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portation problems, however, requires concentrated resources
over a short time frame. Reflecting this need, the second Strategic
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Renewal, to address the aging infrastructure through rapid
design and construction methods that cause minimal disrup-
tions and produce lasting facilities; Reliability, to reduce conges-
tion through incident reduction, management, response, and
mitigation; and Capacity, to integrate mobility, economic, envi-
ronmental, and community needs in the planning and designing
of new transportation capacity.
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Legacy for Users (SAFETEA-LU). The program is managed by
the Transportation Research Board (TRB) on behalf of the
National Research Council (NRC). SHRP 2 is conducted under a
memorandum of understanding among the American Associa-
tion of State Highway and Transportation Officials (AASHTO),
the Federal Highway Administration (FHWA), and the National
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The extensive number of concrete bridge decks in poor structural conditions is one of the
biggest problems affecting U.S. bridges. Highway agencies have an increased need to evaluate
bridge deck condition in order to optimize the effective timing, scope, and approaches for
preventive maintenance, repair, and replacement.

The difficulty is that bridge deck deterioration often takes place below the surface where
it cannot be evaluated by visual means. Nondestructive testing (NDT) techniques have the
potential of providing the needed information about the under-the-surface deteriorated
condition of the deck.

Over the past few decades, new techniques and equipment have been developed that can
provide high-speed testing potentially capable of being used for bridge deck condition
assessment. These technologies, however, have not been widely accepted in part because
of less than positive experiences that may have occurred from unrealistic expectations or
improper use.

This research project has been carried out with the goal of offering an independent evalu-
ation of the capabilities and limitations of the most common NDT techniques to detect and
characterize typical deterioration mechanisms in concrete bridge decks. As designed, the
independent evaluation depended on a participation of manufacturers of NDT equipment,
service providers, research institutions, and consultants. All the participants were evalu-
ated on the basis of the same series of tests, the same environmental factors, and the same
performance metrics. As such, their individual performances were tested in an environment
analogous to a rodeo.

The independent evaluation, or rodeo, was conducted in both laboratory and field con-
ditions. Through this rodeo, the research team evaluated the NDT technologies from the
perspective of speed, accuracy, precision, and ease of use. The information gathered from
the tested technologies has been organized in an electronic repository called the NDToolbox.

Additional tasks were recently added to this project in order to expand the coverage of
the NDToolbox. Once completed, the NDToolbox will include the results from all the NDT
research projects studied under SHRP 2; thus the NDToolbox could serve as a quick refer-
ence of validated methods for identifying deterioration on concrete bridge decks, as well as
methods for conducting quality control of construction materials and pavements and for
assessing the condition of pavements and tunnels.
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Executive Summary

Providing the means for the rapid, nondestructive, and accurate condition assessment and per-
formance monitoring of bridge decks will significantly reduce the necessary resources and
expenditures for bridge renewal. Aside from reducing the duration of traffic interruption during
field operation, the more dense measurements yield a more accurate characterization of the
condition of the bridge deck, a better prediction of the deterioration progression, and a better
assessment of the rehabilitation needs. Such comprehensive and accurate assessments could also
reduce the frequency of detailed regular and follow-up inspections. In addition, data collected
from the nondestructive testing (NDT) of bridge decks should complement other information
in our search to better understand life-cycle costs, deterioration mechanisms, and the effective-
ness of preservation techniques at various stages of the aging process. Most important, the infor-
mation gained should prevent the premature and unexpected failure of bridge decks.

The dominant practice used by state departments of transportation (DOTSs) in the evaluation
of bridge decks has been visual inspection and simple nondestructive methods such as chain
dragging and hammer sounding. Modern NDT for concrete and concrete bridge decks exploits
various physical phenomena (e.g., acoustic, seismic, electric, electromagnetic, and thermal) to
detect and characterize specific deterioration processes or defects. In general, the objective of all
NDT techniques is to learn about the characteristics of a given medium from its response to an
applied excitation.

The ultimate goal of this research was to identify and describe the effective use of NDT tech-
nologies that can detect and characterize deterioration in bridge decks. To achieve this goal, the
following four specific objectives needed to be accomplished:

1. Identifying and characterizing NDT technologies for the rapid condition assessment of
concrete bridge decks;

2. Validating the strengths and limitations of applicable NDT technologies from the perspectives
of accuracy, precision, ease of use, speed, and cost;

3. Recommending test procedures and protocols for the most effective application of the
promising technologies; and

4. Synthesizing the information regarding the recommended technologies needed in an electronic
repository for practitioners.

This report summarizes all the tasks conducted during the project. The first part concentrates
on the elements related to the identification and selection of technologies included in the NDT
technology validation tasks. This part provides a synthesis of the common concrete bridge deck
deterioration types and the NDT technologies used to evaluate them. The methodology devel-
oped for the grading and ranking of NDT technologies is also presented. The second part con-
centrates on the tasks related to the validation of the promising NDT technologies. These tasks
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are the plan for validation testing, including the selection of the test beds; the conduction of the
validation testing; and the analysis of the results of the validation testing. The analyses of the
information provided by the participants in the validation testing, and the associated efforts and
costs, are also included in the second part. Finally, the third part concentrates on the formulation
of the generic features of the NDT technologies for bridges and the development of an electronic
repository for practitioners, a web-based tool named NDToolbox. All the research tasks were
described in more detail in the project progress reports.

One of the early deliverables of the project was a comprehensive literature synthesis report
on the deterioration processes in concrete decks and the most important NDT technologies for
their detection. The synthesis concentrated on four groups of NDT technologies that use acoustic/
seismic, electromagnetic, electrochemical, and thermal principles of operation. More tradi-
tional and commonly used techniques, such as visual inspection, chain dragging, hammer
sounding, and chloride concentration measurements, were also described. The principle of
operation and types of structural and material defects that can be detected and characterized
with each technology were synthesized. The application and performance parameters—
accuracy, precision, ease of use, speed, and cost—were also summarized. Clear information
about the advantages and limitations of each technology was provided whenever available in the
literature. The conclusion of this search was that a single technology cannot detect or provide
information about all the deterioration processes and defects of interest. Also, it was obvious that
the technologies significantly differ in terms of the ease of use, cost, level of expertise needed
in data collection, analysis and interpretation, speed of data collection, and accuracy of the
provided information. All of this provided a clear need and justification for this research study.

A methodology for categorizing and ranking the most promising NDT technologies was the
first essential part in the development of the recommendations. Such a methodology was
structured in a way so that information relating to (1) the value of the technology with respect
to the detection of a particular deterioration type and (2) the overall value to an agency in
bridge deck deterioration detection can be qualified. Technologies that could detect and char-
acterize four deterioration types—corrosion, delamination, vertical cracking, and concrete
degradation—were of interest in the grading and later selection for validation testing. The NDT
technologies were evaluated from the perspective of five performance measures: accuracy,
precision (repeatability), ease of use, speed, and cost. The methodology was first imple-
mented to identify the most promising NDT technologies, based on the literature search. The
ranking developed served as the basis for the solicitation of participants in the validation testing.

The validation testing and the follow-up analysis of the results were the most important and,
at the same time, the most challenging parts of the project. The first step in the validation testing
was identifying and planning the validation test beds. The validation test beds were identified, and
the corresponding validation test plans were developed to enable an objective assessment of
the previously defined performance measures. The first validation testing included an evaluation
under controlled laboratory conditions. The controlled laboratory validation included a concrete
slab with built-in defects and simulated deteriorations. In addition, a section of a deck removed
from a highway bridge was used in the laboratory validation. The main foci of the laboratory
validation were on the assessment of the accuracy and repeatability of the NDT technologies
because broad ground truth information was available from cores and conducted autopsies.
Field testing was supposed to enable the testing under actual, production-level conditions; there-
fore, the field validation testing concentrated on the evaluation of speed, ease of use, precision,
and cost. It was expected that it would be possible to evaluate the accuracy of NDT technologies
to a lesser extent because of limited ground truth information.

The field validation testing was first conducted in late October and early November of 2010
on a bridge over I-66 in Haymarket, Virginia, in coordination with the FHWA’s Long-Term Bridge
Performance (LTBP) Program. The LTBP Program evaluated the same bridge in 2009, which
provided a wealth of information from preliminary evaluations, using destructive and non-
destructive means, and assisted in identifying the most suitable area for the validation testing.
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The testing area was about 1,000 ft>. A 2-ft by 2-ft grid was marked on the deck, identifying seven
survey lines in the longitudinal bridge direction, with 43 test points along each line. The par-
ticipants were required to take measurements and report results at all test points. They were also
required to repeat the measurement along one of the survey lines.

The laboratory validation was conducted at a site near the main campus of the University
of Texas at El Paso in early to mid-December 2010. Two test sections were prepared for the
validation testing. The first test section was a newly fabricated concrete slab with simulated
defects, and the other test section was a section of bridge along I-10 in El Paso demolished
earlier in that year. The fabricated slab was 20 ft long, 8 ft wide, and about 8.5 in. thick and was
supported by three 1.5-ft-wide prestressed girders. Delaminated areas of different sizes and
depths of embedment, vertical cracks of different depths, and a corroded section were artificially
created. The distressed highway bridge section consisted of a 9-ft by 14-ft arch-type concrete sec-
tion. For the fabricated bridge section, the grid test points were 1 ft apart, while they were 1.5 ft
apart for the actual bridge section. Altogether, 10 teams participated in the validation testing, five
of them from industry, four from academia, and one from an agency. The ten technologies rep-
resented in the validation testing were ground-penetrating radar, impact echo, ultrasonic surface
waves, impulse response, half-cell potential, electrical resistivity, galvanostatic pulse, infrared
thermography, ultrasonic pulse echo, and chain dragging and hammer sounding. Some of the
technologies were represented by multiple participants, each using a different system.

The results from the validation testing were analyzed to evaluate the performance of the par-
ticipating NDT technologies with respect to the five performance measures: accuracy, precision,
ease of use, speed, and cost. Grades used in the evaluation of technologies varied between 1
and 5, where 5 was used for excellent and 1 for poor performance. The accuracy was in most cases
obtained from the percent of test points where the technology provided an accurate assessment.
The precision, or repeatability, of technologies was examined through the coefficient of variance
of the submitted results from triplicate tests during both field and laboratory testing. The chal-
lenge in making an objective comparison among technologies and participants was that the
repeatability results provided were for different levels of data analysis and interpretation and, in
some cases, only graphical presentations of raw data. The speed of NDT technologies was evalu-
ated with respect to the data collection and data analysis and interpretation. The data collection
speed grades were assigned on the basis of the actual time measurements of the field surveys. The
data analysis and interpretation speed were graded on the basis of information provided by
the participants regarding time needed. Similarly, the ease of use of technologies was evaluated.
The data collection ease-of-use grade was defined on the basis of the observed, or perceived,
physical effort and level of expertise needed to accomplish the task. The data analysis and inter-
pretation ease-of-use grading, however, relied on the provided information and perceived con-
clusions regarding the expertise needed to successfully accomplish the task. Finally, the cost was
defined and graded on the basis of the information provided by the participants.

The following conclusions were drawn regarding the performance and overall value of the
examined NDT technologies for concrete bridge deck deterioration detection:

1. For each of the main deterioration types, there are technologies that have demonstrated a fair-
to-good potential for detection. However, there is not a single technology that has shown
potential for evaluating all deterioration types.

2. Four technologies were identified as having a fair-to-good potential for delamination detection
and characterization. Those are impact echo, chain dragging and hammer sounding, infrared
thermography, and ground-penetrating radar.

3. Four technologies were identified as having a fair-to-good potential for corrosion detection
or characterization of a corrosive environment. Those include half-cell potential, electrical
resistivity, galvanostatic pulse measurement, and ground-penetrating radar.

4. Only one technology, surface wave testing, was validated as a fair technology in the vertical
crack characterization.
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5. Only one technology, ultrasonic surface waves, was validated as having a good potential in
concrete deterioration detection and characterization.

6. The top technologies, based on their overall value in detecting and characterizing deterioration
in concrete decks, include ground-penetrating radar, impact echo, and ultrasonic surface
waves. However, the ultimate decision on which equipment to acquire and which technology
to use will primarily depend on (1) the type of deterioration that is of the highest concern to
the agency and (2) whether the evaluation is being done for network-level condition monitor-
ing or for project-level maintenance or rehabilitation.

7. The overall value and ranking were to some extent influenced by the selected performance
measures and by the applied weights and significance factors in the grading process.

Finally, an electronic repository of NDT technologies for bridge decks that targets practition-
ers was developed as the ultimate goal of SHRP 2 Renewal Project RO6A. The electronic repos-
itory or NDToolbox is a web-based open-source database system that allows users to easily
navigate through the content and find the information they seek. The NDToolbox primarily
allows a user to explore different NDT technologies and examine their use in the deterioration
detection. The NDT technology information includes a description of the technology, physical
principle behind it, applications, performance, limitations, equipment, test procedures and
protocols, and sample results. The NDToolbox also provides recommendations regarding the
best technologies for a particular deterioration detection application.
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Background

Society is more dependent than ever on transportation for its
economic vitality and quality of life. Highways are the fore-
most of all transportation modes. As our dependency on
infrastructure is growing, the engineered components of
transportation infrastructure are aging, deteriorating, and
exhausting their capacity to meet the ever-expanding opera-
tional demands. Ensuring operational and structural safety
and security of the transportation infrastructure represents a
paramount task that requires a fundamental change in the
way we plan, design, build, and operate our transportation
infrastructure. This task can only be effectively addressed
through broad political and public support and the integra-
tion of talents in diverse areas. These areas are financing,
planning, asset management, design, construction, materials,
inspection, and so forth.

With this broad challenge identified, the second Strate-
gic Highway Research Program (SHRP 2) has gathered and
deployed the intellectual, experiential, and financial resources
necessary to answer the questions about highway safety,
renewal, travel-time reliability, and capacity. Methods must
be identified to rapidly rebuild the infrastructure system
with long-lasting facilities. Renewal of our highway system
has become especially challenging because much of the aging
infrastructure is in heavily congested highway corridors.
Therefore, minimizing traffic disruptions during highway
renewal projects is a paramount goal. In addition, develop-
ing and implementing the means for the rapid and accurate
inspection and performance monitoring of highways is of
the essence, in order for the safety and durability experiences
of the past to be avoided.

Bridges can and should be treated as critical nodes in the
greater highway system. Developing and implementing the
means for rapid rebuilding, quick and reliable inspection,
and performance monitoring are even more critical than for
most other components of the transportation network. This
is especially true for bridge decks. They deteriorate faster than
other bridge components and their inspection and rehabilita-

tion require traffic interruption. Providing the means for their
rapid and accurate condition assessment and performance
monitoring will lead to (1) more effective decision making,
(2) better allocation of financial resources to renew and reha-
bilitate bridge decks, and (3) reduced frequency and duration
of traffic interruption caused by slow and ineffective inspec-
tion and monitoring procedures.

Nondestructive testing (NDT) and nondestructive evalua-
tion (NDE) provide engineers and bridge owners with the
ability to rapidly and effectively inspect and monitor our
aging infrastructure. Data collected from the NDT of bridge
decks can complement other information in the search for a
better understanding of their life-cycle costs and deteriora-
tion mechanisms. Also, NDT can evaluate the effectiveness
of preservation techniques at various stages of the aging pro-
cess, and, most important, it can prevent the premature and
unexpected failure of bridge decks.

The ultimate goal of this project is to develop documents
and resources that will motivate and enable transportation
agencies to incorporate bridge deck NDT and NDE techniques
into their inspection procedures and doctrine. Achieving this
goal will ultimately contribute to the broader goals of the
SHRP 2 Renewal Program, which is creating a reliable and
optimum bridge asset management system by transportation
agencies (Figure 1.1).

To accomplish the project goals, the overall work was divided
into several main activities. The work was initiated with a thor-
ough literature search of the main deterioration types in bridge
decks and NDT technologies available or under development
for their detection. The literature search resulted in the retrieval
of more than 1,000 reference materials. The promising tech-
nologies were categorized, graded, and ranked from the per-
spectives of speed, accuracy, precision, ease of use, and other
performance parameters of importance for bridge deck evalu-
ation. The ranking of NDT technologies was the basis for their
inclusion in the validation testing and evaluation of their
generic features.
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Figure 1.1. Project contribution to longer-lasting and
more economically managed bridges.

To independently evaluate the performance of each of these
technologies in detecting bridge deck deterioration, a valida-
tion program was designed and conducted in two phases: the
laboratory and field validation testing. The laboratory valida-
tion testing provided a controlled environment in which the
specimen deterioration and defect parameters were known in
advance and could be controlled. The performance factors of
highest importance during the laboratory validation were the
technologies’ accuracy and precision. The field validation
enabled testing under actual, production-level conditions.
Therefore, the parameters of highest importance in the field
validation were the speed of data collection and analysis, ease
of use, precision, and cost. A number of teams from industry
and academia participated in the validation testing and dem-
onstrated the application and performance of NDT technol-
ogies. Several technologies were implemented by multiple
participants.

