MoDOT) were carefully examined and used as a basis for a comprehensive approach for
the GPR setup and development of the most appropriate settings.
Data such as the bridge deck design, bearing slab thickness (7.5 in. with 1.875 in.
concrete cover), reinforcement design (transverse steel bars, spaced 5 in. in central part,
positioned on top of the longitudinal bars, making the longitudinal bar spacing 6 in. on
center), and the diameter of the employed reinforcing steel (#4 and #5, 0.5 and 0.625 in.
respectively), were taken into account for the GPR survey design. Figure 4.55 illustrates
the deck reinforcement design for bridge A3406.
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Figure 4.55. Bridge A3406 deck cross sections.

Table 4.13 outlines details of the bridge. The CAD file assigned to this particular
bridge was created prior to the document analysis and enhanced with gathered
information during the research.
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Table 4.13. Bridge A3406 details [16].

4.3.4. Visual Inspection Results. The bridge was examined for visible defects,
surface attributes of concrete deteriorations, and demerits. Information about all the
visible defects, such as surface patches, repair evidences, and cracks, was listed,
photographically documented, individually numbered, measured, and then inserted in
CAD files as a separate layer. A brief visual inspection of underside of the deck was
performed. A total of 141 defects were documented. The majority of the cracks were
filled with oil or bitumen. Severe cracking, spalling, and multiple patches were observed
at time of investigation.
The typical deck condition for bridge A3406 is presented in Figure 4.56.
Defects, such as transverse cracks, concrete patches, and asphalt-filled potholes,
were located all over the bridge surface, concentrated at the center of the second span.
Figure 4.57 represents the visual notes incorporated into the CAD drawings of the
bridge, which show the exact size, location, and type of each visually noted defect.
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Figure 4.56. Typical deck condition of bridge A3406 observed during field investigation.

Figure 4.57. Bridge A3406’s visual inspection results.
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4.3.5. Ground Penetrating Radar (Ground-Coupled). According to the known
reinforcement placement design (see Figure 4.54), time constrains, and utilized
equipment, it was decided to use 42 parallel profiles with 1 ft. lateral spacing for groundcoupled GPR data collection along the direction of traffic. A total of 56 parallel profiles
were collected in terms of quality control. GPR data were acquired across bridge deck in
an effort to demonstrate the utility and cost-effectiveness of using a high-frequency
ground-coupled GPR system to assess the inner condition of bridge deck. Both lanes of
the bridge deck were scanned with ground-coupled GPR. The traverses were marked with
colored chalk as shown in Figure 4.58.

Figure 4.58. Chalk marks (reference points) for ground-coupled GPR traverses on the
bridge surface.

Due to the size constraints of the GPR cart, 1.5 ft. of the west shoulder was not
scanned. However, the scan covered the 41 ft. of the entire width of bridge deck. The
GPR traverses were oriented both with the direction of traffic flow and against it (data
were collected in a “snake” mode). Figure 4.59 displays the implemented parameters.
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Figure 4.59. File header showing the parameters of the ground-coupled GPR data
collected for bridge A3406.

The raw data were reviewed to confirm the rebar spacing and assess the general
reflective character of the rebar. Areas of diminished amplitude were easily recognizable
in the raw data (presented in Figure 4.60).

Figure 4.60. Example of unprocessed ground-coupled GPR image showing of
reinforcement bars in different conditions.
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The data from bridge A3406 were clear, so no processing was performed to
accelerate the data analysis and interpretation. Both visual and statistical analysis of the
GPR scans was performed to determine the relatively good and bad areas by visually
determining the zones where the GPR signal experienced attenuation and picking
amplitude variation. The GPR traverses were compared one by one to make sure there
were no gain jumps or anomalies caused by the electrical environment. The obtained
variations in rebar reflection amplitude most possibly indicate concrete deterioration. A
detailed analysis of the processed data showed that the amplitude values from the top
layer of the rebar vary. Rebars that were conducted as bad ones had amplitude reductions
(Figure 4.61).
The reflection amplitudes were plotted against the two-way travel time for the
ground-coupled GPR data to normalize the data to the constant apparent depth prior to
conducting further work. Figure 4.62 represents the reflection amplitude plotted versus
the two-way travel time after depth correction for the GPR data with a linear trend of data
dispersion.

Figure 4.61. Picked amplitudes of reflections from reinforcement bars. Diminishing
amplitudes obtained from possibly deteriorated areas are marked by red frames.
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Figure 4.62. Reflection amplitude plotted versus two-way travel time for ground-coupled
GPR data before depth correction (a) and after depth correction (b).

The steep trend line in a Figure 4.62 (a) shows a high influence of depth on the
reflection amplitude. That can be explained by the bridge deck condition, a significant
variation in the depth of the steel placement and/or significant amount of precipitation a
few days prior to the survey.
The distribution of visually noted surface defects can be more intense under the
surface of the bridge deck than it was noted in Section 4.3.4. Figure 4.62 (b) represents
the reflection amplitude plotted versus the two-way travel time after depth correction for
the GPR data. An altered reflection amplitude scale was implemented to develop the
normalized GPR map. The whole range of the normalized reflection amplitude values
was presented as a histogram in an effort to roughly assess the probability distribution of
a normalized reflection amplitude by depicting the frequencies of observations occurring
in particular ranges of values.
Figure 4.63 shows the ground-coupled GPR data histogram for bridge A3406.
The vertical axis represents the occurrence frequency for each of the amplitudes listed
over the horizontal axis.
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Figure 4.63. Reflection amplitude distribution histogram for ground-coupled GPR data
for bridge A3406.

The reflection amplitude values, presented with the lowest frequencies, can be
neglected in terms of development of the threshold for the possible deterioration extent
associated with certain ranges of amplitude. Table 4.14 represents the reflection
amplitude data distribution in terms of a certain value’s occurrence frequency for the
ground-coupled GPR data from bridge A3406.
Figure 4.64 represents the modified reflection amplitude distribution histogram
for ground-coupled GPR data for bridge A3406. The values of reflection amplitudes with
less than 1% of an occurrence frequency were sorted out to develop the deterioration
threshold.
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Table 4.14. Reflection amplitude values distribution in terms of occurrence frequency of
certain values for bridge A3406 (ground-coupled GPR data). The red font represents
filtered reflection amplitude values.
GPR reflection
amplitude,
NdB.

Occurrence
frequency for
certain reflection
amplitudes.

Percentage of total
occurrence
frequency.

7

1

0.0 %

8

1

0.0 %

9

2

0.0 %

10

1

0.0 %

11

11

0.1 %

12

17

0.1 %

13

32

0.2 %

14

98

0.6 %

15

166

1.0 %

16

363

2.2 %

17

805

5.0 %

18

1489

9.2 %

19

2180

13.4 %

20

2729

16.8 %

21

3004

18.5 %

22

2839

17.5 %

23

1700

10.5 %

24

671

4.1 %

25

109

0.7 %

26

6

0.0 %
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Figure 4.64. Histogram of filtered reflection amplitude distribution for bridge A3406
(ground-coupled GPR data).

Following the established procedure for Bridge A, reflection amplitude ranges
were defined as “no evidence of deterioration” (decrement of 6 NdB from the maximum
of obtained reflection amplitudes), “evidence of moderate deterioration” (2 NdB interval
following the lowest value of “no evidence of deterioration” category), and “evidence of
extensive deterioration” (values lower than assigned moderate deterioration amplitude
range). Bridge C was not rehabilitated, and there were no LiDAR data available to
observe the possible correspondence between the GPR-predicted spread of deck
deterioration and actual volume of degraded material. To verify the established
procedure, GPR traverses were compared one by one to examine the conformity of the
assigned reflection amplitude ranges with the noted reflection amplitude reductions and
local attenuations of the GPR signal.
Figure 4.65 displays the final map for ground-coupled GPR data, generated for
bridge A3406 (C) with three categories of possible deterioration, assigned to specific
reflection amplitude ranges.
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Figure 4.65. Bridge C’s (A3406) ground-coupled GPR map with established deterioration
threshold.

Figure 4.66 illustrates the ground-coupled GPR results included in the bridge
drawing.
Based on the GPR results, signs of intensive deterioration are prevalent in the
middle part of western lane. GPR results indicated high levels of deterioration in areas
where many visual defects were noted. Sections of the deck with no GPR evidence of
deterioration had few documented visual defects. The defects possibly were possibly
distributed only over the very top of the bridge deck bod. A detailed comparison of
observed correspondence between the ground-coupled GPR results and visual inspection
findings is presented is Section 4.3.8.1.
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Figure 4.66. Surface map of distribution of reflection amplitude (ground-coupled GPR
data) with proposed threshold scale for deterioration categories, superposed over visual
inspection results.

