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ABSTRACT

The Penetradar Integrated Radar Inspection System (IRIS) Ground
Penetrating Radar (GPR) was selected by Dalhousie University DalTech
as the most appropriate technology for assessing the condition of
reinforced concrete bridge decks because of the ability of the system to
penetrate through asphalt concrete overlays and perform data collection at
traffic speeds up to 75-80 km/hr. This technology was selected from a list
of other nondestructive testing methods such as infrared thermography,
ultrasonic methods, and impact echo testing.

A collaborative research program was designed by Dalhousie University
DalTech and the Nova Scotia Department of Transportation and Public
Works to examine the accuracy and confidence with which GPR can be
used to predict the quantity and location of delaminations and concrete
scaling on asphalt covered bridge decks. Seventy-two bridge decks were
surveyed at traffic speeds using GPR for deterioration estimation. The
GPR data was processed manually to determine areas of excess signal
attenuation and areas of high concrete relative dielectric constant.
Deterioration predictions made using GPR were also compared
quantitatively and spatially to ground-truthing data obtained from nine
bridge decks using the well-established chain drag and half-cell potential
surveys after the asphait was removed from each bridge deck just prior to

repair.

On each of the nine bridge decks, good to excellent correlation between
the GPR predicted deterioration quantity and locations was observed on
each of the nine bridge decks with the quantity and locations of
detertoration found on the decks using the conventional ground-truthing
methods. On a network level, the GPR results were observed to
underestimate the actual repair quantity by 1.5% of the bridge deck
surface area. The 95% upper and lower confidence limits of the GPR
prediction of the deterioration quantities as a percent of the deck surface
area were observed to be 8.3% underestimation and 4.6% overestimation
with respect to the actual repair quantities. These results show
improvements in accuracy and variability over traditional visual
estimation methods.

From the initial results of this research and comparison to historical
records of the visual inspection methods accuracy, GPR provides a
valuable pre-tender quantity estimation tool to bridge managers for deck
repairs that is more accurate and reliable than traditional visual inspection
methods.



1. Introduction

Over the past half-century, the durability and life span of existing reinforced
concrete structures have been issues that have received increased priority with
government transportation agencies. Focus has shifted from the creation of an
infrastructure that permits the rapid movement of people and goods for a strong national
economy to the maintenance and longevity of this infrastructure. Significant and
increasing portions of annual government expenditures are required to repair and
maintain these structures as they age and decay. Gannon and Cady (1993), in their report
for the Strategic Highways Research Program, estimated that in the United States alone,
the cost of repairing these structures is increasing at $500 million per annum, or 2.5% of
their $20 billion total replacement value in 1995. These high costs are due, in part, to
judgmental errors in formulating estimates of the extent of repairs that are required.
Aktan et al. (1995) reported that while state-of-the-art practice had provided a
satisfactory level of public safety, inaccurate condition assessment had been identified as
the most critical technical barrier to effective management of highway bridges.

This thesis presents a detailed discussion of the problems and costs associated
with detecting deck deterioration, presents and critiques several possible test methods as
potential resolutions to the problems at hand, and describes the development and
implementation of a research program designed to assess the effectiveness of the most
appropriate method (ground penetrating radar) for evaluating asphalt-covered reinforced

concrete bridge decks..

1.1 Scope of the Problem

Historically, the Nova Scotia Department of Transportation and Public Works,
like most transportation agencies, have allocated funds from their annual budgets for



repairs of reinforced concrete bridge decks based upon the subjective and intuitive
judgment of project engineers instead of objective measurements of the actual bridge
deck conditions. Bridge deck deterioration is normally hidden from view to the inspector
by an asphalt pavement layer covering the concrete deck, making an accurate assessment
of their extent and location very difficult. Bridges in each district are prioritized for
repair by district supervisors based on their perception of the overall condition of the
structures. Those bridges that appear to be in the worst condition in each district are
compiled into a provincial list that is further prioritized to determine the following
season’s proposed structures for rehabilitation. Prioritization criteria of the structures on
this list have not historically considered actual measurements of deck deterioration, but
have been based on subjective condition assessments, usually from visual observations
alone. It is not until after deterioration quantities have been estimated based on visual
observations, tenders prepared and awarded, and rehabilitation of the structure begun that
testing is done to determine the actual extent and location of deterioration in the deck
slab. This has been due to costs related to traffic control, physical constraints of test
procedures, and time. Conventional deterioration test methods require direct contact with
the deck surface and therefore lane closures, traffic control, and removal of the asphalt
pavement are needed. Problems in meeting expected rehabilitation costs both on a
project level and on a network level have occurred due to variability in the accuracy of
individual inspectors to effectively estimate deck deterioration levels prior to tender
preparation. On a project level, repair budgets have sometimes been prone to gross
overestimates or underestimates of the actual repair costs. Overestimates result in
inefficient spending and tend to cause long term price increases while underestimates
result in immediate increases to Provincial debt burden. Gross differences between
predicted and actual deterioration quantities can result in costs related to improper repair
or replacement management decisions.

Variability and excesses in deck repair costs have occurred due to the lack of an
objective and accurate means of measuring deterioration in bridge decks prior to their



selection for repair. The major forms of deterioration in reinforced concrete bridge decks
are delamination of the concrete cover over the top and bottom mats of steel
reinforcement (rebar) and scaling or damage induced by repeated freezing and thawing
cycles to the concrete surface. Visual examination of the bridge deck has been the only
indicator of the presence of delaminations to the project engineer, but offers no
measurement of the true extent or location of delaminations in the deck from the top
surface due to the asphalt pavement effectively hiding the deterioration. Instead, methods
which involve physical contact with the deck such as the half-cell potential and chain
drag surveys have been used for measuring the location and extent of delaminations, but
only after the decision had been made to repair the deck and the asphalt has been
removed. This has been due primarily to the high cost of removing the asphalt pavement
and waterproofing membrane from the deck surface and also traffic control measures and
labor. Only the information gathered using visual methods was used in prioritization of
structures for repairs or in forecasting repair budgets since half cell potential and chain
drag survey methods were typically employed after the decision to repair that structure
had been made. The high cost of obtaining accurate information using the half-cell
potential or chain drag surveys, along with the cost and difficulty of interrupting traffic
and removing the asphalt pavement and waterproofing membrane, has precluded the use
of delamination surveys in prioritization and planning of repair budgets. While this
system of “judicious guessing” for deterioration estimation appears inefficient, it has
been the most cost-effective means of managing the repairs of the provincial bridge
population.

Improved prioritization and cost forecasting for repairs of the Provincial bridges
would be made possible if an accurate and precise method of quantifying deck
deterioration on bridges were available to the project engineers. Savings would be
realized on a network level through more efficient spending of the annual repair budget,
and also through potential reductions in the unit price of the work. Foreknowledge of
deck removal quantities would reduce repair costs on a project level and therefore
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decrease time and labor requirements for both traffic control and construction. Improved
knowledge of deck conditions prior to removal of the asphalt pavement would eliminate
costs associated with unnecessary removal of asphalt pavement on decks that are sound,
but were incorrectly perceived to be in need of repair. Furthermore, decks that are
excessively deteriorated can be rehabilitated at less cost by replacement rather than by
repair of the deteriorations.

There are obvious costs associated with the lack of accurate repair quantities prior
to tender preparation. What are not obvious are the effects that these consequences may
have on management of the repair budget. Underestimation of the repair quantity will
result in an immediate over-run of the repair budget on a project level. This takes funds
away from other deserving projects, leading to increased debt and reduced service quality
to the public. Overestimation of the repair quantity will cause the contractor to incur
losses due to lack of expected work. If chronic overestimation is observed over time,
contractors will adjust their unit prices upward to account for the shortfall of work. In the
long run, the owners of the bridges losc money due to overestimation by driving the
variable unit prices upward. Furthermore, overestimation introduces a budget surplus
that may be realized near the end of a fiscal year. To ensure similar annual funding in the
future, these excesses may need to be spent quickly and uneconomically.

Most importantly, accurate repair quantity estimation will enable economical
timing of repairs to ensure that the funding is most appropriately spent. Repairing
bridges too early may result in needless early spending on traffic control and asphalt
removal for the sake of some minimal deck repairs. Waiting too long to start repairs on a
deck may result in spending excessive funding on deck repairs when it may be more
economical to replace the deck slab altogether. The proper timing of deck repairs is
crucial to effective management of the repair budget.



1.2 Delaminations and Deterioration Processes

Shaw and Xu (1998) refer to what they call the “humidity paradox” in describing
the role of water in the life of concrete after it has been placed. Moisture is necessary to
develop strength, to establish a proper hardened air-void system in the concrete, to
prevent plastic and drying shrinkage cracking in its early stages, and is essential for
basically ensuring the highest quality of the concrete when it is placed. On the other
hand, water is known to be the prime factor in most of the physical and chemical
processes that cause deterioration of concrete after its initial curing.

Bridge deck delaminations are debonded areas of the protective cover layer of
concrete that overlies the steel reinforcement embedded in the deck slab. While the term
“delamination” may technically be a misnomer since there is not actually a laminar
separation of two distinct materials; it has become the accepted term to describe this
phenomenon. Delaminations occur in bridge decks due to a combination of physical and
chemical processes. The cause of delaminations in reinforced concrete is corrosion of the
steel reinforcement in the deck slab. According to Neville (1987), corrosion is an
electrochemical process in which iron, Fe™, ions are oxidized in the presence of moisture
and chloride, CI, ions. Normally, concrete is resistant to corrosion due to the strong
alkalinity of the cement hydration product calcium hydroxide, Ca(OH),, and the passivity
of an iron oxide film that forms over the steel in its presence. Carbonation and chloride
ion penetration into the concrete deck are two processes which occur that deteriorate the
alkaline environment that allows for this passivity to exist. These two processes are
accelerated by the presence of cracks in the concrete due to increased surface area for
chemical reactions and also increased proximity and passage for water, chloride ions, and
other chemical agents to the reinforcing steel. Carbonation is the reaction of carbon
dioxide with moisture to produce carbonic acid, which reacts with the calcium hydroxide
product of the hydrated cement to produce calcium carbonate. Carbonation neutralizes
the alkaline environment in the affected area, beginning at the exposed concrete surface
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and proceeding downward into the depth of the slab. If carbonation reaches the
reinforcing steel, the passive iron oxide layer is removed along with its corrosion resistant
properties. Chloride ions in solution that migrate into the concrete cover react with water
to form hydrochloric acid. The acid reacts with the iron oxide film, destroying the
protective passivity. Furthermore, concentrations of chloride ions cause anodic and
cathodic regions to occur in different location on the steel reinforcement. Transfer of
electrons from iron at the anode to water and oxygen at the cathode result in formation of
hydroxyl cations (OH)" through the following half-cell reactions:

anode reaction :Fe —Fe** +2e” (1)
cathode reaction :O, + 2H,0 - 4 OH)"

These hydroxyl cations react with the liberated iron anions (Fe**) from the anode
reaction to produce ferrous hydroxide Fe(OH),, which ultimately results in ferric oxide,
or rust. Pitting corrosion also occurs as chloride ions react with water and Fe™" to
produce ferrous hydroxide and hydrochloric acid, thus increasing rust formation,
deterioration of the passivity film on the steel, and inducing further pitting corrosion.
Hence, chloride ion intrusion into concrete cover over reinforcement can be considered as
a pre-cursor to corrosion problems, or as an initial phase in the deterioration process of a
bridge deck. As the steel reinforcing bars in the deck slab are oxidized, rust forms at the
steel-concrete interface at the anode resulting in a net increase in volume. This increase
in volume leads to development of internal expansive forces in the deck slab. Concrete is
a brittle material that is weak in tension and therefore responds to internal expansion by
cracking to relieve the stresses. When the concrete cracks, water and chloride ions are
allowed easier access to penetrate the concrete cover and reach unaffected steel,
increasing the rate of corrosion. It is important to note that chloride ions are not
consumed in the corrosion activity, but are continually cycling between formation of
hydrochloric acid and reactions with the steel. Figure 1 shows a reinforcing bar that has



been severely corroded to the point that it has become detached from it remaining length
embedded in the deck.

Figure 1 - Severely corroded reinforcing bar in a bridge deck

The problem is further compounded by damage caused to the concrete by
repeated freezing and thawing cycles. Properties of concrete such as strength and
permeability become worsened through freezing and thawing cycles by increasing the
extent of existing micro and macro-cracks. Micro-cracking develops in concrete through
buildup of internal expansive pressures during freezing if sufficient resistance is not
provided by a well developed hardened entrained air-void system. The surface of the
concrete slab at the asphalt/concrete interface may become scaled as freezing and
thawing cycles induce cracks which flake and spall away the protective paste layer. The
rate of damage to the concrete increases with prolonged exposure to repeated freezing
and thawing cycles, worsening the effects on corrosion resistance with increased rates of

carbonation and chloride ion ingress. For these reasons, damage due to scaling and



freezing and thawing cycles are often included with delaminations as areas to be repaired

on reinforced bridge decks.

Traffic loading is another major contributing factor to the development and
growth of delaminations in bridge decks due to flexural fatigue of the concrete. Impact
and fatigue loading from truck tires increase stresses, causing an increase in crack growth
at delaminations and also aid in spalling the concrete cover from the rebar layer.
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Figure 2 - Concrete cover delaminated as a "plate” from underlying reinforcement

Figure 2 shows a delamination that appears to be a plate of concrete cover that has
been separated from a transverse reinforcement bar by internal tensile stresses resulting

from corrosion.
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Figure 3 - Concrete cover disintegrated into fragments overlying corroded reinforcement

Figure 4 - Delamination showing no visible signs of distress on the deck surface
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Figure 3 shows a region of the deck surface that has become pulverized into
concrete fragments that overlay corroded reinforcement. Figure 4 shows a delamination
that is invisible from the surface. The various levels of effects such as freezing and
thawing cycles and traffic loading have on the formation and aging processes of
delaminations makes their characteristics difficult to detect using any single test criteria.

1.3 The Problem with Delaminations

Why should delaminations be removed from bridge decks? The answer is based
almost entirely upon durability concerns and extending the useful service life of the
structure. Deck slabs are designed with respect to shear and flexural strength. These
designs incorporate load and resistance factors that serve to increase design loads and
reduce design resistances. These factors are developed according to the probabilistic
expectations of material performance and service conditions over the design life of the
structure. As a result, these designs are highly conservative for usual service conditions,
giving the designer some reassurance that the structure will not fail within normal service
conditions. The load resistance offered by the in-service materials tends to remain
sufficient to carry the in-service loads that are applied to the structure despite reductions
in this margin of probability from reinforcement corrosion and concrete deterioration.
Increases in material degradation will also serve to increase the rate at which this
deterioration and reduction in safety occur. Compounding the problem of dealing with
deck deterioration is the question of timing. At what point does it become economical to
repair deck deterioration? In discussions with bridge management officials from the
Nova Scotia Department of Transportation and Public Works, it was stated that many
decks can provide adequate resistance to normal in-service loads, even when they are
found to be in excess of fifty to sixty percent deteriorated. From a materials standpoint, if
the problem areas are repaired quickly and their causes removed, the lifetime may be
increased well beyond the design lifetime of the structure. From the perspective of
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management, there must be some compromise between maintenance and replacement
costs of a given structure to minimize cost and maximize serviceable life. This
compromise ideally describes the point at which it becomes most economical to repair
the delaminations to increase the serviceable lifetime of the deck. Repairing decks that
are not delaminated enough to warrant the cost of repairs and decks that are so
deteriorated that replacement presents a more viable option are both expensive

consequences of poor timing of repairs.

This further illustrates the need for an accurate method for predicting
deterioration quantities before the decision is made to repair a deck. Not only will this
increase in accuracy reduce the margin of error in repair estimates, but also it can allow
for effective management decisions regarding the timing of repairs such that the life cycle
cost of the structure can be reduced.



2. Determination of Appropriate Technology

There exist many different technologies that may be applicable in solving the
problem of accurately predicting delamination quantities in asphalt covered reinforced
concrete bridge decks. The following sections describe the establishment of selection
criteria for the most appropriate method and how the various methods considered in this
research fit those criteria.

2.1 Test Method Criteria

In order to evaluate different methods of assessing asphalt covered reinforced
concrete bridge decks, certain criteria were established. These criteria were based on
physical conditions and economic factors that have historically precluded delamination
surveys from being conducted on many bridges prior to repairs.

There are two primary factors that prevent simple access for personnel to survey
the top surface of a reinforced concrete bridge deck. Traffic flow over the bridge
surface can not simply be halted during the time required to assess the deck. Usually, a
lane closure is required with traffic control measures, consisting of either sign-persons
controlling and directing the flow of traffic, or timed signal lights. Furthermore, the
surveyed area must be enclosed using safety barriers to prevent injury to personnel
inside the area from traffic outside of the area. Therefore, traffic control is expensive
and time consuming to establish. Furthermore, there are other expense associated with
disruptions in traffic flow such as user delays, and increased risk of accidents. The
second factor preventing easy access to the surface of the bridge deck, on the majority of
decks in Nova Scotia, is a layer of asphalt pavement overlying the surface of the
concrete, sometimes with an asphaltic or rubber waterproofing membrane separating the
two materials. The asphalt and membrane provide a driving surface that is similar in

12
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texture to the remainder of the highway, while providing, in principle, a protective layer
to retard the ingress of water and chemicals into the concrete deck. Unfortunately, this
asphalt layer also prevents bridge inspectors from viewing the surface of the concrete
deck and prevents sufficient physical contact to the concrete surface that is necessary for
effective traditional delamination survey methods. Providing access to the deck surface
has traditionally meant removing the asphalt and waterproofing membrane, usually at a
significant cost, plus providing traffic control. In Nova Scotia, there are approximately
one thousand reinforced concrete bridge decks, with an estimated ninety-nine percent of
them overlaid with asphalt pavement.

Given that some structures would already be in substandard condition, the most
appropriate method should be non-destructive so that further damage to the structure
would not be incurred and money need not be spent to replace damaged areas or

materials.

Experienced bridge inspectors generally make adequately accurate estimates of
the condition of a reinforced concrete bridge deck according to the needs of the
Department of Transportation and Public Works. Any new method must exhibit
accuracy in predicting quantities which meets or exceeds that historically exhibited by
bridge inspectors. Equally important as accuracy are subjectivity and reproducibility.
The results should be based on a subjective analysis such that any given operator can
arrive at the same result with an acceptable level of error. The data recorded using the
method must therefore be consistent and reproducible. This will ensure that a reliable
end result will be achieved, enabling the deterioration predictions to be readily accepted
into a bridge management system.

An important consideration in developing the use of a new technology in an area
is simplicity. Ease of data collection and interpretation should be a requirement such
that personnel can be trained to use the equipment with little effort.



14

Given these considerations, the following criteria were established to select or

develop the technology to address the problem of predicting the extent of deterioration
in asphalt covered reinforced concrete bridge decks in Nova Scotia. The method should
be:

s Non-destructive to the pavement and deck slab,

e Non-interfering with normal traffic flow on the structure,

o Accurate in detecting detericration underneath asphalt overlays on the deck,
o Data must be consistently reproducible,

o Results should be objective,

e Simple to use.

2.2 Identification and Comparison of Condition Assessment Methods

Different bridge deck condition assessment methods were reviewed from
available literature and compared against each other using the method criteria established
in Section 2.1. From these methods, the one most suited to the constraints of this
problem was selected and the necessary equipment was purchased for use in this research
project to evaluate its effectiveness for bridge deck condition assessment in Nova Scotia.

From a review of technical literature, conferences and information provided on
the internet, the following list of potential methods for the problem of identifying bridge
deck deterioration was developed:

e Standard methods — visual assessment, chain drag and half-cell
potential surveys
e Ultrasonic test methods
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e Impact Echo test methods
o Infrared methods
e Ground Penetrating Radar methods

2.2.1 Standard Practice Methods

The simplest and easiest method of assessing bridge conditions available to a
bridge inspector is visual examination. Cracking, rust, efflorescence and moisture
staining on the curbs, abutments, and underside of the deck are strong indicators of water
permeation through the concrete which may lead to corrosion of the rebars and
delaminations in the deck. These indicators may lead one to suspect the existence of
delaminations in the deck where they are found, but do not allow one to measure the
actual location and extent of delaminations over the whole deck, nor do they give
conclusive evidence that delaminations definitely exist at that location. The lack of an
actual delamination at a given location may not necessarily mean that corrosion of the
reinforcement and other concrete deterioration is not present. There are traditional and
also more technical methods which bridge inspectors use to determine the location and
extent of delaminations and corrosion rates in the deck to try to gain a better
understanding of a particular bridge. Three of these methods are visual inspection, the
chain drag and the half-cell potential survey.