The analysis of the performance of NDT technologies was
done on the basis of the results of the validation testing and
records made by the project team. The technologies were com-
pared with respect to the detection of a particular deterioration
type. In the case in which a technology was represented by mult-
iple participants, that technology was also evaluated to identify
the best practices in data collection, and data analysis and inter-
pretation. The results of these analyses were the bases for the
identification of generic features of the NDT technologies
and the development of recommendations for their practical

implementation. Finally, the information obtained about the
technologies from the literature search and the performance
from the validation testing was synthesized in an electronic
repository on NDT technologies for bridge deck deterioration.

The organization of the report is as follows. The common
deterioration types and consequential defects in concrete
bridge decks are discussed in Chapter 2. The many forms of
deterioration of highest importance have been summarized
into four general deterioration and defect types: (1) reinforce-
ment corrosion, (2) delamination, (3) vertical cracking, and
(4) concrete degradation. Chapter 3 provides a discussion
regarding the most promising NDT technologies for the evalu-
ation of concrete decks. A summary of the criteria and method-
ology used to evaluate the NDT techniques is provided in
Chapter 4. Selection of the test beds for validation testing and
activities related to the field and laboratory validation testing
are described in Chapter 5. Chapter 6 focuses on the analysis
and presentation of the results from the laboratory and field
validation testing. The results are primarily categorized based
on the ability of a given technique to detect a certain deterio-
ration type. The grading and ranking of the technologies from
the perspectives of speed, accuracy, precision, ease of use,
and cost are described in Chapter 7. Chapter 8 describes the
electronic repository, the NDToolbox, developed for practi-
tioners as one of the major products of SHRP 2 Renewal Proj-
ect RO6A. Finally, concluding remarks and recommendations
for future work are presented in Chapter 9.
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Common Defects of Concrete Bridge Decks

Reinforced concrete structures such as bridge decks and pil-
lars, highways, and other infrastructure facilities experience
loss of integrity over time because of poor initial quality,
damage from deicing salts, overloading, freeze—thaw cycle-
induced stresses, fatigue, and, above all, corrosion of rebars
(Figure 2.1). According to the Federal Highway Administra-
tion (FHWA), the cost of repairing and replacing deteriorat-
ing highway bridges in the United States is approximately
$100 billion (Lemieux et al. 2005; El-Safty 2008). The differ-
ent kinds of deterioration observed in reinforced concrete
structures are outlined in the following sections. The most
frequent deterioration phenomena identified by Bien et al.
(2007) are the following items:

e Corrosion;

e Carbonation;

o Alkali-silica reaction;

e Crystallization;

¢ Leaching;

¢ Qil and fat influence;

e Salt and acid actions;

e Creep;

e Fatigue;

e Influence of high temperature;
¢ Modification of founding conditions;
e Overloading;

¢ Shrinkage; and

e Water penetration.

Common Deterioration
Types in Bridge Decks

The deterioration of steel-reinforced concrete structures can
be caused by the corrosion of steel or degradation of con-
crete. These deterioration processes are complex and often
prompt one another. Among all the deterioration phenom-
ena listed above, four deterioration mechanisms are of the

highest concern to bridge engineers and are the focus of this
project. Those include the following:

Rebar corrosion;
Deck delamination;
Vertical cracking; and
Concrete degradation.

Each of the deterioration mechanisms is briefly discussed
in the following sections.

Rebar Corrosion

Reinforcing steel embedded in concrete is naturally protected
from corrosion by the high alkalinity of the cement-based
materials and an adequately thick concrete cover. High alka-
linity can cause the formation of a passive and noncorroding
protective oxide film on the steel surface. ACI 222R-01 (2001),
which was reapproved in 2010, describes the process of metal
corrosion in concrete. During this process, concrete allows
electrolytic conduction and the flow of ions from anodes to
cathodes. Once the oxide film is destroyed, an electric cell is
formed along the steel or between steel bars, and the electro-
chemical process or corrosion begins. Some areas along the
bar become anodes discharging current in the electric cell,
and iron goes into the solution with oxygen. Other steel areas
receive current resulting in the formation of hydroxide ions
known as cathodes. A major contributor to this problem is
chloride diffusion. Chlorides are derived primarily from the
application of roadway deicing salts. Corrosion of steel rein-
forcement in a bridge deck can directly reduce the structural
capacity of the deck. Furthermore, the corrosion process can
cause internal stresses, cracking, delamination or surface
fracture planes, and eventually spalling in concrete at, or just
above, the level of the reinforcement (Figures 2.2 and 2.3).
The two most common steel corrosion processes are
chloride-induced pitting corrosion and carbonation. Bridge
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Figure 2.1. Deck deterioration.

engineers can often visually distinguish the two corrosion
types. The locally confined, chloride-induced pitting corro-
sion leaves blackish rust marks, whereas red or brownish rust
stains indicate carbonation-based corrosion. The rate of cor-
rosion is dependent on numerous factors, including the com-
position of the metal, as well as humidity, temperature, water
pH, and exposure to pollution and salt. Wet and dry cycles
accelerate the corrosion process. Studies have shown that the
corrosion rate is highest during the spring season and lowest
during the winter. These rates can vary by a factor of about
four or five during the year (Smith and Virmani 1996; Page
et al. 1996).

Deck Delamination

Delamination or horizontal cracking caused by corrosion of
embedded reinforcing steel is a serious form of deterioration
in concrete bridge decks. Reinforcing steel expands as it

Figure 2.2. Corrosion process.

corrodes. Such expansion may create a crack or subsurface
fracture plane in the concrete at or just above the level of the
reinforcement, as illustrated in Figure 2.4. Delamination may
be localized or may extend over a substantial area, especially
if the concrete cover is thin. It is possible that in a given area,
delamination can occur along different planes between the
concrete surface and the reinforcing steel. Delamination is
not visible on the concrete surface; however, if repairs are not
made in a timely fashion, the delamination progresses to
open spalls. With continued corrosion, this process will even-
tually affect the structural integrity of the deck.

Vertical Cracking

In addition to rebar corrosion, many other factors can cause
cracking in bridge decks. These factors include plastic shrink-
age, hydration heat, ambient temperatures, geometric con-
straint as the deck concrete cures, traffic load, and freeze—thaw

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22771

Nondestructive Testing to Identify Concrete Bridge Deck Deterioration

Figure 2.3. Corroded rebar in an excavated deck (top) and extracted core (bottom left),
and delamination in a drill hole in a deck (bottom right).

Figure 2.4. Delamination observed in extracted cores.
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cycles. The progression of rebar corrosion can further exag-
gerate these cracks. Vertically oriented cracks and load-related
cracks will be the primary focus of the validation testing.

Concrete Deterioration

A reduction in concrete strength or modulus is considered to be
a form of concrete degradation. It may be the result of micro-
cracking and macrocracking and other phenomena, such
as alkali-silica reaction (ASR), delayed ettringite formation
(DEF), plastic shrinkage, and freeze—thaw cycles. Each of the
phenomena is briefly described in the following paragraphs.

@

(b)

The alkali—silica reaction is a reaction between reactive sil-
ica phases in aggregates and alkali hydroxides in the concrete
pore solution. This reaction produces a silica gel that swells in
the presence of water, causing internal and external cracking.
The expansion of concrete resulting from ASR can cause two
main problems: (1) the deformation of the structure, thereby
impairing the serviceability, and (2) the development of a
crack network through the structure (Figure 2.5).

Delayed ettringite formation is perceived as a form of inter-
nal sulfate attack. DEF is believed to be a result of improper
heat curing of the concrete where the normal ettringite forma-
tion is suppressed. The highly concentrated sulfate in the pore

Source: ASR photograph courtesy of Dr. Moon Won, Texas Tech University. DEF damage photograph courtesy of Texas Department of Transportation

Bridge Division.

Figure 2.5. (a) ASR and (b) DEF damage.
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liquid may eventually react with calcium- and aluminum-
containing phases of the cement paste to form the hydrated
calcium sulfoaluminate mineral, ettringite. The formation of
ettringite causes the concrete to expand, and empty cracks
(gaps) may form around aggregates (see Figure 2.5)

Plastic shrinkage (volume reduction) can cause cracks in
concrete. These cracks often occur on plane structures such
as deck slabs, with no preferential crack orientation.

Freeze—thaw can increase the hydraulic pressure in con-
crete. The concrete will rupture once the pressure exceeds the
tensile strength of the concrete. The exposure of concrete to
repeated freeze—thaw cycles will ultimately cause extensive
deterioration in the form of cracking, scaling, or crumbling.

11

Overlay Debonding

Some old bridge decks are overlaid with asphalt concrete or
portland cement concrete (PCC). In such bridge decks, the
overlay can debond from the existing concrete decks. Once
an overlay debonds, moisture and chlorides may enter the
debonded region, further promoting deterioration. If repairs
are not made, debonded overlay regions can eventually dete-
riorate into open spalls, which affect the ride quality of the
deck and compromise the structural integrity of the deck.
Furthermore, bonded and debonded overlays contribute to
the complexity of the analysis of NDT methods and may
impede their effectiveness.
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Candidate Methods for Deterioration

in Concrete Bridge Decks

The literature review provided a number of NDT technolo-
gies that have the potential to detect and characterize deterio-
ration in concrete bridge decks. The following 14 techniques
were considered for grading and ranking on the basis of the
literature search and possible inclusion in the validation
testing program:

e Impact echo;

e Ultrasonic pulse echo;

¢ Ultrasonic surface waves;

e Impulse response;

¢ Ground-penetrating radar;

e Microwave moisture technique;

e Eddy current;

e Half-cell potential;

¢ Galvanostatic pulse measurement;

e Electrical resistivity;

e Infrared thermography;

e Visual inspection;

e Chain dragging and hammer sounding; and
¢ Chloride concentration measurement.

The following sections provide brief descriptions of the
principle of operation and applications of each technol-
ogy with respect to concrete deck deterioration detection.
Advantages and limitations of the technologies according to
the literature search are also described. The advantages
and limitations of these technologies were not explicitly
stated in most materials reviewed. In those cases, they are
defined on the basis of the review of the reported results
and reported or perceived technology performance. Because
none of the participants in the validation tests used micro-
wave moisture, eddy current, and chloride concentration
measurement devices, these three techniques are not described
or included in the final evaluation. Visual inspection is not
described either, since it was not included in the validation
testing.

12

Iimpact Echo
Description

The impact echo (IE) method is a seismic or stress wave—based
method used in the detection of defects in concrete, primarily
delaminations (Sansalone and Carino 1989). The objective of
the IE survey is to detect and characterize wave reflectors or
“resonators” in a concrete bridge deck, or other structural ele-
ments. This is achieved by striking the surface of the tested
object and measuring the response at a nearby location. Sim-
ple or automated devices, such as those shown in Figure 3.1,
can be used for this purpose.

Physical Principle

The operation of the IE method is illustrated in Figure 3.2.
The surface of the deck is struck by various means, such as
wire-mounted steel balls, automated projectile sources, or
solenoid-type impactors. The response is measured by a
nearby contact or air-coupled sensor. The position of the
reflectors is obtained from the frequency spectrum of the
deck’s response to an impact. In a more rigorous sense,
the response is related to the first symmetrical Lamb wave
mode in the deck structure. The frequency of the reflection,
called the “return frequency,” can be identified in the response
spectrum of the recorded signal. The depth of the reflector
can be obtained from the return frequency, fr or f,, and the
measured or estimated compression-wave velocity of con-
crete, Vp, using the simple relationship shown in Figure 3.2.
Because strong reflectors will be generated at all interfaces
where there is a contrast in acoustic impedances of materials,
such as the one between concrete and air, delaminated areas
are typically recognized as shallow reflectors. In the case of a
sound deck, the dominant reflector will be from the bottom
of the deck, another concrete—air interface. Other reflectors may
include voids, tendons, supporting structural elements, and so
forth, and responses from various defects (initial delamination
or cracking).
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Figure 3.1. Stepper (left) and bridge deck scanner (right).

Different authors interpret the severity of the delamination
in a given deck with the IE method in various ways. One of the
ways used in this study is shown in Figure 3.2. A test point is
described as intact if the dominant return frequency corre-
sponds to the bottom of the deck. A delaminated point in the
deck will theoretically demonstrate a shift in the return fre-
quency toward higher values because the wave reflections occur
at shallower depths. Depending on the extent and continuity of
the delamination, the partitioning of the wave energy reflected
from the bottom of the deck and the delamination may vary.

13

The initial or incipient delamination, described as occasional
separation within the depth of the slab, can be identified
through the presence of return frequencies associated with the
reflections from both the bottom of the deck and the delamina-
tion. Progressed delamination is characterized by a single peak
at a frequency corresponding to the depth of the delamination.
Finally, in cases of wide or shallow delaminations, the dominant
response of the deck to an impact is characterized by a low-
frequency response of flexural-mode oscillations of the upper
delaminated portion of the deck. This response is almost always

Figure 3.2. Grades for various degrees of deck delamination.
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in the audible frequency range, unlike responses from the deck
with incipient delamination that may exist only in the higher-
frequency ranges (Gucunski et al. 2006; Cheng and Sansalone
1995; Lin and Sansalone 1996).

Applications

The applications of IE can be divided into four general cate-
gories as follows:

¢ Condition assessment of reinforced concrete elements
with respect to delamination;

¢ Characterization of surface-opening cracks (vertical
cracks in bridge decks);

e Detection of ducts, voids in ducts, and rebars; and

e Material characterization.

The IE technique is primarily used to detect and characterize
delaminations with respect to its horizontal and vertical posi-
tion and its stage of development. The method has also been
used with some success for the characterization of the depth
and primary direction of surface-opening cracks and in the
detection of rebars and ducts in cases in which the diameter-
to-concrete cover ratio is above a certain threshold (roughly
one-third). The detection of rebars and ducts requires a scan-
ning approach and usually a higher level of expertise. It should
be noted that, although the horizontal position of a rebar or
duct can be defined, it is difficult to accurately define the con-
crete cover thickness. The IE method has also been used to
evaluate concrete modulus and estimate concrete compressive
strength. Other applications of the method include the charac-
terization of grouting in tendon ducts and overlay debonding
detection on decks with overlays.

Limitations

The IE method can detect delaminations on decks with PCC
overlays. However, on decks with asphalt concrete overlays,

detection is possible only when the asphalt concrete tem-
perature is sufficiently low, so that the material is not
highly viscous, or when the overlay is intimately bonded to
the deck. It is necessary to conduct data collection on a
very dense test grid to accurately define the boundaries of
the delaminated areas. In the rare cases of impact echo test-
ing on bridge decks near the deck edges, boundary effects
should be taken into consideration. Such boundary condi-
tions will produce reflections that will interfere with the
sought signal. The boundary interference problem is more
common during IE testing on other structural elements of
limited dimensions (such as girders, piers, and pier caps)
than on bridge decks.

Ultrasonic Pulse Echo
Description

Ultrasonic pulse echo (UPE) is a method that uses ultrasonic
(acoustic) stress waves to detect objects, interfaces, and
anomalies. The waves are generated by exciting a piezoelec-
tric material with a short-burst, high-amplitude pulse that
has high voltage and current. Civil engineering applications,
for reinforced concrete structures in particular, were realized
only in the recent past because of two reasons. First, tradi-
tional ultrasonic testing would lead to high scattering and
attenuation of the transmitted pulses, mainly because of the
very heterogeneous nature of concrete. Second, the trans-
ducers (ultrasonic probes) had to be coupled to the surface
of the tested element using grease or wax. To overcome
scattering problems, low-frequency transducers have been
introduced, of a center frequency between 50 and 200 kHz
that can be dry-coupled.

A dry-point contact, ultrasonic transducer unit consisting
of 24 probes is shown in Figure 3.3 (left). Twelve probes in the

Figure 3.3. Shear-wave probe array A1220 (left), and automated A1220 measurements using stepper (right).
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array act as pulsers, while the other 12 act as receivers. Depend-
ing on the transducer unit, these probes can emit both
compressional and shear waves. The UPE test can also be per-
formed by mounting the probe on an automatic device, like
the one shown in Figure 3.3 (right).

Physical Principle

A UPE test concentrates on measuring the transit time of
ultrasonic waves traveling through a material and being
reflected to the surface of the tested medium. Based on
the transit time or velocity, this technique can also be used
to indirectly detect the presence of internal flaws, such as
cracking, voids, delamination or horizontal cracking, or
other damages. An ultrasonic wave is generated by a piezo-
electric element. As the wave interfaces with a defect, a
small part of the emitted energy is reflected back to the sur-
face. Defects, in this case, are identified as any anomaly of
acoustical impedance different from the concrete element
tested. The wave is then detected by a second piezoelectric
element. In regions where there is significant deterioration

Backwall
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or microcracking, concrete will have a noticeably lower
velocity compared with concrete in intact regions. A UPE
B-scan (vertical cross section) of a deck along two survey
lines is illustrated in Figure 3.4, using an ultrasonic system
A1040 MIRA with almost real-time synthetic aperture
focusing technique, or SAFT (Kozlov et al. 2006; Bishko
et al. 2008; Gebhardt et al. 2006).