4.3.6. Ground Penetrating Radar (Air-Launched). According to the known
reinforcement placement design (see Figure 4.54), time constraints, and utilized
equipment, it was decided to use 16 parallel profiles with 2 ft. lateral spacing for GPR
data collection oriented with the direction of traffic.
Figure 4.67 shows the survey truck equipped with air-launched GPR system.
Metal plate calibration files were collected prior to and immediately after the
investigation. Figure 4.68 shows the metal plate calibration process.

123

Figure 4.67. Bridge C’s (A3406) deck during the air-launched GPR survey.

Figure 4.68. Metal plate calibration procedure.

Due to the size constraints of the GPR truck, 1 ft. of the each shoulder were not
scanned. However, the scan covered 37 ft. of the entire width of the bridge deck,
including omitted area in the middle lane. Areas of deck material degradation were
identified based on the general character of GPR pulses propagation and rebar reflection
amplitude distribution. Both lanes, excluding the 8 ft. data interval in the middle of the
deck and 1 ft. offset from eastern curb, were scanned with air-launched GPR system.
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Representation of the middle 8 ft. interval of the deck was mapped via data interpolation
between the closest GPR scans.
Figure 4.69 shows the implemented parameters.

Figure 4.69. File header showing the parameters of the GPR data collected for bridge
A3406 (air-launched GPR, dual-receiver mode).

The raw data were reviewed to confirm the rebar spacing and assess the general
reflective character of the rebar. Air-launched GPR data from the bridge A0569 were not
clear enough for raw GPR scans processing or interpretation.
Example of the raw air-launched GPR scan is presented in Figure 4.70.
The GPR traverses were compared one by one to make sure there were no gain
jumps or anomalies caused by the electrical environment. All scans were normalized with
a metal plate calibration file. GPR channels were separated and all further processing
(manufacturer antenna filters application, time zero correction) was applied to the data
captured in dual-receiver mode. Due to the reduction of number of scans per unit of
distance, apexes of hyperbolic shapes, representing the reflections from the top of
transverse reinforcing steel bars are presented as a layer reflection.
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Figure 4.70. Example of unprocessed air-launched GPR image obtained from bridge
A3406. Scan collected in standard transmit/receiver mode (a) and dual receiver mode (b).

Figure 4.71 represents a fragment of unprocessed air-launched GPR scan (a).
Reflections from the top layer of the reinforcing steel are captured and displayed as a
layer reflector in processed air-launched GPR scan with a metal plate calibration files,
custom filters, and time-zero correction applied (b). Both visual and statistical analysis of
the GPR scans was performed to determine the relatively good and bad areas by visually
determining the zones where the GPR signal experienced attenuation and picking
amplitude variation. The reflection amplitudes were plotted against the two-way travel
time for the GPR data to normalize the data to the constant apparent depth prior to
conducting further work.
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Figure 4.71. Example of the raw (a) and processed air-launched GPR scan from bridge
A3406 (b).

Figure 4.72 represents the reflection amplitude plotted versus the two-way travel
time after depth correction for the GPR data with a linear trend of data dispersion.

Figure 4.72. Reflection amplitude plotted versus two-way travel time for air-launched
GPR data before depth correction (a) and after depth correction (b).

The steep trend line in a Figure 4.72 (a) shows a high influence of depth on the
reflection amplitude. That can be explained by the bridge deck condition, a significant
variation in the depth of the reinforcing steel placement, and/or significant amount of
precipitations few days prior to the survey. Significant amount of concrete patches and
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asphalt filled potholes with electromagnetic properties different from initial bridge deck
material composition should be also taken into account. The air-launched GPR data
contains fewer data points due to the lower number of collected profiles per lane with
larger spacing between them. Figure 4.72 (b) represents the reflection amplitude plotted
versus two-way travel time after depth correction for the air-launched GPR data. An
altered reflection amplitude scale was implemented to develop the normalized GPR map.
The whole range of the normalized reflection amplitude values was presented as a
histogram in an effort to roughly assess the probability distribution of a normalized
reflection amplitude by depicting the frequencies of observations occurring in particular
ranges of values.
Figure 4.73 displays the air-launched GPR data histogram for bridge A3406. The
vertical axis represents the occurrence frequency for each of the amplitudes listed over
the horizontal axis.

Figure 4.73. Reflection amplitude distribution histogram for bridge A3406 (air-launched
GPR data).

The reflection amplitude values, presented with the lowest frequencies, can be
neglected in terms of development of the threshold for the possible deterioration extent
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associated with certain ranges of amplitude. Table 4.15 represents the reflection
amplitude data distribution in terms of a certain value’s occurrence for the air-launched
GPR data from bridge A3406.

Table 4.15. Reflection amplitude values distribution in terms of certain values occurrence
frequency for bridge A3406. Red font represents filtered reflection amplitude values.

GPR reflection
amplitude, Ndb.

Occurrence
frequency for certain
reflection amplitudes.

Percentage of
total occurrence
frequency.

-28

1

0.0

-27

0

0.0

-26

1

0.0

-25

8

0.3

-24

11

0.4

-23

36

1.5

-22

69

2.8

-21

133

5.4

-20

245

9.9

-19

317

12.8

-18

343

13.9

-17

273

11.0

-16

250

10.1

-15

225

9.1

-14

252

10.2

-13

201

8.1

-12

84

3.4

-11

18

0.7

-10

4

0.2

-9

1

0.0

-8

1

0.0

More than [-8]

0

0.0
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Figure 4.74 represents the modified reflection amplitude distribution histogram
for air-launched GPR data for bridge A3406. The values of reflection amplitudes with
less than 1% of an occurrence frequency, were sorted out to develop the deterioration
threshold.

Figure 4.74. Histogram of filtered reflection amplitude distribution for Bridge A3406
(air-launched GPR data).

Following the established procedure for bridge A (A1297), reflection amplitude
ranges were defined as “no evidence of deterioration” (decrement of 6 NdB from the
maximum of obtained reflection amplitudes), “evidence of moderate deterioration” (2
NdB interval following the lowest value of “no evidence of deterioration” category) and
“evidence of extensive deterioration” (values lower than assigned moderate deterioration
amplitude range). Bridge C was not rehabilitated, and there were no LiDAR data
available to observe the possible correspondence between the GPR-predicted spread of
deck deterioration and actual volume of degraded material. Bridge deck was previously
investigated using a ground-coupled GPR system, and results served as ground truth for
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the air-launched GPR interpretations. To verify the established procedure, GPR traverses
were compared one by one to examine the conformity of the assigned reflection
amplitude ranges with the noted reflection amplitude reductions and local attenuations of
the GPR signal.
Figure 4.75 displays the final map for air-launched GPR data, generated for
bridge A3406 with three categories of possible deterioration, assigned to specific
reflection amplitude ranges.

Figure 4.75. Bridge C’s (A3406) GPR map with established deterioration
threshold (air-launched GPR data).
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Figure 4.76 illustrates the air-launched GPR results included in the bridge
drawing.

Figure 4.76. Surface map of distribution of reflection amplitudes for bridge
A3406 (air-launched GPR data) with proposed threshold scale for deterioration
categories, superposed over visual inspection results.

Signs of intensive deterioration were prevalent in the central part of the bridge
deck. GPR results indicated high levels of deterioration in areas where many visual
defects were noted. Sections of the deck with no GPR evidence of deterioration had few
documented visual defects. The defects were possibly distributed only over the very top
of the bridge deck body. More detailed comparison of correspondence between the airlaunched GPR results and visual inspection findings is presented is Section 4.3.8.
4.3.7. Core Inspection. A total of 6 core samples were taken. Figure 4.77
displays the locations of core extractions over the deck of bridge A3406.
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Figure 4.77. Core extraction locations for bridge A3406.

One core sample was ranked as “good,” three as “fair,” and two as “poor”. Figure
4.78 shows photographs of all six cores. Tables 4.16 and 4.17 contain the visual core
inspection results.