2.2.1.1 Visual Inspection

Often an inspector can detect areas in which deterioration may be occurring by
observing the surface and underside of the deck. The asphalt surface may exhibit cracks
and signs that underlying concrete has deteriorated, providing an unstable base for the
asphalt pavement. Cracks in the asphalt pavement and separation from the curb edges
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and joints provide easy pathways for water, chloride, and oxygen to penetrate to the
concrete deck where ingress into the slab may first be initiated.

Figure 5 - Severe staining of deck underside

The underside of the deck may provide more substantive evidence of deterioration
in the slab. Moisture, rust, efflorescence and cracking provide evidence of deterioration
processes in the slab above them, but may not necessarily indicate the lateral extent of
delaminations in the overlying deck. Furthermore, measurement of the size and location
of these indications can be extremely difficult as height and obstacles such as waterways

or traffic underneath the structure may limit access to the deck underside surface.

Figure 5 shows extensive staining on the underside of a bridge deck. While the
probability of delaminations existing above the stains is high, the lateral or longitudinal
extent of the deterioration remains unknown. At best, visual inspection can help the
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engineer in assessing probable deterioration in the deck, but still makes formulating a
repair quantity estimate difficult.

2.2.1.2 Half Cell Potential Survey

Half-cell potential surveys are used to indicate areas in which there is a high
probability of active corrosion present on the reinforcement contained inside the deck. In
the corrosion cell within the deck there is a flow of electrical current as electrons migrate
from the anode to the cathode. Associated with this current flow are variations in
potential along the length of the reinforcement, which may be detected using a half-cell
electrode. The results from the half-cell potential survey do not directly indicate the
presence of delaminations, but it follows that over time, delaminations will occur in those
areas in which there is active corrosion. Active corrosion can be viewed as an
intermediate phase in the deck deterioration process, coming after moisture and chloride
ingress, but both before and after the formation of a delamination crack.

The test method consists of applying a copper-copper sulfate electrode, connected
to the negative terminal of a voltmeter, to the pre-wetted surface of the exposed concrete
bridge deck, in which the reinforcing steel is electrically connected to the positive
terminal of the voltmeter. The resulting voltage is measured using the voitmeter and
recorded along with the location of the test on the deck surface. The voltages are plotted
as iso-potential contour maps overlaid on a plan map of the deck surface or on a
cumulative frequency distribution for interpretation. According to ASTM C876-91,
voltages that are more positive than —0.20 volts CSE (copper-copper sulfate electrode)
indicate that there is a greater than 90% probability that no corrosion of the reinforcing
steel is occurring at that particular location. Voltages measured between —0.20 volts CSE
and -0.35 volts CSE can not be used to predict the existence of corrosion wnth any
certainty. Voltages more negative than -0.35 volts CSE indicate that there is above 90%
probability that there is active corrosion at that particular test location. Kemp (1996)
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suggests that the standard —0.35 volts CSE limit may indicate a high probability of
significant active corrosion, but claims that tests have shown that onset of corrosion may
occur at potentials as low as —0.24 volts CSE.

Alldred (1996) reports that absolute values of potential alone are not enough for
reliable determination of corrosion probability, since the absolute values can vary
according to moisture content and, to a lesser extent, the temperature of the concrete.
Alldred also suggests that inclusion of cover thicknesses with the half-cell survey will
allow for correlation between high probability of active corrosion and low cover
thicknesses on the deck. There are a number of field conditions that require experience
and possibly destructive investigations to aid in interpretation of the half-cell potential
test results. Carbonation of the concrete to the depth of the reinforcing steel will increase
the negativity of the measurement, resulting in higher prediction rates for corrosion in the
deck. Dry concrete will act as an insulating dielectric instead of being more conductive
in a wetter state. Concrete that experiences highly variable moisture and oxygen contents
at the level of the embedded steel and also rehabilitated structures that have introduced a
change in the moisture and oxygen content at the depth of reinforcing steel require
analyses that account for these change in rates with respect to corrosion. Volkwein
(1995) states that misleading high and low potentials can be observed in concrete that is
very dense or wet with poor oxygen supply and in concrete where there is little cover
over the reinforcement and that has dried, allowing active corrosion to change into a
passive state. Volkwein also notes that potential measurements are the average potential
measured over the deck area adjacent to the measuring point and that it is possible to
overlook certain small, but active, corrosion locations.

Half-cell potential measurements may or may not be accurate indications of
corrosion current. Variable moisture, oxygen, and ion concentrations in the concrete near
the reinforcing steel may cause changes in measured voltage that will lead to decreased
accuracy in predicting the presence of corrosion activity. ASTM C 876 - 91
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recommends that other data be used in conjunction with the half-cell surveys to formulate
conclusions conceming the corrosion activity of embedded steel in the deck such as
chloride contents, depth of carbonation, delamination survey findings, rate of corrosion
results, and environmental exposure conditions. ASTM C 876 — 91 does not specify grid
spacing for conducting half-cell potential surveys, but notes that longitudinal and lateral
spacing of four feet have been found to be satisfactory for deck slab applications.
Measurements that are too close together tend to be redundant and waste time and effort,
while spacing that is too large may overlook small areas of active corrosion.

The half-cell potential survey is not a direct measurement of the presence of
delaminations, but identifies the potential for delaminations. Given that most bridges are
not surveyed using the half-cell electrode until a point in the life span of the deck that
delaminations are likely, most areas denoted by the survey are likely to have induced
cracking and delaminations in the deck. Some areas will be found in which the
probability of active corrosion is high, but the degree of corrosion is insufficient to cause

delamination in the deck.

2.2.1.3 Chain Drag Survey

The chain drag may be the simplest and most cost effective means of gathering
information on the top rebar delaminations for exposed reinforced concrete decks.
Delaminations are detected by the operator listening to the sounds of a length of steel
chain being dropped and dragged over the deck surface. Sound concrete will result in a
sharp ringing sound from the deck, while delaminated concrete responds with a hollow
and dull echo that is lower in pitch as a result of the void or discontinuity between the
slab and the delaminated cover. Delaminations are easily located and marked using this
technique, but it is much less effective on bridge decks that are overlaid with an asphalt
pavement. The pavement tends to have an insulating effect on the transmission of the
sound energy to the concrete and back to the surface, reducing the volume and distorting
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the reflected sounds. The chain drag method is subject to operator opinion and therefore
may not detect all of the delaminated areas. Sometimes, the sound produced by the chain
on the deck can make the presence of delaminations questionable. For example, some
delaminations produce weak alterations to the sound of the chain that may not be
perceived by the operator. Conversely, some slight changes to the sound of the chain on
the deck may be perceived by the operator to be a delamination when it is in fact caused
by another source. This can be caused by partially debonded pieces of asphalt pavement
or membrane that were not removed from the deck surface. With prolonged use over an
hour, the operator can tend to become tone-insenmsitive and may miss audible
delamination tones. This problem is aggravated by the traffic noise since traffic flow is
not usually discontinued over the entire deck during the survey. Areas that are actively
corroding, but have not yet induced sufficient tensile stress in the deck to cause cracking
or delamination will not be detected using the chain drag method. Also, areas that have
delaminated but in which the crack has been filled with solid corrosion products may not
be detectable using the chain drag method. Furthermore, the quantities and locations
designated for repair are often determined by visual observation as well as the chain drag
method. Surface scaling, embedded objects such as wood and other debris, and severe
damage by freezing and thawing action are usually included. Surface macro-texture,
reinforcement cover, the size of the chain links used, and operator opinion have an effect
on the areas and quantities chosen for repair by using the chain drag method.

In a discussion in the Concrete Repair Digest (1996), three experts were
questioned regarding the effectiveness of the chain drag for locating delaminated
concrete. [t was generally agreed that the chain drag is very effective in locating
delaminations, but is limited in depth on an exposed deck from 1 to 3 inches, depending
on the size of chain link used. Two of the experts described the accuracy of the chain
drag to be within ten and twenty percent of the total delaminated area.
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Regardless of the potential for errors, the chain drag method has been the most
effective means of quantifying the location and extent of delamination on exposed
reinforced concrete bridge decks. The chain drag is the primary method by which the
Nova Scotia Department of Transportation and Public Works establishes the removal
areas on bridge decks that have been prepared for repair.

Standard test methods for condition assessment of reinforced concrete bridge
decks have been the chain drag and half-cell potential survey, preluded usually by a
visual survey of the deck. Basically, a visual assessment of the deck underside, which
may or may not have included the application of a hammer to the deck underside for
detecting delamination in accessible areas, has been the basis of quantity estimates for
tendering rehabilitation work. The chain drag and half-cell potential surveys are not
practical tools for deterioration estimation prior to the removal of the asphalt pavement
from the deck surface. The pavement acts as an insulator to both the half-cell electrode
for detecting corrosion currents and to the propagation of sound energy to the underlying
concrete and back to the operator’s ear. Results obtained by using these methods on
decks from which the asphalt pavement has not been removed can be unreliable.

Considering the application of the standard condition assessment methods with
respect to the method criteria outlined in Section 1.2, their unsuitability for estimating
repair quantities for tender preparation becomes quickly apparent. The success of these
methods would require the removal of the asphalt pavement, thus failing to meet the
primary criterion of non-destructive testing of bridge decks. Furthermore, removing the
asphalt pavement and conducting the surveys requires traffic control and fails to meet the
second criterion of non-interference with normal traffic flow. The necessity of asphalt
removal for their application to the deck surface fails to meet the third criterion. While
the half-cell potential survey is subjective, with minimal operator influence, the chain
drag method is not, requiring the operator to decide what is delaminated and what is not.
Both methods are simple to use and are cost effective, but the costs associated with
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asphalt removal and traffic control are too high to make the use of these standard test
methods appropriate for estimating removal quantities for tender preparation. After
disqualifying the chain drag and half-cell potential surveys from the list of potential
standard test methods for estimating repair quantities, what remains is the current practice

of visual examination of the decks.

2.2.2 Ultrasonic Test Methods

Ultrasonic Testing (UT) or ultrasonic pulse velocity measurements have been
used world-wide as a non-destructive test for concrete quality. Akroyd and Jones (1963)
demonstrated that while there was no unique relationship between pulse velocity and
concrete strength, useful empirical relationships could be formulated for predicting
concrete strength within +15% when the composition and curing conditions were
carefully controlled. These relationships are based on the assumption that changes in the
pulse velocity, or the elastic dynamic modulus, is related to changes in strength properties

of the concrete.

Ultrasonic transducers are chosen depending on the path length under scrutiny, or
the condition that is sought after, in the concrete specimen. A limiting factor is the
degree of signal attenuation and scattering effects due to aggregate size on the concrete.
Transducers are usually coupled to the concrete surface using a liquid or grease, then a
pulse is transmitted through the specimen. The time required for the pulse to travel from
one transducer to the other is recorded along with the peak magnitudes. Pulse velocity is
determined based on the travel time between transducers and the measured path distance
between transducers, the latter of which may be difficult to accurately measure for slabs
and walls where access to the concrete for both transducers may not be available.

Résch et al. (1995) described how longitudinal, or through-transmission, pulse
velocity measurements might be used to locate defects in concrete columns. Low quality
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concrete was identified by correlating pulse velocity with the compressive strength of
concrete cores drilled from the columns. Pulse velocity measurements were recorded
over a grid system established on the columns and three-dimensional modeling was used
to produce a simple-to-read diagram of the interior showing areas of low pulse velocity.
Areas of poor compaction were associated with slower pulse velocity measurements.
These were revealed by increasing the velocity thresholds established for delineating
grades of concrete quality. The necessity of a large number of data points and an
understanding of the margin of error involved was recommended for reliability and in
better locating areas in need of repair.

Wollbold and Neisecke (1995) reported on their continuing development of a
single transducer ultrasonic method which incorporated a pulse-echo technique for
evaluating concrete structures from one side only, instead of the two-sided transmission
technique. Data was presented in B-scan (amplitude intensity changes over time over
distance) format in real time to detect defect or backwall reflections, receiving
information on the intensity and phase of the signal and their relative changes as the
transducer is moved along the concrete surface. Thickness measurements required a
separate means of measuring pulse velocity by a transmission method.

Ultrasonic pulse echo has been used to detect and locate air gaps, or cracks and
other flaws on concrete structures by identifying shorter pulse time-of-flight from the
surface to the defect than is usual for the time-of-flight from the surface to the backwall.
Transmission methods detect defects by the attenuation or even the absence of a
reflection of the transmitted signal, or by a decrease in pulse velocity.

In terms of the method criteria outlined in Section 1.2, ultrasonic methods can be
used to provide non-destructive condition assessment to the slab and other components of
reinforced concrete bridge decks, but does not appear viable for detecting deterioration
beneath asphalt overlays on the deck. Measurements are objective, but require some
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technical expertise in the identification of reflections, understanding internal reflections
within concrete members, and in determining the puise velocity, particularly in the case
of deck slabs, where transmission measurements are not possible. The primary reasons
for not selecting ultrasonic methods are the time and number of stationary measurements
required to survey a complete deck and the necessary interruption of traffic flow and
possible removal of the asphalt overlay.

2.2.3 Impact Echo

The Impact Echo (IE) method was developed by Dr. Mary Sansalone and Dr.
Nicholas Carino, of Cornell University, from ongoing research that began in 1983.
Sansalone and Streett (1995) report using the impact echo method to locate and
determine the extent of cracks, voids, delaminations, honeycombing, and debonding in
concrete structures. While the point of interest of the impact echo method in the research
described within this thesis is dedicated only to reinforced concrete bridge decks, it is
also used to evaluate other concrete structures such as pavements, floor slabs, walls,
beams, columns, and hollow cylinders like tunnel linings.

The impact echo technique is similar to ultrasonic methods in that the propagation
of stress waves is considered in evaluating structures. These waves are generated by a
short duration mechanical impact on the specimen produced by striking the surface with a
small steel sphere attached to a spring-rod handle. Sphere size is varied, depending on
the thickness and material being considered, to produce impacts of different duration to
achieve the desired resolution. The impact produces low frequency dilatational (P) and
distortional (S) waves that propagate into the specimen and are reflected by internal flaws
and external surfaces. Also produced are Rayleigh (R) waves that propagate along the
surface of the specimen. Of these three wave types, P-waves are usually considered for
analysis purposes since they tend to have the greatest amplitude in the arca near the
impact. The P-wave reflections from flaws or external surfaces return to the impacted



25

surface where they are reflected back into the specimen again by the free surface. In this
manner, the reflections establish a periodic return to the impacted surface from which
layer thicknesses can be measured if the wave speed is known. Displacements caused by
the waves arriving at the impacted surface are recorded by a broadband piezoelectric
transducer. The signal from the transducer is recorded using a high-speed data aquisition
card and a computer. A waveform of amplitude versus time is produced from the data.
This waveform is then transformed using a Fast Fourier Transform (FFT) into the
frequency domain for analysis. Dominant frequencies arise in the data from muitiple
reflections between the impact surface and flaws or other external surfaces. Each type of
structure exhibits a characteristic frequency response based on its geometry. These
resonant frequencies are used to locate flaws according to deviations from the
characteristic frequncy response. Since the travel time between the surface and an
internal flaw must be less than the travel time between the surface and the opposing
external surface, flaws appear as dominant resonant frequencies that are higher than the
characteristic resonant frequency. In the case of delamination, an additional resonant
frequency occurs as the debonded plate vibrates about its longitudinal and transverse
axes. This vibration tends to be at much lower frequencies than the characteristic
frequency of a sound specimen. Poston and Sansalone (1997) described several cases
where the impact echo method was used to detect and establish the extent of cracking in
beams and columns based on changes in frequency response and pulse velocity
measurements. Sansalone and Carino (1989) reported on the use of the impact-echo
method to detect delaminations in a bridge deck through an asphalt overlay.
Delaminations were detected in two different asphalt overlaid slabs without prior
knowledge of their location. The steel sphere impactor required slight modification by
adding a thin steel plate to the sphere so that the impact time would not be increased by
the sphere directly contacting the relatively softer asphalt concrete.

Accurate depth measurements are dependent on the speed of the data acquisition,
which affects the frequency resolution of the data. Also, the P-wave speed must be
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measured accurately. This has historically required direct through-transmission wave
speed measurement on a section of the structures that was accessible from both sides. Lin
and Sansalone (1997) developed a means of closely estimating the P-wave speed based
on the travel time of the Rayleigh wave between two transducers spaced at a known
distance. This provides a simple means to determine the P-wave speed on any smooth
surface since access is only required from one side.

Impact echo methods have a benefit over conventional uitrasonic methods in that
the transducers do not require grease as a couplant to the specimen surface. Instead, a
thin sheet of lead is used to provide adequate coupling. Impactors are chosen to provide
the contact duration and frequency such that the highest frequencies that are anticipated
in the data are containec within the impact pulse, making this test distinct from other
ultrasonic methods.

Impact echo testing has been shown to provide accurate and reliable results for
detecting delaminations, cracks, and for measuring thicknesses. Structural elements that
may cause significant scattering of the waves, such as dense reinforcement or irregular
geometry, may reduce the accuaracy. The greatest drawbacks to the method are the
necessity of contact to the test surface, which may create obstacles in the development of
a procedure to test slabs at highway speeds. The reported procedures have involved hand
placement of the transducers, sampling on a grid system over a surface, with additional
sample points taken when necessary at suspect locations. Software have been developed
to process the raw data into a frequency domain format, but still require operator analysis
for proper interpretation. A significant amount of time would be required to process the
excessive quantity of data that would be generated by a dense survey grid on a typical
bridge deck. While the method is simple, purely non-destructive and has been conducted
with accurate and reproducible results through asphalt overlays, the amount of timec
required for testing necessitates lane closure and traffic control. Interference with normal
traffic flows and the resulting reduction in cost-effectiveness of this procedure are two
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restraints that make network level bridge deck condition assessments using this procedure
unattractive, in spite of its excellent reported results as 2 method of direct delamination

measurement.

2.2.4 Infrared Thermography

The technique of Infrared thermography (IR) for detecting delaminations is based
on principles of heat transfer. The presence, or lack of, solar heat applied to the deck
creates daily cyclical fluctuations in temperature profiles throughout the thickness of the
deck. Well-bonded materials transfer heat relatively uniformly, delaminations introduce
discontinuities in the heat flow. These discontinuities act to insulate underlying
materials, producing localized changes in the heat flow gradient. Infrared cameras are
used to scan the bridge deck surface area to detect these anomalous heat gradients,
signaling discontinuities that are interpreted as delaminations.

Data is usually collected using an infra-red video camera mounted to a vehicle
which is driven over the deck surface. Normal video footage is usually co-recorded with
the infrared data to identify cracks, potholes, oil stains, and other surface features which
will affect the data interpretation. In the literature encountered during this research, data
was collected at slow speeds, not at speeds that would prevent interference with normal
traffic flows. Typically, data was collected from deck surfaces that were enclosed within
a barrier system so that the deck was open exclusively to the test vehicle.

Manning and Masliwec (1990) report that delaminations can be distinguished
from areas of concrete surface scaling by observing a grey-scale intensity plot of the data.
Delaminations occur as well defined white spots (hotter areas), compared to the cooler
and hence darker areas of surrounding sound deck, while scaling appears as a mottled
grey-white tone, with increased mottling occurring as the degree of scaling worsens.
Debonding of the asphalt pavement, on the other hand, is less distinguishable, often
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appearing as anomalies in the data with the same or greater intensity as delaminations and

can sometimes be completely unnoticed.

According to Maser (1989) results from infra-red delamination surveys have been
found to be inconclusive, with physical and environmental factors affecting the outcome
of the survey. Positive detection results have generally been found to correlate well with
existing delaminations, but negative detection results do not necessarily indicate that the
deck is in sound condition. Negative detection results may only indicate that conditions
at the time of testing were insufficient for detecting some of the deterioration. The
presence and thickness of an asphalt pavement overlying the deck affects the magnitude
of the thermal anomaly that can be measured, with thicker pavements retarding the rate of
heat change at their surface that would indicate a delaminated area. Furthermore,
debonded asphalt pavements may introduce thermal discontinuities into the deck system.
Surface texture, differential wear, and cracking of the pavement surface also have an
effect on the anomalous temperature gradients. The depth of cover and crack opening
width of the delamination affects the magnitude of the anomaly as well as the crack
contents. Delaminations that are filled with water or corrosion product may not induce
thermal anomalies on the deck surface that are measureable. Aside from deck
characteristics, infrared thermography is sensitive to availability of sunshine, cloud cover,
wind speed, moisture, season, time of day, and stationary shadows. Typically, clear,
calm and sunny days are required to adequately detect the presence of delaminations,
taking advantage of higher rates of heat absorption of the deck. Water present on the
deck surface interferes with the consistency of the data quality.