Applications

Ultrasonic pulse echo surveys have been used for thickness
measurements on objects with only one-sided access.
The UPE is capable of assessing defects in concrete ele-
ments, debonding of reinforcement bars, shallow cracking,
and delamination. The UPE was also successfully used in
the detection of material interfaces, based on phase evalu-
ations of the response. Examples include the interfaces
between concrete and steel (e.g., reinforcement) or con-
crete and air (e.g., grouting defects) (Taffe and Wiggenhauser
2006; Afshari et al. 1996; Krause et al. 2008; Hevin et al.
1998).

Figure 3.4. Bridge deck survey using MIRA ultrasonic system. B-scans (top) and equipment and data collection

(bottom).
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Limitations

Ultrasonic pulse echo surveys require very close spacing
between test points to develop images of the tested medium,
making it time-consuming. The data quality depends strongly
on the coupling of the sensor unit, which may be difficult on
rough surfaces. Very shallow flaws may remain undetected
because the surface waves mask the needed compressional or
shear-wave signals. Also, as UPE works with lower frequencies,
some of the defects might remain undetected.

Ultrasonic Surface Waves
Description

The ultrasonic surface waves (USW) technique is an offshoot
of the spectral analysis of surface waves (SASW) method used
to evaluate material properties (elastic moduli) in the near-
surface zone. The SASW uses the phenomenon of surface wave
dispersion (i.e., velocity of propagation as a function of
frequency and wavelength, in layered systems to obtain the

information about layer thickness and elastic moduli). The
USW test is identical to the SASW test, except that the fre-
quency range of interest is limited to a narrow high-frequency
range in which the surface wave penetration depth does not
exceed the thickness of the tested object. In cases of relatively
homogeneous materials, the velocity of the surface wave (phase
velocity) does not vary significantly with frequency. The sur-
face wave velocity can be precisely related to the material mod-
ulus, or concrete modulus in the case of bridge decks, using
either the measured or assumed mass density, or Poisson ratio
of the material. A USW test consists of recording the response
of the deck, at two receiver locations, to an impact on the sur-
face of the deck, as illustrated later in Figure 3.7. One of the
devices that can be used for that purpose is shown in Figure 3.5.

Physical Principle

Surface waves are elastic waves that travel along the free surface
of a medium. They carry a predominant part of the energy on
the surface, in comparison to body (compressive and shear)

Figure 3.5. USW testing using a portable seismic property analyzer (PSPA).
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Figure 3.6. Typical time record
used in surface wave method.

waves. This is illustrated in Figure 3.6, where the arrival of the
surface (Rayleigh) wave follows the arrival of the two body-
wave components because it is the slowest one (Nazarian et al.
1993; Stokoe et al. 1994; Yuan et al. 1999).

The surface waves propagate radially from the impact source,
forming a cylindrical front with a velocity dependent on the
elastic properties of the medium. The waves propagating in a
heterogeneous medium are dispersive; that is, waves of different
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wavelengths or frequencies travel with different velocities. Thus,
information about the subsurface can be obtained through the
measurement of the phase velocity versus frequency relation-
ship, termed dispersion curve, and backcalculation of the dis-
persion curve to obtain the profile of the tested system. Unlike
many seismic methods that base evaluation on the detection
and measurement of first wave arrivals, the USW velocity evalu-
ation is based on the spectral analysis of the recorded signal.
The body of a surface wave extends to the depth of approxi-
mately one wavelength. Therefore, if the measurement is lim-
ited to wavelengths not exceeding the thickness of the deck, the
velocity of the surface waves will depend only on the concrete
modulus. As sketched in Figure 3.7 for a two-layer half-space, at
wavelengths less than or equal to the thickness of the layer, the
velocity of the surface wave is more or less independent of wave-
length. For the same reason, in the case of a sound and homo-
geneous deck, the velocity of the surface waves will show little
variability. An average velocity is used to correlate it to the con-
crete modulus. Significant variation in the phase velocity will be

YOUNG'S
MODULUS
PROFILE

Young's modulus

Wavelength considered
less than layer thickness

!\ RECEIVERS
-

Figure 3.7. Schematic of surface wave velocity versus wavelength (top) and evaluation of
a layer modulus by SASW (USW) method (bottom).
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an indication of the presence of a delamination or other anom-
aly. A schematic of the USW (SASW) test is shown in Figure 3.7.

Elastic waves are generated by means of impacts (e.g., steel
balls, automated projectile sources, solenoid-type impactors)
detected by a pair or an array of receivers and recorded by a
transient recorder.

Applications

The USW is used in condition assessment for the purpose of
evaluating probable material damage from various causes:
ASR, DEEF, freeze—thaw, and other deterioration processes. It is
also used in material quality control and quality assurance of
concrete and hot-mix asphalt, primarily to evaluate material
modulus and strength, the second one using correlations with
modulus. One of the USW’s applications is the measurement
of the depth of vertical (surface) cracks in bridge decks or
other elements. Finally, some results point to the USW’s ability
to indirectly detect delaminations in bridge decks.

Limitations

On deteriorated sections of a concrete deck, such as debonded
or delaminated sections, the USW method cannot provide
reliable modulus values. It can play only a supplemental role
in deterioration detection, and experience is required for
understanding and interpreting test results. The USW
(SASW) modulus evaluation becomes significantly more
complicated for layered systems, such as decks with asphalt
concrete overlays, where the moduli of two or more layers
differ significantly.

Impulse Response
Description

The impulse response method, also known as the transient
dynamic or mechanical impedance method, is a nondestruc-
tive testing method that has been mostly used in quality con-
trol and condition assessment of pavements and deep
foundations (Figure 3.8). The method was first developed in
France in the late 1970s as an extension of a vibration test,
used in the quality control of drilled shafts. Since then, the
impulse response method has been used to determine the
subgrade modulus and presence of voids or loss of support
below rigid pavements, concrete tunnel linings and slabs, and
in reinforced concrete bridges. The method was recently
introduced as a screening tool for bridge decks, slabs, and
tunnel linings for the detection of potentially damaged areas.
The objective of the test is to measure the dynamic response
of the element tested, often described in terms of the mobility
or flexibility spectrum, in order to detect areas where the

Figure 3.8. Impulse response testing.

spectrum takes shapes and amplitudes significantly different
from those at sound locations (Nazarian et al. 1993, 1994;
Gucunski and Jackson, 2001; Jackson and Gucunski, 2002;
Davis et al. 2001).

Physical Principle

The impulse response method is a dynamic response method
that evaluates the dynamic characteristics of a structural ele-
ment to a given impulse. The typical frequency range of inter-
estin impulse response testing is 0 to 1 kHz. The basic operation
of an impulse response test is to apply an impact with an
instrumented hammer on the surface of the tested element and
to measure the dynamic response at a nearby location using a
geophone or accelerometer.

The basic principle of impulse response is illustrated in
Figure 3.9. The signal from the impact hammer sensor, the
forcing function, and the response at the nearby displace-
ment transducer, geophone (velocity transducer), or accel-
erometer are transformed into the frequency domain to
obtain the corresponding spectra. The ratio of the displace-
ment and impact spectra represents a flexibility spectrum,
in the case of the measured displacement. The inverse ratio
is termed mechanical impedance (dynamic stiffness spec-
trum). In some analyses, the flexibility spectrum is matched
by a flexibility spectrum (response spectrum) for an assumed
single-degree-of-freedom (SDOF) system. Once the two
spectra are matched, the modal properties of the SDOF sys-
tem provide information about the stiffness and damping
properties of the system. The underlying assumption of this
process is that a structure’s response can be approximated by
the response of an SDOF system. If the measured response is
velocity, the ratio of the velocity and impact spectra is termed
mobility spectrum.
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Figure 3.9. Principle of impulse response testing.

Even though the concept behind impulse response and impact
echo is similar, there are significant differences in bridge deck
testing. Impact echo is based on the excitation of particular wave
propagation modes above the probable anomalies within the
deck or between the top and bottom of the deck, which is typi-
cally in a frequency range of about 3 to 40 kHz. On the other
hand, impulse response relies more on the structural response in
the vicinity of the impact and, therefore, the frequency range of
interest is much lower—that is, 0 to 1 kHz for plate structures.

Applications

The impulse response method has been used in a number of
pavement and bridge applications. These include the following:

e Detection of low-density concrete (honeycombing) and
cracking in concrete elements;

e Detection of voids under joints of rigid pavements or
under slabs;

e Concrete delamination in slabs, decks, walls, and other
reinforced concrete structures, such as dams, chimneystacks,
and silos;

e Load transfer at joints of concrete pavements; and

¢ Debonding of asphalt and concrete overlays on concrete
deck and pavements.

Limitations

The impulse response tests can be used to detect gross defects
in structures while smaller defects might go undetected. In
addition, reliable data interpretation is highly dependent on

the selection of test points. Finally, automated equipment is
not available even though the automated analysis tools are
available.

Ground-Penetrating Radar
Description

Ground-penetrating radar (GPR) is a rapid NDT method that
uses electromagnetic waves to locate objects buried inside the
structure and to produce contour maps of subsurface features
(steel reinforcements, wire meshes, or other interfaces inside
the structures). GPR can be used for a range of applications—
namely, condition assessment of bridge decks and tunnel lin-
ings, pavement profiling, mine detection, archaeological
investigations, geophysical investigations, borehole inspec-
tion, building inspection, and so forth. Antennas of different
frequencies are used to facilitate different levels of needed
detail and depth of penetration. In addition to ground-coupled
antennas, like the one in Figure 3.10, air-coupled systems are
used for faster bridge deck screening (Romero and Roberts
2002; Maser and Rawson 1992; Barnes and Trottier 2000).

Physical Principle

Ground-penetrating radar provides an electromagnetic
(EM) wave-reflection survey. A GPR antenna transmits
high-frequency EM waves into the deck or the structure. A
portion of the energy is reflected back to the surface from any
reflector, such as rebar (or any other anomaly), and received
by the antenna. The remainder of the GPR energy continues
to penetrate beneath this interface, and additional energy is
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Figure 3.10. GPR testing.

continually reflected back to the receiver from other inter-
faces until it is diminished.

GPR measures specific signal responses caused by varia-
tions in the electrical properties of the materials making up
the deck. The signal responses are different for various inter-
faces because of two changing electrical properties: electrical
conductivity (inverse of resistivity) and relative dielectric
permittivity (dielectric constant). Relative permittivity values
(dielectric constant, €,) for typical construction materials,
including concrete, are shown in Table 3.1. These properties
respectively govern (a) the ability of GPR energy to penetrate
that particular medium and (b) the speed at which GPR waves
propagate through the medium. In addition, the dielectric
contrast between two adjacent materials will cause some of
the penetrating GPR waveform to reflect back to the surface
where it can be measured and recorded.

The condition assessment of bridge decks is based on the
evaluation of the attenuation of EM waves at the top rebar
level. The key point is that EM waves cannot penetrate into
metals, like rebars. Therefore, rebars are excellent reflectors of

Table 3.1. Dielectric Constants of

Different Materials

Dielectric Dielectric
Medium Constant | Medium Constant
Air 1 Sand 4-6
Water (fresh) 81 Gravel 4-7
Ice 4 Clay 25-40
Asphalt 4-8 Silt 16-30
Concrete 8-10 Silty sand 7-10
Crushed base 6-8 Insulation board 2-2.5

EM waves. However, most construction materials are fair-to-
good host materials for GPR. Concrete that is moist and high
in free chloride ions (or other conductive materials) can sig-
nificantly affect a GPR signal’s penetration, or attenuation, in
a measurable way. This is even more pronounced in cases
where the deck is cracked or delaminated, and the cracks are
filled with moisture, chlorides, and other conductive materi-
als. An example is the GPR scan of a reinforced deck shown
in Figure 3.11. The hyperbolae represent reflections from the
top rebars. While most of the rebars on the right side can be
described as providing a strong reflection, the far left rebar is
somewhat fuzzy, which is an indication of strong attenuation
at that location. To provide condition assessment, in most
cases amplitude measurements from all the rebar locations
are corrected for the rebar depth and plotted to create attenu-
ation maps of a bridge deck. Zones of high attenuation are
related to zones of likely deterioration, and vice versa.

Applications

GPR has been used in a range of applications, such as condi-
tion assessment of bridge decks and tunnel linings, pavement
profiling (pavement layer thickness evaluation) on both proj-
ect and network levels, detection of voids and anomalies
under pavements, mine detection, and archaeological inves-
tigations. Typical GPR applications for bridge decks include
evaluation of the deck thickness, measurement of the con-
crete cover and rebar configuration, characterization of
delamination potential, characterization of concrete deterio-
ration, description of concrete as a corrosive environment,
and estimation of concrete properties.

Limitations

Although GPR has many advantages, there are also certain
limitations. One of them is the inability to directly image and
detect the presence of delamination in bridge decks, unless
they are epoxy-impregnated or filled with water. Also, GPR
data can be negatively influenced by extremely cold conditions.
Moisture in the deck that is completely frozen will influence
the acquired signal because it will no longer be detected. The
application of deicing salts during winter months can also
negatively influence GPR by affecting the dielectric constant.
Although GPR is capable of providing information about
the layer structure, location, and layout of reinforcing steel, it
cannot provide any information about the mechanical proper-
ties of the concrete (e.g., strength, modulus). Also, GPR cannot
provide definitive information about the presence of corro-
sion, corrosion rates, or rebar section loss, even though it is
sensitive to the presence of a corrosive environment and can be
used to map the degree or severity of probable deterioration.
GPR results generally require being correlated or validated by
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Figure 3.11. GPR principle.

some other NDE methods or limited destructive sampling
(cores, chloride sampling and testing, or other ground truth).

GPR surveys may be less cost-effective than other methods
when applied to either smaller or individual structures. Finally,
Federal Communications Commission regulations control-
ling transmit power output and pulse repetition rate are limit-
ing the ability to design and build newer systems, which would
have a greater capability to cover larger areas in much less time
using array platforms.

Half-Cell Potential
Description

The half-cell potential (HCP) measurement is a well-
established and widely used electrochemical technique to
evaluate active corrosion in reinforced steel and prestressed
concrete structures. The method can be used at any time dur-
ing the life of a concrete structure and in any kind of climate,
provided the temperature is higher than 2°C (Elsener 2003).
Half-cell measurements should be taken on a free concrete
surface, because the presence of isolating layers (asphalt,
coating, and paint) may make measurements erroneous or
impossible. Using empirical comparisons, the measurement
results can be linked to the probability of active corrosion.
Half-cell testing and equipment are depicted in Figure 3.12.
Generally, the potential difference between the reinforcement
and a standard portable half-cell, typically a Cu/CuSO,
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standard reference electrode, is measured when placed on the
surface of a reinforced concrete element. When the reference
electrode is shifted along a line or grid on the surface of a
member, the spatial distribution of corrosion potential can be
mapped (Baumann 2008; Gu and Beaudoin 1998).

Physical Principle

When a metal is submerged into an electrolyte, positive metal
ions will resolve (oxidation). Oxidation leads to a surplus of
electrons in the metal lattice and a net negative charge at its
surface. The positive metal ions will accumulate at the metal—
liquid interface, which in consequence becomes positively
charged, and a double layer is formed. Anions, from the elec-
trolytic solution (in concrete —Cl- and —SO,*"), are attracted
to the positively charged side of this double layer and accu-
mulate there, forming the so-called half-cell. A potential dif-
ference between the metal and the net charge of the anions in
the electrolyte builds up, which depends on the solubility of
the metal and the anions present in the solution.

If two different metals are submerged into an electrolyte
(two half-cells) and are electrically connected by a wire, a gal-
vanic element is created. The two different metals will cause
different electrical potentials in their half-cells, which in turn
will cause a current flow through the wire. The less noble of
the two metals is dissolved (anode) and the more noble remains
stable (cathode). In the surface layer of the less noble metal,
a surplus of electrons is formed. The potential difference
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Figure 3.12. HCP testing.

between the two metals can be measured as a voltage with a
high-impedance voltmeter (Figure 3.13).

Applications

The main application of the method is to identify the corro-
sion activity of steel reinforcement in steel-reinforced concrete
structures.

Figure 3.13. HCP principle.

Limitations

Even though many bridge engineers have used the HCP method
for years almost as a standard tool, the influence of concrete
cover depth has not yet been thoroughly researched. As a con-
sequence, correcting data for depth is not straightforward, just
asitis not for moisture or salt content, which influence concrete
resistivity.