Figure 4.78. Core samples (bridge A3406).
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One core sample (A1) was extracted in two locked pieces composed of different
aggregates from the patched area. Top part of the core A1 contained fibers. Core A2 was
extracted in pieces with material missing between the specimen parts. The delamination
signs were visible in the core hole. Extraction of core A3 resulted in rebar hit. Extraction
of cores B1, B2 and B3 released delamination signs in the core holes. Core samples B1
and B2 were extracted in pieces.
Three core samples were extracted from an area of the bridge deck that had no
evidence of deterioration, according to the ground-coupled GPR data. Three core samples
were extracted from areas with evidence of moderate deterioration, according to the
ground-coupled GPR data. It should be noted that cores A1 and B3 were extracted within
24 in. of different deterioration level, defined by the ground-coupled GPR.
Two core samples were extracted from an area of the bridge deck that revealed no
evidence of deterioration, according to the air-launched GPR data. Four core samples
were extracted from areas with evidence of moderate deterioration, according to the airlaunched GPR data. It should be noted that core B1 was extracted within 20 in. of
different GPR defined deterioration level, defined by the air-launched GPR.
Figure 4.79 shows the location of core sample A2 on the bridge deck drawing,
overlaid with the visual inspection data, ground-coupled/air-launched GPR amplitude
maps, and top and bottom exhibitions of the core specimen.
The ground-coupled and air-launched GPR results of this area indicate evidence
of moderate deterioration. The core extraction point was surrounded by concrete patches,
according to the results of visual inspection. The core sample was extracted in pieces.
The extraction revealed visible delaminations in the core hole. Core A2 was ranked “fair”
in the visual examination. Both ground-coupled and air-launched GPR indicated the same
category of deterioration over the core extraction point.
Figure 4.80 displays the location of core sample B3 on the bridge deck drawing,
overlaid with the visual inspection data, ground-coupled/air-launched GPR amplitudes
map, and top and bottom exhibitions of the core specimen.
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Figure 4.79. Bridge C’s (A3406) core A2, (a) on bridge drawings superposed on
the ground-coupled GPR map, (b) superposed on the air-launched GPR map, (c)
extracted core general view and top and bottom views. CP stands for “concrete patch.”

Figure 4.80. Bridge C’s (A3406) core B3, (a) on bridge drawings superposed on the
ground-coupled GPR map, (b) superposed on the air-launched GPR map, (c) core general
view and core top and bottom views. CP stands for “concrete patch.”

The ground-coupled and air-launched GPR results of this area indicate the
evidence of moderate deterioration. The core extraction point was surrounded by concrete
patches, according to the results of visual inspection. Core B3 was ranked “fair” in the
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visual examination. Both ground-coupled and air-launched GPR data indicated the same
category of deterioration over the core extraction point.

Table 4.16. Visual core inspection results for bridge A3406, part 1.
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Table 4.17. Visual core inspection results for bridge A3406, part 2.
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4.3.8. Discussion of Results for Bridge A3406. The investigation of bridge
A3406 (C), described in Sections 4.3.1. – 4.3.7., generated multiple data sets based on the
results of destructive and nondestructive evaluation methods. The results were analyzed
and compared to correlate testing methodologies, examine the utility of the
nondestructive techniques in evaluating the condition of bridge decks, and confirm that
that the air-launched GPR tool can be used for rapid and cost effective bridge decks
evaluation.
The employed data acquisition, processing, and interpretation parameters were
reviewed to further develop the optimum algorithm for assessing bridge deck conditions
using GPR. Recommendations for optimum acquisition, processing, and interpretation
parameters for ground-coupled and air-launched GPR assessment are provided in Section
5. Following subsections discuss the correlation of the GPR data with the visual
inspection results, correlation between the ground-coupled and air-launched GPR, and the
correlation of the GPR data with visual core analysis.
4.3.8.1 Correlation of GPR data and visual inspection results. A thorough
visual inspection of the top surface of bridge A3406’s (C) deck was conducted. Zones
with visible signs of deterioration and/or zones that contained less than the original asbuilt concrete material, were mapped, identified, and documented for CAD file
implementation. Areas with a high number of noted defects tended to be located over the
delineated zones of lower amplitudes over the GPR map.
Figure 4.81 displays the general view of the visual inspection notes superposed
over the map representation of the ground-coupled GPR results. Figure 4.81 clearly
displays the correspondence between the locations of visually noted surface defects and
the distribution of decreased reflection amplitudes on the ground-coupled GPR map.
Resemblances ranging from fair to good were noted between the ground-coupled
GPR data and the visual inspection results. It should be noted that the visual inspection
results were intended to represent the distribution of visible surface defects. Significant
number of noted surface defects tended to be located in areas that had signs of moderate
and extensive deterioration, defined by ground-coupled GPR results. Some of the surface
defects were noted in zones defined as areas with no signs of deterioration, according to
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the ground-coupled GPR data. This phenomenon can be explained by surface only
distribution of these defects and a large number of repair patches.

Figure 4.81. General view of A3406 CAD drawing with superposed visual
inspection notes and ground-coupled GPR. CP stands for “concrete patch,” AFP stands
for “asphalt-filled pothole,” TP stands for “transverse crack.”

Figure 4.82 displays the general view of the visual inspection notes, superposed
over the map representation of air-launched GPR results. Figure 4.82 clearly displays the
correspondence between the locations of visually noted surface defects and distribution
of decreased reflection amplitudes on the air-launched GPR map. Resemblance ranging
from fair to good were noted between the GPR data and the visual inspection results. It
should be noted that the visual inspection results were intended to represent the
distribution of visible surface defects. Most of the noted surface defects tended to be
located in areas that had signs of moderate and extensive deterioration, defined by airlaunched GPR data analysis.
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Figure 4.82. General view of A3406 CAD drawing with superposed visual
inspection notes and air-launched GPR results. CP stands for “concrete patch,” AFP
stands for “asphalt-filled pothole,” TP stands for “transverse crack.”

4.3.8.2 Correlation of GPR data with visual core analysis. Six cores were
extracted from the deck of bridge A3406 (C). The visual inspection results of the cores
were considered as a representation of deterioration estimates for the localized extraction
points. Those data were compared with localized ground-coupled and air-launched GPR
results to determine if any correlations existed. A correlation between the established
core ranking (“good,” “fair,” and “poor”) and the developed GPR deterioration threshold
(“no evidence of deterioration,” “evidence of moderate deterioration,” “no evidence of
deterioration”) was observed.
There was an evident correlation between the GPR deterioration evaluation and
the visual inspection results of the core samples. A perfect match for comparison between
the visual core evaluation results and the GPR deterioration level estimation over the
locations where the cores were extracted would be a core rated as “poor” to be extracted
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from an area with evidence of extensive deterioration, a core rated as “fair” to be
extracted from an area with evidence of moderate deterioration, and a core rated as
“good” to be extracted from an area with no evidence of deterioration. Due to the
interpolation of data between the GPR profiles for contour map generation (spaced at 1 ft.
for ground-coupled GPR data and 2 ft. for air-launched GPR data for A3406) a perfect
match was not expected.
Table 4.18 presents the GPR ranges, defined by results of ground-coupled GPR
investigations over the locations of core sample extraction.

Table 4.18. Comparison of the ground-coupled GPR and a visual inspection results of
cores at core extraction locations for bridge A3406 (C).
Core

Ground coupled GPR ranking

Visual Core Evaluation
Results

A1

No evidence of deterioration

Fair

A2

Evidence of moderate
deterioration

Fair

A3

No evidence of deterioration

Good

B1

No evidence of deterioration

Poor

B2

Evidence of moderate
deterioration

Poor

B3

Evidence of moderate
deterioration

Fair

Table 4.19 displays the comparison between the visual core evaluation results and
GPR deterioration level estimation over the locations where cores were extracted. Shaded
cells indicate a perfect match. Cores A1, B2 and B3 were extracted within 24 in. of
different GPR defined deterioration level. They were labeled as “border line” in a Table
4.19.
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Table 4.19. Ground-coupled GPR and visual core evaluation comparison for bridge
A3406 (C).
GPR deterioration
estimation

Visual examination of cores ranking
Good

Fair

Poor

A3

A1 (border line)

B1

Evidence of moderate

A2, B3 (border

B2 (border

Deterioration

line)

line)

No Evidence of
Deterioration

A correlation of the results was observed: 50% of the cores had a perfect match.
Core sample A1, ranked as ‘fair during the visual evaluation and came from an area with
no signs of deterioration, according to the ground-coupled GPR results. Core sample B1,
ranked as ‘poor’ during the visual evaluation, was extracted from area with no signs of
deterioration, according to the ground-coupled GPR data. Core sample B2, ranked as
‘poor’ during the visual evaluation, was extracted from area with evidence of moderate
deterioration. It should be noticed, that core sample represents the actual condition of
deck material at extraction point only and can greatly vary from point to point.
Table 4.20 presents the GPR ranges, defined by results of air-launched GPR
investigations over the locations of core samples extraction.
Table 4.21 displays the comparison between the visual core evaluation results and
GPR deterioration level estimation over the locations where cores were extracted. Shaded
cells indicate a perfect match. Core B1 was extracted within 20 in. of different GPR
defined deterioration level. It was labeled as “border line” in a Table 4.21.
A correlation of the results was observed: 50% of the cores had a perfect match.
According to the Table 4.18, the GPR data indicated more evidence of deterioration in
areas where the core showed visible signs of deterioration. It was noted in Section 3 that
GPR generally overestimates the extent of predicted deterioration.
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Table 4.20. Comparison of the air-launched GPR and a visual inspection of cores results
at core extraction locations for bridge A3406 (C).
Core