Manning and Masliwec (1990) state that infrared surveys can generally be
conducted successfully except during the hours near sunrise and sunset, where the rate of
thermal change approaches zero as the deck goes from a cooling state to a heating state or
vice versa. Data collection should be contained to sunny days with ten percent cloud
cover or less, since passing clouds can change the grey scale of a portion of the complete
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deck data set. Water contained in the delaminations, or in the asphait pavement, the
transfer of heat into the deck becomes affected and deterioration in those areas will not be
detected. At pavement thicknesses greater than 75mm, deck deterioration prediction
becomes less certain due to the thermal inertia of the thick pavement layer.

Infrared thermography has been shown to be a useful technique in detecting deck
deterioration, but inconsistent and inconclusive results that are dependant on the ambient
weather conditions make it an undesireable method with respect to the criteria established
in Section 1.2 of this thesis. This non-destructive technique meets all method criteria
outlined in Section 1.2, except for the reproducibility of the data, accuracy, and the
subjectivity of the data interpretation.

2.2.5 Ground Penetrating Radar

Ground Penetrating Radar (GPR) is a nondestructive method of locating and
identifying subsurface layers of engineering materials such as soil, rock, and concrete.
Information about these layers is gathered by the transmission of high radio frequency
(RF) energy into the material and recording the strength of the reflected energy over
time. Alongi et al. (1982) reported that GPR developed as a nondestructive method of
evaluating bridge decks and pavements from its early applications in detecting buried
non-metallic landmines for the United States army in the mid 1960’s. Bridge deck
assessment followed after the development of GPR technology for determining
pavement layer thicknesses and for void detection. Other applications have included
reinforcement and metallic duct detection in slabs, detection of excessive moisture in
pavements and under slabs on grade, moist rotten areas in timber poles, hydrocarbons in
groundwater, and GPR has even been used in forensic science for detecting disturbed
soils. Efforts in GPR research have since focussed upon equipment reliability,
experience, and automation of the signal processing techniques. Today, GPR
technology has advanced to the state of high resolution data collection at maximum
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highway speeds of approximately 80 km/hr and partially automated signal analysis for
detecting delaminations and measuring layer thicknesses, making it more economically
feasible for evaluation of infrastructure on a network level. New efforts are underway to
develop the use of multiple antennae for synthetic aperture analysis where data is
observed at different locations near a point to produce a three dimensional prediction of
the properties of that point.

GPR has been relatively newly established as a bridge investigation tool
compared to other conventional and well-accepted techniques, but positive results have
been reported by various authors. Its ability to access the deck slab through asphalt
pavement layers and in normal traffic flows make this method highly attractive.
Commercial systems are available which offer automatic processing software to analyze
the data with minimal user input, enabling a more objective result. The use and
background theory behind GPR in bridge and highway investigations is discussed more
in-depth in the following section.

2.3 Selected Test Method

Ground Penetrating Radar (GPR) best fit the method criteria established in
Section 1.2 of this thesis as shown in Table 1. All methods that were examined offer
non-destructive testing capability, but not all of them meet the strictest criteria of non-
interference with normal traffic flow and effectiveness through asphalt pavement layers.
Other test methods meet some of the criteria, but only infra-red thermography and GPR
have the capability to collect test data at highway speeds. Of these two methods, only
GPR offers software that minimizes user input, simplifying data processing and
increasing objectivity in the results. GPR was selected as the most appropriate potential
test method for condition assessment of bridge decks in Nova Scotia because of its non-
destructive capability to provide accurate results through asphait pavement layers and
non-interference with normal traffic flows. These qualities enable insight to the
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condition of the deck before the decision to repair the bridge has actually been made.
Furthermore, the automatic processing software permits simple user input in data
processing to yield objective results.

Table 1 - Comparison of test methods to selection criteria

Standard®* [UT |[IE IR [GPR
Non-destructive . . R . .
Does not interfere with normal traffic flow . .
Works through asphait overlays o . .
Reproducible data . o . .
Objective with minimal operator influence . . .
Simple to use . .

¢ Half-cell potential and chain drag surveys.

With the identification of the appropriate technology, the Nova Scotia Department
of Transportation and Communications was approached by Dalhousie University
DalTech with a proposal to lend financial assistance to a five-year term research project
in which the use of GPR as a predictive tool for estimating bridge deck deterioration
would be undertaken. The GPR system produced by the Penetradar Corporation was
selected because of the strong support it had received from the US Federal Highways
Administration, Ontario Ministry of Transportation, and many of the above mentioned
departments. The five-year research project was approved by the Nova Scotia
Department of Transportation and Public Works and the Penetradar Integrated Radar
Inspection System (IRIS) shown in Figure 6, was purchased in the summer of 1996.
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Figure 6 - Van equipped with Penetradar PS-24 Integrated Radar Inspection System

Further credence was given to the selection of GPR as the most appropniate
technology for bridge deck assessment by the SHRP S-325 report describing the
application and expected accuracy of the Penetradar PS-24 GPR antenna system. A draft
of a standard method for deck assessment was also included in the report that used GPR
for detecting delaminated regions of a bridge deck. Furthermore, the use of GPR by
many different transportation agencies such as the Ontario Ministry of Transportation and
many State departments including New York, Ohio, Texas, Pennsylvania, and West
Virginia, lent further credibility to the technology.



3. Ground Penetrating Radar for Bridge Deck Assessment

The following subsections will provide a description of the testing equipment, the
theory behind radar energy propagation and reflection from layers, and a discussion of
the history and research of the application of GPR to layer thickness measurement and

bridge deck condition assessment.

3.1 Hardware and Equipment Setup

The model PS-24 Penetradar system, used in this research program, is a low
power solid state ground penetrating radar designed for non-contact inspection and a high
data collection rate. The antenna is a monostatic, ultra directive, and ultra broadband air-
coupled homn type. The system uses a monocycle transmitter that emits a phase coherent
pulse at a very high pulse repetition frequency that allows for a high signal to noise ratio
that is required for ground penetrating applications. The IRIS system that incorporates
the PS-24 can accommodate and allow for up to three simultaneous radars to be used at
one time. A 100 Hz linear range scan provides continuous ground coverage at vehicle
speeds up to 80 km/hr. Each transmitted pulse has a period of approximately one
nanosecond, equal to the inverse of the center frequency of one GHz, and over one
million pulses are generated transmitted every second. The radar hardware, shown in
Figure 7, is integrated as a system inside a Ford E250 cargo van and manipulates a signal
emitted from the distance measuring instrument of the ABS braking system into the data
for spatial alignment of the data to the deck surface.

A workstation is contained within the van for personnel to collect and process
GPR data. The workstation includes a rack-mounted computer, monitor, power inverter,
radar battery pack, master control unit, and distance measuring device control. The
power inverter draws electrical charge from the heavy-duty alternator installed in the

33
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cargo van and is also used to charge 2 large wet-cell batteries located in the rear storage
area of the van. These two batteries are used to power the equipment if the van is not
running and also for charging the radar battery pack. The radar battery pack provides a
short-term supply of relatively constant voltage to the radar control unit, enabling
constant transmitted signal power. Since the inception of this research project the battery
pack has been replaced with a circuit supplying constant power to the radar control unit,
This eliminated the need to recharge the battery pack and tends to produce output of a
more uniform amplitude. The master control unit controls the timing and shape of the
transmitted signal, signaling the transmitter/receiver unit which is located on the exterior
hardware that is installed on the antenna configuration on the front of the van. The
distance measuring device control receives electronic pulses from the ABS braking

system and has them recorded along with the radar data for distance measurement.

Figure 7 - GPR control hardware contained inside research vehicle.

Exterior hardware includes the transmitter/receiver unit, antenna, and antenna

support structure. This assembly is shown in Figure 8 below.
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Figure 8 - Exterior antenna assembly on front of van

A steel beam was designed and welded to the frame of the van underneath the
front bumper. This beam allows the antenna support structure to be moved to any
location across the width of the van for data collection. This ability to shift the position
of the radar antenna allows the van to remain in normal traffic lanes to collect data,
instead of straddling adjacent lanes. The antenna support structure is bolted into place on
the support frame. This support structure is composed of a “post™ with two steel Uni-
strut channels on either side in which the “arm” can be bolted into place using Uni-strut
lock-nuts. This configuration allows the user to choose the vertical air-gap distance
between the antenna and the targeted surface. Fixed in place on the arm is the
transmitter/reciever unit which sends the transmitted signal to the antenna and receives
the reflected signal. This unit is controlled by the master control unit located inside the
van. These two devices are connected by the main radar cable which screws into the rear
of the transmitter/receiver unit and into a connection port located just above the bumper

on the front passenger side of the van. The antenna is connected to the arm using a fixed
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bracket on its side and two large plastic bolts that fit into holes located on the end of the
arm. The transmitter/receiver unit is connected to the arm by the antenna feed cable that
is a semi-rigid coaxial cable. Both of these cables are fragile and care must be taken not
to bend them. A single antenna assembly was used in this research to collect the data one
pass at a time, along the length of the deck in the direction of traffic flow. The
Penetradar IRIS has the capability of acquiring data using 3 to 4 antennae, reducing the
number of traverses required along the deck length.

3.2 GPR Background Theory

Beginning with some fundamental concepts of GPR electromagnetic theory, an
examination is presented of how the transmitted pulse is affected by the targeted layer
systems and how the data may be used to extract information about these layers.

3.2.1 Fundamental Concepts

From an electromagnetic standpoint, a material can be metallic or dielectric in
nature, though the transition from metallic to dielectric is gradual, with many materials
exhibiting properties of both. Metallic substances have high electrical conductivity and
attenuate electromagnetic waves to a high extent, resulting in low penetration depth.
Dielectric materials have low electrical conductivity, referred to as insulators, and
therefore attenuate electromagnetic waves to a lesser extent. The phase velocity through a
material is dependant upon its relative dielectric constant, or relative permittivity, €,. The
dielectric constant of a particular material is referred to as being relative since it is equal
to the ratio of the dielectric permittivity of the material, €, to the fundamentally constant
dielectric permittivity of free-space, €= 8.854*10°'2 F/m.
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€, =e/eo 2]

Material permittivity is actually a complex number, € = £’ - je"composed of a real
portion, €', associated with charge storage potential, and an imaginary part, £”, associated
with the conductivity or aftenuation of electromagnetic waves in the medium, which is
also referred to as the loss factor by Halabe et al. (1993) and by Loulizi and Al-Qadi °
(1997). In low loss materials, the imaginary part of the material permittivity is often
neglected, leading to Equation 2 above.

The propagation velocity of the transmitted RF energy wavefront through a
particular material is given by Equation 3 as:

3]

where ¢ is the speed of light in free space, ¢ = 0.3*10° m/s and m, is the relative
magnetic permeability of the material. For low loss materials, m, is usually taken to be
unity and the phase velocity of the transmitted energy through a dielectric medium
generally reduces to Equation 4:

v=—_—= 4]

If the signal meets a boundary between two materials that have dissimilar relative
dielectric constants, the energy is partially reflected and received again. The amount of
energy reflected and transmitted are given by the reflection and transmission coefficients,
respectively. These coefficients are dependant on the relative impedance of the two
materials at the interface, 2, and z,5, respectively. For low loss dielectrics, the impedance
is given in Equation 5:
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zZ, =

where mg = 4n ® 10”7 Henry/meter is the magnetic permeability of free space.

The voitage reflection and voltage transmission coefficients are given by Bungey
and Millard (1993) as Equations 6 and 7, respectively:

R=2r2"%n =_f\/__1£ [6]
Zy4Zy  Je, +En

T=_22_rz_._._2‘/j__=1_x (M

These coefficients describe the fractions of the incident voltage, and the root of
the incident power, to an interface that are reflected and transmitted, respectively. Most
of the remaining transmitted energy continues to penetrate past the interface, while a
small fraction is lost to spherical losses due to antenna displacement, scattering losses due
to roughness of the interface and nonhomogenous layers, and attenuation of the signal by
the layer itself. These losses cannot be measured through a particular layer but have been
predicted using mathematical models (Bungey and Millard, 1993). Attenuation, a, is a
function of the frequency of the transmitted energy, the relative dielectric constant of the
medium, and the loss tangent or dissipation factor, 3, which is the ratio of the real to

imaginary parts of the medium permittivity, as shown in Eq. 8.

a =12.863*10" 1 f¢, L/il+m28 i-l}'z (dB) (8]
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This is simplified to Equation 9 for practical purposes since conductivity is the
dominant material property affecting attenuation irregardless of frequency. oy is the
direct current or ohmic conductivity of the material.

o L69%100,

Ve, .

It should be noted here that if the electromagnetic wavefront is reflected from an
interface of two materials in which the underlying material has a higher relative dielectric
constant than the overlying material, then there will be a reversal of polarity in the
reflected wave. As the remaining transmitted energy meets successive material
interfaces, additional reflections are sent back to the receiver and are recorded over time.
In this way, the time required for the energy to travel from the transmitter to each
interface and back is recorded with the magnitude of the reflected energy from each
interface peak in what is referred to as the radar waveform. Each waveform is composed
of the recorded reflections of the initial transmitted signal over time. Each waveform is
constructed of eight hundred voltage sample points over a timespan of twenty
nanoseconds. Measurements of time and peak amplitudes from the waveform form the
basis upon which GPR is used for measuring layer thickness and for more complex
predictions of material deterioration such as concrete delaminations and scaling. A
typical transmitted signal is shown in Figure 9.

Attenuation plays an important role in determining the penetration depth of the
signal into a given medium. Materials that are more conductive will attenuate the energy
at a faster rate, reducing the penetration depth. Also affecting penetration depth is the
center frequency of the antenna with higher frequencies attenuating faster than lower
frequencies. There is a trade-off with penetration depth for depth resolution. Higher
frequency antennae produce shorter transmitted pulsewidths. Shorter pulsewidths allow
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for measurement of thinner layers, but attenuate more rapidly than longer pulsewidths
which have a greater penetration depth, but lower thickness resolution.

Radar Channel 1

Amplitude (V)

Figure 9 -Typical transmitted radar impulse signal

3.2.2 Interpretation of Layer Characteristics
"
For the purpose of describing how measurements from the radar waveform are
used to extract useful information about the layers, a typical asphalt paved reinforced
concrete bridge deck will be used as a target layer system.

An asphalt paved reinforced concrete bridge deck can be considered simply as
four dielectric layers. There are the asphalt and concrete layers adjacent to each other
and which are bounded above and below by layers of air. Due to dielectric dissimilarities
between these layers, energy reflections and transmissions will occur at their interfaces.
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Steel reinforcement within the deck does not reflect energy in the same manner as the
horizontal and plane interfaces of the air, asphalt, and concrete layers. The reinforcement
is metallic and therefore is extremely conductive and reflective of the transmitted energy.
The reinforcement is usually arranged into two grids, located near the top and bottom of
the concrete slab. The grid is normally composed of longitudinal and transverse bars,
used to develop flexural and shear resistance as well as in the control of shrinkage and
cracking in the slab. Since the steel occurs as a mat with bar spacing much in excess of
the bar diameter, only a portion of the energy transmitted to the level of the mat is
reflected. With the radar beam directed orthogonally to the deck, transverse bars have
little effect on the reflected signal due to orthogonal polarization, while longitudinal bars
have a much greater effect due to parallel polarization. In bridge decks having very
closely spaced reinforcement, the reinforcement layer acts more as a plate than a mat,
reflecting more energy. When bar spacing is one half of the effective wavelength in the
concrete deck the reinforcement layer reflects all of the incident energy. Equation 10
describes the power reflection coefficient, or the square of the voltage transmission
coefficient, R, of the layer of reinforcement modeled as an equivalent parallel, or
longitudinal mat as reported by Bechtel and Alongi (1976):

R = [1 +4(cosa)°5[d/1{ln(%)+ Fm (10}

where: a = angle of incidence, assumed to be zero.
d = longitudinal bar spacing
1 = wavelength of the radar wave
D, = diameter of the longitudinal reinforcement
F. = correction factor related to conductor spacing, approximately zero
for small spacing.
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Figure 10 shows a simple ray diagram depicting the incident and reflected energy
portions of the original transmitted beam from the antenna. By accounting for the
transmission and reflection of energy from each interface in the system, we can formulate
equations to model the expected response in the recorded radar waveform.

e=1
T,
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Figure 10 - Ray diagram of energy reflection and transmission from a bridge deck

From Figure 10 it may be observed that there are three reflections which are
received by the antenna: the surface reflection from the air/asphalt interface, the
reflection from the asphalt/concrete interface and the reflection from the concrete/air
interface. The magnitude of the energy reflected from the air/asphalt interface is the
product of the voltage reflection coefficient and the incident voltage, E;, which is the root

of the incident power, P;.

Epn =E(R,) [11]
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The portion of the energy that is transmitted past the interface is determined by
To,1 = 1-Rg,. This energy travels through the asphalt layer and experiences attenuation a;
before meeting the asphalt/concrete interface. At this interface, the signal is again
partially reflected according to the reflection coefficient R, >, and partially transmitted
according to the transmission coefficient T;>. The reflected portion is redirected back
towards the air/asphalt interface where it is again partially reflected and transmitted
according to Ry ) and Ty,; as before. The resultant magnitude of the peak in the waveform
is therefore given by Equation 12 as follows:

Ey =E, (RI.Z I(TB.: Xa. )]2 {12]

Using a similar analysis, the resultant peak in the waveform due to the
concrete/air interface at the deck bottom is given by Equation 13. Note that there is a
change in phase of the peak since the relative dielectric of concrete is higher than that of

air.

Eps = E\(Ry; J(@ Yo NT 0 Y OF (13]

Figure 11 shows a waveform recorded from an actual bridge deck. The waveform
is the recorded voltage, or signal strength, of the reflected signal versus time. The
expected peaks of the air/asphalt, asphalt/concrete, and concrete/air interfaces can be seen
within the waveform along with positively oriented peaks corresponding to the upper and
lower layers of steel reinforcement. The two initial peaks arriving prior to the four
nanosecond location are internal reflections of the antenna and GPR hardware.
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Figure 11 - GPR waveform recorded from typical asphalt paved bridge deck

3.2.3 Measurement of Layer Thicknesses

Since the reflection and transmission coefficients of the radar signal can be
expressed in terms of the relative dielectric constants of the layers bounding an interface,
the relative dielectric constant of the underlying layer with respect to the relative
dielectric constant of the overlying layer is measured using the amplitudes of the
reflected peaks in the waveform. Using the amplitude of the reflection from the initial
air/asphalt interface, E, , the relative dielectric constant of the asphalt pavement layer can
be computed as shown in Equation 3, if the energy incident to the interface and the
relative dielectric constant of the air layer are known. The voltage reflection coefficient
is exactly the ratio describing the fraction of the incident energy that is reflected from the
interface, or exactly E/E;. This ratio is equated to Equation 6 to yield Equation 14 below.
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€, =[(En _ErNem-l ] [14]

E +E,

The propagation time through the asphalt is the time required for the
electromagnetic wavefront to pass by the air/asphalt interface, reflect off the
asphalt/concrete interface and meet the air/asphalt interface again. This occurs in the data
as the time separation between peaks from interfaces bounding a given layer. For the
asphalit concrete layer in the simplistic bridge deck model being considered, this is the
time difference between the air/asphalt interface peak and the asphalt/concrete interface
peak. Knowing that thickness is the product of the phase velocity and the time travelled
through a layer, we measure the propagation time, t, between the (a-1)* and n™
interfaces, the incident and reflected voltages on the (n-1)* interface, and the relative
dielectric constant of the (n-1)™ material, to calculate the thickness of the nth layer by

combining Equation 4 and Equation 14 as follows:

(5, +E)
2(Ei - Er )\/em-l

[15]

This is further simplified to Equation 16 for practical purposes by applying the
known value for the speed of light in free space and substituting in the value for the
relative dielectric constant of the layer, €m. This becomes useful if the relative dielectric
constant of the material is already known.