Galvanostatic Pulse
Measurement

Description

Galvanostatic pulse measurement (GPM) is an electrochemical
NDT method used for rapid assessment of rebar corrosion,
based on the polarization of rebars using a small current pulse
(Figure 3.14). Estimating the corrosion rate of reinforcing bars
using the HCP measurement is often unreliable when concrete
is wet, dense, or polymer modified, and thus the access to
oxygen is limited. The GPM overcomes those problems in the
interpretation of corrosion risk because of a different physi-
cal principle of operation. It provides more realistic measure-
ments of the corrosion rate of steel rebars, which is often
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Figure 3.14. GPM testing.

underestimated because of concrete electrical resistance
(Elsener et al. 1996; Bohni and Elsener 1991; Klinghoftfer et al.
2000; Baessler et al. 2003; Newton and Sykes 1988).

Physical Principle

When a metal, such as steel reinforcement, is immersed in an
electrolytically conducting liquid of adequate oxidizing power,

Figure 3.15. GPM principle.
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it undergoes corrosion by two complementary mechanisms.
First, metal ions pass into the liquid, leaving a surplus of
electrons on the base metal that forms an anodic site. Second,
the excess electrons flow to a cathodic site where they are con-
sumed by oxidizing agents in the liquid. These processes induce
a corrosion current between the anodic and cathodic sites.

The corrosion current can be indirectly measured by gal-
vanostatically (with constant current) imposing a short-time
anodic current pulse between a counter electrode at the con-
crete surface and the steel reinforcement. The applied cur-
rent polarizes the reinforcement anodically (with respect
to the free corrosion potential), resulting in a measurable
electrochemical potential drop (Figure 3.15). Actively cor-
roding reinforcement possesses an active current between
its anodic and cathodic sites and thus has a low resistance to
current flow. Because of the applied current, this results in
a low electrochemical potential change relative to its steady-
state free corrosion potential. Noncorroding reinforcement
possesses no current and thus has a high resistance to
current flow. Because of the applied current, this results in
a high electrochemical potential change relative to its free
corrosion potential.

Applications

The GPM is used primarily to identify the corrosion rate of
steel reinforcement in reinforced concrete structures.
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Limitations

High electrical resistivity in concrete cover leads to unstable
measurements and, therefore, prewetting of the measure-
ment area is essential. To avoid potential shifts due to wetting
effects, the first reading should be recorded after a few min-
utes. Because there is a difference between the passive and
active reinforcement area affected by the electrical signal,
direct measurements of apparent polarization resistance do
not provide appropriate results for corrosion status in these
two cases.

Electrical Resistivity
Description

The electrical resistivity (ER) method is often used for
moisture detection, which can be linked to the presence of
cracks. The presence and amount of water and chlorides in
concrete are important parameters in assessing its corro-
sion state or describing its corrosive environment. Dam-
aged and cracked areas, resulting from increased porosity,
are preferential paths for fluid and ion flow. The higher the
ER of the concrete is, the lower the current passing between
anodic and cathodic areas of the reinforcement will be. The
relationship between ER and the normally observed corro-
sion rate of reinforced concrete is given in Table 3.2 (after
Gowers and Millard 1999).

Physical Principle

In practice, the voltage and current are measured at the sur-
face of the object under investigation. The most common
electrode layout in civil engineering applications is the
Wenner setup (Figure 3.16). The Wenner setup uses four
probes that are equally spaced. A current is applied between
the outer electrodes, and the potential of the generated elec-
trical field is measured between the two inner ones. The resis-
tivity is then calculated according to the following:

_ 2maV
P 1

where
p = resistivity (in Q.m);
a = electrode separation (in m);
V =voltage (in V); and
I =current (in A).

The inverse of the ER is the electrical conductivity, G[S/m].
Building materials such as concrete, cement, or wood are
ion conductors. This means that electrical conduction hap-
pens through the interconnected pore space. The resistivity of
fully saturated concrete is on the order of 100 to 1,000 €2.m,
depending on the conductivity of the saturating fluid. When

Table 3.2. Correlation Between
Resistivity Values and
Corrosion Rates

Resistivity (k2 x cm) Corrosion Rate

<5 Very high
5-10 High

10-20 Moderate-low
>20 Low

oven dried, the ER of concrete is as high as 10° Q.m and acts
as an insulator. Because concrete is a composite material, its
ER will always depend on its porosity, pore-size distribution,
and factors such as the cement chemistry, water to cement
ratio, types of admixtures, and so forth. To a large extent,
resistivity values will also be a function of the ion type and
content of the saturation fluid (Kruschwitz 2007; Hunkeler
1996; Biirchler et al. 1996). Phenomena such as carbonation,
chloride attack (deicing salts), and secondary damage-like
cracks also significantly influence the electrical properties of
the concrete. Drying of the concrete surface, carbonation,
and the presence of steel reinforcement in the vicinity of the
electrodes significantly affect field resistivity measurements.
Probably the most important parameter influencing the con-
crete resistivity is the fluid salinity. The fluid conductivity
within a sample will depend on the saturating fluid and on
the solubility of the concrete.

Applications

Electrical resistivity is primarily used to characterize concrete’s
susceptibility to corrosion by characterizing its corrosive

Figure 3.16. Electrical resistivity testing using a
Wenner probe.
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Figure 3.17. Electrical resistivity principle.

environment (Figure 3.17). It can also help to identify regions
of the deck or other structural elements susceptible to chlo-
ride penetration. In addition, electrical resistivity surveys can
be used to detect corrosion cells in tandem with another
corrosion technique, such as half-cell potential, to map
corrosion activity (Millard 1991; Gowers and Millard 1999).

Limitations

Even though the data processing is not complicated and easily
reduces to plotting the raw data, the interpretation is more
challenging. The reason is that the ER depends on a number
of material properties (e.g., moisture, salt content, porosity),
and the delineation of their specific contributions to the bulk
result is difficult. Even though it is technically possible, auto-
mated measurement systems for roads are not available on
the market. Moreover, the electrodes need galvanic coupling
to the concrete and, therefore, the surface of a test object has
to be prewetted.

Infrared Thermography
Description

Infrared (IR) thermography has been used since the 1980s to
detect concrete defects, such as cracks, delaminations, and
concrete disintegration in roadways or bridge structures (Fig-
ure 3.18 to Figure 3.20). To detect subsurface defects, IR
thermography keeps track of electromagnetic wave surface
radiations related to temperature variations in the infrared
wavelength. Anomalies, such as voids and material changes,
can be detected on the basis of variable material properties,
such as density, thermal conductivity, and specific heat capac-
ity. The resulting heating and cooling behavior is compared
with the surrounding material. Infrared cameras measure the
infrared radiation (wavelength ranging from 0.7 to 14 pm)
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that is emitted by a body, and this radiation is then converted
into an electrical signal. These signals are further processed to
create maps of surface temperature. A qualitative data analy-
sis can be done from the thermograms (temperature coded
images) (Maierhofer et al. 2002; Maierhofer et al. 2004;
Maierhofer et al. 2006; Maser and Bernhardt 2000).

Physical Principle

Infrared radiation is part of the electromagnetic spectrum,
with the wavelength ranging from 0.7 to 14 pm. Infrared
cameras measure the thermal radiation emitted by a body,
based on the thermal properties of various materials, and
capture the regions with temperature differences. The three
main properties that influence the heat flow and distribution
within a material include the thermal conductivity (A), spe-
cific heat capacity (Cp), and the density (p).

When the solar radiation or a heater, in the case of active
thermography, heats up the deck, all the objects in the deck
emit some energy back (Figure 3.20). The delaminated and
voided areas are typically filled with water or air, which have
a different thermal conductivity and thermal capacity than
the surrounding concrete. These delaminated areas heat up
faster and cool down more quickly compared with concrete.
They can develop surface temperatures from 1°C to 3°C
higher than the surrounding areas when ambient conditions
are favorable.

Applications

Infrared thermography is mostly used to detect voids and
delaminations in concrete. However, it is also used to detect
delaminations and debonding in pavements, voids in shallow
tendon ducts (small concrete cover), cracks in concrete, and
asphalt concrete segregation for quality control.

Limitations

The method does not provide information about the depth
of the flaw. Deep flaws are also difficult to detect. Finally, the
method is affected by surface anomalies and boundary condi-
tions. For example, when sunlight is used as a heating source,
clouds and wind can affect the deck heating by drawing away
heat through convective cooling.

Chain Dragging and
Hammer Sounding

Description

Chain dragging and hammer sounding are the most common
inspection methods used by state DOTs and other bridge
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Figure 3.18. Infrared thermography testing.

<= Infrared and Visual Cameras

—

Source: Photographs courtesy of Dr. Ken Maser.

Figure 3.19. Infrared thermography.
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Figure 3.20. Principle of passive infrared thermography.

owners for the detection of delaminations in concrete bridge
decks. The objective of dragging a chain along the deck or
hitting it with a hammer is to detect regions where the sound
changes from a clear ringing sound (sound deck) to a some-
what muted and hollow sound (delaminated deck). Chain
dragging is a relatively fast method for determining the
approximate location of a delamination. The speed of chain
dragging varies with the level of deterioration in the deck.
Hammer sounding is much slower and is used to accurately
define the boundaries of a delamination. It is also a more
appropriate method for the evaluation of smaller areas. The
application of the two methods is shown in Figure 3.21.
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Another technology that is close in principle to hammer
sounding is called the rotary percussion system, which is
also accepted as a standard procedure by ASTM D4580-86
(reapproved 1992) for measuring delaminations in concrete
bridge decks. The rotary percussion system consists of multiple,
gear-shaped wheels on the end of a pole. In some rotary percus-
sion systems, a microphone and headphones are connected to
the pole to amplify the sound and block out the ambient noise.
The evaluation involves rolling the toothed wheel over a sur-
face and listening for a change in the sound. Chain dragging
and rotary percussion methods are relatively fast delamina-
tion detection devices that are also very simple to use.

Figure 3.21. Chain dragging (left) and hammer sounding (right).
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Physical Principle

Chain dragging and hammer sounding are categorized as
an elastic wave test. The operator drags chains on the deck,
listening to the sound the chains make. A clear ringing sound
represents a sound deck, while a muted or hollow sound
represents a delaminated deck. The hollow sound is a result
of flexural oscillations in the delaminated section of the deck,
creating a drumlike effect. Flexural oscillation of a deck result-
ing from an impact (the source of the impact can either be
from chain dragging or hammer sounding) is typically found
to be in a 1- to 3-kHz range. This is within the audible range
of a human ear. The presence of any delamination changes the
frequency of oscillation and, therefore, the audible response of
the deck.

Applications

Chain dragging and hammer sounding are mainly used to
detect the late stages of delaminations in concrete structures.
Although chain dragging is limited to horizontal surfaces,
hammer sounding can be used for a wider range of structures.

Limitations

Chain dragging and hammer sounding are dependent on the
operator’s skill and hearing, which makes both methods sub-
jective. Initial or incipient delamination often produces oscil-
lations outside the audible range and thus cannot be detected
by the human ear. As a result, they are not detected by chain
dragging and hammer sounding. Both methods are generally
ineffective for delamination detection on decks with overlays.
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Criteria and Methodology for Evaluating
NDT Methods for Assessment of Bridge Decks

In Chapter 3, all promising NDT techniques for bridge deck
evaluation were summarized and described in terms of their
principles of operation and their applications in the detection
and characterization of certain defects. Limitations of the tech-
nologies were also described. This chapter describes the catego-
rization, grading, and ranking of these promising technologies,
according to a number of selected performance measures. Vari-
ous steps in this process are illustrated in Figure 4.1.

Five performance measures, including accuracy, precision
(repeatability), ease of use, speed, and cost were defined for
each of the identified techniques and graded for the ultimate
ranking of the technology. The ranking was based on a par-
ticular deterioration type and the overall value in evaluating
and monitoring concrete bridge decks. Each performance
measure was assigned a weight factor, on the basis of its
importance in assessing deterioration in bridge decks.

The overall grade for a technology in detecting a particular
deterioration or defect was calculated as the weighted sum of
the grades for all performance measures. For techniques that
can detect multiple types of deterioration and defects, the
grade was determined for each of the deterioration or defect
types. The overall value of the technology for concrete bridge
deck evaluation was calculated as the weighted average from
the grades for different deterioration types. The weight fac-
tors for different deterioration types are identified in the pro-
cess as significance factors.

Performance Measures
and Deterioration
Types Selection

The evaluation of NDT technologies was carried out for the
following four deterioration types:

1. Delamination;

2. Corrosion;

3. Cracking; and

4. Concrete deterioration.
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The rationale behind limiting the deterioration types into
only four categories is the following. Although there are differ-
ent causes for deterioration, in most cases the causes cannot
be determined by NDT technologies; only their consequences
can be determined. For example, corrosion and shrinkage-
induced cracking will result in material degradation, which
can be detected through reduced velocity, modulus, and so
forth. In addition, from the list of all possible deterioration
types and mechanisms, the four deterioration categories con-
sidered are of the highest concern to transportation agencies.

The following are the five performance measures selected
for categorizing and ranking the technologies:

Accuracy;

Precision (repeatability);

Ease of data collection, analysis, and interpretation;
Speed of data collection and analysis; and

Cost of data collection and analysis.

DAl ol S

The rationale used for concentrating on only five performance
measures is the following. Although the description of a par-
ticular performance provides a more detailed description of
that performance in terms of a large number of measures, for
most technologies there is either no information regarding a
specific performance measure or the measure is not applicable
to that particular technology. In addition, analyses in terms
of a smaller number of performance measures are believed
to be of higher interest and practical value to transportation
agencies and industry.

Description and Definition
of Main Deterioration Types

The descriptions of the deterioration categories below are
based on the ability of the NDT technologies to detect them
and thus do not include the causes of the deterioration.

e Delamination. Detection is targeted toward predominantly
horizontally oriented cracks, whether those cracks are
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Figure 4.1. Flowchart of the categorization
and ranking process of NDT technologies.

a result of rebar corrosion, overloading, or other types of
deterioration.

e Corrosion. Detection is directed toward two main objectives:
detection and evaluation of the intensity of active corrosion,
and the severity of existing corrosion.

¢ Cracking. Detection concentrates on the detection and eval-
uation of dominantly vertically oriented cracks.

e Concrete deterioration. Detection involves measuring the
change or variability of material properties, regardless of
the cause (e.g., corrosion, ASR, carbonation, DEF).

Because various deterioration types have different impacts
on the serviceability of the bridge deck, significance factors,
presented in Table 4.1, were assigned to each deterioration
type. The factors used in the technology ranking represent a
consensus of the SHRP 2 Renewal Project RO6A team. These

Table 4.1. Significance Factors for Deterioration Types

Significance Factor

Deterioration Type SHRP 2 Team | DOT Bridge Engineers
Delamination 0.42 0.39
Corrosion 0.35 0.38
Cracking 0.10 0.12
Concrete degradation 0.13 0.11

factors are compared in the same table to the average weights
provided by five DOT bridge engineers. The two groups
similarly identify delamination and corrosion of primary
significance and vertical cracking and concrete degradation
evaluation of secondary significance.

Elements Constituting
Performance Measures

To rank the five major performance parameters in an accu-
rate, repeatable, and practical manner, they were further sub-
divided into up to three subcategories, resulting in a total of
12 factors. These 12 factors, which are mapped into the major
five performance measures in Table 4.2, can be summarized
as follows:

Detectability extent;
Detectability threshold;
Evaluation of severity of deterioration;
Repeatability of measurement;
Speed of data collection;
Speed of data analysis and interpretation;
Expertise needed for data collection;
Expertise needed for data processing and data inter-
pretation;
9. Extent and potential for automation and improvement;
10. Cost of data collection;
11. Cost of data analysis and interpretation; and
12. Cost of equipment, supplies, and equipment maintenance.

PN AR

For each factor, a grade of 1, 3, or 5 was assigned, with 1 being
the least favorable and 5 being the most favorable for a given
technology. The definitions of these grades for each factor are
summarized in Table 4.3.