Air-launched GPR ranking

A1

No evidence of deterioration

A2
A3
B1

B2

B3

Visual Core Evaluation
Results
Fair

Evidence of moderate

Fair

deterioration
No evidence of deterioration

Good

Evidence of moderate

Poor

deterioration
Evidence of moderate

Poor

deterioration
Evidence of moderate

Fair

deterioration

Table 4.21. Air-launched GPR and visual core evaluation comparison for bridge A3406
(C).
GPR deterioration
estimation
No Evidence of
Deterioration

Visual examination of cores ranking
Good

Fair

A3

A1

Poor

Evidence of moderate

A2, B3 (border

B1 (border line),

Deterioration

line)

B2

Core sample A1, ranked as “fair,” was extracted from area with no signs of
deterioration according to the air-launched GPR data. Core sample B1, ranked as “poor,”
was extracted from area with no signs of deterioration according to the GPR data. Core
sample B2, ranked as “poor,” was extracted from area with evidence of moderate
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deterioration. It should be noticed, that core sample represents the actual condition of
deck material at extraction point only and can greatly vary from point to point.
4.3.8.3 Correlation between the ground-coupled and air-launched GPR data.
The results showed a reasonably good spatial correlation between the ground-coupled
and air-launched GPR survey results. Generated reflection amplitude maps were similar,
indicating that the air-launched GPR tool and the ground-coupled GPR tool generated
comparable results. The distribution of possibly deteriorated areas over the bridge deck
surface was defined in a similar manner for ground-coupled and air-launched GPR data.
The discrepancies observed between the air-launched and ground-coupled GPR
interpretations could be explained by several factors, including: interpolation between
adjacent GPR traverses, differences in signal attenuation due to different antenna
frequencies, and differences in signal resolution due to different distance from the
antenna to the embedded reinforcing steel. It should be mentioned that the air-launched
GPR results covered 5920 ft2 of the bridge deck surface, while the ground-coupled GPR
results covered on area of 6627 ft2.
Figure 4.83 displays the visual resemblance of the ground-coupled (a) and airlaunched (b) GPR maps.
Based on the ground-coupled GPR data (collected over 42 traverses spaced at 1 ft.
intervals from 6627 ft2 of surface), with threshold values of 19 NdB (-6 NdB from the
maximum of the values obtained for the deteriorated concrete material, based on the
established workflow), 70.3% of the deck exhibited no evidence of deterioration, 28% of
the bridge deck exhibited evidence of moderate deterioration, and 1.7% exhibited
evidence of extensive deterioration.
For comparison, results from the air-launched GPR survey (16 profiles spaced at
2 ft. intervals from 5920 ft2 of surface), indicated that 41% of the bridge deck exhibited
no evidence of deterioration, 29.7% of the bridge deck exhibited evidence of moderate
deterioration, and 29.3% exhibited evidence of extensive deterioration. It should be noted
that due to size constraints, air-launched GPR data were collected from a grid over the
5920 ft2 of space.
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Figure 4.83. Ground-coupled GPR map (a) and air-launched GPR map (b) for Bridge
A3406 (C).

The ground-coupled and air-launched GPR data correlated well, especially in
terms of overall deck condition evaluation. Local discrepancies could be attributed to
various factors, including:
1) The ground-coupled and air-launched data were not acquired along precisely
the same traverses. More than that, the significantly different number of
profiles for ground-coupled (42 profiles) and air-launched (16 profiles) GPR
surveys should be taken into consideration.
2) To interpolate the data between the adjacent GPR profiles new data points for
reflection amplitude distribution representation were constructed differently
within the range of a discrete set of known data points. The air-launched GPR
data interpretation was based on a statistically smaller volume of data and,
hence, was slightly less reliable than the results of the ground-coupled GPR
data interpretation based on a dense grid of data points.
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3) The ground-coupled and air-launched GPR data were acquired at different
times of year and under different weather conditions.
4) The ground-coupled and air-launched systems were equipped with different
frequency antennas with slightly different GPR signal attenuation rates.
5) The ground-coupled antenna was placed directly on the asphalt/concrete
surface, while the air-launched antennas were enforced to interact with an
additional layer of air (at least 18 in.) before the GPR energy began
propagation through the asphalt/concrete material. That fact explains the
significantly higher resolution of the ground-coupled GPR scans.
A better data correspondence could be achieved by utilizing a universal profiles
grid (essentially the same traverses across the bridge deck) and a higher number of scans
per unit of distance for both ground-coupled and air-launched GPR systems upon the
condition of traffic regulations for the entire time of the GPR survey. Research results
indicated that the air-launched GPR system could be effectively used for rapidly
assessing the relative condition of the bridge deck (reconnaissance-style investigations).

4.4. BRIDGE D (A0569)
The first objective of this survey was to employ developed protocol for groundcoupled GPR data acquisition, processing, and interpretation to get detailed subsurface
bridge deck condition information and to roughly evaluate the expected extent of
deterioration. The secondary objective was to observe the utility of the air-launched GPR
tool in terms of evaluating the condition of bridge decks. Both ground-coupled and airlaunched GPR surveys were performed on site. The results of ground-coupled GPR
survey were used to confirm that the air-launched GPR tool can be implemented for fast
and cost-effective assessment of bridge decks. The third objective was to observe the
possible correspondence between the distribution of visible surface defects and
subsurface condition information provided by GPR survey, so that MoDOT can
determine whether to rehabilitate or replace the bridge deck material.
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4.4.1. Bridge Description. Bridge A0569, built in 1959, is located over rout 50
in Jefferson City in Cole County, Missouri. The bridge spans over a four lane divided
highway (U.S. 50). The general view of the bridge is shown in Figure 4.84.

Figure 4.84. Bridge D (A0569), general view.
The bridge carries three lanes of two-way traffic on a 57 feet 8 inch wide deck.
The single-span structure is continuous steel system with a cast-in-place concrete deck
and asphalt-wearing surface. The designed thickness of the bridge deck is 6.5 in. with a
concrete cover of 1.75 in. The deck contains two mats of uncoated reinforcing steel.
4.4.2. Fieldwork Summary. The ground-coupled GPR inspection, accompanied
with a visual inspection, took place on November 26th, 2012. The documented high and
low temperatures for the day of the investigation were 26°F and 46°F, respectively, with
unknown amount of precipitation reported in the seven days prior to the investigation.
Investigation was performed at nighttime.
The air-launched GPR inspection was performed on July 30th, 2014. The
documented high and low temperatures for the day of the investigation were 57°F and
82°F, respectively, with unknown amount of precipitation reported in the seven days
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prior to the investigation. GPR data were acquired across bridge deck in an effort to
demonstrate that air-launched GPR system is capable for rapid and effective assessment
of the relative condition of the bridge decks (“reconnaissance-style investigations”).
Ground-coupled GPR data set acquired in the previous study served as a ground truth
reference data.
4.4.3. Document Analysis. Prior to the field evaluations, the available as-built
drawings, appraisal sheets, and available inspection history reports (provided by
MoDOT) were carefully examined and used as a basis for a comprehensive approach for
the GPR setup and settings development. Bearing slab thickness (6.5 in. with 1.75 in.
concrete cover and asphalt overlay), reinforcement design (transverse steel bars, spaced 6
in. on the top and bottom of the main span, and spaced 5 in. on the top and bottom
abutments), and the diameter of employed reinforcing steel (#5, 0.75 in.), were taken into
account for the GPR survey design.
Figure 4.85 illustrates the deck reinforcement design for bridge A0569.
Table 4.22 outlines details of the bridge. The CAD file assigned to this particular
bridge was created prior to the document analysis and enhanced with gathered
information during the research.
4.4.4. Visual Inspection Results. The bridge was examined for visible defects,
surface attributes of concrete deteriorations, and asphalt demerits. Information about all
the visible defects, such as surface patches, repair evidences, and cracks, was listed,
photographically documented, individually numbered, measured, and then inserted in
CAD files as a separate layer. A brief visual inspection of underside of the deck was
performed. A total of 20 defects were documented. At the time of inspection, the asphalt
wearing surface was noted to be extensively deteriorated. Multiple cracks, potholes,
locations with evidence of asphalt shoving and rutting were observed. The typical deck
condition for bridge A0569 is presented in Figure 4.86.
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Figure 4.85. Bridge A0569 deck cross sections.
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Table 4.22. Bridge A0569 details [16].
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Figure 4.86. Typical deck condition of bridge A0569. Deteriorated asphalt overlay and
part of a concrete patch observed during field investigations.