150t

xn:st—,-_ [16]

The propagation time and reflected voltages are both easily measureable
quantities from the GPR data. The initial layer encountered by the electromagnetic
wavefront is air for an air-coupled antenna system. The relative dielectric constant of air
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is generally assumed to be unity, simplifying the problem of calculating the top material
layer relative dielectric constant, which is asphalt in the simplistic bridge deck model
under consideration. The incident voltage is not obtained from the radar waveform, but
from one of two calibration files that are normally recorded during data collection. The
first is called the flat metal plate file and is recorded to determine the incident voltage at
the interface between air and the top material layer. A sample of a flat metal plate

calibration file is shown in Figure 12.
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Figure 12 - Sample of a flat metal plate calibration file

Data is recorded with the antenna positioned at operating height over a 36°X48”
flat metal plate. The transmitted energy is reflected wholly from the flat metal plate back
to the receiver and is recorded. The magnitude of the reflection from the flat metal plate
represents the incident voltage transmitted to the interface of the first air layer and the
following layer. Figure 13 shows the antenna positioned over the flat metal plate for
recording this file.
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Figure 13 - Antenna positioned over the flat metal plate
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Figure 14 - Sample of a free space calibration file
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Figure 15 — Antenna assembly directed into free space

Underlying layer thicknesses are computed using Equation 16, using known
values of the relative dielectric constant of the layer. Equation 15 could be used to
calculate the relative dielectric constant of the underlying layer, except that the
magnitude of the incident energy to that layer is not exactly known since losses in the
overlying layer are unknown. Incident energy to an underlying layer is the energy that is
transmitted through the overlying layer less the incurred losses. This becomes difficult to
determine when using actual data since the losses due to beam dispersion, internal
scattering and interface reflections, are not measureable quantities from the data, making
the incident energy on underlying layers an estimate with error increasing with depth.
Maser (1989) presents the following equation for calculating the relative dielectric
constant of the concrete layer beneath an asphalt overlay, assuming no losses in the

asphalt layer.
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[17]

where F is as follows, in order to simplify Equation 17:

P (18]

1€ poppat

R2 is the ratio of the peak amplitudes from the asphalt/concrete interface (C) to
the air/asphalt interface (A) as shown below in Equation 19.

=%
1

- 4'\/eavl~dt \/sw _\/—ecawmc [19]
1= € comcree | /€ cophatt + V= comeren
The thickness is computed using Equation 16 with the relative dielectric constant
of the concrete layer and two-way travel time.

For concrete layers beneath the asphalt surface layer, it can be more practical to
use assumed values for the relative dielectric constant and rely on the two-way travel
time of the energy through the layer to measure the thickness. This is because the
computation of the concrete layer relative dielectric constant is dependant upon the value
calculated for the asphalt layer and the errors in measurement accumulate producing
increasing error with depth. Errors will also be incurred by using a fixed relative
dielectric constant for computing layer thicknesses since variability in material
properties, usually due to changes in moisture content, along the data pass will not be
considered.
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3.3 Evaluation of Pavements Using GPR

Pavement surveys represent the most basic application of GPR in highway
infrastructure surveys. The relatively uniform horizontal layers within a pavement
system provide an ideal geometry for using GPR to detect the various layers. Changes in
electrical properties of the asphalt concrete, base and subbase layers are detected using
GPR to estimate layer thicknesses and detect deterioration of the pavement system which
traditionally have been unobserveable to the inspector. GPR has been used to evaluate
highway pavements in both project level deterioration detection and in network level
inventories of thicknesses and section types. Information gathered from the surveys is
important in many aspects of pavement management including quality assurance of
construction, more accurate determination of layer moduli, prediction of remaining life,
and design of rehabilitation measures.

Historically, pavement thicknesses have been determined using historical records,
core samples and/or test pits at various locations along the pavement section. Often, the
extraction of core samples and excavation of test pits is time consuming and expensive,
usually requiring closure of traffic in order to conduct the measurements. These discrete
thicknesses and section properties are assumed to be representative of the pavement
section, resulting in uncertainty regarding variability between locations and requiring
assumptions regarding variations between cores. In some applications, such as in the
calculation of layer moduli using data from the falling weight deflectometer (FWD),
accurate thicknesses are critical since backcalculation methods are most sensitive to small
changes in layer thickness. Attoh-Okine (1994) states that a continuous thickness profile,
available from GPR surveys, combined with the deflection data from FWD testing,
improves the interpretation and characterization of the structural integrity of an entire
section of pavement. Failure to account for thickness variability over the section and
even within the deflection basin that develops from the impact load of the FWD can
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induce errors in the backcalculation of the layer moduli that reduce the effectiveness of
the rehabilitation design.

GPR enables engineers to obtain continuous measurements of layer thicknesses
such that the variability along the section can be measured instead of assumed to be zero.
Reliable determination of layer interfaces is dependant upon significance of the contrast
between electrical properties of the individual layers. Since the survey is non-intrusive
and can be conducted at speeds up to 80 km/hr, the requirements for traffic control are
removed making GPR a very appealing method for collecting pavement thickness data.

There has been a significant amount of research that has focused on the use of
GPR for detecting and measuring pavement layer thicknesses. Maser et al. (1994) and
Maser (1995) used a 1 GHz air-coupled horn-type antenna and reported accuracies of +
7.5 percent for asphalt concretes and + 12 percent for unbound base layers. These resuits
were based on six major studies on over 46 different pavement sections of varying depth,
comparing GPR predicted thickness measurements to drilled core and test pit thickness.
In some cases, cores were used to calibrate the GPR thickness results to reduce the errors
involved. Core calibration becomes important where surface treatments such as chip
sealing or slurry sealing will result in relative dielectric constants that are not
representative of the entire asphalt concrete layer. Cores may also provide insight into
different layers that may have been improperly interpreted in the data. Previously
unobserved variations in pavement thickness that could affect predictions of layer moduli
over the section were observed in the radar data. The Penetradar Corporation reports that
accuracy of + 5 percent is obtainable for the primary pavement layer if it is homogenous
and of sufficient thickness that the next interface is not interfered with by the surface
reflection. For asphalt pavements, this is typically limited to a minimum of about 50 mm.
Mesher et al. (1995) reported excellent correlation between GPR predicted results and
thicknesses as obtained by drilled cores and augers. It was also wamed that the use of
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cores for calibration may induce errors if a constant propagation velocity is assumed
through the calibration.

Clearly, the accuracy in thickness measurement must be a function of the depth
and the thickness of the layer being measured if changes in electrical properties occur
with depth in the form of moisture content or compaction and due to losses in overlying

materials.

There is some debate regarding the reliability of detecting all of the interface
reflections in a pavement system. Overlays of asphalt concrete and the previous
underlying pavement will be detectable if there is sufficient dielectric contrast between
the layers. The effect of weathering and age on the electrical properties of asphalt
concrete and the resulting GPR response has not been studied to date. If the interface is
detectable, the overlay thickness can be calculated. If the interface is not detectable, the
entire asphalt concrete layer thickness may be measurable, but may be subject to errors
because the relative dielectric constant of the overlay may be slightly different than the
underlying pavement. Slurry and chip seal treatments may induce slight errors in this
manner due to scattering losses from the rough surface texture.

Detection of interfaces between the base and subbase and between the subbase
and subgrade are more difficult for a variety of reasons. Energy losses increase with
depth due to attenuation and scattering effects from nonhomogeneities within the layer
and irregular shaped interfaces. The presence of more conductive materials overlying the
less conductive base and subbase layers results in less energy being available to penetrate
to those depths, producing weaker reflections in the data. Compounding the problem is
the compaction of successive lifts of granular materials causing intermingling at the
interface between layers such that the deeper interfaces become more convoluted in shape
than the assumed plane and parallel layers. Furthermore, the granular materials used for
base and subbase layers are often from the same aggregate source, which may be similar
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to the subgrade itself. Without sufficient dielectric contrast between the materials, the
reflection from the interface becomes difficult to detect from the other lesser reflections
within the data. Also, the ability to detect deeper interfaces depends on the type of GPR
antenna being used. An air-coupled horn antenna is normally used for data collection at
traffic speeds. This type of antenna tends to have more limited depth penetration than a
ground-coupled antenna does because a larger proportion of the transmitted energy is
reflected from the top of the surface layer and less energy is available to penetrate to

deeper layers.

If the reflections between interfaces are detectable, there exists the problem of
accurately measuring the dielectric constant from the data. Energy losses occur through
layers due to attenuation and scattering effects are an unknown variable when accounting
for energy transmissions and reflections in the dielectric system of layers. The incident
energy to the surface layer of the pavement system is not measurable from the data, but
can be obtained by recording the reflection from a flat metal plate parallel to and at the
same distance from the antenna as the top of the surface layer. The proportion of this
incident energy reflected from the top of the surface layer is measured from the data. The
remaining energy is transmitted past the interface with a portion being lost through
attenuation and scattering and a portion arriving incident to the next interface. There are
no means by which the energy losses in the surface layer can be measured, other than by
placing a reflective metal plate under the layer. In typical field applications, this is
possible without digging up the highway. It is possible to construct predictions of energy
losses per unit thickness for various materials in a laboratory setting in this manner, but
their application in field surveys is again impractical due to the wide range of properties
which can occur for any given construction material. The variability of material
properties varies widely between highway projects and even within highway sections,
making a high degree of error in assumed losses that would undermine their usefulness.
Without a measurement or accurate estimation of the losses involved in a given layer, it

becomes difficult to accurately account for the amount of energy incident to the next
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underlying layer. Errors are introduced into the measurement that accumulate with depth
and with successive underlying layers in calculating the relative dielectric constant, and
hence the layer thickness. Another approach has been to assume values for the relative
dielectric constants of materials and measure only the travel time between reflections in
order to compute the thickness. Errors arise in this method since it does not account for
variability in the actual relative dielectric constant of the in-situ material due to
compaction and moisture content, causing increased or decreased travel time through the
layer. Calibration using a sample core thickness or a test pit will reduce the errors
involved in the constant dielectric assumption.

Maser et al. (1988) briefly describes the use of GPR to determine the moisture
content of base materials, but notes that this is possible if one knows the thickness,
relative dielectric constant, and the conductivity of the base material. Unfortunately, all
of these quantities can not be independently obtained from GPR data and prior
knowledge of these properties of in-situ and in-service materials is virtually impossible to
obtain, relegating this exercise strictly to laboratory conditions.

One great advantage of using GPR for surveying pavements sections is the
potential for identifying changes in pavement system structure that may be unobservable
from the surface. Identifying unknown changes in pavement construction enables better
pavement rehabilitation designs and overall management. Wimsatt (1998) reported on
the use of GPR by the Texas Department of Transportation as an aid for pavement
management decision making. Both air-coupled and ground coupled antennae were used
providing nominal penetration depths of 0.6 meters and 9.1 meters, respectively. Along
with thickness information, the relative dielectric constants of the layers were found to be
of value in predicting an excess of air-voids, or less than optimum density, or conditions
in which moisture content was exceedingly high. Excessive air-voids were correlated to
lower than normal values of the relative dielectric constant, while excess moisture
resulted in higher than normal values. Several case studies were reported in which the
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use of GPR provided evidence of failure mechanisms in pavement distress and permitted
changes to rehabilitation projects which addressed these problems directly, incurring
significant savings. Significantly lower than normal relative dielectric values of a base
layer under an asphalt concrete indicated that the base material was less than the optimum
density. Investigation showed that the base was coarse graded, lacked fines for cohesion,
and allowed excessive water to remain under the pavement leading to distress from truck
loadings. Ground coupled GPR was used to investigate the areal extent of a perched
water spring under an existing portland cement concrete pavement. Identification of the
limits of the spring allowed for an effective drainage design to be placed under the slabs.
Another asphalt concrete pavement was surveyed using air-coupled GPR to determine
where underdrains would be installed and base repairs made in regions of excessive
moisture in the pavement. Higher than normal relative dielectric constants were used to
indicate water intrusion through the asphalt concrete as well as saturated base conditions.

GPR can be used to provide managers of highway infrastructure with layer
thicknesses and subsurface conditions that are important inputs in the determination of
structural capacity and quality assurance of new construction. This information has not
been available previously without relying on construction records or resorting to
destructive investigations of the roadbed.

3.4 Detecting Deterioration in Bridge Decks

Researchers have identified several characteristics in GPR data as indicators of
bridge deck deterioration. Several of these characteristics and the identifying research
are discussed in the following subsections.
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3.4.1 Air Gap Detection

Early models of delaminations in concrete decks consisted of the typical four
dielectric layer model with an extra air layer positioned at the level of the top
reinforcement to simulate a crack opening.

Investigations were conducted by Cantor and Kneeter (1982) to study how the
radar signal was affected by concrete slabs of various thicknesses, rebar, water and
boundary effects, among other variables. The effect of gap width on the radar signal was
studied by positioning two concrete slabs on rollers so that the air gap between them
could be varied from zero to thirty centimeters. While the air gap distance was found to
be measureable over the larger gap distances, the effect is for the negatively pointing
bottom echo of the top slab and the positively pointing surface echo of the bottom slab to
become superimposed and cancel each other out as the gap distance is decreased. It
follows then, that there is a minimum theoretical crack width opening that is completely
measurable using GPR that is equal to one half of the pulse width, or 75 mm in air.
However, it is possible to resolve distances down to crack widths by taking advantage of
algebraically summed overlapped and time-displaced signal according to Alongi et al.
(1982). It was reported that this technique may be employed to measure layer
thicknesses result in two-way travel times that are less than the one half of the pulse
width of the transmitted signal and occur as superimposed reflections in the data.

Manning and Holt (1983) reported 26 percent accuracy in predicting
delaminations in bridge decks by identifying strong positively oriented reflections at the
top reinforcement level. In this study, a single bridge deck was surveyed with 51 percent
of the deck being identified as delaminated, giving a high degree of faise indications of
sound concrete. It was hypothesized that the strong and positively oriented reflection
observed in the data could possibly be due to a large water-filled crack width of the
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delamination, instead of the reverse in phase that might be expected if the crack was
filled with air.

Detecting and measuring small crack width openings is feasible if material
properties are known and remain constant such as in a laboratory environment, but in
field conditions, this does not often hold true. Delaminations can produce cracks widths
ranging from microns, at their onset, to several millimeters in size. Since the changes in
signal characteristics become less measureable as the crack gap decreases, small openings
become difficult to resolve in the data. In the field, crack gaps are not often horizontal
and planar air-filled gaps, but are irregular in shape and contain sand, organic materials,
moisture and chloride. Variations in material properties, coupled with uncertainty as to
the contents of the crack void, make measurement, and detection of delaminations based
on signal changes due to the presence of crack gaps even more difficult.

Maser (1989) analyzed the likelihood of detecting changes in the radar waveform
due to air, water, or other material-filled crack widths in delamination and found that thin
delamination cracks have no effect on the radar signal at either the reflection from the top
reinforcement layer or at the deck bottom. The theoretical analysis of the magnitude of
the net reflected pulse from an air-gap is presented here to demonstrate the futility in
using GPR to detect the actual delamination crack. The Net Reflected Pulse (NRP) is the
waveform magnitude at a given instance in time and may be computed by accounting for
the effects of all reflections from and transmissions through an interface.

Following the approach of Maser (1989) the following consideration of two
possible effects of the “gap model” of delaminations on the radar signal is presented. The
first effect is a reflection from the concrete/gap and gap/concrete interfaces and the
second is a change in the reflection from the bottom of the deck slab. Considering the net
reflected pulse from an incident ray to the gap system, it is shown that it is composed of
the reflected portion of the incident ray plus the sum of the following reflected
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transmissions past the concrete/gap interface. The incident ray, assumed to have a unit
magnitude, is reflected according to the reflection coefficient for the concrete/gap
interface, Ry = R, which is also equal but opposite in phase to the reflection coefficient
from the gap/concrete interface, Rps = -R. The transmission coefficient are therefore Ty
= 1-R = -Tp,. The incident ray is therefore split into a reflected portion, having
magnitude R, and a transmitted portion, having magnitude Ty. The transmitted portion is
reflected by the gap/concrete interface according to the reflection coefficient, Rys = -R,
now with the magnitude RTw», with the remaining energy being transmitted to the bottom
of the slab with magnitude T»Twa = T. The energy reflected from the bottom of the gap
is again reflected by the top of the gap, producing a ray with magnitude R?Ty, while the
remaining energy is transmitted into the top concrete layer with magnitude —RT wptpe = -
RT, delayed by the two-way travel time in the gap, t. This reflection again encounters
the bottom of the gap and is reflected with magnitude —~R>T, and transmitted to the deck
bottom with magnitude R*T. This reflection encounters the top of the gap again,
resulting in another reflection and a transmission to the top concrete layer with magnitude
—R?T, delayed by twice the two-way travel time through the gap, 2. The original
incident pulse can be represented as sin(2nt/.) where . is the period of the pulse and t is
time, allowing the construction of the following relation for the net reflected pulse from
the gap:

NRP = Rsin(Z:t -’-)-R(l—kz)sin(z: Sl)-k’(l-k’)sin(u "2']
T T T

~R*(1-R? )sm(21t d "Tk ) 1201

The net reflected pulse is maximized when time is taken to be one half of the
radar period, or one-quarter of the assumed sine function. The above equation differs
from the work of Maser (1989) in that the transmission effects through the gap are
included in the second pulse reflection term and further reflection terms are considered in
the equation.
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Maser (1989) found that delaminations that are 3 mm or greater in gap width or
those that are water filled are detectable in the radar waveform. The above analysis
shows that net reflected pulses at the level of the concrete cover are small for both air and
damp fine filled gaps, while water filled gaps are highly reflective and should be easily
detected, considering that for typical asphalt with a rclative dielectric constant of 5,
reflection coefficients of 0.382 and 0.124 from the air/asphait and asphalt/concrete
interfaces would result, respectively. For a typical emitted signal strength of 10 volts,
neglecting layer attenuation, the incident voltage to the concrete/air interface of the crack
gap would be reduced by the layer transmission coefficients to 5.42 volts. On its return
to the antenna receiver, the net reflected pulse would be further reduced by these
transmission coefficients. Neglecting layer attenuation and peak reduction due to internal
reflections between the interfaces, the magnitude of the peak in the waveform for each
gap material and gap opening height is shown in Table 2. These values are calculated
using a nominal one nanosecond radar period, corresponding to the center frequency of
one gigahertz, and relative dielectric constants of 8.22 for normal concrete and 5 for
normal asphalt pavement.

Table 2 - Predicted peak magnitude of gap of different thicknesses containing different
materials

—Air
Damp Fines
Water

0517] 333 |-0.023|-0.131]|-0.241]|-0.241] -0.241

Table 2 indicates that for small delamination gaps that are filled with air or damp
fines, the effect is negligible on the radar waveform. Water filled gaps have a greater
effect on the waveform and should be more detectable.



The second proposed effect on the radar waveform due to delamination gap
openings was a change in the magnitude of the reflection from the deck bottom. Given
the negligible effects shown on the waveform from the gap itself and the increased
reductions in the magnitude of the effect as it propagated from the gap to the deck bottom
and back to the receiving antenna, it stands to reason that there would be insufficient
redistribution of energy from the gap to have an appreciable effect on the magnitude of
the deck bottom echo.

Delaminations with such small crack gap openings can be representative of most
field conditions, with opening typically 1 mm or less width, but many delaminations tend
to be filled with corrosion products consisting primarily of iron oxide. Water entering
crack gaps is likely to be absorbed into the concrete slab by capillary action rather
quickly, unless the slab is in a saturated condition. The above findings lead to the
conclusion that direct detection of delaminations using GPR is not practical.

3.4.2 Signal Distortion

Instead of attempting to detect the actual delamination crack, research has been
directed towards detecting other indicators of concrete deterioration. Changes in normal
GPR reflected signal shape have been observed and used by researchers to predict
concrete deterioration in bridge decks. Waveforms were compared by superposition of
each waveform over a baseline waveform shape from the data, representing areas of

sound deck.

Clemeiia (1983) reported limited success in detecting delamination crack
openings by observing depressions and blurred regions about the top reinforcement layer
reflection in black and white B-scan or voltage intensity plots.
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Research showed that waveforms that were collected from areas of deteriorated
deck did vary noticeably from those collected in sound areas of the deck. Superposition
of waveforms enabled a qualitative cluster analysis of the data to yield three prediction
groups: sound concrete, distressed concrete, and intermediate concrete (in which
waveforms were not clearly classified). A wearing test of the deck was conducted by
drilling holes at a fixed speed and applied force for 2 minutes, using the penetration depth
as a measure of the concrete quality. Of these tests, 90 percent of the distressed concrete
predictions proved true, while 91 percent of the sound concrete predictions proved true.
Cantor and Kneeter (1982) remark:

“In theory, it is possible to determine the condition of the concrete
at any location by examining the radar trace. In practice, this is difficult,
because of both the complexity of the trace and the time required to
dissect the trace and its component parts.”

These comments support the basic premise that sound concrete will result in well
defined and strong reflections from the components within the deck system, while
damaged concrete will result in signal losses and distortions in the reflected waveform.
Analysis of individual components of the waveform can be difficult due to superposition
of the reflections and their close proximity, and also due to damage in the deck slab and
the overlying asphalt pavement.

Chung et al. (1984) studied the test data used by Manning and Holt (1983) and
developed signal processing techniques which could automate the calculation of the
reflection ratios within each waveform. These ratios were used to attempt to predict
asphalt/concrete debonding and deck surface scaling and were based on an interpretation
of how the radar signal should respond to these conditions. Sound concrete was observed
to exhibit a characteristic “W-shape” response in the region of the top reinforcement
while delaminations were expected to produce a distortion of the reflection from the top
level of reinforcement and were detected by counting the number of siope changes in the

waveform in this vicinity.
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3.4.3 Signal Attenuation

From the previous discussions, it is noted that detection of actual delaminations
has been difficult and inconsistent. Research has instead shifted focus to detecting

conditions in which delaminations are likely to occur.