On the basis of the above descriptions, the performance of
each selected technology was graded for each of the four dete-
rioration types. The final grades obtained for all the selected
technologies and for all deterioration types are summarized
in Table 4.4.
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Table 4.2. Definitions of Performance Measures for Different Deterioration Types
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Performance Measure | Delamination Corrosion Cracking Concrete Deterioration
Accuracy e Estimation of boundaries e Detection of active e Determination of e Determination of the lateral
(extent) of the delamina- corrosion the crack depth boundaries and thickness
tion in the horizontal e Determination of the and width of the deteriorated concrete
direction depth and boundaries of e Detectability threshold
e Determination of the depth corroding rebars e Determination of degree
of the delamination ¢ Detectability threshold (severity) of deterioration
e Detectability threshold e Determination of the
and assessing the degree degree (severity) of exist-
(severity) of delamination ing corrosion
Precision ¢ Repeatability of the mea- e Repeatability of the mea- | e Repeatability of the | e Repeatability of the mea-
surement in estimating surement in detection measurement in surement in detection,
boundaries, depth, and evaluation of severity evaluation of crack determination of deterio-
detectability threshold, of active corrosion, exist- depth and width rated zone boundaries,
and severity of ing corrosion degree, and and evaluation of severity
delamination depth of corroded rebars of deterioration
Ease of use e Ease and expertise level needed for data collection
e Ease and expertise level needed for data analysis
e Expertise level needed in interpretation (relating results of analyses to relevant engineering parameters)
Speed e Speed of data collection
e Extent and potential for automation/improvement of data collection
e Speed of data analysis
e Extent and potential for automation/improvement in data analysis
Cost e Cost of the data collection (including traffic control and other)

e Cost of the data analysis and interpretation

Cost of the equipment (initial), supplies, and maintenance

Table 4.3. Definitions of Performance Parameters and Corresponding Grades

Definition of Grades
Major Weight
Categories Parameter Factor Definition of Parameter | Very Favorable =5 Favorable =3 Not Favorable = 1
Accuracy Detectability 0.3 Minimum extent of Localized Extensive Indirectly evaluated
extent—A1 deterioration that deterioration deterioration with low certainty
should occur before it can be detected can be detected
can be detected
Detectability 0.3 Stage of deterioration at Onset of Advanced Indirectly detected
threshold—A2 which it can be deterioration deterioration with low certainty
detected
Severity of 0.4 Ability of the method to Fully/continuously Quantifies one or Cannot distinguish
deterioration—A3 quantify different quantifies more degrees different degrees
degrees of
deterioration
Precision Precision/ 1.0 Repeatability of data High repeatability High repeatability Low repeatability
repeatability—R1 collection (even under in all aspects only under cer- for any reason
changed environmental tain conditions
conditions), data
analysis, interpretation,
and so forth

Copyright National Academy of Sciences. All rights reserved.
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Table 4.3. Definitions of Performance Parameters and Corresponding Grades (continued)

Definition of Grades
Major Weight
Categories Parameter Factor | Definition of Parameter | Very Favorable =5 Favorable = 3 Not Favorable = 1
Speed Speed of data 0.6 Production rate in terms More than 500 ft#/h More than 100 ft?/h Less than 100 ft#/h
collection—S1 of area coverage (test or 120 test points or 25 test points or 25 test points
point number) per hour
for “good” quality data
Speed of data 0.4 Production rate in terms More than 200 ft?/h More than 50 ft?/h Less than 50 ft?/h
analysis—S2 of area coverage (test or 50 test points or 12 test points or 12 test points
point number) for
preprocessing and
postprocessing
analyses
Ease of Expertise data 0.2 Expertise needed in set- Basic training and Medium expertise High expertise
use collection—E1 ting up instrumenta- little experience and experience and extensive
tion, consideration of needed needed experience
environmental and needed
other effects, and sur-
vey conduct for high-
quality data collection
Expertise data 0.5 Expertise needed in pre- Basic training and Medium expertise High expertise
analysis—E2 and postdata process- little experience and experience and extensive
ing and delineation and needed needed experience
classification of the needed
deteriorated areas
Extent and 0.3 Further potential for auto- | High potential High potential for Little or no poten-
potential for mation in data collec- for both data either data col- tial for auto-
automation—E3 tion, analysis, and collection and lection or data mation of either
interpretation in the data analysis analysis data collection
future or data analysis
Cost Cost of data 0.5 Overall cost is based on Low cost (<$1/ft2) Low cost (<$1/ft?) High cost (>$1/ft2)
collection—C1 direct data collection and no need for and required and required
cost and need for traffic control traffic control traffic control
traffic control
Cost of data 0.3 Overall cost is based on Low cost per unit Medium cost per High cost per unit
analysis—C2 the expertise level and area (<$2/ft2) unit area ($2-4/ft2) area (>$4/ft2)
time needed to analyze
and interpret
Cost of 0.2 Overall cost from equip- Less than Less than More than
equipment—C3 ment purchase and $5,000/year $10,000/year $10,000/year
maintenance, and
supplies per year of
operation
Conclusions types, there is not a single technology that can potentially

The most important conclusions derived regarding the per-
formance and overall ranking of the selected NDT technolo-
gies are provided below. It should be emphasized that these
conclusions are only based on the literature search, which
served as a guideline in the identification of NDT technolo-
gies for the validation testing.

¢ Even though several technologies have shown potential for
detecting and evaluating each of the main deterioration

evaluate all deterioration types.
Six technologies were identified as having a good potential

for delamination detection and characterization. Those are

impact echo, chain dragging and hammer sounding, ultra-
sonic pulse echo, impulse response, infrared thermogra-
phy, and ground-penetrating radar.
Three technologies were identified as having a good poten-

tial for corrosion detection and characterization. Those

are half-cell potential, electrical resistivity, and galvano-
static pulse measurement.

Copyright National Academy of Sciences. All rights reserved.



http://www.nap.edu/22771

Nondestructive Testing to Identify Concrete Bridge Deck Deterioration

33

Table 4.4. Overall Value and Ranking of NDT Technologies

Concrete
Delamination Corrosion Cracking Deterioration
Deterioration Type WF-1=042 | WF-2=0.35 | WF-3 =0.10 | WF—4 = 0.13 | Overall Value | Ranking
Impact echo 4.7 1.0 2.5 3.1 3.0 1
Ultrasonic pulse echo 3.6 1.0 2.6 3.4 2.6 1
Half-cell potential 1.0 4.9 0.0 1.0 2.3 2
Impulse response 3.6 1.0 0.0 2.6 2.2 2
Ultrasonic surface waves 2.5 1.0 3.0 3.4 2.2 2
Ground-penetrating radar 3.0 1.0 1.0 3.1 21 2
Chain dragging/hammer sounding 3.7 1.0 0.0 1.0 2.1 2
Electrical resistivity 1.0 319 0.0 1.0 1.9 3
Infrared thermography 3.2 1.0 0.0 1.0 1.8 3
Galvanostatic pulse measurement 1.0 3.0 0.0 1.0 1.6 3
Visual inspection 1.0 1.0 3.7 1.0 1.3 3
Microwave moisture technique 0.0 1.0 1.0 1.0 0.6 4
Chloride concentration 0.0 1.0 0.0 1.0 0.5 4
Eddy current 0.0 1.0 1.0 0.0 0.5 4

Note: Shaded areas indicate higher performance of the technology in detection and characterization of a particular deterioration type.

¢ Four technologies were identified as having a good poten-
tial for vertical cracking characterization. Those are visual
inspection, ultrasonic surface waves, ultrasonic pulse echo,
and impact echo.

Five technologies were identified as having a potential in
concrete deterioration detection and characterization.
Those are ultrasonic surface waves and pulse echo,

impact echo, ground-penetrating radar, and impulse
response.

The ranking of the technologies was to some extent influ-
enced by the selected performance measures, weight fac-
tors, and significance factors. The closeness of some of the
results necessitates validating the rankings through a series
of field and laboratory testing.
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Approach to Validation Testing

High-speed NDT technologies such as ground-penetrating
radar, infrared thermography, and impact echo scanning
have been increasingly used in recent years for bridge deck
condition assessment. Still, these technologies have not been
widely adapted or accepted for two main reasons: (1) high-
way agencies are not fully aware of the capabilities and limita-
tions of these methods or how they should best be used, and
(2) some agencies have had less-than-positive experiences
with NDT techniques, perhaps because of unrealistic expec-
tations and improper use of these technologies. Therefore, a
plan to evaluate the most promising technologies, both in the
field under actual, production-level conditions and in the
laboratory under controlled conditions, was developed for
the second phase of the project. The performance factors
of highest importance during the laboratory validation were
accuracy and precision. The parameters of the highest impor-
tance in the field validation were speed of evaluation, includ-
ing data collection and analysis; ease of use; precision; and
cost. The following sections describe the validation testing, a
task designed to evaluate the performance of candidate NDT
technologies.

Field Validation Testing

Field validation was conducted on the Route 15 bridge over
I-66 in Haymarket, Virginia. Bridge selection and organiza-
tion of testing were done in collaboration with the FHWA’s
Long-Term Bridge Performance (LTBP) Program, Virginia
Department of Transportation, and Virginia Transportation
Research Council. This bridge was selected because it had
gone through a rigorous evaluation using both destructive
and nondestructive means, visual inspection, and full-scale
loading as a part of the LTBP activities. The instrumentation
and monitoring of this particular bridge within the LTBP
Program commenced in September 2009, which provided a
wealth of information about the bridge condition. The Hay-
market Bridge is a two-span concrete deck on a steel girder
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structure and was constructed in 1979. The bridge has a 15°
skew. The reinforced concrete deck is about 8 in. thick, with
clearly visible deterioration on its surface (Figure 5.1).

In August 2010, the SHRP 2 research team released elec-
tronic announcements regarding the validation testing of
10 nondestructive testing technologies. This was done via
targeted e-mails to industry vendors, manufacturers, and
research centers, along with postings to the TRB, the Ameri-
can Society for Nondestructive Testing, and SHRP 2 websites.
On receipt of invitee responses, the SHRP 2 team provided each
respondent with a detailed description of the planned valida-
tion testing to be conducted. The descriptions included test-
ing objectives, activity scope, participant and research team
responsibilities, and result reporting methods. The final team
comprised eight non-SHRP 2 project participants and two
groups from the institutions of the SHRP 2 project team, but
not the members of the project team. Thus 10 groups in total
were involved in the validation testing. The participating teams
in alphabetical order are as follows:

1. FHWA, Turner—Fairbank Highway Research Center
(Dr. Ralf Arndt);

Germann Instruments;

IDS, Italy;

NDT Corporation;

Olson Engineering;

Rutgers University, CAIT;

3D-RADAR, Norway;

University of Illinois (Dr. John Popovics);

The University of Texas at Austin (Dr. Jinying Zhu); and
The University of Texas at El Paso, CTIS.

¥ PN 2

,_.
e

Henceforth, each participant will be referred to by assigned
numbers from the research teams.

The technologies participating in the validation testing
included ground-penetrating radar, impact echo, surface
wave testing, impulse response, half-cell potential, electrical
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Figure 5.1. Side view of Route 15 bridge over I-66
in Haymarket, Virginia.

resistivity, galvanostatic pulse measurement, infrared thermo-
graphy, ultrasonic pulse echo, and chain dragging and ham-
mer sounding. Some of the technologies were represented by
multiple participants, each using a different system.

Testing was conducted on a 1,008 ft? (84-ft x 12-ft) area,
extending over parts of the shoulder and travel lane (Fig-

Testing
Area

.
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ure 5.2). A 2-ft by 2-ft rectangular grid was marked on the
deck using washable paint. A blue, washable spray paint was
used to mark the grid, rather than the commonly used white
paint, to facilitate better imaging for infrared thermogra-
phy. The origin of the test grid was located 24 ft from the
north expansion joint and 3 ft from the west parapet wall.
The grid had 301 test points. The grid schematic is depicted
in Figure 5.3, and a part of the grid is shown in Figure 5.4.
The participants were required to collect data on the grid
points. However, they were also permitted to collect addi-
tional data, within the allocated time period, after obtaining
the required test location data. Eight locations were marked
on the deck for vertical crack evaluation for those partici-
pants who were engaged in their characterization. To evalu-
ate technology repeatability, all participants were required
to repeat measurements three times along the middle line
(Line D).

Detailed testing plan instructions were provided to all par-
ticipants both before the testing and at the bridge site. These
instructions clearly delineated evaluation objectives, testing
methods, results to be reported, elements of comparative

™

Parking
Area

Figure 5.2. Route 15 bridge over I-66 in Haymarket, Virginia.
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Figure 5.3. Grid schematic with marked locations of vertical cracks (green squares) and extracted cores

(red circles).
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Figure 5.4. Test grid.

evaluation, and technology ranking information. Figures 5.5
to 5.11 illustrate data collection by different participants.

After testing had been completed, eight cores were removed
from the deck by a local contractor. These cores were used to
provide ground truth. Four of the cores were taken at the
vertical crack locations evaluated by the participating teams
(Figure 5.12).

Images of eight cores removed from the deck are shown in
Figure 5.13. All four defects of interest—delamination, cor-
rosion, vertical crack, and concrete deterioration—can be
observed in the cores.

Laboratory Validation Testing

The laboratory validation testing commenced in December
2010 at El Paso, Texas. Two test decks were prepared for the
validation testing. The first test deck was a newly fabricated

Figure 5.5. Impact echo: (left) Germann Instruments; (right) NDT Corporation.

Figure 5.6. Impulse response (left): Germann Instruments. Ground-penetrating radar (right): 3D-RADAR.
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Figure 5.7. Ground-penetrating radar: IDS.

concrete deck with simulated defects, and the other test deck
was removed from a bridge on I-10 in El Paso. The two test
decks were embedded in the ground at a site near the main
campus of the University of Texas at El Paso.

Fabricated Bridge Deck

The fabricated bridge deck was 20 ft long, 8 ft wide, and about
8.5 in. thick and supported by three 1.5-ft-wide prestressed
girders retrieved from a Texas Department of Transportation
(Texas DOT) project (Figure 5.14). Class S concrete mix, as per
Texas DOT Specification 421.4, was adapted for deck con-
struction. This mix requires a minimum 28-day compressive
strength of 4,000 psi and has been widely used in bridge deck
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construction in Texas DOT projects. To simulate an actual con-
crete bridge deck, the slab was finished with a rough top surface.
Water curing was applied to the slab for 7 days after concrete
placement. The 28-day compressive strength and modulus of
the mix were more than 5,000 psi and 4,000 ksi, respectively.

The deck was built with two mats of uncoated steel rein-
forcement. Each of the reinforcement mats consisted of No. 5
steel bars spaced at 8 in. in the transverse direction and spaced
at 10 in. in the longitudinal direction. The top and bottom
concrete covers of the deck were 2.5 to 3 in. and 2 in. thick,
respectively. Nine artificially delaminated areas, two pieces of
corroded reinforcement mats, and four vertical cracks were
built in the deck. In addition, a natural crack was observed in
the deck about 2 weeks after construction.

Figure 5.8. Air-coupled ultrasonic surface wave: University of Texas at Austin.
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Figure 5.9. Half-cell potential (left) and electrical resistivity (right): Rutgers University.

Figure 5.10. Impact echo and surface waves (left) and galvanostatic pulse measurement (right):
Olson Engineering.
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Figure 5.11. Infrared thermography (left): FHWA. Ground-penetrating radar (right): NDT Corporation.

Figure 5.15 depicts an overview of the approximate distri-
bution of the as-built defects in this deck. The information
about each defect is summarized in Table 5.1. In Figure 5.15
and Table 5.1, DL denotes delaminations and CK denotes
vertical cracks.

Ideally, corrosion should be built on the original steel bars
used for the enforcement for HCP and ER testing. However,

Figure 5.12. Vertical crack and core locations.

because of the fund restriction and time limitation, it is practi-
cally impossible to build accelerated corrosion of 2 to 3 ft long
on each 20-ft or 8-ft-long regular steel bar. Instead, thirty two
30-in.-long steel bars were pretreated in a manual way similar
to the practice of ASTM B-117 [Standard Practice for Operat-
ing Salt Spray (Fog) Apparatus]. One-half of these bars were
treated for 2 months and another one-half for 3 months. They
were then used to build two sets of corrosion mats. The two
sets of corrosion mats were merged parallel to one another
and electrically connected to the normal reinforcement bars
at one end of the fabricated deck (Figure 5.16).

To inspect the behavior of the materials used to simulate
delaminations and to check the status of rebar corrosion, four
cores (C1, C2, C3, and C4) were extracted from the deck at
the locations shown in Figure 5.17 after all validation tests
had been completed.

Images of the four cores from the fabricated deck are
shown in Figure 5.18. Cores C1, C2, and C3 reflect three
different levels of delamination. Core C4 shows the status
of the corroded bar 8 months after placement; that is, red
corrosion (Fe,0;; also see Figure 5.16) turned to black

(text continues on page 43)
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(e) )
Figure 5.13. Cores 1 (a), 2 (b), 3 (c), 4 (d), 5 (e and f).
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Figure 5.13. (continued) Cores 6 (g and h), 7 (i), and 8 (j).
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(b)
Figure 5.14. Fabricated slab: (a) schematic and (b) curing.
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Figure 5.15. Overview of defect distributions in fabricated slab.
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Table 5.1. Detailed Information of Defects in Fabricated Concrete Deck

Defect Type Code Size (in.) Depth (in.) Description
DL1 12x12 2.5-3.0 Soft and high-strength, thin (about 1 mm) foam
DL2, DL3 24 x 24 2.5-3.0
DL4 12x12 2.5-3.0 Soft and high-strength, thick (about 2 mm) foam
Delamination
DL5, DL6 24 x 24 2.5-3.0
DL7 24 x 24 6-6.5
Soft and high-strength, thin (about 1 mm) foam
DL8 24 x 48 6-6.5
DL9 12x24 2.5-3.0 Very thin (about 0.3 mm), soft polyester fabric
CK1, CK2 12 (length) | 2.5 Soft thin cardboard
CK3 12 (length) | 3.0
Vertical crack Soft thick cardboard with void
CK4 12 (length) | 6.0
CK5 13 (length) | 2.5-3.0 Natural, fine crack?
Rebar corrosion | 30 in. x 30 in. (each mat) 2.5 and 6.5 (midpoints) | 1-to 2-mm deep corrosion

a1t extended to the edge of the deck, and its depth is measurable.