Defects were primarily located mostly over the centerlines of driving lanes.
Figure 4.87 represents the visual notes incorporated into the CAD drawings of the bridge,
which show the exact size, location, and type of each visually noted defect.

Figure 4.87. Bridge A0569’s v inspection results (assigned CAD file fragment).
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4.4.5. Ground Penetrating Radar (Ground-Coupled). According to the known
reinforcement placement design (see Figure 4.85), time constrains, and utilized
equipment, it was decided to collect 32 parallel profiles with approximately 2 ft. lateral
spacing for ground-coupled GPR data collection along the direction of traffic. A total of
49 parallel profiles were collected in terms of quality control. The GPR data collection
was conducted on November 26th, 2012 using GSSI SIR-3000 unit equipped with high
frequency ground-coupled 1.5 GHz antenna. GPR data were acquired across bridge deck
in an effort to demonstrate the utility and cost-effectiveness of using a high-frequency
ground-coupled GPR system to assess the inner condition of the bridge deck. All three
lanes of the bridge deck were scanned with GPR. The traverses were marked with
colored chalk as shown in Figure 4.88.

Figure 4.88. Ground-coupled GPR survey during nighttime (a); chalk marks (reference
points) for ground-coupled GPR traverses on the bridge surface (b).

Due to the size constraints of the GPR cart, 1.8 ft. of the east shoulder was not
scanned. However, scan covered the 44.5 ft. of the entire width of bridge deck. Areas of
deck material degradation were identified based on general character of the GPR pulses
propagation and rebar reflection amplitudes distribution. The GPR traverses were
oriented both with the direction of traffic flow and against it (data were collected in a
“snake” mode). Figure 4.89 displays the implemented parameters.
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Figure 4.89. File header showing the parameters of the ground-coupled GPR data
collected for bridge A0569.
The raw data were reviewed to confirm the rebar spacing and assess the general
reflective character of the rebar. Areas of diminished amplitude were easily recognizable
in the raw data (presented in Figure 4.90).

Figure 4.90. Example of unprocessed ground-coupled GPR image obtained from bridge
A0569 showing reinforcement bars in different conditions.

153
Data from bridge A0569 were clear, so no processing was performed to accelerate
the data analysis and interpretation. Both visual and statistical analysis of the GPR scans
was performed to determine the relatively good and bad areas by visually determining the
zones where the GPR signal experienced attenuation and picking amplitude variation.
The GPR traverses were compared one by one to make sure there were no gain jumps or
anomalies caused by the electrical environment. The obtained variations in rebar
reflection amplitude most possibly indicate concrete deterioration. A detailed analysis of
the processed data showed that the amplitude values from the top layer of the rebar vary.
Rebars that were conducted as placed in deteriorated bridge material had amplitude
reductions (Figure 4.91).

Figure 4.91. Picked amplitudes of reflections from reinforcement bars. Diminishing
amplitudes obtained from possibly deteriorated areas are marked by red frames.

The reflection amplitudes were plotted against the two-way travel time for the
ground-coupled GPR data to normalize the data to a constant apparent depth prior to
conducting further work. Figure 4.92 represents the reflection amplitude plotted versus
the two-way travel time after depth correction for the ground-coupled GPR data with a
linear trend of data dispersion.
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Figure 4.92. Reflection amplitude plotted versus two-way travel time for ground-coupled
GPR data before depth correction (a) and after depth correction (b).

The steep trend line in a Figure 4.92 (a) shows a high influence of depth on the
reflection amplitude. That can be explained by the bridge deck condition, a significant
variation in the depth of the steel placement and/or significant amount of precipitation a
few days prior to the survey. The distribution of visually noted surface defects can be
more intense under the surface of the bridge deck than it was noted in Section 4.4.4.
Figure 4.92 (b) represents the reflection amplitude plotted versus the two-way travel time
after depth correction for the GPR data. An altered reflection amplitude scale was
implemented to develop the normalized GPR map. The whole range of the normalized
reflection amplitude values was presented as a histogram in an effort to roughly assess
the probability distribution of a normalized reflection amplitude by depicting the
frequencies of observations occurring in particular ranges of values.
Figure 4.93 shows the ground-coupled GPR data histogram for bridge A0569.
The vertical axis represents the occurrence frequency for each of the amplitudes listed
over the horizontal axis.
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Figure 4.93. Reflection amplitude distribution histogram for ground-coupled GPR data
for bridge A0569.

The reflection amplitude values, presented with the lowest frequencies, can be
neglected in terms of development of the threshold for the possible deterioration extent
associated with certain ranges of amplitude.
Table 4.23 represents the reflection amplitude data distribution in terms of a
certain value’s occurrence frequency for the ground-coupled GPR data from bridge
A0569.
Figure 4.94 represents the modified reflection amplitude distribution histogram
for ground-coupled GPR data for bridge A0569. The values of reflection amplitudes with
less than 1% of an occurrence frequency were sorted out to develop the deterioration
threshold.
Following the established procedure for bridge A (A1297), reflection amplitude
ranges were defined as “no evidence of deterioration” (decrement of 6 NdB from the
maximum of obtained reflection amplitudes), “evidence of moderate deterioration” (2
NdB interval following the lowest value of “no evidence of deterioration” category) and
“evidence of extensive deterioration” (values lower than assigned moderate deterioration
amplitude range).
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Table 4.23. Reflection amplitude values distribution in terms of certain values occurrence
frequency for bridge A3406 (ground-coupled GPR data). Red font represents filtered
reflection amplitude values.

GPR reflection
amplitude, NdB.

Occurrence
frequency for
certain reflection
amplitudes.

Percentage of
total occurrence
frequency.

-22

1

0.01

-21

0

0.00

-20

0

0.00

-19

0

0.00

-18

0

0.00

-17

1

0.01

-16

3

0.03

-15

1

0.01

-14

4

0.04

-13

1

0.01

-12

15

0.17

-11

22

0.25

-10

35

0.39

-9

65

0.73

-8

91

1.02

-7

115

1.28

-6

205

2.29

-5

322

3.59

-4

775

8.65

-3

1539

17.18

-2

2089

23.32

-1

1817

20.29

0

1002

11.19

1

575

6.42

2

199

2.22

3

72

0.80

4

4

0.04

5

2

0.02

More

2

0.02
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Figure 4.94. Histogram of filtered reflection amplitude distribution for Bridge A0569
(ground-coupled GPR data).

Bridge D was not rehabilitated, and there were no LiDAR data available to
observe the possible correspondence between the GPR-predicted spread of deck
deterioration and actual volume of degraded material. To verify the established
procedure, GPR traverses were compared one by one to examine the conformity of the
assigned reflection amplitude ranges with the noted reflection amplitude reductions and
local attenuations of the GPR signal.
Figure 4.95 displays the final map for ground-coupled GPR data, generated for
bridge A0569 with three categories of possible deterioration, assigned to specific
reflection amplitude ranges.
Figure 4.96 illustrates the ground-coupled GPR results included in the bridge
drawing.
Based on the GPR results, signs of moderate deterioration are prevalent around
the centerline of the bridge deck. GPR results indicate high level of deterioration in areas
where the most of visual defects were noted. Sections of the deck with no GPR evidences
of deterioration had few documented visual defects possibly distributed only over the
very top of the bridge deck body.
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Figure 4.95. Bridge D’s (A0569) ground-coupled GPR map with established deterioration
threshold.

A detailed comparison of observed correspondence between the ground-coupled
GPR results and visual inspection findings is presented is Section 4.4.8.
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Figure 4.96. Surface map of distribution of reflection amplitude (ground-coupled GPR
data) with proposed threshold scale for deterioration categories, superposed over visual
inspection results.

4.4.6. Ground Penetrating Radar (Air-Launched). According to the known
reinforcement placement design (see Figure 4.84), time constraints, and utilized
equipment, it was decided to use 22 parallel profiles with 2 ft. lateral spacing for GPR
data collection along the direction of traffic. All three lanes of the bridge deck were
scanned with air-launched GPR.
Metal plate calibration files were collected prior and right after the investigation.
Due to size constraints of the GPR truck, 2 ft. of the each shoulder were not
scanned. However, scan covered 44 ft. of total length of the bridge deck. Areas of deck
material degradation were identified based on general character of GPR pulses
propagation and rebar reflection amplitude distribution. The GPR traverses were oriented
along the direction of traffic. Figure 4.97 displays the implemented parameters.