The use of changes in the radar waveform for predicting deck deterioration was
refined by analyzing the effects of different variables affecting the reflected energy that
were also associated with corrosion of the reinforcement. There must be a supply of
oxygen and a potential difference to cause the oxidation. Moisture and chloride play an
important role in reinforcement corrosion and their presence in a bridge deck in high
quantities can be used as an indicator of probable deterioration. The effects of moisture
and chloride on the radar response of a sand bed were studied by Alongi et al. (1993) to
establish their use as indicators of bridge deck condition. It was found that signal
attenuation increased with increasing chloride concentration and with increasing percent
solution content by weight in the sand bed. Al-Qadi et al. (1996) also studied the effects
of chloride on the radar waveform and found that increasing chloride content resulted in a
time delay shift and a reduction in peak amplitudes. Given the role of excess moisture
and chloride in corrosion of the deck reinforcement, this now forms the basis of detecting
delaminations for bridge decks in a relatively humid state in areas in which salt is applied
for de-icing purposes. Areas of sound concrete in decks are generally less permeable
with lower water content and chloride ion concentrations than more permeable or porous
areas of concrete that have been damaged by corrosion associated with moisture and salt
ingress. Over time with repeated freezing and thawing action, load applications, and
cracking, the concrete develops cracking on a microscopic level and will become more
porous. Water and chloride ions will migrate into the deck slab and corrosion will initiate
as the passive alkaline environment of the concrete surrounding the reinforcement
degrades. The effect on the reflected GPR waveform is signal attenuation, an increase in
the concrete reflection coefficient, a decrease in the RF propagation velocity through the
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deck slab, and further scattering of the signal due to cracking and granulation of the
concrete. The increase in the concrete reflection coefficient and decrease in RF
propagation velocity are due solely to an increased water content and the resultant
increase in the relative dielectric constant. Attenuation is due to the interactive effects of
moisture and chloride ion content in the slab. Attenuation is the preferred signal
characteristic to correlate to delaminations because of its relationship to the combination
of moisture and chloride, the two prime factors leading to corrosion induced deck
delamination. An increase in the reflection coefficient can be indicative of an increase in
water content at the asphalt/concrete interface and decreasing RF propagation velocity
can be indicative of increased water content throughout the slab depth.

Equations 7 and 8, demonstrate how attenuation can be simplified to a function of
the relative dielectric constant and the ohmic conductivity of the medium. While the
relative dielectric constant is a measureable quantity from the GPR data, the ohmic
conductivity is not. In order to know this, it must be measured directly using a sample of
the material. This technique is not practical for field applications since the conductivity
may vary widely at any point within the bridge deck due to ion concentrations and
various degrees of deterioration of the slab. GPR waveforms recorded at a location in the
deck where the concrete is known to be sound exhibit clear and strong reflections from
the various interfaces. There is a baseline level of signal attenuation due to trace amounts
of chloride and moisture and the normal conductivity of the deck slab. In a deteriorated
area of the deck, the signal exhibits some higher degree of attenuation due to the excess
levels of moisture and chloride in the deck slab. Using a ratio of the amplitudes of the
deck bottom reflection, it may be assumed that the change in attenuation due to the
excess moisture and chloride in the deteriorated region of the deck can be measured.
Another method is to compare the mean square voltage of the waveform data points
between the top and bottom of the concrete slab. Alongi et al. (1993) found through
experimental verification that when the loss in signal strength was 38.5 percent, the radar
would make delamination prediction within .11.2 percent of the ground truth quantities.
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Maser (1989) discusses the simplification of signal attenuation that results from increased
conductivity through chloride content as a function of concrete cover thickness and the
ratio of the reflection from the top reinforcement layer and the reflection from the
air/asphalt interface to predict delaminations. @ However, since the content of
reinforcement may vary over the length of a bridge deck, according to its design, this
may not represent an accurate prediction since varying reinforcement content will affect
the magnitude of the reflection from the reinforcement mats. Even if the reinforcement
content is constant along the deck length, the relative transverse position of the antenna
over the reinforcement grid does have a small effect on the reflected signal. Given the
low probability of exact alignment of the data pass over the longitudinal reinforcement,
this reflection would tend to vary along each data pass and potentially yield false
predictions using this indicator. Attenuation that is computed based on the signal losses
through the entire deck slab can still be affected by reinforcement content variations due
to increased energy reflections from increased reinforcement content. However, since the
magnitude of the deck bottom reflection is generally much larger than the reinforcement
reflection, the effect of the change in reinforcement reflection amplitude is smaller on the
bottom echo measured amplitude, while attenuation of the bottom echo peak due to
excess moisture and chloride content is increased given the larger distance between the

interfaces.

3.4.4 High Asphalt/Concrete Interface Reflectivity

Maser (1990) presented an analysis of GPR and infrared thermography for
quantifying the removal areas for bridge deck deterioration. A sample size of twenty
eight decks were evaluated using GPR, infrared, and visual observation of the bridge
deck underside for direct observation of distress, for a regression analysis based upon the
areas found by chain drag and removed from the decks during maintenance. The GPR
data was not processed to detect signal attenuation as in the research of Alongi et al.
(1993), but a characteristic increase in signal reflectivity from the asphalt/concrete
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interface, indicating localized high moisture contents in the near-surface concrete of the
deck. This high reflectivity was quantified and normalized as the variable R2 by dividing
the magnitude of the asphalt/concrete reflection by the reflection from the air/asphalt
interface. Maser computes the dielectric constant of the concrete using Equation 18
assuming no losses in the asphalt layer and a constant value of the relative dielectric
constant of the asphalt layer of 5.5 for this calculation. In each data pass the mean value
for the relative dielectric constant of the concrete was calculated. Individual values in
each pass that exceeded a certain threshold were flagged as indictors of delaminations.
Maser found that using a threshold value equal to 1.3 times the mean yielded the best-fit
model for predicting delamination quantities. Used independently, underside visual
inspection provided the best correlation to actual removal quantities, followed by radar,
then infrared techniques. However, the best prediction model yielded a good correlation
(R? = 0.83) between actual removal quantity and predicted area using a combination of
GPR and visual detection methods, with a standard error of 4.1 percent of the deck area.

An important difference between the work of Maser (1990) and Alongi et al.
(1993) was in the interpretation of this high- reflectivity from the asphalt/concrete
interface. Alongi et al. (1993) claim that the increase in reflectivity from the deck is due
solely to the effect of moisture, while Maser (1990) states that the increase in reflectivity
is related to the combined increase in both moisture and chloride ion concentration
combined. Corrosion of the reinforcement may be less likely should excess moisture
with very low levels of chlorides be present. Although only excess moisture is required
to produce the higher reflectivity from the concrete surface, over the lifetime of a bridge
deck in an environment where salt is used for deicing purposes, it is unlikely that
localized high moisture contents in the deck would not contain high concentration of

chloride ions.

Maser (1990) made some important conclusions in that the high reflectivity from
the deck may not only indicate deterioration of the concrete cover, but also failure of a
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deck membrane without deterioration of the concrete cover. These two different failures
are indistinguishable using the high concrete reflectivity alone, but with underside
staining maps from visual observations, the cause of the high reflectivity can be inferred.

GPR techniques have been applied only to detecting delaminations at the top layer
of reinforcement. Since the signal is directed through the slab from the top downwards, it
must be assumed that attenuation as measured by the bottom echo amplitude must be the
result of conditions above that interface. This makes sense from a practical standpoint
since most water and chloride ingress start from the top of the slab. Detecting
delaminations at the level of the bottom layer of reinforcement becomes difficult since it
is likely that should they exist, then the deck is delaminated at the top reinforcement layer
as well, since the top would be affected first by the water and chloride. Signal
attenuation associated with the top bar delamination affects the complete waveform
pertaining to the full deck thickness. This effectively masks any further signal
degradation that may arise due to delaminations at the bottom reinforcement level. The
depth to which moisture and chloride intrusion occurs cannot be determined from the
data, but it is inferred that if significant signal attenuation exists, corrosion must affect the
top layer of reinforcement first.

A similar argument exists for using the high reflectivity from the asphalt/concrete
interface as an indicator of deck deterioration. The indicator is a measure of high
moisture conditions at the interface and the adjacent concrete. This condition may be due
to moisture intrusion into the slab or simply by cracked and debonded asphalt overlay or
even a failed membrane. Assuming that the high reflectivity is due to moisture and
chloride intrusion into the slab, the depth of intrusion cannot be measured into the slab,
but full depth penetration can be confirmed by visual observation on the deck underside.
It must be inferred that the top reinforcement is affected by this condition first and
realized that there is a potential for deterioration of the bottom layer reinforcement.
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Quantification of the degree of attenuation may lead to a relationship between bottom

reinforcement delamination and the most severely attenuated signals.

Figure 16 - GPR deck data indicating areas of deterioration

Figure 16 shows a color intensity plot, or B-scan, of a section of a GPR data pass
recorded from a typical bridge deck that contains both high reflectivity from the concrete
deck and signal attenuation. There is a high probability that delaminations would be
found in the deck at these locations. Note that there are three joints shown at the 22.7,
40.8, and 58.8 meter locations along the distance axis as can be seen by increased
reflectivity at the level of the asphalt/concrete interface, as well as a distinguishing

quadratic-shaped structure that develops in the B-scan at the joint location.

The strong and uniform white line at the 4 ns location is the aligned reflection
from the surface of the asphalt pavement. The asphalt/concrete interface and top rebar
are located at the 4.9 ns and 5.5 ns locations, on average. This translates to
approximately 60 mm of asphalt pavement and 31mm of concrete cover on the deck,

assuming relative dielectric constants of S and 8.22 for asphalt and concrete, respectively.
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The deck bottom is represented by the dark line, an inverted peak due to the change in
phase from high to low relative dielectric constants, located approximately at 7.7 ns to
8.2 ns. The variability in the bottom location is due to asphalt thickness and material
property variations in the entire deck thickness. The areas above the highlighted lines,
located at 9.6 ns, drawn on Figure 16 are interpreted to represent deteriorated areas in the
deck. The deteriorations are revealed by the occurrence of excess signal attenuation via
the smearing of the reinforcement and deck bottom reflections, and by the occurrence of
unusually high peak magnitudes from the asphalt/concrete interface, which can be seen

especially well in the areas near the joints.



4. Research Program

The research program for this project was developed by Dalhousie University
DalTech and the Nova Scotia Department of Transportation and Public Works. A
number of objectives were established to provide a basis for assessing the appropriateness
of using GPR for asphalt-covered reinforced concrete bridge deck evaluation for bridge
management.

4.1 Objectives

The main objective of the research described within this thesis is to identify and
assess ground penetrating radar as a pre-tender estimation tool for bridge management.
This main objective will be reached by determining the accuracy and variation between
the deterioration estimates predicted using this technology and surveys of the actual
deterioration for nine asphalt-covered reinforced concrete bridge decks. The following
objectives will be reached to support the main objective of this research:

1) Determine the most appropriate method of GPR data processing to
optimize the accuracy of the results.

2) Determine the network level accuracy and variation of the predicted
deterioration quantity with respect to well-established ground-truth
measurements of the actual deterioration condition.

3) Determine the network level accuracy and variation of the GPR
predicted deterioration quantity with respect to the level of accuracy and
variation associated with the current deterioration estimation practice.

4) Determine the network level spatial correlation between predicted
deterioration location and actual deterioration location with respect to
well-established ground-truth surveys.

69
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5) Determine limitations of the system with respect to deck design and
construction.

This research program was designed to evaluate the accuracy and reliability of
GPR to predict the location and extent of deterioration in asphalt covered reinforced
concrete bridge decks. Whereas the exact bridges to be studied were not known prior to
their selection for repair, all repair candidate bridges for an upcoming construction season
would be surveyed using GPR prior to the tender preparation for the repair work. The
data would be processed and an estimate of the deterioration quantity would be made
based on the results of the data processing. Also, the GPR predicted deterioration
locations would be drawn to scale on a plan map of the deck slab surface area. The GPR
quantity estimate and predicted deterioration locations would be compared to
deterioration groundtruthing results using the conventional chain drag and half-cell
potential survey test methods after the asphalt would be removed from the deck surface.
The groundtruthing results would be overlaid on the GPR deterioration prediction maps
to assess the level of agreement between predicted and actual deterioration locations.
Prediction quantities would thus be compared statistically to establish the percent
difference between the methods and associated confidence intervals for individual decks

and also for network level performance.

This research program entails an innovative approach to using GPR data for
detecting deterioration in asphalt-covered reinforced concrete bridge decks because a
comparative study has not been done before where data was collected at traffic speeds for
which commercially available processing software has been compared with manual
processing methods. Furthermore, previous research has focused on the use of a single
deterioration characteristic in the data as the basis of the estimation, whereas the manual
processing incorporates the use of high reflectivity from the asphalt/concrete interface
and signal attenuation throughout the depth of the deck as the basis of the estimation.
The inclusion of these two effects in the data within manual processing was developed to
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provide a more robust correlation to the actual deterioration by accounting for multiple

phenomona that occur within the processes of deterioration.

4.2 Field Collection of GPR Data

Once the bridges have been identified as potential repair candidates, they were
grouped according to geography to minimize travel time and expense during the data
collection field trip. Other factors affecting trip scheduling were weather and anticipated
traffic flows on each bridge. If heavy traffic was anticipated on a given structure, the
survey would be conducted at night when less traffic would be present. Prior to
collecting the data, each deck was measured and prepared by placing paint marks over
the desired pass location centerlines and the equipment was set up. After collecting the
data, each data pass was reviewed for completeness and clarity before the equipment was
taken down and stored.

4.2.1 Deck Measurement, Visual Ispection and Marking

On data collection field trips, each bridge was carefully measured to determine
the as-built length, width and skew angle of the joints. Other important characteristics
were noted such as the direction of magnetic north, the direction of traffic flow, structure
type, number of spans, location and type of joints, and location of drains. Before
collecting the data, each structure was inspected visually for signs of distress on the deck
bottom surface, asphalt pavement surface, and curb, crash wall, support, and abutment
conditions. Estimates of the thickness of the deck slab and asphalt pavement were also
made by observing the edge of the deck and drainholes, or if they were present, potholes
in the pavement. The location and size of efflorescence, moisture and rust staining on the
deck underside were recorded on a rough sketch to aid in understanding the
characteristics observed in the data.
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Fluorescent orange strips of paint were placed at the centerline locations of the
data passes across the width of the deck. The paint markings were used by the driver of
the van to align the antenna over the desired pass location during the survey. Each group
of paint marks was usually spaced at approximately thirty to forty meters apart along the
length of the deck, or according to the deck curvature and other factors affecting the
visibility of the driver. Fluorescent orange paint was chosen because of its excellent
visibility in daylight and good visibility at night. A convention was established that
successive passes are aligned from right to left in each traffic direction. The first pass in
each direction is placed at a distance of 0.5 meters from the curb edge, with following
passes spaced at the desired interval. Early in the project, a one meter wide spacing was
employed, but was later reduced to 0.75 meters to increase the spatial resolution of the
results.

4.2.2 Equipment Setup

After each bridge was prepared for data collection, the equipment was set up. The
first item that was set up was the front and rear roof safety lights. Each set of lights is
attached to the roof of the van using large magnetized supports.

A standard procedure was developed to prevent equipment damage when setting
up and taking down the exterior hardware. The “arm” portion of the support structure is
positioned and bolted into place on the “post”. Once this is completed, the antenna is
secured to the arm using the two large plastic boits. The bolts are tightened enough so
that the antenna will not move from the wind gust on it when the van is in motion. The
main radar cable is connected to the port on the outside of the van, then to the
transmitter/receiver unit. This provides a grounded connection linking the antenna
assembly to the van. At this point, the person assembling the antenna system first ground
themselves by placing a hand on the aluminum backing of the transmitter/receiver unit,
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then inserts a length of solder into the connector at the top of the antenna for the antenna
feed cable. Again, the person grounds themselves to discharge any excess charge that
may have existed on the antenna to the van. The antenna feed cable is then connected to
the top of the antenna. This procedure is very important as it will lessen the likelihood of
a transfer of static charge to the transmitter/receiver that may lead to diode failure.
Similar care is taken when taking down the antenna assembly. The entire antenna system
is positioned in place on the support beam for the initial curbside data passes. After the
antenna assembly has been set up, the system is powered up and left on for a short period
to stabilize.

To power up the system, the power inverter is first tumed on, then the computer
system. Afier the radar data acquisition software is running, the radar MCU and distance
measuring instrument control are turned on, completing the hardware preparations for
data collection.

4.2.3 Recording Data and Calibration Files

With the antenna hardware setup and the signal checks confirming proper
transmission, the system is ready to collect data. Each data pass is usually set up one at a
time on the computer, using an even-odd sign convention for traffic flow direction.
When each file has been prepared, data collection is initiated after the distance counter
button is held in to zero the count. With the counter held in the zero position, no
waveforms are collected even though data acquisition has commenced. The van is driven
up to the deck at traffic speed with the antenna aligned over the appropriate pass location
paint mark on the deck surface. About ten meters before the initial abutment joint, the
distance counter is released to begin collecting waveforms. Data collection is terminated
by pressing the F1 key when the antenna is located approximately ten meters past the
final abutment joint. All data passes are collected in this manner by driving the van over
the deck in each direction. Periodically, the antenna support post is moved along the
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steel support beam such that it is centered over the next pass location with the van
remaining in the center of the proper traffic lane. “Authorized vehicle only” turnabouts
connecting opposite lanes of divided highways, and side roads or driveways are used to
turn the van around when each pass is completed. The driver uses extreme caution when
choosing appropriate times to merge with traffic flow, giving preference to occasions
with no oncoming traffic.

After all the data passes are recorded, the van is parked off of the roadway and
each data file reviewed for clarity, completeness and an initial assessment of layer
boundaries, deterioration and other features that could be seen in the data. If all files are
found to be satisfactory, the flat metal plate and free space calibration files are then
recorded prior to taking down the antenna hardware. The takedown procedure for the
antenna hardware is simply the reverse of the set up procedure, with similar care to
disconnect the antenna before the grounded link to the van is interrupted. The antenna
and arm are stored in the rear compartment of the van. The support post is centered on
the steel support beam to avoid covering the van headlights and the cap is screwed back
on the main radar cable port to prevent soiling the connections.

Data is transferred from the computer in the van to an office desktop computer
using an lomega Jaz drive that can be connected externally to each system and uses
individual disks having a one gigabyte capacity. A typical bridge with a surface area of
400 m’ produces approximately 15 Mb of data.

After the accuracy of GPR as a repair quantity prective tool has been
demonstrated, it is at this point in the data collection that sufficient information has been
recorded to produce a quantity estimation report of the deck deterioration. The total time
required onsite to observe the deck and collect this data is minimal, typically one hour for
an average 400 m’ bridge deck surface. In this study, the additional chain drag and half-



75

cell potential survey data serves only to provide the ground-truth data by which the
accuracy and effectiveness of the GPR estimates may be judged.

4.3 Chain Drag Survey Data Collection

The chain drag survey was conducted after the asphalt pavement and
waterproofing have been stripped from the concrete desk slab. Due to traffic restrictions,
one lane was closed to traffic for repairs at one time. This means that the data collected
on each lane is taken at a different time, but basically under similar conditions. The deck
is usually swept clean of excess dirt and debris that may interfere with the test procedure.
Another effect that interferes with the test procedure is nearby traffic. Oncoming traffic
in remaining lanes that are not closed for repair produce sufficient background noise that
a small deteriorated area can be missed while conducting the test. Hence, each area was
usually chained several times before moving on to other locations. The chain drag survey
is used to locate and determine the extent of the cracked and debonded areas of concrete
cover over the top layer of reinforcement by dragging the chain over the exposed
concrete surface and listening to the tone produced, as may be seen in Figure 17.

The test is simple, but relies on the operator’s interpretation of the sound
resulting from the chain being dragged over the exposed concrete surface. On
undamaged concrete, the chain results in a sharp, ringing sound whereas on deteriorated
concrete, the sound is dull and hollow. Various degrees of cracking severity and gap
opening will affect the sound produced. The entire surface of the deck is sounded using
the chain in this manner. The boundary of each detected deteriorated area found with the
chain are delineated using spray paint. These areas are simplified into rectangular shapes
for ease of saw-cutting, removal and repair. Also, groups of small designated repairs are
often grouped together to form a larger rectangular area or interconnected group of
rectangular shapes to simplfy the repair work, including sound areas of concrete with
deteriorated areas in the repair.
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Figure 17 - Conducting the chain drag survey

Accompanying the chain drag testing is visual observation of surface deterioration
due to scaling and freezing and thawing. While these areas may not produce a noticeable
effect in the sound of the chain on the deck, they are also encompassed by painted

rectangles for removal if they are found to be severe enough.