(continued from page 39)
corrosion (Fe;O,). The mechanism for this change is un-
clear in this situation.

Recovered Bridge Deck

A 9-ft by 14-ft section was removed from a distressed highway
bridge along Interstate 10 near El Paso, Texas. The bridge deck
consisted of arch-type concrete overlaid by a 4—in.-thick, hot-
mix asphalt surface (Figure 5.19). The arch-type concrete
showed continuous cracks at the bottom of each arch.

Red Corrosion (Fe20s3) After all validation tests had been completed, seven cores
were taken from the deck (Figure 5.20). These cores indicate
that the deck is seriously delaminated and cracked, which

Figure 5.16. Setup of the corroded steel bar seemed to be stress-induced by traffic loading, because almost
mat in the fabricated deck. no corrosion was observed from the cores.
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1 3 5 7
Shallow Delamination === Shallow Very Thin Delamination
Shallow Severe Delamination Deep Delamination
Vertical Cracking Rebar Corrosion
---@ -- Test Lines and Points ®  Core Location

Figure 5.17. Locations of coring on fabricated deck.
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Corroded Rebar in Core:
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Figure 5.18. Cores from fabricated bridge deck.

Arch Bridge Deck Removed Section Crack at Arch Bottom

Figure 5.19. Bridge with arch deck.
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Location of coring on the recovered bridge deck.

On line D (on arch).

On line C (between arches).

On line B (on arch).

Figure 5.20. Cores from recovered bridge deck.
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Preparation for Validation Testing

To facilitate testing, compacted soil shoulders and ramps
were built surrounding the fabricated slab, so that the sur-
face was vehicle accessible, as shown in Figure 5.21. Similarly,
the recovered bridge deck was placed into the soil ground. The
hot-mix asphalt surface was removed from the deck before
testing to eliminate any potential effect on the measurements.
For the fabricated bridge deck, the grid test points were 1 ft
apart, although the test points were 1.5 ft apart for the recov-
ered bridge deck.

All the field validation testing participants took partin the
laboratory testing as well. The participants were asked to sub-
mit the results no later than 2 weeks after conducting their
tests. Figures 5.22 to 5.25 illustrate data collection by different
participants.

Figure 5.21. Fabricated bridge deck (top) and recov-
ered bridge deck (bottom) in place for testing.

Figure 5.22. Air-coupled impact echo (left): University of lllinois. Impact echo (right): NDT Corporation.
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Figure 5.23. Impact echo (left): Olson Engineering. Impact echo (right): Rutgers University.

Figure 5.24. Air-coupled impact echo (left): University of Texas at Austin. Ground-penetrating radar (right):
Rutgers University.

Figure 5.25. Infrared thermography (left): FHWA. Ultrasonic surface waves (right): Rutgers University.

Copyright National Academy of Sciences. All rights reserved.
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Results and Discussion

Each participant submitted a report within 2 weeks of test-
ing, as per the instruction provided to them before testing.
The results from both laboratory and field validation testing
are presented and discussed in this chapter, as submitted by
the participants.

Field Validation Testing

As shown in Figures 5.12 and 5.13 in Chapter 5, the Virginia
bridge section was distressed at least by delaminations and
vertical cracking. Results from validation tests on that bridge
section by different NDT methods and devices are as follows.

Impact Echo

Five participants conducted IE tests on the Haymarket Bridge
section. Results from these tests are compared in Figure 6.1. All
the participants identified five sections of the deck with pre-
dominant delaminations. Despite using various impact sources
and different parameters (frequency, amplitude, thickness) for
data analysis, the resulting contour maps and interpretations
are generally in good agreement in defining the main areas of
delamination. Comparing these maps with the observations
made from the cores (Figure 5.13 in Chapter 5) confirms the
capability of the impact echo method in detecting major
delaminated areas. On each map, locations of the delaminated
cores are marked with stars, and locations of the cores where
no delamination was observed are marked with circles.

Ultrasonic Surface Waves, Impulse Response,
Infrared Thermography, and Chain Dragging
and Hammer Sounding

The ultrasonic surface waves (USW) data are presented in Fig-
ure 6.2a. The primary objective of the USW test is to provide
the condition assessment and quality of concrete through mea-
suring concrete modulus. However, the presented modulus
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plot indicates that zones of very low moduli provide a good
match with delaminated zones identified by other methods.
Other technologies that primarily targeted delaminations
were impulse response, infrared thermography, and chain drag-
ging and drag/hammer sounding. Chain dragging and drag/
hammer sounding indicate delaminations at the correct loca-
tions on the deck (Figure 6.2b through 6.2d). The impulse
response technology was not very successful in detecting the
delaminated areas. Infrared thermography was not as successful
in identifying the delaminated areas. One of the reasons for this
was that there were many people on the deck running various
tests simultaneously. The shadows cast from these people could
have affected the results. Therefore, it was difficult to draw a
reasonable conclusion from the infrared thermography data.

Ground-Penetrating Radar

Five participants conducted GPR tests on this bridge section.
Results from these tests are compared in Figure 6.3. All GPR
maps are based on signal attenuation of the top rebar level.
The delaminated areas are indirectly detected based on the
areas with high-energy attenuation. Despite some discrepan-
cies between maps regarding boundaries and the intensity of
the deterioration, they are generally in good agreement. The
five sections of the deck with predominant delaminations
were also identified as deteriorated areas by all participants
using GPR (Figure 6.3). These areas to some extent match
those identified by the impact echo method (Figure 6.1).

The depth of the concrete cover that was estimated by a
participant using GPR is shown in Figure 6.4.

Electrical Resistivity and Half-Cell Potential

Electrical resistivity describes the corrosive environment,
which in some cases is correlated to the corrosion rate, while
the half-cell potential measurement yields the probability

(text continues on page 52)
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Figure 6.1. Comparison of results from IE tests on actual bridge section by different participants.
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Figure 6.2. USW (a), impulse response (b, c), infrared thermography (d), chain
dragging and hammer sounding (e).
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Figure 6.3. Comparison of results from GPR tests on actual bridge section by different participants.
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Figure 6.4. Concrete cover estimation based on GPR results.

(continued from page 48)
of active corrosion. Although these measurements represent
different parameters, maps obtained from the two techniques
correlate well (Figure 6.5). It must be noted that this is not
always the case, and one technique cannot replace the other.
Tables 6.1 and 6.2 show how well various participants’
results were in agreement with the core conditions in terms of
delamination detection. It should be again emphasized that

this evaluation is not technology centered; rather, it is based
on the participants. In these two tables, the red cells corre-
spond to a falsely detected delamination and the green cells
correspond to a correctly detected delamination. A cell is yel-
low if the prediction was somewhat similar to the core condi-
tion. NA means that the participant did not provide data for
that particular core. All technologies report a number of false
readings; however, most major defects are detected.
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Figure 6.5. Electrical resistivity (a) and HCP (b).
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Table 6.1. Detectability of Delamination by IE and Chain Dragging

and Hammer Sounding Methods

Participant | Technology

1E
Chain dragging and
hammer sounding
Air-coupled IE

1E

1E
Infrared

NP |IN[O| ©

No data available:
NA

Approximate Detection

Table 6.2. Detectability of Delamination by GPR

Repeatability Measurements

The participants chose a number of ways to report their repeat-
ability measurements. Some of the participants described and
illustrated the repeatability of the technology in terms of the
measured raw data, whereas others described the repeatability
after some degree of analyzing the raw data. A third group
reported the repeatability after the interpretation of the results.
Figure 6.6 is a sample of the results extracted from the partici-
pants’ reports. The top figure illustrates the repeatability of a
series of impact echo measurements described in terms of the
frequency spectra (analyzed data). The next figure illustrates
the repeatability of the impact echo measurements in terms of
the delamination characterization (interpreted data). Finally,
the two sets of repeatability results for half-cell potential and
electrical resistivity are based on the raw field measurements.

Laboratory Validation Testing:
Fabricated Bridge Deck

Impact Echo

Six participants conducted either the ground-coupled IE or
air-coupled IE tests on the fabricated deck to primarily detect
the delaminated areas simulated in the deck. The condition
maps reported by the participants are shown in Figures 6.7
and 6.8. For comparison, the horizontal distribution of
defects as-built in the deck is also shown in each figure. For
example, the main features in Figure 6.7c correspond to the

No data available:

Approximate
Detection NA

frequency of the peak amplitude across the tested surface. Cold
colors in this figure correspond to a lowest-frequency response,
which is an indication of delamination. Another way of pre-
senting the data is the cloud plot as shown in Figure 6.7d.
Inspecting the two plots simultaneously may help improve the
interpretation of the results. The participant’s protocol is to
mark regions that exhibit both dense data cloud formation up
to 4 kHz (Figure 6.7d) and a dominant low frequency (Fig-
ure 6.7c), which indicate the likelihood of a near-surface
delamination. Regions that exhibit only sparse cloud forma-
tion up to 4 kHz, yet do exhibit a dominant low frequency,
indicate the likely presence of other types of degradation.

There is a good agreement between the maps provided by
the participants, especially in identifying the shallow delami-
nated areas. Both the air-coupled IE and ground-coupled IE
methods show an acceptable capacity for detecting shallow
delaminations. Significant experience seems to be needed in
deep delamination detection and characterization.

Ground-Penetrating Radar

Five participants used GPR with only one system mounted
on a vehicle. GPR condition maps are depicted in Figures 6.9
and 6.10. Some of the GPR condition maps identify the main
areas of delamination, but in general the detection is not
good. The likely reason for that can be explained in the fol-
lowing way. The artificial delamination in the fabricated deck

(text continues on page 60)
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Figure 6.6. Repeatability measurement results. Spectral amplitude, air-coupled IE (a);
ratings based on spectral frequency, IE (b); voltage, HCP (c).

(continued on next page)
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Figure 6.6. (continued) Repeatability measurement results. Resistivity, ER (d); signal
attenuation, GPR (e); and modulus, USW ().
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Figure 6.9. GPR condition maps: plan of fabricated deck (a), Participant 8 (b), Participant 4 (c), and Participant 5 (d).
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Figure 6.10. GPR condition maps: plan of fabricated deck (a), Participant 1 (b), and Participant 9 (c, d).
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(continued from page 53)
was created through the placement of synthetic inserts and not
through the penetration of moisture and chlorides that would
create a corrosive environment leading to rebar corrosion.
A corrosive environment that would foster concrete dete-
rioration (and, in advanced stages, initiate delamination at
the rebar level) manifests itself as a very high attenuation of the
GPR signal. Therefore, employing GPR in this fashion, where
attenuation-based deterioration is the key to identifying poten-
tially delaminated zones, means nothing in this fabricated
specimen. One of the participants was able to recognize plastic
inserts as anomalies in the GPR B-scans but did not identify
the same thing in the attenuation plot (Figure 6.10c and 6.10d).
This is because the inserts happened to be thick enough and
produced enough dielectric contrast to be directly imaged.
Results of this testing also confirm that corrosion-induced
delaminations in real bridge decks are not easily reproducible in
the laboratory using inserts. As shown previously, corrosion and
corrosion-induced delamination were detected during the field
validation using other NDT methods. These areas of delamina-
tion and highly active corrosion primarily existed in the areas
where there was a highly attenuated GPR signal measured at the
top rebar level. This confirms the indirect detection of delamina-
tion by GPR in real decks through EM wave attenuation caused
by a conductive concrete, instead of through imaging.

Infrared Thermography

The participant conducting passive infrared thermography
tests used a FLIR T400 camera. Two sets of images from these
tests at two different times and ambient temperatures are
shown in Figure 6.11. Figure 6.11b (40 min after sunrise)
shows much clearer images than those shown in Figure 6.11¢
(at about noontime) and provides information on the sever-
ity of the delamination by the significant difference in color.
The difference in color indicates that the time and temperature
are critically important to successfully detect the delamination
with infrared methods. In addition, the fact that the delamina-
tion in this deck is simulated with plastic foam materials has to
be considered. In heat capacity and heat conductivity, such
materials are significantly different from air.

Chain Dragging and Hammer Sounding,
Half-Cell Potential, and Electrical Resistivity

The condition maps based on chain dragging and hammer
sounding, HCP, and ER are shown in Figure 6.12. Chain
dragging was able to detect shallow delaminations except for
the thin or small ones, but was not able to detect the deep
delaminations.

Half-cell potential could recognize some corrosion activity
on the right side (upper right corner in Figure 6.12) of the

embedded reinforcement but not on the left side (lower right
corner in Figure 6.12). The reason for this is that before HCP
testing, the embedded electrical connection to the left section
of steel was broken. This did not allow an electrical connec-
tion to be established with that portion of the reinforcement.
Because the right and left sections of steel were not electri-
cally continuous, an individual connection was required for
each section in order to perform HCP. Finally, the resistivity
map does not actually yield any information regarding the
deck condition because the corrosion of the steel was not
the result of a natural process, such as chloride and moisture
ingress into the deck or concrete carbonation. Instead, the
previously corroded rebars were placed in the deck.

Surface Wave Methods

Four participants reported their results from the surface wave
methods. One participant mapped the variation in modulus
along the depth (Figure 6.13). As anticipated, the variation in
modulus is reasonably uniform except for the delaminated
areas that show as degraded concrete. Three participants used
the method to estimate the depth of the simulated cracks.
One participant used the ultrasonic waves’ time of flight and
another participant used the SASW method. One participant
used two alternative methods: surface wave transmission
(SWT) and time-of-flight diffraction (TOFD). The results are
presented in Table 6.3. The SWT method seems to be the
most reasonable one.

Laboratory Validation Testing:
Retrieved Bridge Deck

This deck, as shown in Figure 5.19 in Chapter 5, was seriously
distressed. The deck almost universally contained stress-
induced cracks of different orientations and was extensively
delaminated. Information from coring further confirmed
the seriously distressed situation of the deck (see Figure 5.20).
The main goal of the deck validation tests was to evaluate the
detectability of various NDT methods when a deck is severely
distressed. The condition maps for the retrieved bridge
section, as reported by different participants, are shown in
Figures 6.14 through 6.18. Some of the participants chose
not to report their results on this deck while others used
the results from multiple tests they performed to interpret
the results.

Table 6.4 and Table 6.5 show the comparisons (in the same
format as for the Virginia bridge) between results reported by
participants and the cores’ conditions in terms of delamina-
tion detection. None of the participants could report with
certainty that the deck was uniformly damaged. This may be
because most methods rely on anomalies in the signal to deci-
pher the condition of the deck.
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Figure 6.11. Infrared images: plan of fabricated deck (a) and Participant 2 (b, c). Infra-
red image (c) is taken from the opposite side.
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Figure 6.12. Plan of fabricated deck (a), chain dragging and hammer sounding (b), HCP (c), and ER (d). Participant 9.
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Figure 6.13. Plan of fabricated deck (a) and apparent modulus mapping for
delamination (b). Participant 10.

Table 6.3. Comparison of Crack Depths (in.)
Estimated by Participants and As Built

Crack Ultrasonic SASW SWT TOFD  As Built
CK1 Down to top rebar 6.0 20~25 NA 2.5
CK2 Surface 4.8 11~15 NA 25
CK3 Between two rebar mats 4.8 25~387 3.8 3.0
CK4 Down to top rebar 5.4 40~57 5.8 6.0
CK52 Down to top rebar Shallow  NA NA 2.5

Note: NA = not available.
aNatural crack from the edge of the deck (depth was measured at the edge).
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Figure 6.14. Impact echo condition maps: Participant 4 (a), Participant 6 (b), Participant 1 (c), and Participant 7 (d).
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Figure 6.15. GPR condition maps: Participant 8 (a), Participant 4 (b), Participant 5 (c), and Participant 1 (d).
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Figure 6.16. Condition maps of chain dragging and hammer sounding (a); HCP, Participant 9 (b); and infrared
thermography, Participant 2 (c, d).
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Figure 6.17. Impact echo condition maps: Participant 9.
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Figure 6.18. GPR condition maps: Participant 9.

Table 6.4. Delamination Detectability by Impact Echo, Infrared, and

Chain Dragging and Hammer Sounding

Participant

Technology/Device

Coring Location

B1

B2

B3 B6 C3 D2 D4

IE/Ultrasonic

IE Scanning

Air-coupled IE

Air-coupled IE

o|lN|lo| ]|k

Air-coupled IE

Infrared
(fusion image)

Chain dragging
and hammer
sounding

Approximate Detection

Table 6.5. Detectability of Delamination by GPR

Participant

Technology/Device

Coring Location

Bl

B2

B3 B6 C3 D2 D4

GPR

Aladdin 2 GHz

Geoscope 3 GHz

RIS Hi BrigHT

oo~ |-

2.6 GHz

Approximate Detection
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Evaluation and Ranking of NDT for
Condition Assessment of Bridge Decks

The performance of NDT technologies was generally evalu-
ated from the perspective of five performance measures:
accuracy, precision (repeatability), ease of use, speed, and
cost. The field validation testing focused mainly on the evalu-
ation of speed, precision, ease of use, and cost, because the
evaluation of accuracy was limited by the extent of ground
truth information. Evaluation of the technologies’ accuracy
in detecting deterioration, however, was the primary objec-
tive of the laboratory testing.