160

Figure 4.97. File header showing the parameters of the air-launched GPR data collected
for bridge A0569 (air-launched GPR, dual-receiver mode).

The raw data were reviewed to confirm the rebar spacing and assess the general
reflective character of the rebar. Air-launched GPR data from the bridge A0569 were not
clear enough for raw GPR scans processing or interpretation.
Example of the raw air-launched GPR scan is presented in Figure 4.98.

Figure 4.98. Example of unprocessed air-launched GPR scan obtained from
bridge A0569.
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Both visual and statistical analysis of the GPR scans was performed to determine
the relatively good and bad areas by visually determining the zones where the GPR signal
experienced attenuation and picking amplitude variation. The GPR traverses were
compared one by one to make sure there were no gain jumps or anomalies caused by the
electrical environment. All scans were normalized with a metal plate calibration file.
GPR channels were separated and all further processing (manufacturer antenna filters
application, time zero correction) was applied to the data captured in dual-receiver mode.
Due to reduction of number of scans per unit of distance, apexes of hyperbolic shapes,
representing the reflections from the top of transverse reinforcing steel bars are presented
as a layer reflection.
Figure 4.99 represents a fragment of a processed air-launched GPR scan.

Figure 4.99. Example of the semi-processed air-launched GPR scan from bridge
A0569. Metal plate calibration file and custom filters applied.

The reflection amplitudes were plotted against the two-way travel time for the airlaunched GPR data to normalize the data to the constant apparent depth prior to
conducting further work. Figure 4.100 represents the reflection amplitude is plotted
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versus two-way travel time after depth correction for the GPR data with a linear trend of
data dispersion.

Figure 4.100. Reflection amplitude plotted versus two-way travel time for air-launched
GPR data before depth correction (a) and after depth correction (b).

The gradual trend line in a Figure 4.100 (a) shows a moderate influence of depth
on the reflection amplitude. That can be explained by the bridge deck condition, possible
variations in the depth of placement of reinforcing steel, and/or certain amount of
moisture content distributed within the body of the bridge deck. The air-launched GPR
data contains less data points due to the lower number of profiles collected per lane with
larger spacing and smaller number of scans per unit of distance. Figure 4.100 (b)
represents the reflection amplitude plotted versus the two-way travel time after depth
correction for the GPR data. An altered reflection amplitude scale was implemented to
develop the normalized GPR map. The whole range of the normalized reflection
amplitude values was presented as a histogram in an effort to roughly assess the
probability distribution of a normalized reflection amplitude by depicting the frequencies
of observations occurring in particular ranges of values.
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Figure 4.101 shows the air-launched GPR data histogram for bridge A0569. The
vertical axis represents the occurrence frequency for each of the amplitudes listed over
the horizontal axis.

Figure 4.101. Reflection amplitude distribution histogram for air-launched GPR data for
bridge A0569.

The reflection amplitude values, presented with the lowest frequencies, can be
neglected in terms of development of the threshold for the possible deterioration extent
associated with certain ranges of amplitude.
Table 4.24 represents the reflection amplitude data distribution in terms of a
certain value’s occurrence for the air-launched GPR data from bridge A0569.
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Table 4.24. Reflection amplitude value distribution in terms of occurrence frequency of
certain values for bridge A0569. The red font represents filtered reflection amplitude
values.
GPR reflection
amplitude, NdB.

Occurrence
frequency for
certain reflection
amplitudes.

Percentage of
total occurrence
frequency.

-36

1

0.04

-35

0

0.00

-34

1

0.04

-33

3

0.12

-32

3

0.12

-31

3

0.12

-30

11

0.43

-29

12

0.46

-28

25

0.97

-27

63

2.44

-26

98

3.79

-25

131

5.07

-24

188

7.28

-23

189

7.32

-22

200

7.74

-21

238

9.21

-20

255

9.87

-19

307

11.89

-18

331

12.81

-17

226

8.75

-16

138

5.34

-15

83

3.21

-14

51

1.97

-13

19

0.74

-12

7

0.27

More

0

0.00
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Figure 4.102 represents the modified reflection amplitude distribution histogram
for air-launched GPR data for bridge A0569. The values of reflection amplitudes with
less than 1% of an occurrence frequency were sorted out to develop the deterioration
threshold.

Figure 4.102. Histogram of filtered reflection amplitude distribution for Bridge A0569
(air-launched GPR data).

Following the established procedure for bridge A (A1297), reflection amplitude
ranges were defined as “no evidence of deterioration” (decrement of 6 NdB from the
maximum of obtained reflection amplitudes), “evidence of moderate deterioration” (2
NdB interval following the lowest value of “no evidence of deterioration” category) and
“evidence of extensive deterioration” (values lower than assigned moderate deterioration
amplitude range). Bridge D was not rehabilitated, and there were no LiDAR data
available to observe the possible correspondence between the GPR-predicted spread of
deck deterioration and actual volume of degraded material. Bridge deck was previously
investigated using a ground-coupled GPR system, and results served as ground truth for
the air-launched GPR interpretations. To verify the established procedure, GPR traverses

166
were compared one by one to examine the conformity of the assigned reflection
amplitude ranges with the noted reflection amplitude reductions and local attenuations of
the GPR signal.
Figure 4.103 displays the final map for air-launched GPR data, generated for
bridge A0569 with three categories of possible deterioration, assigned to specific
reflection amplitude ranges.

Figure 4.103. Bridge D’s (A0569) GPR map with established deterioration
threshold (air-launched GPR data).
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Figure 4.104 illustrates the air-launched GPR results included in the bridge
drawing.

Figure 4.104. Surface map of distribution of reflection amplitudes for bridge A0569 (airlaunched GPR data) with proposed threshold scale for deterioration categories,
superposed over visual inspection results.

Signs of extensive deterioration were distributed all over the bridge deck, except
the relatively small areas with no signs of deterioration in northeastern, southeastern, and
central parts. Air-launched GPR results indicated extensive levels of deterioration in
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areas where the most of visual defects were noted. Sections of the deck with no GPR
evidences of deterioration had few documented visual defects. The defects were possibly
distributed only over the very top of the bridge deck body. Further discussion of the
correspondence between the air-launched GPR results and visual inspection findings is
presented in Section 4.4.8.
4.4.7. Core Inspection. A total of 8 core samples were taken. Figure 4.105
displays the locations of core extractions over the deck of bridge A0569.

Figure 4.105. Core extraction locations for bridge A0569.

Cores A2, A3, B1, C1 and C1 were extracted in pieces with a bit of material
missing between the pieces. Extraction of core B1 resulted in rebar hit. Five core samples
were ranked as “good,” two as “fair,” and one as “poor”.
Figure 4.106 shows photographs of all eight cores. Tables 4.25 and 4.26 contain
visual core inspection results.
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Figure 4.106. Core samples (Bridge A0569).

Seven cores (A1, A2, A3, A4, B1, C1, and C2) were extracted together with an
asphalt wearing surface fragments. The asphalt top of core A3 was partly broken up by
worn out bit. Core C2 was broken from extraction. Extraction of core B1 intentionally
revealed the top of rebar with a goal to determine the real depth to the reinforcement in
the extraction point. Core B2 consisted of crushed limestone coarse aggregate with 25%
of the original concrete attached.
Five core samples were extracted from an area of the bridge deck that had no
evidence of deterioration, according to the ground-coupled GPR data. Three core samples
were extracted from areas that had evidence of moderate deterioration, according to the
ground-coupled GPR data.
Only one core sample was extracted from an area of the bridge deck that had no
evidence of deterioration, according to the air-launched GPR data. Two core samples
were extracted from areas that had evidence of moderate deterioration, according to the
air-launched GPR data. Four core samples were extracted from areas that had evidence of
extensive deterioration. Core A1 was extracted within 12 in. of different GPR-defined
deterioration level, according to the air-launched GPR data.
Figure 4.107 shows the location of core sample A1 on the bridge deck drawing
overlaid with the ground-coupled/air-launched GPR amplitude maps, and top and bottom
exhibitions of the core specimen.
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Core A1was ranked “fair” in the visual examination. This area showed no
evidence of deterioration, according to the ground-coupled GPR data, whereas airlaunched GPR indicated extensive and moderate levels of deterioration in proximity to
the core extraction point. Figure 4.108 displays the location of core sample B3 on the
bridge deck drawing, overlaid with the ground-coupled/air-launched GPR amplitudes
map, and top and bottom exhibitions of the core specimen.