Prior to each chain drag survey, a plan map of the deck was drawn to scale with a
0.25 meter by 0.25 meter grid superimposed on the deck surface for sketching the chain
drag results. Each vertex of the rectangular shapes describing the deteriorated areas is
drawn on the deck map to the nearest 0.05 meter and rectangular areas are shaded in to

denote the deteriorated regions of the deck surface.

4.4 Half-Cell Potential Survey Data Collection

The half-cell potential survey was also conducted after the pavement and
waterproofing membrane had been stripped from the deck surface. Due to traffic
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restrictions, one lane is closed to traffic for repairs at one time. This means that the data
was collected from each lane at different times and may be influenced slightly due to
different moisture contents in the deck. A grid system was established on each deck span
to identify the point measurement locations for the survey. Data points were spaced at
half meter intervals across the width of the deck, with the first set of points being placed
at 0.1 meters from the curb edge. A surveying tape was stretched from one joint to the
next to measure point location spacing. The initial and final point in each longitudinal
series of points in each span was located at approximately 10 centimeters from the
abutment joint, just alongside of the steel section, and the others were placed at each
meter mark on the tape. Each longitudinal strip of data points would be placed after the
data had been collected on the previous strip. Using this arrangement, the density of data
collection points was greater than the minimum requirement of 4 feet spacing as specified
in ASTM C 876-91.

Since the half-cell potential survey was conducted during rehabilitation work on
each structure, the contractor was able to jackhammer away an area of concrete cover on
each deck span, exposing sufficient reinforcement to provide a suitable connection. A
large copper clamp was attached to the exposed reinforcement after it has been cleaned
with a wire brush and coarse emery cloth to remove any remaining concrete and dirt.
The clamp was connected to a voltmeter, set to read measurements to one thousandth of a
volt, by approximately one hundred and eighty feet of 18 gauge wire. The voltmeter was
connected to a copper-copper sulfate half-cell electrode by approximately six feet of the
same wire. A damp sponge was placed over the ceramic plug on the electrode, after
removing the plastic cap, to provide a good moist contact between the electrode and the
deck surface.

As each longitudinal strip of data points was placed on the deck surface, each
point was pre-wetted using a solution of water and dishwashing detergent. The soapy
solution ensures that there is a good electrical contact between the deck surface and the
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electrode via the dampened sponge. The potential was measured at each point on the grid
network and recorded along with the its location. Data were also recorded in each
longitudinal strip of points at 0.05 meters on either side of a steel joint.

After both the chain drag and half-cell potential survey, several locations on the
deck were chosen, after referring to the GPR survey map, to extract core sample to
corroborate with the GPR predicted deterioration locations. Core samples were
inspected, then tested for water soluble chloride content to provide evidence in agreement
or disagreement with the GPR survey.




5. Presentation and Discussion of Data Analysis and Results

All of the data gathered required processing to produce an estimate of the
deterioration quantity and to present the data in a graphical format. This allowed for
comparison of GPR predicted deterioration locations to actual deterioration locations
found using the chain drag and half-cell potential survey data to establish spatial
correlation. Half-cell and radar data were compared to a threshold value to differentiate
between deteriorated and sound areas of deck. The chain drag data was already
processed or differentiated as per the audible test procedure of the survey, but required
transfer to AutoCAD to measure the deteriorated areas.

The following sections will examine how these data are processed and converted
into a graphical format for comparison and will also examine the issues related to their

interpretation.

5.1 Automatic Processing of GPR Data

Penetradar Corporation produces in-house designed software to analyze the GPR
data recorded using their hardware. The scope of this research is based solely on bridge
deck data analysis. Bridge data analysis is divided into two steps using two different
analysis programs that were included with the IRIS package: bridge processing and
bridge post-processing.

Bridge processing involves the observation and identification of layer interfaces
using other Penetradar-designed graphical display software, the creation of a processing
setup file, and the production of processing output files containing basic measurements
from the raw data. The setup file identifies which data files were recorded on the deck
and requires the user to specify the time location of the surface reflection,

79
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asphalt/concrete interface, top rebar peak, and deck bottom peak. The user should first
examine the data before creating the setup file to study and determine the interfacial
reflections to ensure that the proper peaks are identified in the setup file. The user then
inputs the location of these peaks by observing the data either in A-scan or in waterfall
plot format and by placing lines over the appropriate peaks during this observation. The
exception to this is the surface echo, for which the time location (less one nanosecond) is
inputted numerically in the initial stages of creating the setup file. This allows the
software to align the data according to the surface echo to simplify viewing the data. The
selection of the other peak locations establishes a fixed-position gate or window around
each peak that the software uses to track the peak location as it fluctuates in its time
position. Once these gate locations are established for all the data passes, the software
processes the setup file, recording such measurements as peak amplitude and time
location. Processed file information is stored in a new file used as the input for post-
processing of the data.

Bridge post-processing uses the new processed data information files to predict
the location and extent of deterioration based on one of four optional characteristics to
look for in the data. These four characteristics are signal attenuation, changes in the
signal shape and consistency, changes in the asphalt/concrete interface echo amplitude,
and changes in the bottom echo amplitude. Of these characteristics, signal attenuation is
the most recommended and applicable characteristic that is associated with deck
deterioration, due to the effect of excess of moisture and chloride in the deck slab on the
signal. The user is required to input the bridge name, skew angle, pass width, and the
length of the unit deck area in each data pass. Each pass in this research was subdivided
into sections of 0.25 meter length. Finally, the user selects the desired deterioration
characteristic to identify in the data and the results are presented graphically on the
computer monitor and can be printed on paper. The degree of signal attenuation is
determined by computing the sum of the mean square voltages in each waveform
between the user-defined top and bottom of the deck slab. The mean square voltage is
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the power reflected from within the deck slab. Regions of deck that are high in moisture
and chloride content will exhibit reduced peak amplitudes and therefore smaller mean
square voltages, or power. The analysis software was designed using a sign convention
of a measurement exceeding a threshold value corresponding to a deterioration
prediction. A change in polarity of the power was required by multiplying it by negative
one to suit this sign convention. The reversed polarity power of each waveform is
compared to a threshold value that is equal to the median plus some portion of the
median. This coefficient for the additional portion of the mean is set by default in the
automatic processing software according to the findings of SHRP S-325 to 0.385. This
portion of the median value was found to balance the number of false deterioration
predictions to the number of false sound deck predictions such that an accurate overall
deterioration quantity resulted. The bridge post-processing software does allow the user
to change the threshold value, adjusting the results to seem more appropriate. After the
calculations have been made using the bridge processing data results, the calculated
deterioration characteristic quantities are shown for each waveforms in each data pass.
Post-processing results consist of a bridge deterioration map showing the location of the
unit deck areas that were found to exceed the threshold power and therefore exhibit
deterioration characteristics in the data. These deterioration maps can be printed for

reporting purposes.

The processing software was designed to allow technicians or laypersons to
process the GPR data requiring only minimal experience in locating the interfacial peaks
in the data. The software applications were specifically designed for use on typical slab
on girder deck designs where the data exhibits reflections from the surface,
asphalt/concrete interface, top and bottom layers of reinforcement, and the deck bottom.
More complex decks such as prestressed and voided slab designs may not be interpreted
properly by the software.
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The time required to automatically process and post-process the data is dependant
on the amplitude and clairity of the interfacial peaks. After inspecting all the data passes,
the user may be able to produce the processing setup file within ten or fifteen minutes.
Processing may take another ten or fifteen minutes depending on the number of
waveforms collected per pass and the processing speed of the computer being used. Post-
processing results can be achieved after just a few minutes of preparation and observation
of the results. Repair estimates can be produced using the quantities produced from the
post-processing output, but for this research the resuits were tabulated and re-drawn on a
plan scaled map of the deck surface using AutoCAD and a brief report was written. This
report production generally required two days of resuits tabulation and drawing.

Unfortunately, the software presents a “black-box™ approach that does not permit
the user to observe and control the tracking and measurement of every waveform. The
power measured in each waveform in each pass can be observed after post-processing of
the data, but can not be directly compared visually to each waveform. The power is
graphed along the length of the data pass, and shows the position of the deterioration
threshold. Values that appear significantly different from the normal range and that are
close to the threshold can be included in the predicted deterioration results by adjusting
the threshold. However, the user must trust the resulting output without ensuring the
proper peaks were identified and tracked in the analysis.

5.2 Manual Processing of GPR Data

As this research project progressed, a need for an alternative technique of
processing the GPR data was realized. Initial results obtained using the automatic
processing software indicated that there was a poor correlation between the actual and the
predicted deterioration quantity and locations and are discussed in Section 5.6.1. The
alternative to automatic processing using the Penetradar software was to observe and
evaluate the deterioration characteristics in the GPR data manually. An in-house manual
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processing software program, called pushbutn.exe, was obtained from Penetradar that
allows the user to identify in the data the start and end of the bridge, input the pass width,
spacing and deck skew, measure thicknesses, and flag regions of the data that are found
to exhibit deterioration characteristics. A similar peak tracking algorithm is used in the
manual processing software for calculating thicknesses that is used in the automatic
processing software, except that the manual processing software allows the user to see the
peak being tracked within the gate as the data is being processed. The user also has the
benefit of adjusting the tracking gate position to follow the desired peak should it migrate
out of range of the gate. The user can browse through a series of data files and make a
qualitative judgement on the condition of the deck based on the observed waveform
qualities such as peak amplitude or signal attenuation. While totally subjective, this
technigue gives the user control over the analysis. The software allows the user to flag
more than one characteristic, although only one characteristic may be examined
individually per pass. Output consists of a bridge map drawn using simple ASCII
characters in a MS-DOS file.

For this research, an innovative combination of signal attenuation and high
reflectivity from the surface of the concrete slab (high relative dielectric constant) were
used as deterioration characteristics in the data. Attenuation is apparent in the data
through a significant reduction in all of the peaks contained within the waveform
corresponding to the thickness of the slab. Most affected is the deck bottom echo, which
makes an excellent indication of signal attenuation. Also accompanying a reduction in
the slab peak amplitudes can be a slight increase in time position of the peak as the
propagation velocity of the energy through the slab is increased due to the higher relative
dielectric constant of the slab in deteriorated areas. Further attenuative characteristics in
the data include a reduction in the clarity, or smoothness, of the individual peaks within
the waveform resulting from scattering losses. Changes in the relative dielectric constant
of the concrete near the surface of the slab are detectable by a significant increase in the
asphalt/concrete peak amplitude. Both signal attenuation and changes in concrete relative
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dielectric are detected through manual processing by relative comparison of a waveform
to those near it in the data pass and to all waveforms observed in a given file. Changes in
a particular waveform associated with deterioration can range from subtle to very
pronounced contrast to waveforms representign sound concrete.

In both automatic and manual processing methods for the GPR data, the software
will calculate the percent of the deck area that is predicted to be deteriorated and both
provide simple deterioration maps of the deck. These deterioration locations found on
these maps were tabulated for reporting purposes and also as an aid in drawing the
deterioration locations on plan maps of the decks using AutoCAD. The deteriorated area
was calculated based on the sum of these predicted deterioration areas in each pass and
was divided by the surveyed deck surface area to obtain an estimate of the percent of the
total deck area deterioration. Where passes overlapped, the resulting deterioration
prediction quantities were corrected by subtracting the superimposed deterioration

prediction areas to avoid double-counting these areas.

Each data pass was subdivided into unit areas of 0.25 meter length by the pass
width. These passes and unit areas were drawn onto scaled plan maps of the deck surface
areas on AutoCAD to denote the predicted deteriorated and sound regions of the slab.

The time required to inspect and analyze the radar data was dependant on the
amplitude and clarity of the interfacial peaks with each data pass, but took approximately
one full day for a typical data set of good clarity from a 400 m? deck surface area. Vague
data required considerably more inspection time in order to decide where the various
interfacial reflections existed and to make judgements regarding the data characteristics
associated with the predicted sound and deteriorated regions of the deck surface.
Subsequent tabulation and production of plan scaled maps of the deck surface area
showing the predicted deteriorations generally required an additional two days.
Compared to automatic processing, the manual processing is much more labour intensive
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and time consuming, but gives the user more confidence in the results and allows the user
to influence the results according to intuition and consideration of other factors.

5.3 Chain Drag Data Processing

The chain drag field data was sketched to the nearest 0.05 meter on scaled plan
drawings of the deck surface. The vertices of each area found to be deteriorated on the
deck using the chain drag method was drawn onto the plan map of the deck surface to
form polygons using AutoCAD. The deterioration locations found using the chain drag
method were then compared to those predicted by both GPR processing methods. The
total deteriorated area found using the chain drag method was easily measured from the
plan map of each deck using AutoCAD.

5.4 Half-Cell Potential Survey Data Processing

The half-cell potential survey data were tabulated using their longitudinal and
transverse location on the deck and the measured voltage. Isopotential contour maps
were produced to demonstrate the distribution of voltage across the deck surface.
According to ASTM C 876-91, a voltage that is more negative than —0.35 volts indicates
that there is at least a ninety percent probability that active corrosion exists on the top
layer of reinforcement at that location. Since contours were produced in 0.02 volt
increments, the ~0.36 volt contour lines provided a boundary by which the area predicted
to have active corrosion could be measured. These lines were imported into the
AutoCAD drawings of the deck surfaces for measurement and comparison to the GPR

predicted deterioration locations.
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5.5 Issues Regarding Data Interpretation

It is important to understand that each of the test methods used in this research is
an estimate of a deterioration symptom of the entire deterioration process. These
symptoms can correspond to timeframes of the entire deterioration process ranging from
initial moisture and chloride ingress into the slab to complete corrosion and delamination
of the slab. Figure 19 describes how these methods approximate the actual deterioration
regime by considering different symptoms. The predicted areas of these methods based
on these symptoms will tend to have areas of confluence and divergence depending on
the age of the deterioration process for each localized area of the bridge deck under study.
GPR is used to locate areas of excess moisture and chloride, the half-cell potential survey
is used to locate areas of active corrosion, and the chain drag survey is used to locate
areas of concrete that have cracked or debonded from the top mat of reinforcement due to
corrosion. Using these methods to assess the accuracy of GPR implies that all methods
are expected to produce similar results. However, given the range of time frames that
different symptoms represent, it follows that a significant level of divergence among the

results must be expected.

— GPR
............ Half-Cell
_————- Chain Drag

— Entire Deterioration Regime

Figure 19 - Diagram showing convergence and divergence of test methods
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There exist assumptions, experimental errors, and simplifications in each test
method that need to be comprehended when a comparison between these methods is
made. These effects must be included in the justification of differences between the
results of each test method.

5.5.1 GPR Data

Deterioration in bridge decks is correlated to the presence of excess moisture and
chloride in the deck. Excesses of moisture and chloride are found to generally exist
under usual conditions in the Atlantic Canadian climate at most of the deck deterioration
phases. The exception to this is at the onset of moisture and chloride ingress into the
concrete cover and also periods of extremely dry weather that tend to remove the interior
excesses of moisture from the deck slab. It is the combined interactive effect of moisture
and chloride that leads to noticeable attenuation of the radar waveform. Without
sufficient amounts of chloride, the effect of excess moisture is small on signal attenuation
and vice versa according to Alongi et al. (1993). Except in very dry periods of weather,
sufficient excesses of moisture and chloride can be found within deteriorated areas in
reinforced concrete decks when chloride is applied in wintertime as a deicing agent.

Attenuative effects on the radar waveform may not be due exclusively to the
combined interaction of moisture and chloride in the concrete deck slab. The effects of
other phenomena on the GPR waveform such as alkali-aggregate reactivity and its
associated chemical products and cracking have not been studied to date. Certainly,
energy losses in the data will occur from other forms of deck deterioration that result in
local changes in relative dielectric constant and in increased signal scattering from layer
non-homogeneity or cracks. Not all energy losses that are due to moisture and chloride
can be correlated to observed phenomena from the half-cell and chain drag surveys. A



portion of these attenuative effects will represent phases of the deterioration process that
are not detectable using these survey methods.

Detection of deck deterioration is based on a relative comparison of waveforms
within a data pass or series of passes on a single deck. If there is good contrast between
the areas of sound concrete and deteriorated concrete, then the difference is easily
noticeable and less error can be expected in the results. Decks that have very low and
very high quantities of deterioration may present difficulties in making a correct
deterioration prediction. On decks that exhibit high levels of deterioration, the areas of
sound concrete may exhibit signs of moisture and chioride ingress, alkali-aggregate
reactivity, poor asphalt concrete quality, and micro-cracking that may cause signal
attenuation, leaving little contrast between delaminated and non-delaminated regions of
the deck. These problems lead to a higher level of background attenuation levels in the
data, making detection of localized, corrosion related, signal attenuation more difficult.
The probability of detecting deteriorated and sound areas of concrete is reduced, while
the probability of false predictions is increased. Identification of the bottom echo can be
difficult in data from such decks because the bottom echo amplitude can be reduced to
the level of the background clutter or pseudo-peaks created by superposition of near
interfaces. Decks in very good condition can also be misleading as slight changes in the
signal characteristics can be misinterpreted as signal attenuation, leading to increased
potential for false predictions of deterioration. Establishing a known location of
deterioration on the deck allows the processor to establish a threshold level of attenuation
by which the remainder of the data can be assessed.

Signal processing of several decks that were analyzed in this research revealed
that some physical contraints can result in difficulties in data interpretation. Since the
data processing is based on a relative comparison of the waveforms, changes in the
waveform due to different numbers of prestressing tendons, that may also vary in depth
on the deck cross-section, can create substantial internal scattering that may render a
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relative comparison useless. Tendons that vary in position at different locations along the
length of the deck will result in peaks that are located at different time positions, and
hence slightly different amplitudes due to background signal attenuation as a function of
depth, making the relative comparison of waveforms very difficult. Another type of
deck, such as a monolithic deck, devoid of supporting girders, of varying thickness
provides similar difficulties with the added effect of non-orthongonal reflection from the
deck bottom. Depth penetration is another issue on extremely thick decks and also those
which contain high chloride contents. Steel fiber reinforced concretes may present a
signal penetration and signal scattering problems because of the more homogenous
distribution of steel throughout the deck thickness and the random orientation of each
fiber causing reflections from unknown depths and non-orthogonal reflections to the
direction of transmission. Synthetic fiber reinforced concrete decks may behave similarly
to a normal concrete deck, depending on the dielectric properties of the material and its
addition rate to the concrete.

Other decks that were exmained in this research contained epoxy coated steel
reinforcement. This epoxy coating is used as a barrier to prevent moisture and chloride
from contacting the steel and therefore protecting the steel from corrosion.
Unfortunately, this epoxy barrier also undermines the assumption that deterioration will
be found where excessive moisture and chloride are detected in the deck using GPR. Itis
also unfortunate that the presence of epoxy coating on the reinforcement cannot be
detected in the GPR signal. Hence, unless there is prior knowledge of the use of epoxy
coated reinforcement in a given deck, the GPR survey may severely overestimate the

level of deterioration.

The nature and condition and even existence of asphalt pavement overlay on a
deck will affect the ability to interpret deterioration characteristics in the radar data. The
lack of an asphalt overlay on a deck will allow moisture not just to penetrate more easily
into cracks and highly permeable regions of the concrete, but will also allow them to dry
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out more quickly. This means that the interactive effect between moisture and chloride
on signal attenuation can be reduced on exposed concrete decks, making the contrast
between probable deterioration and sound concrete less obvious. A porous asphalt
pavement layer, designed using primarily coarse aggregates and containing substantial
voids for drainage, can entrap water in the short term, but also facilitate drying.
Furthermore, these pavements will tend to accumulate chloride and tend to cause signal
scattering due to the voids, reducing the signal penetration into the deck.

The automatic processing software allows the user to vary a threshold level to
affect the processing results. Raising or lowering the threshold affects the severity of the
deterioration condition that is desired in the result. The location of clusters of
problematic areas are unaffected by changing the threshold but their extent and density
on the deck and the predicted quantity are affected. In manual processing of the data,
there is no such numerical threshold by which the user compares calculated coefficients
to determine the condition of each unit area on the deck. With experience, the user
becomes accustomed to observe sufficient relative change in the signal that deterioration
is likely in a particular area. Each deck, and the associated level of signal change, is
different depending on background attenuation levels and the contrast between obviously
sound and deteriorated areas of the deck slab. It may be hypothesized that a higher
degree of attenuation may be associated with a higher degree of deterioration severity,
but it becomes difficult to use an absolute threshold level of as a decision tool
considering the other potential factors affecting the signal, that are unknown to the
inspector. Instead, a variable threshold is used depending on the clarity and contrast
observed in the data in particular regions of a given deck slab. Again, this is a highly
subjective process that is operator-dependant.