Assessment of
NDT Technologies

The criteria for the evaluation and ranking of the NDT methods
and devices were discussed in Chapter 4. Those criteria were
applied, with some minor adjustments, using the quantitative
results obtained from the field and laboratory studies.

Accuracy

The accuracy was judged on the basis of the following three
criteria defined in Table 4.3: (1) detectability extent, (2) detect-
ability threshold, and (3) severity of deterioration. Detect-
ability is the most fundamental parameter for the evaluation
of any NDT technology. If a certain defect cannot be detected
by a given technology, the other four performance measures
are meaningless. In principle, the detectability can be trans-
lated into the ability of a given technology to locate a given
defect as accurately as possible. At the same time, the same
technology should not report an intact location as defective. In
other words, the number of false-positive and false-negative
results should be minimal.

Delamination

Five groups of technologies were evaluated for the detection
of delamination (see Table 6.4). For delamination detection,

the detectability extent was judged by how accurately each
technology detected the area and existence of the delami-
nated areas. The detectability threshold was assessed by the
smallest delaminated area that a technology could detect. The
severity of the deterioration was judged by how well a tech-
nology could be delineated among advanced stages of delam-
ination versus the onset of delamination and whether it can
distinguish between a deep or shallow delamination. Based
on the criteria defined in Table 4.3 and the preceding expla-
nation, the accuracy of the five technologies is presented in
Table 7.1. When multiple vendors used the same technology,
the average and maximum points earned are reported. The
average point can be considered as the status of the state of
the practice at this time and the maximum point corresponds
to the state of the art.

In general, the IE method is the most accurate technology
with an average point of 2.8/5. The infrared thermography
technology and the GPR were reasonably accurate as well.
The main concern with the infrared thermography technol-
ogy was that it was very sensitive to the environmental condi-
tions and that there is a small window during the day during
which the technology works well. The ranking of the GPR
would have improved if the delaminated areas were moisture
filled and chloride filled. The materials used in the laboratory
experiments to simulate the delamination were more repre-
sentative of the air-filled delamination. As reflected in Chap-
ter 6, chain dragging was not very successful for detecting the
delaminated areas that were small or deep. None of the ven-
dors conducted the impulse response tests on the laboratory
specimens; as such, the subsequent ranking of the method
was primarily based on the work done on the Virginia bridge.

Rebar Corrosion

Three technologies were evaluated for rebar corrosion. The
evaluation criterion was based on the ability of the participants
to distinguish the difference between the area constructed with
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Table 7.1. Grading of NDT Technologies Based on Accuracy

Performance Parameters for Accuracy

Detectability | Detectability Severity of
Extent Threshold Deterioration Average | Maximum
Defect Technology Participant | Device (WF = 0.3) (WF = 0.3) (WF = 0.4) Grade Grade Grade
Delamination GPR 8 Air coupled 3 3 1 2.2
4 Ground coupled 3 3 1 2.2
1.7 2.2
5 Ground coupled 1 3 1 1.0
9 Ground coupled 3 3 1 2.2
IE 4 Scanning system 3 3 3 3.0
6 Air coupled 5 5 1 3.4
7 Air coupled 3 3 1 2.2 2.8 3.4
1 Scanning system 3 3 1 2.2
9 Scanning system 3 3 3 3.0
IE-USW 9 Stationary 3 5 1 2.8 2.8 2.8
Infrared 2 Handheld camera 3 3 1 2.2 2.2 2.2
Chain dragging 9 NA 3 1 1 1.6 1.6 1.6
Rebar corrosion GPM-HCP 4 Stationary 3 1 3 2.4 2.4 2.4
GPR 1 Ground coupled 1 3 1 1.6
1.6 1.6
5 Ground coupled 1 3 1 1.6
HCP 9 Stationary 3 3 1 2.2 2.2 2.2
Crack depth SASW 1 Stationary 3 1 1 1.6
2.3 3.0
4 Stationary 3 3 3 3.0
SWT 7 Stationary 3 3 3 3.0 3.0 3.0
TOFD 7 Stationary 3 1 1 1.6 1.6 1.6
Concrete degradation | USW 9 Stationary 3 3 5 3.8 3.8 3.8
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corroded rebar and the rest of the deck that was built with new
rebar. The GPM, HCP, and ER technologies were marginally
successful in reporting changes in parts of the deck that were
constructed with the corroded rebar. However, it should be also
mentioned that the three technologies were not developed to
detect or measure the degree of rebar corrosion. Instead, they
are used to measure corrosion activity, corrosion rate, or to
describe the corrosive environment of concrete.

One of the limitations of the reviewed and evaluated tech-
nologies is the assessment of the activity and rate of corrosion
when epoxy-coated rebars are used in the deck. Although the
measurements have been conducted and reported using
GPM and HCP, no clear guidelines regarding the interpreta-
tion of the measurement results can be provided. The charac-
terization of a corrosive environment using ER, however, is
not affected by the rebar type in the deck.

Depth of Vertical Crack

The evaluation of the three sonic methods that were used to
detect the depth of cracks was rather straightforward because
the depth of the embedded cracks was known, as discussed in
Chapter 6. The most promising methods were SWT and
SASW used by one of the participants. Because the cracks
were evident from the surface, a detectability extent of 3 was
given to all methods.

Concrete Degradation

Only one participant reported information about concrete
degradation. As reflected in Table 7.1 and based on tests of the
Virginia bridge, the USW method was successful in quantify-
ing the degradation of concrete. Strictly speaking, the limita-
tion of that method is that the delaminated and cracked
concrete show as degraded concrete as well.

Repeatability

One of the challenges in making an objective comparison
between technologies and participants is that the repeatabil-
ity of the presented results needed to be made for different
data or results “levels.” A level indicates whether the repeated
data are just collected, are collected and analyzed, or are
analyzed and interpreted. For example, HCP and ER do not
require any data reduction, and the condition maps are gen-
erated from the raw collected data. However, GPR and IE
results must be analyzed before generating the contour maps.

One approach to measure the technology repeatability was
by using the coefficient of variation (CV). For each individual
test, CV at every test point was obtained by calculating the
standard deviation ¢ of the three runs, divided by their cor-
responding mean value p (CV = o/p). The upper and lower

bounds of CVs with a 95% confidence interval (CI) were cal-
culated for each test by adding and subtracting the CI to and
from the mean CV.

Figure 7.1 depicts the CV, and the upper and lower bounds
for each test. Figure 7.1a shows the repeatability results for
the technologies detecting delamination, and Figure 7.1b
demonstrates the results for technologies detecting and
describing corrosion activity or environment. As can be seen
from Figure 7.1a, the IE system of Participant 1 has the lowest
CV (better repeatability), followed by Participants 7, 3, and 4.
It should be mentioned that the data used in the repeatability
study varied between the participants who presented the
simple analyzed data and those who presented the interpreted
data. Given that the CVs are all rather small (<0.25), one can
argue that all of them have an acceptable repeatability. The
same argument is valid for the technologies detecting corro-
sion; electrical resistivity has the lowest CV followed by GPR
and HCP (Figure 7.1b). Electrical resistivity and GPR have a
smaller half-width compared with HCP, which shows that
these two tests are more repeatable than HCP. However, the
final repeatability grading of technologies could not be based
on CV because some of the participants submitted their raw
data for which it was not possible to calculate CV. This is the
reason some of the participant results are missing in Fig-
ure 7.1. Therefore, grading based on the provided graphical
presentations of the data and results, although somewhat
subjective, was selected as a better approach to repeatability
evaluation.

Unlike the other performance measures, repeatability is
hard to quantify for infrared thermography. However, paying
attention to the infrared thermography concept helps to clarify
the issue. To detect damage in the deck, infrared thermography
uses relative values (i.e., the temperature difference between
the deteriorated sections and those that can be described to be
in sound condition). The stronger the contrast is, the more
pronounced the deterioration (delamination) will be. Thus, as
long as the heat conduction conditions are the same, it will be
repeatable. The effect of debris on the deck, vehicles and people
casting shadows, markings on the deck, time of the day, and so
forth, however, also need to be taken into account. The grades
for repeatability are provided in the summary table (Table 7.7).

Speed

Speed as a performance measure has two main components:
speed of data collection and speed of data analysis and inter-
pretation. For most agencies, speed of data collection is more
important because of the cost of traffic control and losses and
inconveniences associated with traffic interruptions. The
data collection speed of the participating technologies was
evaluated on the basis of the records taken during the con-
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Figure 7.1. Repeatability for detection of delamination (a)
and characterization of corrosion activity or corrosive

environment (b).

duct of the field validation testing. The data analysis and
interpretation speed were graded on the basis of the informa-
tion provided by the participants.

Speed of Data Collection and Coverage

Some technologies collect data in a continuous manner,
whereas other technologies are spot measurements. There-
fore, the speed of data collection is expressed in terms of the
production rate, which is the area coverage per hour needed
for high—density data coverage. The high density of data
coverage in this case is the data collected on a 2-ft x 2-ft grid.
Therefore, the speed was calculated by using the area cover-
age per hour for both continuous and point measurements.
The time taken to perform the repeatability measurements
was excluded in the speed calculation. A grade of 1 to 5 was

assigned to each technology, with 1 being the least favorable
and 5 being the most favorable (the fastest technology in
terms of speed of data collection). The grading was assigned
as follows:

5: Area coverage greater than 2,000 ft?/h;

4: Area coverage between 1,500 and 2,000 ft*/h;

3: Area coverage between 1,000 and 1,500 ft/h;

2: Area coverage between 500 and 1,000 ft*/h; and
1: Area coverage less than 500 ft*/h.

Speed of Data Analysis and Interpretation

Data analysis is defined as the processing of raw data collected
by the device and includes preprocessing (e.g., background
removal); data analysis and presentation, whether this is done
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by a single parameter or a graphical output; and data inter-
pretation. The grades are defined on the basis of the produc-
tion rate. Again, the equivalency is expressed in terms of the
number of spot measurements analyzed and interpreted. The
speed evaluation results for each participant are presented in
Table 7.2. The grades were assigned as follows:

e 5: Data analysis for more than 1,000 ft*/h;
e 3: Data analysis between 500 and 1,000 ft*/h;
e 1: Data analysis less than 500 ft*/h.

The overall grade was obtained by assigning a weight factor
of 0.6 to the speed of data collection and a weight factor of
0.4 to the speed of data analysis and interpretation.

The overall grades for each particular technology are calcu-
lated for the ultimate ranking of the technology. The results
for both the data collection and data analysis are summarized
in Table 7.3. The average grade is the mean of all grades cal-
culated for all the participants. A grade of 1, 3, or 5 was
assigned to each technology, with 1 being the least favorable
and 5 being the most favorable (the slowest technology in
terms of speed of data analysis and interpretation).

Infrared thermography, ground-penetrating radar, electri-
cal resistivity, half-cell potential, and impulse response can be
conducted at a higher speed rate than the other technologies.
Chain dragging and hammer sounding has a medium speed,
and galvanostatic pulse measurement, ultrasonic surface
waves, and impact echo are of the lowest speed.

Table 7.2. Grading of the NDT Technologies Based on Speed

Speed (ft2/h)
(Raw Data) Speed (Grade)
Data Data Collection | Data Analysis | Overall
Technology Participant | Collection Data Analysis (WF = 0.6) (WF =0.4) Grade
Infrared 2 1,750 1,008 4 5 4.4
GPR (Aladdin) 4/5 2,931 Information not provided 5 3 4.2
GPR 8 2,871 600 5 3 4.2
GPR 9 2,313 800 5 3 4.2
GPR 4 2,032 Information not provided 5 3 4.2
Electrical resistivity 9 1,415 1,008 3 5 3.8
Infrared 10 1,227 Information not provided 3 5 3.8
Half-cell potential 9 1,156 1,008 3 5 3.8
Impulse response 3 1,217 1,008 3 5 3.8
GPR (hand cart) 1 2,188 252 5 1 3.4
GPR 5 2,060 120 5 1 3.4
Chain dragging and 9 802 1,008 2 5 3.2
hammer sounding
IE-SASW (surface wave) 4 1,654 Information not provided 4 1 2.8
IE 4 1,569 Information not provided 4 1 2.8
IE 1 1,551 168 4 1 2.8
Galvanostatic pulse 4 517 Information not provided 2 3 2.4
PSPA 9 516 630 2 3 2.4
IE 9 1,018 336 3 1 2.2
IE 6 797 336 2 1 1.6
Air-coupled IE 7 575 336 2 1 1.6
USW (for vertical cracks) 4 na na na na na
Vertical cracks (surface 7 na na na na na
wave: USW)

Note: WF = weight factor; PSPA = portable seismic property analyzer; na = not applicable.

Copyright National Academy of Sciences. All rights reserved.



http://www.nap.edu/22771

Nondestructive Testing to Identify Concrete Bridge Deck Deterioration

Table 7.3. Speed

Number of Maximum | Average
Technology Participants Grade Grade
Infrared 2 4.4 4.1
GPR 5 4.2 3.9
ER 1 3.8 3.8
HCP 1 3.8 3.8
Impulse response 1 3.8 3.8
Chain dragging 1 3.2 3.2
GPM 1 2.4 2.4
Usw 1 2.4 2.4
IE 6 2.8 2.3
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Ease of Use

The following parameters were considered in evaluating the
ease of use of each technology: expertise in data collection,
number of operators, ease of maneuvering, physical effort
for the setup, expertise in data analysis, and potential for
automation. The grades for some of the parameters are
based on observations at sites where the tests were being
performed, including expertise in data collection, number
of operators, ease of maneuvering, and physical effort for
setup and movement. Grading for “expertise in data analy-
sis” and “potential for automation” is based on both the
information provided by the participants and the judgment
of the research team, which is based on the submitted reports
from participants (Table 7.4). The results are summarized
in Table 7.5.

Table 7.4. Grading of NDT Technologies Based on Ease of Use

Data Data Potential for
Collection | Analysis | Automation
Overall Index for
Technology Participant WF =045 | WF=0.4 WF =0.15 Ease of Use
Infrared 10 3.7 5 3 4.1
Chain dragging/hammer 9 3.4 5 3 4.0
sounding
Infrared 2 3.2 5 3 3.9
Resistivity 9 3.7 3 5 3.6
HCP 9 3.2 3 5 3.4
Impulse response 3 2.3 3 3 2.7
GPM 4 21 3 3 2.6
IE 9 3.0 1 5 2.5
GPR 9 3.2 1 3 2.3
GPR 1 3.2 1 3 2.3
GPR 5 3.2 1 3 2.3
GPR 4 3.2 1 3 2.3
IE-SASW (surface waves) 4 3.2 1 3 2.3
Acoustic sounding 4 3.2 1 3 2.3
usw 9 3.2 1 3 2.3
GPR 4/5 2.8 1 3 2.1
IE 1 2.8 1 3 2.1
GPR 8 2.3 1 3 1.9
Air-coupled IE 7 2.3 1 3 1.9
USW (for vertical cracks) 4 1.9 1 1 1.4
Vertical cracks (USW) 7 1.9 1 1 1.4
IE 6 1.0 1 3 1.3

Note: WF = weight factor.
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Table 7.5. Ease of Use

To evaluate the cost-effectiveness of each technology, each

participant was asked to provide a cost estimate for two hypo-

Technology P'::-tr;::'i):;:tfs Mg’:ia':;:m Aé‘:;zge thetical bridges that have a deck area of 5,000 ft* and 10,000 ft2.

The two bridges would be located within 100 miles of the par-

Infrared 2 41 4.0 ticipant’s office. Because this was assumed to be a production-

Chain dragging 1 4.0 4.0 type job, the cost of the equipment, supplies, maintenance,

ER 1 36 36 and so forth were included in the quoted cost. Consequently,

Hop ] a4 a4 the cost of the equipment is not considered as an independent

parameter in the cost evaluation. The pricing provided by the

Impulse response ! 27 27 participants includes the cost associated with data collection,

GPM 1 2.6 2.6 data reduction, and data interpretation. Figure 7.2 represents
GPR 5 23 22 the cost per square foot as reported by the participants.

E 6 55 21 As can be seen from Figure 7.2, a few of the participants

Usw ] » » provided quotes that were unrealistically low or high. The

reason is that some of the participants are either researchers,

equipment vendors, or manufacturers who rarely work on

Cost production-level jobs. The other, and well-expected, observa-

0S

The cost of an NDT method includes the following:

tion is that as the bridge size increased, the cost of the survey
per unit area decreased.