Figure 4.107. Bridge D’s (A0569) core A1, (a) on bridge drawings superposed on the
ground-coupled GPR map, (b) superposed on the air-launched GPR map, (c) core general
view and core top and bottom views.

Core C2 was ranked as “good” in the visual examination. This area showed no
evidence of deterioration, according to the both ground-coupled and air-launched GPR
data.
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Figure 4.108. Bridge D’s (A0569) core C2, (a) on bridge drawings superposed on
the ground-coupled GPR map, (b) superposed on the air-launched GPR map, (c) core
general view and core top and bottom views.

Table 4.25. Visual core inspection results for bridge A0569, part 1.
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Table 4.26. Visual core inspection results for bridge A0569, part 2.

4.4.8. Discussion of Results for Bridge A0569. The investigation of bridge
A0569 (D), described in Sections 4.4.1. – 4.4.7., generated multiple data sets based on the
results of destructive and nondestructive evaluation methods. The results were analyzed
and compared to correlate testing methodologies, examine the utility of the
nondestructive techniques in evaluating the condition of bridge decks, and confirm that
that the air-launched GPR tool can be used for rapid and cost effective evaluation of a
bridge decks.
The employed data acquisition, processing, and interpretation parameters were
reviewed to further develop the optimum algorithm for assessing bridge deck conditions
using GPR. Recommendations for optimum acquisition, processing, and interpretation
parameters for ground-coupled and air-launched GPR assessment are provided in Section
5. Following subsections discuss the correlation of the GPR data with the visual

173
inspection results, the correlation between the ground-coupled and air-launched GPR, and
the correlation of the GPR data with the visual core analysis.
4.4.8.1 Correlation of GPR data and visual inspection results. A thorough
visual inspection of the top surface of bridge A0569’s (D) deck was conducted. Zones
with visible signs of deterioration and/or zones that contained less than original as-built
concrete material, were mapped, identified, and documented for CAD file
implementation. Areas with a high number of noted defects tended to be located over the
delineated zones of lower amplitudes over the GPR maps.
Figure 4.109 displays two fragments of the visual inspection notes superposed
over the map representation of the ground-coupled GPR results.

Figure 4.109. Two fragments of A0569 CAD drawing with superposed visual inspection
notes and ground-coupled GPR results.
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Figure 4.109 clearly displays the correspondence between the locations of
visually noted surface defects and the distribution of decreased reflection amplitudes on
the ground-coupled GPR map. Good resemblance ranging was noted between the groundcoupled GPR data and the visual inspection results. Most of noted surface defects tended
to be located in areas with signs of moderate and extensive deterioration, defined by
ground-coupled GPR data analysis. No surface defects were located in areas that had no
signs of deterioration, according to the ground-coupled GPR data.
Figure 4.110 displays the general view of the visual inspection notes, superposed
over the map representation of air-launched GPR results.

Figure 4.110. Two fragments of A0569 CAD drawing with superposed visual
inspection notes and air-launched GPR results.

Figure 4.110 clearly displays the correspondence between the locations of
visually noted surface defects and the distribution of decreased reflection amplitudes on
the air-launched GPR map. Good resemblance ranging was noted between the airlaunched GPR data and the visual inspection results. All of the noted surface defects
tended to be located in areas that had signs of extensive and moderate deterioration,
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according to the air-launched GPR data. No surface defects were located in areas with no
signs of deterioration.
4.4.8.2 Correlation of GPR data with visual core analysis. Eight cores were
extracted from the deck of bridge A0569 (D). The visual inspection results of the cores
were considered as a representation of deterioration estimates for the localized extraction
points. Those data were compared with localized ground-coupled and air-launched GPR
results to determine if any correlations existed. A correlation between the established
core ranking (“good,” “fair,” and “poor”) and the developed GPR deterioration threshold
(“no evidence of deterioration,” “evidence of moderate deterioration,” and “no evidence
of deterioration”) was observed.
There was an evident correlation between the GPR deterioration evaluation and
the visual inspection results of the core samples. A perfect match for comparison between
the visual core evaluation results and the GPR deterioration level estimation over the
locations where the cores were extracted, would be a core rated as “poor” to be extracted
from an area with evidence of extensive deterioration, a core rated as “fair” to be
extracted from an area with evidence of moderate deterioration, and a core rated as
“good” to be extracted from an area with no evidence of deterioration. Due to the
interpolation of data between the GPR profiles for contour map generation (38 parallel
profiles, irregularly spaced for ground-coupled GPR data and 22 parallel profiles, spaced
at 2 ft. for air-launched GPR data for A0569), a perfect match was not expected.
Table 4.27 presents the ground-coupled GPR ranges, defined over the locations of
core sample extraction.
Table 4.28 displays the comparison between the visual core evaluation results and
GPR deterioration level estimation over the locations where cores were extracted. Shaded
cells indicate a perfect match.
A correlation of the results was observed: 50% of the cores had a perfect match.
According to Table 4.27, the GPR data indicated more evidence of deterioration in areas
where the core showed visible signs of deterioration. It was noted in Section 3 that GPR
generally overestimates the extent of the predicted deterioration. Core sample B1, ranked
“fair,” was extracted from an area that had no signs of deterioration, according to the
ground-coupled GPR data. Core samples A3 and C1, ranked “good,” were extracted from
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an area that had moderate signs of deterioration, according to the ground-coupled GPR
data. Core sample A2, ranked “poor,” was extracted from an area that had evidence of
moderate deterioration. It should be noted that core sample represents the actual
condition of deck material at extraction location only and can greatly vary from point to
point. Table 4.29 presents the air-launched GPR ranges, defined over the locations of
core sample extraction.

Table 4.27. Comparison of the ground-coupled GPR and a visual inspection results of
cores at core extraction locations for bridge A0569 (D).
Core
A1
A2
A3
A4
B1
B2
C1
C2

Ground-coupled GPR
ranking
No evidence of deterioration
Evidence of moderate
deterioration
Evidence of moderate
deterioration
No evidence of deterioration
No evidence of deterioration
No evidence of deterioration
Evidence of moderate
deterioration
No evidence of deterioration

Visual Core Evaluation
Results
Good
Poor
Good
Good
Good
Fair
Good
Good

Table 4.30 displays the comparison between the visual core evaluation results and
GPR deterioration level estimation over the locations where cores were extracted. Shaded
cells indicated perfect match.
An implicit correlation of the results was observed: just 25% of the cores had
perfect match. According to Table 4.29, the GPR data indicated much more evidence of
deterioration in areas where the core showed visible signs of deterioration. It was noted in
Section 3 that GPR generally overestimate the extent of predicted deterioration. Core
sample C2, ranked “good,” was extracted from an area with no signs of deterioration,
according to the air-launched GPR data. Core sample A2, ranked “poor,” was extracted
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from an area with signs of extensive deterioration, according to the air-launched GPR
data. It should be noticed, that core sample represents the actual condition of deck
material at extraction point only and can greatly vary from point to point.

Table 4.28. Ground-coupled GPR and visual core evaluation comparison for bridge
A0569 (D).
GPR deterioration
estimation
No Evidence of
Deterioration
Evidence of moderate
Deterioration

Visual examination of cores ranking
Good
Fair
Poor
A1, A4, B1,
B2
C2
A3, C1

A2

Table 4.29. Comparison of the air-launched GPR and a visual inspection of cores results
at core extraction locations for bridge A0569 (D).
Core
A1
A2
A3
A4
B1
B2
C1
C2

Ground-coupled GPR
ranking
Evidence of extensive
deterioration
Evidence of extensive
deterioration
Evidence of extensive
deterioration
Evidence of moderate
deterioration
Evidence of moderate
deterioration
Evidence of extensive
deterioration
Evidence of extensive
deterioration
No evidence of deterioration

Visual Core Evaluation
Results
Good
Poor
Good
Good
Good
Fair
Good
Good
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Table 4.30. Air-launched GPR and visual core evaluation comparison for bridge A0569
(D).
GPR deterioration
estimation

Visual examination of cores ranking
Good

No Evidence of
Deterioration

C2

Evidence of moderate
Deterioration

A4, B1

Evidence of extensive
Deterioration

A1, A3, C1

Fair

Poor

B2

A2

4.4.8.3 Correlation between the ground-coupled and air-launched GPR data.
The results showed a reasonably good spatial correlation between the results of groundcoupled and air-launched GPR survey results. Generated reflection amplitude maps were
similar, indicating that the air-launched GPR tool and the ground-coupled GPR tool
generated comparable results. The distribution of possibly deteriorated areas over the
bridge deck surface was defined in a similar manner for ground coupled and air-launched
GPR data. The discrepancies observed between the air-launched and ground-coupled
GPR interpretations could be explained by several factors, including: interpolation
between adjacent GPR traverses, differences in signal attenuation due to different antenna
frequencies, and differences in signal resolution due to different distance from the
antenna to the embedded reinforcing steel. It should be mentioned that the air-launched
GPR results covered 5754 ft2 of the bridge deck surface, while the ground-coupled GPR
results covered on area of 6175ft2.
Figure 4.111 displays the visual resemblance of the ground-coupled (a) and airlaunched (b) GPR maps.
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Figure 4.111. Ground-coupled GPR map (a) and air-launched GPR map (b) for bridge D
(A0569).