There are interpretative errors that can be made in both automatic and manual
modes of processing GPR data. Multiple asphalt pavement layers often exhibit
reflections of varying intensity that can make identifying and tracking the
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asphalt/concrete interface difficult, especially if those layers are thin and/or deteriorated.
Thin layers provide an additional challenge when measuring thickness because of
interference between the surface and interfacial reflections. The true amplitude of the
interfacial reflection can be observed and measured by subtracting a replica of the flat
metal plate file that is scaled to the same amplitude of the surface reflection from the
waveform. Top reinforcement layers can be difficult to distinguish and track in the
waveform if the concrete cover is thin for this same reason. The depth to reinforcement
can vary substantially from deck to deck as well as within the same deck.

Other interpretative errors arise due to the bridge design. Structures that have
multiple interior supports and continuous girders supporting the deck are subject to
negative moments at these supports. The decks are therefore designed to contain more
steel at the top layer of reinforcement at these locations. The effect on the signal is to
increase the amplitude of the top reinforcement layer reflection. In some cases, the steel
content is so high that the reinforcement grid reflects most of the transmitted energy and
information cannot be obtained from deeper within the slab. Where decks experience
positive moments, the steel content is increased at the bottom layer of reinforcement,
causing a similar increase in the bottom reinforcement layer reflection. In these
conditions, the entire data pass may contain regions of varying reinforcement reflection
intensities. Other deck designs such as full-depth slabs and pre-stressed voided slabs
present different waveforms than the typical slab-on-girder design. These types of
bridges have a slab depth that tends to exceed the penetration depth capability of the
radar system. Data from these structures tend to exhibit no deck bottom echo and varying
reinforcement reflection intensities. Furthermore, on thick slabs, the deeper reflections
tend to be weaker due to increased background attenuation which is a function of the
depth of the slab. This may pose a problem with automated processing of the data if the
algorithm is based on assumed constancy of all the reflected peaks. Manual processing
of these structures is also difficult because of the discontinuous nature of the data along
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the entire pass length. Relative comparison must be made within similar regions of the
data.

Deck conditions are assumed to be constant over the entire surface area, but this is
not so. Regions of pavement nearest the curbs are more likely to be deteriorated with age
and are more likely to contain moisture as surface runoff is directed to drains located in
these areas. Metallic trash and soil and debris that tend to hold moisture tend to
accumulate in the curbs of the bridges. These conditions have an effect on the surface
dielectric measurement and the amount of energy that can be directed into the deck.

Diaphragms that are placed transversely across the deck width between the
girders and diaphragms at joint locations can cause “apparent attenuation” in the signal.
In steel members, the positively oriented reflection from the stringer or diaphragm
counteracts the negatively oriented reflection from the concrete/air interface at the deck
slab bottom. The net effect is a reduction in the deck bottom echo that may appear as
though it was caused by moisture/chloride effects in the slab. However, signal
attenuation caused by excesses of moisture and chloride normally affect the entire
waveform, inducing distortion in the shape and a reduction in reflected peak amplitudes.

Increased asphalt/concrete reflection amplitudes can be an indicator of excess
moisture in the concrete slab adjacent to the interface, asphalt pavement that has become
debonded from the concrete slab and contains moisture at the separation, or may indicate
moisture intrusion through a waterproofing membrane and/or surface scaling. Debonded
asphalt and failed membranes are not accounted for by the chain drag or the half-cell
potential surveys and will increase the quantitative difference between these two methods
and the GPR predictions.

The position of the antenna relative to the location of the deterioration will affect
the attenuative effect in the radar waveform, as will the size of the defect. At the



93

operating height of the antenna, the beam produces a “footprint” or coverage area on the
deck surface that is oval in shape and is approximately one meter wide by sixty
centimeters wide, and increases in size with depth. Deterioration effects in the data are
maximized when they are located directly under the antenna since the transmitted beam is
more concentrated nearest the center. Deterioration effects that are located farther from
the center of the beam are weaker in the data. Deteriorated areas that are small relative to
the size of the beam coverage area will have a lesser effect than large areas of
deterioration.

The condition of the deck slab surrounding joints is more difficult to ascertain
than deck slab condition from interior areas of the structure. The geometry is much more
complex, depending on the joint design, and can not be modeled without prior knowledge
of the components. This is very impractical for field testing as the joint can be covered
by asphalt pavement and the design may be unknown. Certainly, joints produce a
different waveform than the deck slab does. Steel content and positions at joints are
usually higher and different, respectively, than in slabs and tend to create multiple higher
intensity reflections in the waveform when the joint is in good condition. This may pose
a problem for automated processing of the data that compares waveform peak amplitudes
and construction along an entire section of a data pass. Joints in poor condition can be
detected manually by observing the adjacent data on either side of the joint and by
observing the reflections at the joint. The transition from typical deck waveforms to joint
waveforms tends to gradually decrease with the bottom echo decreasing in amplitude and
becoming more distorted in shape as the data changes from sound deck to deteriorated
Joint material. Joints that are in good condition tend to exhibit more abrupt changes in
deck bottom reflection as the data changes from slab to joint.

GPR data is organized for processing by dividing each pass into unit areas of
length and pass-width. These unit areas are drawn onto the deck surface to represent
zones of predicted deterioration. It is important to understand that a unit area may not be
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entirely deteriorated, but contains sufficient deteriorated area that it is detectable in the
data. Quantitative dissimilarity due to size differences between the unit area prediction
and the actual extent of deterioration area must be expected.

Longitudinal position of the radar on the deck is determined from the data by
observing the number of pulses recorded from the distance measuring instrument of the
ABS braking system on the van. The number of pulses is multiplied by a constant to
obtain distance. Small errors in calibration of this constant can cause slight misposition
of the predicted area with the actual test location. This error increases with increasing
deck length. Careful calibration of the distance measuring instrument constant is
therefore very important.
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5.5.2 Chain Drag Data

Conducting the chain drag survey is simple, using a subjective test criteria where
the sound of the chain impacting the deck surface is interpreted as hollow sounding or not
by the operator. Interpretative errors can arise due to a number of conditions such as the
chain size used, traffic, operator fatigue, presence of debris or waterproofing membrane
on some areas of the deck surface, non-corrosion induced cracking, and the proximity

and size of delaminations.

Typically, a six foot length of one-half to three-ecighths inch diameter chain is
used for the survey. Other configurations include a series of shorter, smaller diameter
chains attached to an arm on the end of a long handle, in similar fashion to a rake. Chain
weight and size affect the amount of energy directed into the deck and the frequency of
that energy. This affects the depth from which the energy will be reflected with sufficient
amplitude that a significant difference between sound an unsound concrete can be
detected by the operator. Heavier chains direct more energy deeper into the slab than
lighter chains. The pitch and tone of the reflected sound from the delamination also
differs according to the weight of chain used.

A major contributing factor to misinterpretation of chain drag sounding is traffic
noise. Surveys are normally conducted on a single closed lane of a structure, while the
other lane or lanes remain open to traffic. Often, the traffic is passing within four to ten
feet of the operator while the deck is being surveyed. Noise from large trucks can make
it very difficult to detect a change in the sound produced that identifies a delamination.

Operator fatigue can play a role in misinterpretation of chain drag sounding. On
bridge decks that are in good condition, the operator can begin to “detect” suspicious
areas of deck that sound somewhat different than other areas, but do not produce obvious
sounds indicative of delaminations.
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lighter chains. The pitch and tone of the reflected sound from the delamination also
differs according to the weight of chain used.

A major contributing factor to misinterpretation of chain drag sounding is traffic
noise. Surveys are normally conducted on a single closed lane of a structure, while the
other lane or lanes remain open to traffic. Often, the traffic is passing within four to ten
feet of the operator while the deck is being surveyed. Noise from large trucks can make
it very difficult to detect a change in the sound produced that identifies a delamination.

Operator fatigue can play a role in misinterpretation of chain drag sounding. On
bridge decks that are in good condition, the operator can begin to “detect” suspicious
areas of deck that sound somewhat different than other areas, but do not produce obvious

sounds indicative of delaminations.

Rehabilitation construction of decks is a dirty and dusty procedure that requires
the deck surfaces to be swept clean of dirt and debris after the asphait pavement and
waterproofing membranes have been stripped from the deck. Sometimes not all of the
debris is swept from the deck or all of the membrane stripped from the deck surface.
Both debris and partially bonded membranes can produce hollow sounds that are similar

to delaminated concrete.

In some cases, the asphalt pavement has been so well bonded to the deck surface
that work crews needed to use light jackhammers to remove the pavement from the deck
surface. The impact of the hammer on the deck surface tends to spall small pieces of the
cover concrete from the remainder of the deck, inducing small surficial “delaminations”
that will be detected by the chain drag survey.

Lastly, it is important to remember that results from the chain drag survey are a
combination of visual assessment of the deck surface, areas that produced a hollow
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delaminated sound from the chain drag test, and also areas of deck that is not
deteriorated. These non-deteriorated areas of the deck become included into the chain
drag survey results by grouping clusters of delaminations into simple parallelograms for
removal and repair. In some cases, small areas of sound deck are found within large
areas of deteriorated deck and are removed intentionally to simplify the repair operation

as a whole.

While GPR is used to detect moisture and chloride ingress into the deck, and the
half-cell potential survey is used to detect active corrosion, both of which may be
precursory to the formation of a delamination, the chain drag survey will not detect areas
of excess moisture and chloride or active corrosion that has induced insufficient stress in
the deck to form a delamination.

5.5.3 Half-Cell Potential Data

The half-cell potential survey is a more objective test than the manual processing
technique of radar data interpretation or chain drag survey metheds because it uses a
fixed standard threshold instead of relying on subjective test criteria. The test procedure
and density of data collection points are standardized in ASTM C 876-91 as are means of
data interpretation. In this research, the data collection points were assigned coordinates
representing the longitudinal and transverse distance from a fixed point on the deck
surface. After tabulating the data, contour plots were produced using a software package
called Surfer. Contours were generated for every step of 0.02 volts using a Kriging
interpolative curve-fitting model with smoothing effects. It must be re-emphasized that
the —0.35 volt threshold only gives an indication that there is a ninety percent probability
of active corrosion. Certain effects may occur that tend to shift the actual threshold that

may best represent the active corrosion on a given deck.
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Since the half-cell electrode is used to measure the electrical potential field
surrounding the corrosion induced current in the reinforcement, the moisture content and
electrical connectivity of the concrete cover over the reinforcement play an important role
in the value of the measured potential. Concrete cover that is very dry will be more
insulated and cause values that are less negative to be observed in areas overlying active
corrosion. In regions of deck deterioration where the concrete cover has completely
debonded from the reinforcement and underlying concrete, potentials can result that may
not indicate deterioration at all due to the insulating effect of the air gap between the
cover and the remainder of the slab. Furthermore, the interpolation tends to falsely
include areas of sound concrete into the reported active corrosion areas, and vice versa,

due to the curve fitting approximation.

Aside from moisture and electrical connectivity effects causing misinterpretation
in the results, the smoothing effect of the Kriging interpolation model used to create the
contour lines from the raw data may also tend to obscure some areas of deterioration
within areas of sound concrete, and vice versa, if the respective potentials are close to the
—0.35 volt threshold. As a result, some small areas of deterioration that may be observed
in the other detection methods results may not be observed in the half-cell method results.

5.6 Comparison of Bridge Deck Survey Results

Results from the GPR, chain drag and half-cell potential survey methods were
compared both graphically and statistically to describe the correlation and differences
among them. The resulting quantities and spatial distribution of deterioration was
analyzed statistically to establish the accuracy and level of difference to be expected of
the GPR survey relative to the chain drag and half-cell potential survey methods.
Numerical accuracy of both GPR processing techniques relative to the ground-truthing
survey methods was computed based on the basic estimate and total measured
deteriorated surface area, respectively. Spatial correlation was described statistically by



98

observing the prediction and outcome of each unit radar prediction area of 0.25-meter
length by pass width. Agreement, or convergence, between the predicted and observed
deterioration was considered to be confirmed if at least one-third of the unit prediction
area contained observed deterioration. There are four scenarios that can result from each
unit area prediction:

1) A true detection of deterioration, (A);

2) A false detection of deterioration, (B);

3) A true detection of sound concrete, (C); and
4) A false detection of sound concrete, (D).

Of these scenarios, the actual deterioration area will be described by the sum of
the true deterioration and false sound predictions (A+D), while the actual area of sound
concrete will be described by the sum of the false deterioration and true sound concrete
predictions, (B+C). Obviously, to maximize spatial correlation the best method would
maximize the true predictions and minimize the false predictions. Statistics were
constructed to describe the accuracy, false alarm rates, and probability of correct
detections for manual and automatic processing techniques relative to the chain drag and
half-cell potential surveys by counting the various outcomes of all of the unit prediction

areas, as follows:

Percent Correct Deterioration Prediction = A/(A+B)

Percent Correct Sound Concrete Prediction = C/(C+D)

Percent Total Correct Predictions = (A+C)/(A+B+C+D)

Percent Total Incorrect Predictions = (B+D)/(A+B+C+D)

Probability of Correctly Detecting Deterioration = A/(A+D)

Probability of Correctly Detecting Sound Concrete = C/(B+C)

False Alarm Rate of Detecting Deterioration in Sound Concrete = B/(B+C)
False Alarm Rate of Detecting Sound Concrete in Deterioration = D/(A+D)



These statistics were used not just to describe how the predicted quantity
compares to the quantity found by the ground-truthing methods, but also how the
locations of predicted deterioration compare to the deterioration locations as found by the
ground-truthing methods. However, it must be remembered that the actual deterioration
quantities must be compared to the predicted quantity, not just the percent of correct
deterioration predictions, since the false deteriroation predictions are counteracted by the
false sound concrete predictions.

5.6.1 Preliminary GPR Automatic Processing Resulits

The earliest GPR surveys in this research project were processed using version
1.10 of the Penetradar automatic processing software. Comparison between these results
and the observed deterioration made the accuracy of these surveys questionable. Results
from seven of these early structures are listed in

The Robie Street Overpass, McClures Overpass, and Lower truro Road Overpass
were constructed using epoxy coated reinforcement. It can be observed that the GPR
predictions did not correlate well with the actual quantity of deterioration observed for
these three decks. It is hypothesized that although the automatic processing did not
perform well for the other decks listed in Table 3, the differences for these three decks is
more attributable to the epoxy coating preventing the chloride depassivation, and hence
the ensuing corrosion, of the reinforcement. Even if the automatic processing had
perfectly identified the areas of excessive moisture and chloride ingress into the deck, the
usual correlation between excess moisture and chloride cannot be assumed because of
this barrier effect of the epoxy.

Table 3 showing the GPR predicted deterioration estimates and the actual
deterioration quantity found using the chain drag method. Unfortunately, no records
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were retained of the location and spatial extent of the observed deterioration to compare
to the GPR predicted deterioration. These early results were found to have poor
correlation between the GPR predicted and actual deterioration quantities. Poor spatial
correlation between the GPR predicted and actual deterioration locations was observed
on the decks.

The Robie Street Overpass, McClures Overpass, and Lower truro Road Overpass
were constructed using epoxy coated reinforcement. It can be observed that the GPR
predictions did not correlate well with the actual quantity of deterioration observed for
these three decks. It is hypothesized that although the automatic processing did not
perform well for the other decks listed in Table 3, the differences for these three decks is
more attributable to the epoxy coating preventing the chloride depassivation, and hence
the ensuing corrosion, of the reinforcement. Even if the automatic processing had
perfectly identified the areas of excessive moisture and chloride ingress into the deck, the
usual correlation between excess moisture and chloride cannot be assumed because of
this barrier effect of the epoxy.

Table 3 - GPR predictions and actual deterioration quantities on initial structures

Structure ID Chain Drag GPR Predicted Difference Difference
Deterioration Quantity | Deterioration Quantitity (m?) (%)
(m?) (m?)

McClures OP 37.9 772 2393 -103.7%
Robie Street OP 65.0 129.3 643 98.9%
Lower Truro Rd 1433 1649 -16.6 -11.2%
Joseph Howe OP 171.5 4875 -316.0 -1843%
Dutch Village OP 13.1 732 -60.1 4588%
CNR OP 159 31.4 -15.5 97.5%
Middle R. Bridge 286.7 398 2469 86.1%
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From these early results, it became apparent that the automatic processing did not
appear to perform as well as described in SHRP S-325 where accuracy of +11.2 percent
of the ground truth quantities was reported. It was unknown if the poor correlation
between actual deterioration quantities and those predicted using the automatic
processing software was due to a lack of experience in interpreting the radar waveforms,
improper use of the software, or perhaps a problem with the software itself. After
supervision was provided by the Penetradar Corporation, it was determined that improper
usage of the software was not likely to be the cause of the poor results. At this point,
manual processing of the radar data was introduced into the research program to address
these correlation problems. Future structures that were surveyed using GPR were
processed both using the newer version 3.10 of the automatic processing software and
using the manual processing technique for this research. The inclusion of proceesing the
GPR data manually resulted in a significant increase in the amount of time and effort
required to process the data. At the same time, manual processing introduced a
significantly higher degree of subjectivity into the data analysis. Minimal operator
influence was one of the selection criteria for the most appropriate method in identifying
deterioration in asphalt paved reinforced concrete bridge decks, but as the results from
the following nine structures will show, the manual processing technique offers the user
better opportunity to apply quality control on the analysis that results in a more accurate
estimate that better represents the actual deterioration that exists in each deck.

5.6.2 Glendale Bridge

The Glendale Bridge is located on Highway 105 approximately 22 km north of
Port Hastings, Inverness County. It is a slab on steel girder design with a length of 37.5
meters and a width of 8.4 meters. The deck was surveyed using GPR on March 19, 1997
and rehabilitated during the summer of 1997. The GPR data appeared to be of good to
very good clarity in which the reflections from interfaces and reinforcement were well
formed and easily distinguishable.
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Appendix Al.1 shows a plan view map of the deck surface using red hatching to
designate where signal attenuation was detected in the GPR data using manual
processing. Green hatching is used to designate where debonded concrete; delaminations
and surface scaling were detected using the chain drag method. Good correlation
between the manual GPR resuits and the chain drag results are apparent in the region of
the abutment joints and interior joints. However, poor correlation can be seen in radar
data pass “B” and “G™ where a significant amount of deterioration was found using the
chain drag method, but not found using GPR in the central and northern spans. Appendix
Al.2 shows a similar plan map of the deck surface using red hatching to designate where
signal attenuation was detected in the GPR data using manual processing and a solid
black line representing the —0.36 volt contour line established using the half-cell potential
survey. The area bounded by this contour represents zones of active corrosion in the
deck as stipulated by ASTM C 876-91. The data shows good correlation between active
corrosion detected about the joints of the deck and the GPR detections similarly located.
GPR resulted in no detections in the central span along radar pass “B” where several
major areas of active corrosion were detected. One group of manually processed GPR
detections on the northern span does occupy a similar region as a large area of active
corrosion. Overall, the half-cell potential survey did not detect similar quantities or all of
the locations as the chain drag survey method, but there exists good correlation between
these two groud-truthing methods at several of the deteriorated areas on the northern
interior joint, and on the eastern edge of the central and northern spans.

Appendix Al.3 shows a similar plan map of the deck surface using black hatching
to designate where signal attenuation was detected in the GPR data using automatic
processing and green hatching to designate where debonded concrete, delaminations and
surface scaling were detected using the chain drag method. The automatic processing
results correlate more favorably with the actual deterioration found on the deck using the
chain drag method, particularly with the deteriorated areas found along pass “B” of the
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radar survey, but resulted in numerous false detections in the central span. Two major
zones of deterioration were not detected in the northern span using the automatic
processing method for the GPR data. Appendix Al.4 shows a similar plan map of the
deck surface using black hatching to designate where signal attenuation was detected in
the GPR data using automatic processing and a solid black line bounding the zones of
active corrosion detected in the deck. Again, little active corrosion was detected
throughout the central span where the majority of GPR detections were located. Good
correlation between the automatic processing resuits and the areas of active corrosion can
be observed in radar pass “B” on the eastern edge of the central and northern spans and
along the joints of the deck.

Appendix A1.5 shows a similar plan map of the deck surface using black hatching
to designate where signal attenuation was detected in the GPR data using automatic
processing and red hatching to designate where signal attenuation was detected in the
GPR data using manual processing. It is evident that both methods detect attenuation
near the joints of the deck, while the automatic processing detected more attenuation
throughout the central span than could be observed using manual processing. Both
manual and automatic processing detected attenuation in the southemn span that neither
the half-cell or chain drag methods detected deterioration. While the automatic
processing detected more of the deterioration found using the ground-truthing methods, it
also resulted in more false detections of deterioration, leading one to the conclusion that,
based on graphical observation alone, the manual and automatic processing techniques
performed at similar levels of accuracy on this particular deck.