The participants and technologies were divided into five
categories: (1) radar (ground penetrating and air coupled);

Cost of data collection. The cost of data collection is defined (2) acoustic (impact echo, impulse response, ultrasonic sur-
as the overall cost based on the workforce size, expertise face waves); (3) infrared thermography; (4) chain dragging
level, and time needed to collect data. and hammer sounding; and (5) electrochemical techniques
Cost of data analysis and interpretation. The cost of data (half-cell potential, electrical resistivity). The average survey
analysis and interpretation is defined as the overall cost, cost per square foot was then calculated for each category.
based on the workforce expertise level and time needed to Figure 7.3 depicts the cost per square foot of the deck for each
analyze and interpret. category.

Cost of equipment, supplies, and equipment maintenance. The data presented in Figure 7.3 do not include costs asso-
Cost of traffic control. The cost needed to provide a safe ciated with traffic control, which can often be substantial. The

work area on the bridge during data collection.

Survey Cost/ft?

Radar

“© K %
S
o

speed of surveying has a direct effect on the amount of time

m 5,000 ft? bridge
® 10,000 ft° bridge

Acoustic

Electrochemical

Infrared thermography

| N

o W RS R,
N > S
AR K

o

Participant

Figure 7.2. Cost per square foot for the assumed surveys on
5,000-ft? and 10,000-ft? bridge decks (excluding traffic control).
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$0.80
$0.70 —+
$0.60 +
$0.50 +
$0.40 +
$0.30 +

$0.20 -+

Overall Cost/ft?
(excluding the traffic control)

$0.10 +
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W 5,000 ft? Bridge
® 10,000 ft? Bridge

Radar Acoustic

Chain Dragging and
Hammer Sounding

Infrared Electrochemical

Figure 7.3. Cost per square foot for each technology category

(excluding traffic control).

traffic control is needed. On the basis of the speed calculated
for each technique during the field validation testing in Hay-
market, Virginia (Table 7.2), the total time that each partici-
pant would need to survey the two hypothetical bridges was
calculated. A full day of traffic control was considered to be
6 h: from 9 a.m. to 3 p.m. Because the typical minimum time
frame for traffic control is half a day, the survey times were
rounded to half-day increments: less than 3 h (0.5 day), between
3 and 6 h (1 day), between 6 and 9 h (1.5 days), and so forth.
Figure 7.4 depicts the number of days needed for each partici-
pant to survey the bridge.

A typical full day of traffic control is assumed to cost
$2,000. For the air-coupled GPR, the assumed cost is $1,000,

$2.50 +

$2.00 +

Radar

$1.00 +

Overall Cost/ft?

$0.50 -+

Participant

$1.50 + Acoustic

because an air-coupled GPR does not require an entire lane
to be closed to perform the testing. Instead, an attenuator
truck following the vehicle on which the air-coupled GPR is
mounted would suffice in many situations. Figure 7.5 com-
pares the overall cost of testing per square foot in the two
situations: with and without traffic control.
Ground-penetrating radar is the fastest technology on the
deck, and traffic control only adds about 27% to the overall
cost. Conversely, in the case of the least expensive technologies
such as chain dragging and hammer sounding and electro-
chemical methods, the traffic control significantly adds to the
final cost: 384% and 205%, respectively. However, chain drag-
ging and hammer sounding are the only techniques whose

m 5,000 ft® Bridge
m 10,000 ft? Bridge

>
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-3

o
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Figure 7.4. Number of days to survey the bridge.
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$1.40 —+
65%
$1.20 +
$1.00

$0.80

$0.60

Overall Cost/ft?

$0.40

$0.20

Radar Acoustic

Chain Dragging and
Hammer Sounding

M Excluding Traffic Control

M Including Traffic Control

Infrared Electrochemical

Figure 7.5. The overall cost of survey (with and without traffic control).

speed changes with the level of deterioration because there is
no postprocessing involved and testing and data analysis are
performed simultaneously on the bridge. The deck of the
Haymarket Bridge in Virginia, which was used in the field
validation phase of the project, has significant signs of dete-
rioration. Therefore, the testing took a longer time than usual,
which brought the cost of the chain dragging and hammer
sounding to the same level as the infrared thermography.

The grading of the technologies is based on the unit cost
for the hypothetical evaluation of a bridge deck of 5,000 ft?
(Table 7.6). The technologies costing less than $0.5/ft> were
assigned Grade 5, and the grade was decreased one point for
every additional $0.25/ft>.

Summary Grades

The grades for all the performance measures for all the NDT
technologies are summarized in Table 7.7. Unlike the initial
grading based on the literature search, the grading herein is
made only for the deterioration types for which the technol-
ogy was validated. For technologies that were represented
by multiple participants, the performance measure grades
are represented by mean values for the same group. Cer-
tainly, an argument can be made that a technology should

be represented by its best performers. In this case, the perfor-
mance and corresponding grades would represent the true
potential of the technology at this time. Also, the grading of
the cost in the table is based on the cost, including the antici-
pated traffic control costs.

The overall grades span from 2.3 to 3.6, which puts all the
technologies in the fair-to-good range with respect to the
evaluation of a particular deterioration type. The overall
good grades for a particular deterioration type by multiple
technologies, however, come from different performance
measures. The strengths of some technologies are higher
accuracy and precision (repeatability), whereas some tech-
nologies are stronger in other performance measures, such as
speed or cost. For example, impact echo, GPR, infrared ther-
mography, and chain dragging and hammer sounding receive
close grades for delamination detection. However, impact
echo’s higher grade derives primarily from the accuracy,
GPR’s and infrared thermography’s grades from the speed,
and chain dragging’s grade from the ease of use. Therefore, a
decision regarding the selection of the technology should
also be based on the most important performance measure.
In the case of corrosion, the selection should be guided by the
objective of the assessment. Four technologies received good
grades for corrosion characterization: electrical resistivity,

Table 7.6. Grading of NDT Technologies Based on Cost

Chain Dragging and Infrared
Radar | Acoustic Hammer Sounding Thermography | Electrochemical
Grades (excluding traffic control) 4 3 5 5 5
Grades (including traffic control) 3 2 3 4 4
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Table 7.7. Deterioration Type Grades for Validated NDT Technologies

Precision Ease of Overall
Accuracy | (Repeatability) Speed Use Cost Deterioration
NDT Technology Deterioration Type WF =0.3 WF =0.3 WF=0.2 | WF=0.1 | WF=0.1 Type Grade
Impact echo Delamination 2.8 4.0 23 2.1 3.0 3.0
Ultrasonic surface Delamination 2.8 3.0 2.4 1.4 3.0 2.7
waves
Crack depth 2.5 3.0 1.0 14 3.0 2.3
Concrete deterioration 3.8 4.0 2.4 1.4 3.0 3.3
Ground-penetrating Delamination 21 4.0 3.9 2.2 3.0 3.1
d
radar Corrosion 16 4.0 3.9 2.2 3.0 3.0
Half-cell potential Corrosion 3.0 3.0 3.8 3.4 4.0 3.3
Galvanostatic pulse Corrosion 2.4 3.0 2.4 2.6 4.0 2.8
measurement
Electrical resistivity Corrosion 3.0 4.0 3.8 3.6 4.0 3.6
Infrared thermography | Delamination 2.2 2.0 41 4.0 4.0 2.9
Chain dragging Delamination 2.2 3.0 3.2 4.0 3.0 2.9

Note: WF = weight factor.

half-cell potential, galvanostatic pulse measurement, and
ground-penetrating radar. However, ER and GPR will describe
the corrosive environment of concrete to a greater extent,
while GPM and HCP will describe corrosion rate and activity,
respectively.

The overall value of the NDT technology in concrete bridge
deck deterioration detection is summarized in Table 7.8. The
deterioration type grades were taken from Table 7.7, where
the technology was applicable. Applications of IE in vertical
crack depth and concrete quality estimation, and GPR in con-
crete degradation assessment, were described in Chapter 2.

Because those applications were not validated during the
study, the technologies received a grade of 1 for the same. The
technology that provides the highest value is GPR. The second
most valuable technologies are impact echo and ultrasonic
surface waves. However, the ultimate decision on which equip-
ment to acquire and which technology to use will depend on
a number of elements. Among others, it will depend on the
type of deterioration that is of the highest concern to the
agency and whether the evaluation is being done for network-
level condition monitoring, or the project level for mainte-
nance or rehabilitation.

Table 7.8. Overall Value of NDT Technology in Bridge Deck Deterioration Detection

Vertical Concrete
Delamination | Corrosion Cracks Degradation
Overall

Deterioration Type WF = 0.42 WF=0.35 | WF=0.10 WF =0.13 Value Ranking
Impact echo 3.0 0.0 1.0 1.0 1.5 2
Ultrasonic surface waves 2.7 0.0 2.4 3.3 1.8 2
Ground-penetrating radar 3.1 3.1 0.0 1.0 2.5 1
Half-cell potential 0.0 3.3 0.0 0.0 1.2 3
Galvanostatic pulse 0.0 2.8 0.0 0.0 1.0 3

measurement
Electrical resistivity 0.0 3.6 0.0 0.0 1.3 3
Infrared thermography 2.9 0.0 0.0 0.0 1.2 3
Chain dragging/hammer 2.9 0.0 0.0 0.0 1.2 3

sounding

Note: WF = weight factor.
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Implementation of the Results from the Study

The ultimate goal of SHRP 2 Renewal Project RO6A was to
develop an electronic repository of promising NDT technolo-
gies that target practitioners who evaluate bridge decks. The
electronic repository or NDToolbox is a web-based open-source
database system, which uses a very advanced caching system
that makes the toolbox fast, lightweight, and efficient. The

Figure 8.1. Home page of the NDToolbox.
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administrator can give permission to users in various access lev-
els from viewer-only to text viewer to a text/image editor. The
NDToolbox arrangement makes it user friendly. Regular users
can easily navigate through the content and find the informa-
tion they seek. Searching within the toolbox is also possible.
Figure 8.1 illustrates the home page of the repository.
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The main menu gives the user two options for navigating the
website: through the Technologies menu (Figure 8.1) or the
Deterioration menu (Figure 8.2).

As shown in the preceding figures, the technologies are
listed alphabetically on the left side of the page. Selecting a
technology will direct the user to another page where each
technology is described in eight sections:

Description of the method;
Physical principle;
Applications;

Performance;

Ll

Figure 8.2. The NDToolbox: Deterioration.
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Limitations;

Equipment;

Test procedures, protocols, guidelines, and so forth; and
Samples of data output, result presentation and inter-
pretation, and so forth.

® N AW

These sections can be found on the right side of the Tech-
nologies page (Figures 8.3 to 8.5).

It is also possible to see all these eight sections continuously
in a single page. To do so, the user needs to click the name of
the technology below the main menu.
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Figure 8.3. Physical principle of infrared thermography.

Figure 8.4. Data presentation: Electrical resistivity.
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Figure 8.5. Equipment: Impulse response.
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Summary, Conclusions, and Recommendations

The primary objective of this research was to identify NDT
technologies that can effectively detect and characterize dete-
rioration in bridge decks. The research activity had the fol-
lowing five specific objectives:

e To identify and characterize NDT technologies for the
rapid condition assessment of concrete bridge decks;

e To validate the strengths and limitations of applicable
NDT technologies from the perspectives of accuracy, pre-
cision, ease of use, speed, and cost;

¢ To recommend test procedures and protocols for the most
effective application of the promising technologies; and

e To synthesize the information regarding the recom-
mended technologies needed in an electronic repository
for practitioners.

The first phase of the project consisted of a thorough litera-
ture search to identify deterioration processes of concrete
decks and existing and emerging NDT technologies for detect-
ing deck defects. From a number of deterioration types, the
following four types were given the highest priority for con-
crete bridge decks because of their importance to the trans-
portation agencies: delamination, corrosion, vertical cracking,
and concrete degradation. Of those four types, higher priority
was given to the detection of delamination and corrosion. On
the basis of their capability to detect a certain type of defect,
the technologies were categorized as follows:

¢ Delamination: impact echo, chain dragging and hammer
sounding, ultrasonic pulse echo, infrared thermography,
and ground-penetrating radar.

e Corrosion: half-cell potential, electrical resistivity, and gal-
vanostatic pulse measurement.

e Vertical crack: visual inspection, ultrasonic surface waves,
ultrasonic pulse echo, and impact echo.

¢ Concrete degradation: ultrasonic surface waves and pulse
echo, impact echo, and ground-penetrating radar.
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Ten teams from research institutions and industry elite in
the field of nondestructive evaluation of bridge decks partici-
pated in the validation phase of the project to assess the per-
formance of each of the above-mentioned techniques. The
following five performance measures were used in the evalu-
ation of technologies: accuracy, precision, speed, ease of use,
and cost. Accuracy and precision were given the highest
importance, followed by speed, ease of use, and cost. The vali-
dation testing had two main components: field and labora-
tory validations. The field validation enabled testing under
actual, production-level conditions. The main focus of the
research team during field testing was on the evaluation of
speed, ease of use, repeatability, and cost. The laboratory vali-
dation was conducted on samples with artificially introduced
deterioration and defects at known locations providing broad
ground truth information. Therefore, the laboratory validation
concentrated on the evaluation of accuracy and repeatability
of the NDT technologies.

The field and laboratory testing results confirmed the litera-
ture findings that there is no particular technology that is capa-
ble of detecting all four major deterioration types. Although
a number of technologies can provide detailed and accurate
information about a certain type of defect, complementary use
of multiple technologies is required. Until new breakthrough
technologies are available for production-level testing, a selec-
tion of technologies must be used for bridge deck condition
evaluation. The selection of technologies must be primarily
based on the accuracy of information they provide regarding
the most important deterioration types. Those technologies
should also meet or exceed certain criteria regarding the speed,
ease of use, and cost. These performance measures were exam-
ined in this research study.

The following conclusions were drawn from this research
study:

1. For each of the main deterioration types, there are tech-
nologies that have demonstrated fair-to-good abilities of
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detection. However, there is not a single technology that
has shown capability in evaluating all deterioration types.

2. Four technologies were identified that can detect and char-
acterize delamination with a fair-to-good level of confi-
dence. Those are impact echo, chain dragging and hammer
sounding, infrared thermography, and ground-penetrating
radar.

3. Four technologies were identified as having fair-to-good
capabilities for corrosion detection or characterization of
corrosive environment. Those include half-cell potential,
electrical resistivity, galvanostatic pulse measurement, and
ground-penetrating radar.

4. Only one technology, surface wave testing, was validated
as a fair technology in the vertical crack characterization.

5. Three technologies were identified as having capabilities
in concrete deterioration detection and characterization.
Those are ultrasonic surface waves, impact echo, and
ground-penetrating radar.

6. The top technologies based on the overall value in detec-
tion and characterization of deterioration in concrete
decks are impact echo, half-cell potential, ultrasonic sur-
face waves, ground-penetrating radar, chain dragging and
hammer sounding, electrical resistivity, infrared thermog-
raphy, and galvanostatic pulse measurement.

7. The overall value and ranking were to some extent influ-
enced by the selected performance measures and the applied
weights and significance factors in the grading process.

One of the encouraging outcomes from the validation test-
ing is that a number of NDT technologies can generate data at
a production rate that is comparable to the current practice of
chain dragging and hammer sounding. The speed of operation
is certainly going to improve as new technologies are being
developed. In addition, the cost of evaluation using some of the
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NDT technologies is gradually approaching that of chain drag-
ging and hammer sounding. Considering the benefits of more
accurate assessments and reduced traffic interruptions, trans-
portation agencies should be moving toward implementing
modern NDT technologies.

Both the documented benefits and limitations of the NDT
technologies justify the strong need for investing in their con-
tinued development. Some of the promising technologies
include seismic and ultrasonic tests, such as impact echo and
surface waves, and ground-penetrating radar. Their potential
especially increases as the technologies are being used in an
air-coupled mode, thus increasing their speed and reducing
the cost.

Transportation agencies that would like to build their own
capability should select tools on the basis of the deterioration
type of the highest concern and constraints related to lane clo-
sures, available funds, and so forth. If delamination is of great-
est concern and is guiding agency decisions, impact echo with
a higher degree of automation should be the NDE technology
of choice. If corrosion is the deterioration type of greatest con-
cern, either electrical resistivity or half-cell potential measure-
ments are recommended because of their simplicity, low cost,
and relative speed. The advantage of the electrical resistivity
measurement is that it does not require an electrical connec-
tion to the rebar mesh. However, half-cell potential provides
information on corrosion activity that might be of greater
interest to the agencies. With respect to the assessment of the
quality of concrete, the ultrasonic surface wave technology
provides the best results. Finally, if the objective of the agency
is to obtain the overall condition assessment on the network
level, GPR is the recommended tool because of its speed and
ability to identify delaminations and describe the corrosive
environment. Ideally, the agencies should have access to four
out of the five mentioned technologies.
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