Based on the ground-coupled GPR data (collected over 32 traverses spaced at 2 ft.
intervals from 6175 ft2 of surface), with threshold values of -3 NdB (-6 NdB from the
maximum of the values obtained for the deteriorated concrete material, based on the
established workflow), 62.3% of the deck exhibited no evidence of deterioration, 31% of
the bridge deck exhibited evidence of moderate deterioration, and 6.7% exhibited
evidence of extensive deterioration.
For comparison, results from the air-launched GPR survey (19 profiles spaced at
2 ft. intervals from 5754 ft2 of surface), indicated that 26% of the bridge deck exhibited
no evidence of deterioration, 22% of the bridge deck exhibited evidence of moderate
deterioration, and 52% exhibited evidence of extensive deterioration. It should be noted
that due to size constraints, air-launched GPR data were collected from a grid over the
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5754 ft2 of space, and a total of four GPR profiles were discarded due to their poor
quality (high amount of noise and gain jumps).
The ground-coupled and air-launched GPR data showed moderate correlation,
especially in terms of overall deck condition evaluation. Local discrepancies could be
attributed to various factors, including:
1) The air-launched and ground-coupled data were not acquired along precisely
the same traverses. More than that, the significantly different number of
profiles for air-launched (18 profiles) and ground-coupled (38 profiles) GPR
survey should be taken into account.
2) To interpolate the data between the adjacent GPR profiles new data points for
reflection amplitude distribution representation were constructed differently
within the range of a discrete set of known data points. The air-launched GPR
data interpretation was based on a statistically smaller volume of data and,
hence, was slightly less reliable than the results of the ground-coupled GPR
data interpretation based on a dense grid of data points.
3) The air-launched and ground-coupled GPR data were acquired at different
times of the year and under different weather conditions.
4) The air-launched and ground-coupled systems were equipped with different
frequency antennas with slightly different attenuation rates.
5) The ground-coupled antenna was placed directly on the asphalt/concrete
surface, while the air-launched antennas were enforced to interact with an
additional layer of air (at least 18 in.) before the GPR energy began
propagation through the asphalt/concrete material. That fact explains
significantly the significantly higher resolution of the ground-coupled GPR
data.
A better data correspondence could be achieved by utilizing a universal profiles
grid (essentially the same traverses across the bridge deck) and a higher number of scans
per unit of distance for both ground-coupled and air-launched GPR systems upon the
condition of traffic regulations for the entire time of GPR survey.
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5. CONCLUSIONS

GPR response to the degraded, nonhomogeneous material, presence of saline
moisture, and bridge material defects distributed within the deck slabs was analyzed,
observed, and used to determine the relative condition of reinforced concrete to identify
possibly deteriorated zones. The results of the work include the successful application of
developed workflow for comprehensive bridge deck condition assessment using groundcoupled and air-launched GPR systems.
Four bridge decks were investigated using visual inspection, ground-coupled
GPR, and core extraction. Bridges C and D were also investigated using air-launched
GPR. Bridge A underwent bridge deck rehabilitation and was scanned using LiDAR to
estimate the material removal in order to evaluate the GPR findings. Data sets (groundcoupled GPR and LiDAR; ground-coupled GPR and air-launched GPR, ground-coupled
GPR and visual inspection results, and ground-coupled/air-launched GPR and visual
examination of cores) were compared for possible correlations between evaluation
methods. In the author’s opinion, these studies demonstrated that the GPR technique is
superior to traditional visual assessment, audible methods, and limited core control for
comprehensive bridge deck evaluation. These data sets can be used to constrain the
interpretation of GPR data [16] and to highlight anomalies corresponding with various
types and stages of bridge material degradation.
For the reduction of time and cost of bridge deck inspections, individual survey
procedures were commenced for each of the bridge decks with a goal to develop a
workflow for appropriate acquisition and processing parameters selection. Proposed data
acquisition and processing operations described in Section 3 can be completed within a
few hours, while providing surveyor with reliable and detailed information of the
condition of the bridge deck material. Developed workflow is taking into account
complicated reinforcement design configuration, bridge material composition, repairs
history, weather conditions, preferred traffic lanes, and all kinds of investigation
outcomes available. Based on the total of 17 bridges investigated within the framework of
MS&T, MoDOT and NUTC projects [15, 16, 17, and 43], recommendations for the
optimum acquisition, processing, and interpretation parameters for ground-coupled
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investigations and reconnaissance-style air-launched GPR assessments are provided in
Tables 5.1 and 5.2. Presented protocols for GPR data acquisition, processing and
interpretation could be successfully used for project-level or network-level bridge deck
assessment surveys.
In Section 3, GPR data were used to develop a deterioration threshold based on
qualitative and quantitative correspondence between the amount of material removal
measured by LiDAR and GPR estimations of deterioration distribution extent. Specific
reflection amplitude ranges were defined for areas of a bridge deck that are in good, fair,
and poor condition. Areas of the decks where the GPR interpretations indicated extensive
deterioration generally correspond with significant amount of bridge material removed
during milling and hydro demolition. According to the research findings, described in
Section 4, GPR can be used not only for estimating bridge deck areas that are in “good”
or “poor” condition but also for defining specific amplitude reflection ranges for
deterioration categories such as “no evidence of deterioration,” “evidence of moderate
deterioration,” and “evidence of extensive deterioration.” Areas with less material
removal depth generally corresponded with defined by GPR “evidence of moderate
deterioration” and “signs of extensive deterioration” categories. Study demonstrated that
regions with lower reflection amplitude values indicating more evidence of deterioration,
corresponded to regions with greater depths of material removal during the rehabilitation.
Quantitative and qualitative data analysis demonstrated that GPR utility is not limited to
an imaging applications but can be used as a precious tool for quantitative estimations of
amount of the expected material removal. More detailed research can advance the
accuracy of estimation of deteriorated concrete calculated based on GPR reflection
amplitudes.
For the monitoring of the full slab depth deterioration distribution, reflection
amplitude obtained from the top layer of transverse reinforcement steel could be
compared with a reflection amplitude obtained from various reflectors (second layer of
transverse reinforcing steel or the bottom of the deck slab). Obtained two-way travel time
of reflected GPR signal could be used as a supplemental data for amplitude analysis in
case of variable weather conditions.
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To investigate the potential for improving the air-launched GPR data
interpretation and correlation between the GPR estimations and actual amount of material
removed, several factors were noted that would help to increase the accuracy of
deterioration extent estimations. For the further research purposes, increasing the number
of GPR scans per lane or using exactly the same profile grids that were used for groundcoupled GPR investigations, would increase the reliability of the air-launched GPR data
and will allow to precisely analyze the discrepancies between the ground-coupled and airlaunched GPR systems response to the degraded bridge material.
The RC drone, equipped with HD camera on a stable mount with adjustable point
of view can be used for the replacement of traditional visual inspection and a complete
mobilization of air-launched GPR survey with no need for traffic control and no time
limitation for data acquisition. Surveyors will have the ability to control the position of
GPR traverses using drone data in a combination with laser rangefinder system
measurements. Utilization of aerial data simplifies the process of GPR data interpretation
and distinguishing the noted surface defects from the GPR anomalies associated with
deterioration distribution within the scanned slabs.
For the transportation agencies, it would be helpful to conduct the detailed GPR
survey right after the installment of the bridge deck to have the reference data for further
GPR inspections.
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Table 5.1. Recommended parameters for acquisition, processing, and interpretation of
ground-coupled GPR data [17, 43].
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Table 5.1. Recommended parameters for acquisition, processing, and interpretation of
ground-coupled GPR data [17, 43] (cont.)
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Table 5.2. Recommended parameters for acquisition, processing, and interpretation of
air-launched GPR data acquired for reconnaissance purposes [17, 43].
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Table 5.2. Recommended parameters for acquisition, processing, and interpretation of
air-launched GPR data acquired for reconnaissance purposes [17, 43] (cont.).
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