Considering the graphical spatial correlation of results, the automatic processing
seems to identify the areas of deterioration detected by the half-cell potential and chain
drag surveys better than the manual processing of the GPR data for the Glendale bridge.
The quantitative and spatial estimate statistics are listed in Table 4 for the Glendale
Bridge.
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Table 4 ~ Quantitative and spatial estimate statistics — Glendale Bridge

Glendale Bridge
Predicted versus Actual and Ground-truth Quantities
I(Exprased as a Percentage of Deck Surface Area)
GPR Predicted Quantity (Automatic) 29.1%
GPR Predicted Quantity (Manual) 16.2%
Actual Quantity Removed 22.6%
Chain Drag Quantity 20.1%
Half-Cell Quantity 9.3%
GPR Spatial Correlation Statistics Total GPR Unit Areas on Deck = 1350
Relative to Chain Drag| Relative to Haif-Celi
Manual | Automatic] Manual |Automatic
True Deterioration Predictions 106 174 61 114
False Deterioration Predictions 68 188 114 254
True Sound Predictions 996 866 1088 950
False Sound Predictions 180 122 87 32
% Correct Deterioration Predictions 60.9% 48.1% 34.9% 31.0%
% Correct Sound Predictions 84.7% 87.7% 92.6% 96.7%
% Total Correct Predictions 81.6% 77.0% 85.1% 78.8%
% Total Incorrect Predictions 18.4% 23.0% 14.9% 21.2%
Probability of correctly detecting deterioration 37.1% 58.8% 41.2% 78.1%
Probability of correctly detecting sound concrete] 93.6% 82.2% 90.5% 78.9%
False alarm rate of detecting deterioration 6.4% 17.8% 9.5% 21.1%
False alarm rate of detectinjg sound concrete 62.9% 41.2% 58.8% 21.9%

The half-cell potential survey quantity resulted in significantly less deterioration
detection than the chain drag method due to a lack of electrical activity detected along the
abutment joints and in the area of surface scaling found on the northem edge of the
easternmost span. These areas did not produce a hollow sound using the chain drag test,
that would indicate delamination, but were outlined for removal because of the economy
in replacing all joints at one time and because of the high probability of future

reinforcement corrosion below the scaled concrete.
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The quantities obtained using the manual processing were closer to the chain drag
and the half-cell quantities than the those obtained using the automatic processing of the
GPR data. The percent of correct deterioration predictions using manual processing
exceeded that obtained using the automatic processing relative to both ground-truthing
methods. However, the correct prediction rate of sound concrete was approximately the
same for each method, giving a higher percent correct prediction rate for the manual
technique than the automatic processing software due to the increased correct
deterioration prediction rate of the manual processing technique on this particular deck.
The fair correlation observed in the figures contained in Appendix Al between the
manual processing results and the chain drag and half-cell potential surveys is described
well by the low 37.1% probability of correctly detecting deterioration and the moderately
high 62.9% false alarm rate of detecting sound concrete using manual processing on this
particular bridge deck. The majority of deterioration that was unidentified by the manual
GPR processing results occurred in Pass “B”. Extensive deterioration that is found along
one strip of data that is bounded by two other strips of sound concrete data can sometimes
be difficult to detect because the user may believe that the deck geometry is influencing
that particular pass, rather than deck deterioration. Deck deterioration does not usually
remain confined longitudinally along one strip of data, but can be identified at the same
general distance in adjacent passes. The automatic processing also exhibited a
moderately high false alarm rate of 58.8% in detecting sound concrete due to the lack of
deterioration detections in the western edge of the northern span.

5.6.3 Rough Brook Bridge

The Rough Brook Bridge is located on Highway 105, approximately 15 km north
of Port Hastings, Inverness County. It is a slab on steel girder design with a length of
34.2 meters and a width of 8.6 meters. The deck was surveyed using GPR on March 19,
1997 and rehabilitated during the summer of 1997. The data in general was of poor to
fair clarity, exhibiting much distortion and a lack of well defined reflections from the
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interfaces and reinforcement. These poor quality data may be due to general excesses of
moisture and chloride and/or deteriorated asphalt pavement on the deck that may cause
signal scattering and losses at all points on the deck rather than just excess losses at the

deteriorated areas.

Appendix A2.1 shows a plan view map of the deck surface using red hatching to
designate where signal attenuation was detected and blue hatching to designate where
high concrete reflectivity, or high concrete relative dielectric constant was found in the
GPR data using manual processing. Green hatching is used to designate where debonded
concrete; delaminations and surface scaling were detected using the chain drag method.
Good correlation between the manual GPR results and the chain drag results are apparent
in the region of the abutment and interior joints as well as in numerous small
delaminations in all spans. However, there are also numerous small areas of deterioration
that were found using the chain drag method, but not found using GPR. The half-cell
potential survey was not conducted on this deck.

Appendix A2.2 shows a similar plan map of the deck surface using black hatching
to designate where signal attenuation was detected in the GPR data using automatic
processing and green hatching to designate where debonded concrete, delaminations and
surface scaling were detected using the chain drag method. The automatic processing
results seem to correlate as well with the actual deterioration found on the deck along the
joints, but appears not to detect deterioration in many of the delaminated areas found in
on the deck spans. Rather, the automatic processing results appear to identify small
groups of detections in areas that were found to be in good condition by the chain drag

survey.

Appendix A2.3 shows a similar plan map of the deck surface using black hatching
to designate where signal attenuation was detected in the GPR data using automatic
processing and red and blue hatching to designate where signal attenuation and high
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concrete reflectivity, respectively, were detected in the GPR data using manual
processing. It is evident that both methods detect attenuation in some similar regions of
the deck, but a large number of non-similar areas were detected as deteriorated by each
processing method. Considering the graphical spatial correlation of results, both GPR
processing methods appeared to perform equally well for this bridge. Table 5 lists the
quantitative and spatial estimate statistics for the Rough Brook Bridge.

Table S5 — Quantitative and spatial estimate statistics - Rough Brook Bridge

[Rough Brook Bridge

,Predicted versus Actual and Ground-truth Quantities
(Expressed as a Percentage of Deck Surface Area)
e __

GPR Predicted Quantity (Automatic) 1 21.7%
GPR Predicted Quantity (Manual) 21.2%
Actual Quantity Removed 29.4%
Chain Drag Quantity 27.2%
Half-Cell Quantity N/A
GPR Spatial Correlation Statistics Total GPR Unit Areas on Deck = 1233
Relative to Chain Drag] Relative to Half-Cell
Manual | Automatic] Manual | Automatic
True Deterioration Predictions 203 150 N/A N/A
False Deterioration Predictions 54 112 N/A N/A
True Sound Predictions 661 694 N/A N/A
False Sound Predictions 315 277 N/A N/A
% Correct Deterioration Predictions 79.0% 57.3% N/A N/A
% Correct Sound Predictions 67.7% 71.5% N/A N/A
% Total Correct Predictions 70.1% 68.5% N/A N/A
% Total Incorrect Predictions 29.9% 31.5% N/A N/A
Probability of correctly detecting deterioration 39.2% 35.1% N/A N/A
Probability of correctly detecting sound concrete 92.4% 86.1% N/A N/A
Faise alarm rate of detecting deterioration 7.6% 13.9% N/A N/A
False alarm rate of detectingiound concrete 60.8% 64.9% N/A N/A

Both GPR processing methods resuited in similar quantity estimates, but the
manual processing technique exhibited a higher percentage of correct deterioration
predictions than the automatic processing software results. Both processing techniques
exhibited similar correct prediction rates for the existence of sound concrete. In spite of
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the higher percent correct sound concrete prediction rates for each method, the manual
processing technique correctly predicted less sound concrete areas than the automatic
processing. Both GPR processing methods exhibited similar probabilities of correctly
detecting deteriorated and sound concrete. As observed in the figures of Appendix A.2,
both methods performed similarly in predicting the quantity and extent of deterioration
on this particular deck, however, the low probabilities of the manual and automatic GPR
processing methods of correctly predicting deterioration locations may be attributed the
poor clarity of the data and the resulting lack of significant contrast of the signal shape
and amplitude between the deteriorated and sound regions of the deck.

5.6.4 Victoria Bridge

The Victoria Bridge is located on Highway 105, approximately 19 km north of
Port Hastings over the River Inhabitants, Inverness County. It is a slab on steel girder
design with a length of 28.0 meters and a width of 8.5 meters. The deck was surveyed
using GPR on March 19, 1997 and rehabilitated during the summer of 1997. The data in
general was of good clarity, exhibiting some distortion and generally well defined
reflections from the interfaces and reinforcement. This level of clarity indicates that the
deck materials are generally in sound condition and free of scattering losses due to cracks

and non-homogeneities.

Appendix A3.1 shows a plan view map of the deck surface using red hatching to
designate where signal attenuation and high concrete reflectivity were detected in the
GPR data using manual processing. Green hatching is used to designate where debonded
concrete; delaminations and surface scaling were detected using the chain drag method.
Good correlation between the manual GPR results and the chain drag results are apparent
in the region of the abutment and interior joints. Many apparently random detections can
be seen that were detected using the manual processing technique, of which two of the
larger areas occur in proximity to the two areas of deterioration detected within the
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northern span. The manual GPR processing appears to have a fair correlation to the
deterioration quantity and locations found using the chain drag method.

Appendix A3.2 shows a similar plan map of the deck surface using red hatching
to designate where signal attenuation was detected in the GPR data using manual
processing and a solid black line representing the —0.36 volt contour line established
using the half-cell potential survey. The area bounded by this contour represents zones of
active corrosion in the deck. Virtually no active corrosion was detected on the entire
slab, except for a small area located on the northern span that lies in close proximity to a
group of detections found using the manual GPR processing technique. The half-cell
potential survey results do not seem to represent the deterioration levels detected using
the chain drag survey method very well. The manual GPR processing results seem to
correlate poorly with the results of the half-cell potential survey on this particular deck.

Appendix A3.3 shows a similar plan map of the deck surface using black hatching
to designate where signal attenuation was detected in the GPR data using automatic
processing and green hatching to designate where debonded concrete, delaminations and
surface scaling were detected using the chain drag method. The automatic processing
results correlate more favorably with the actual deterioration found on the deck, but show
many more detections than what was found using the chain drag method.

Appendix A3.4 shows a similar plan map of the deck surface using black hatching
to designate where signal attenuation was detected in the GPR data using automatic
processing and a solid black line bounding the zones of active corrosion detected in the
deck. Again, little active corrosion was detected throughout the deck where the majority
of GPR detections were located. The major area of active corrosion detected on the
northern span correlates very well to a group of automatic processing detections in the

Same area.
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Appendix A3.5 shows a similar plan map of the deck surface using black hatching
to designate where signal attenuation was detected in the GPR data using automatic
processing and red hatching to designate where signal attenuation and high concrete
reflectivity were detected in the GPR data using manual processing. It is evident that
both methods detect attenuation near the joints of the deck, while the automatic
processing detected more attenuation throughout the deck spans than could be observed

using manual processing.

Table 6 — Quantitative and spatial estimate statistics — Victoria Bridge

Victoria Bridge
Predicted ver;us Actual and Ground-truth Quantities
xpressed as a Percentage of Deck Surface Area)
GPR Predicted Quantity (Automatic) 40.7%
GPR Predicted Quantity (Manual) 13.6%
Actual Quantity Removed 11.1%
Chain Drag Quantity 5.2%
Half-Cell Quantity 0.1%
GPR Spatial Correlatio_n_ Statistics Total CEPR Unit Areas on Deck = 864
Relative to Chain Drag| Relative to Haif-Cell
Manual Automati; Manual | Automatic
True Deterioration Predictions 27 37 0 1
False Deterioration Predictions 82 408 109 278
True Sound Predictions 715 399 754 585
False Sound Predictions 40 20 1 0
% Correct Deterioration Predictions 24.83% 8.3% 0.0% 0.4%
% Correct Sound Predictions 94.7% 95.2% 99.9% 100.0%
% Total Correct Predictions 85.9% - 50.5% 87.3% 67.8%
% Total Incorrect Predictions 14.1% 49.5% 12.7% 32.2%
Probability of correctly detecting deterioration 40.3% 64.9% 0.0% 100.0%
Probability of correctly detecting sound concrete 89.7% 49.4% 87.4% 67.8%
False alarm rate of detecting deterioration 10.3% 50.6% 12.6% 32.2%
False alarm rate of detecting sound concrete 59.7% 35.1% 100.0% 0.0%

The manual processing seems to describe the areas of deterioration detected by
the half-cell potential and chain drag surveys better than the automatic processing of the
GPR data for the Victoria Bridge because of the much higher number of false
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deterioration predictions observed with the automatic processing results. Table 6 lists the
quantitative and spatial estimate statistics for the Victoria Bridge.

The half-cell potential survey resulted in significantly less deterioration detected
than the chain drag survey. It is likely that the deck was in a very dry condition at the
time of the test causing the concrete cover to act as an insulator, decreasing the negativity
of the corrosion field potential. The quantity estimate obtained using the manual GPR
processing method was much closer to the deterioration quantity measured using the
chain drag survey than the estimate obtained using the automatic GPR processing
software. The manually processed GPR estimate was actually very close to the final
deterioration removal quantity that was measured afier the repairs have been completed.
This value is based on the chain drag areas that were detected, but is increased as repair
work follows the existence of corrosion visible on the exposed reinforcement. Although
the manual processing method resulted in a higher percent correct deterioration
prediction, the probability of correct deterioration detection is less than the automatic
processing results because of the relatively higher percentage of false predictions of
sound concrete. The automatic processing results, however, exhibited a substantially
lower probability of detecting sound concrete than the manual processing because of the
high number of false deterioration predictions which also contributed to a high false

alarm rate of detecting deterioration.

The manual GPR processing performed much better than the automatic GPR
processing on the Victoria Bridge. This was evident by the higher total correct prediction
rate for the manual processing compared to the percent correct and incorrect prediction
rates for the automatic processing, which were similar. The automatic processing results
detected a higher percentage of the actual deterioration than the manual processing results
but also resulted in a much higher false deterioration prediction.
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5.6.5 Deep Hollow Overpass

The Deep Hollow Overpass is located on Highway 101 over the Deep Hollow
road near New Minas, Kings County. It is a slab on steel girder design with a length of
54.5 meters and a width of 12.3 meters. The deck was surveyed using GPR on July 17,
1998 and rehabilitated during the autumn of 1998. The data was of fair to good clarity,
exhibiting some distortion and well defined reflections from the interfaces and
reinforcement where deck in good condition could be found. The majority of data from
the internal areas of the deck exhibited poor clarity and a high degree of distortion.
These effects can be attributed to the relatively sound areas of concrete that were found
near the curbs, and the heavily delaminated interior regions of the spans.

Appendix A4.1 shows a plan view map of the deck surface using red hatching to
designate where signal attenuation and blue hatching to designate where high concrete
reflectivity, or high concrete relative dielectric, were detected in the GPR data using
manual processing. Green hatching was used to designate where debonded concrete;
delaminations and surface scaling were detected using the chain drag method. Excellent
correlation between the manual GPR results and the chain drag results are apparent on the
entire deck surface, with the exception of radar passes “A”, “B” and “C” on the northern
curb edge. Manual processing detected many instances of signal attenuation in these
areas, but no indication of deterioration was found using the chain drag method. The
shape of the deteriorated areas found using the chain drag match up very well with the
manual processing results on all three spans, but is more notably similar in the central
span at the 34m southbound distance location. The manual processing appears to have an
excellent correlation to the deterioration quantity and locations found using the chain
drag method.

Appendix A4.2 shows a similar plan map of the deck surface using red hatching
to designate where signal attenuation was detected in the GPR data using manual
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processing and a solid black line representing the —0.36 volt contour line established
using the half-cell potential survey. The area bounded by this contour represents zones of
active corrosion in the deck. Only the northbound lane of the deck was tested using the
half-cell potential survey. As with the chain drag results, the manual processing
technique compares very favorably with the half-cell survey results. The half-cell survey
did not locate any active corrosion in much of the GPR predicted deterioration areas in
the southern span, in spite of obvious signs of distress observed during the half-cell
survey. The deck was so severely delaminated that there was sufficient air gap between
the delaminated concrete cover and the remainder of the slab to act as an insulator,
reducing the negativity of the corrosion potential measurements in this area. The half-
cell potential survey results do not seem to represent the deterioration levels detected
using the chain drag survey method very well. The manual processing technique seems
to correlate reasonably well to the results of the half-cell potential survey on this
particular deck, except for the excess deterioration detections found using the manual
processing of the GPR data where it is known that the half-cell potential survey
incorrectly detected no deterioration. Some further excess GPR detections were evident
in the central and northern spans, but these seem within reasonable proximity to the half-
cell potential detected deterioration that they may be justified as highly-probable future

active corrosion areas.

Appendix A4.3 shows a similar plan map of the deck surface using black hatching
to designate where signal attenuation was detected in the GPR data using automatic
processing and green hatching to designate where debonded concrete, delaminations and
surface scaling were detected using the chain drag method. The automatic processing
results correlate well with the actual deterioration found on the deck with respect to
location of those detections found, but the number of detections is far less than the actual
quantity of deterioration found using the chain drag method. The automatic processing
results appear sparse and mostly lie within deterioration found using the chain drag,
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except for some scattered detections along the curbs and a grouping of detections in the
northem span.

Appendix A4.4 shows a similar plan map of the deck surface using black hatching
to designate where signal attenuation was detected in the GPR data using automatic
processing and a solid black line bounding the zones of active corrosion detected in the
deck. Again, the automatic processing detected attenuation in the GPR data in the areas
incorrectly defined as being concrete in good condition by the half-cell potential survey.
The other automatic processing detections lie within the active corrosion areas denoted
by the half-cell potential survey except for some scattered, and typically singular,
predictions.

Appendix A4.5 shows a similar plan map of the deck surface using black hatching
to designate where signal attenuation was detected in the GPR data using automatic
processing and red hatching to designate where signal attenuation and high concrete
reflectivity were detected in the GPR data using manual processing. It is evident that
both methods detected attenuation in similar areas of the deck surface, but the automatic
processing detected far less attenuation throughout the deck than what the manual

processing achieved.

The manual processing seems to describe the areas of deterioration detected by
the half-cell potential and chain drag surveys much better than the automatic processing
of the GPR data for the Deep Hollow Overpass because of the much higher number of
correct deterioration predictions observed with the manual processing method. Table 7
lists the quantitative and spatial estimate statistics for the Deep Hollow Overpass.
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Table 7 — Quantitative and spatial estimate statistics — Deep Hollow Overpass

Deep Hollow Overpass
Predicted versus Actual and Ground-truth Quantities
H(Expressed as a Percentage of Deck Surface Area)
GPR Predicted Quantity (Automatic) | 20.2%
GPR Predicted Quantity (Manual) 70.1%
Actual Quantity Removed 54.6%
Chain Drag Quantity 54.0%
Half-Cell Quantity 31.4%
GPR Spatial Correlation Statistics Total GPR Unit Areas on Deck = 3488 |
Relative to Chain Drag| Relative to Half-Cell
Manual | Automatic] Manual ]| Automatic
True Deterioration Predictions 1705 543 589 236
False Deterioration Predictions 756 185 620 153
True Sound Predictions 699 1304 488 964
False Sound Predictions 328 1456 47 391
% Correct Deterioration Predictions 69.3% 74.6% 48.7% 60.7%
% Correct Sound Predictions 68.1% 47.2% 91.2% 71.1%
% Total Correct Predictions 68.9% 53.0% 61.8% 68.8%
% Total Incorrect Predictions 31.1% 47.0% 38.2% 31.2%
Probability of correctly detecting deterioration 83.9% 27.2% 92.6% 37.6%
Probability of correctly detecting sound concrete 48.0% 87.6% 44.0% 86.3%
False alarm rate of detecting deterioration 52.0% 12.4% 56.0% 13.7%
False alarm rate of detect'EgL sound concrete 16.1% 72.8% 7.4% 62.4%

The manual method of GPR data processing resulted in a much more accurate
quantity estimate of the deterioration found by the chain drag survey. It is known that the
half-cell potential survey resulted in misleading data over a portion of the deck due to
severe delaminations causing electrical discontinuity. The percent of correct
deterioration predictions for the automatic GPR data processing were slightly improved
over the manual GPR processing due to the smaller total number of deterioration
predictions made by the automatic processing. This severe shortfall of deterioration
predictions using the automatic processing method caused the probability of correct
detection of deterioration to be much smaller than that observed for the manual
processing with respect to both the chain drag and half-cell potential results. The
observed probability of correct detection of sound concrete is lower for the manual
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processing technique than the automatic processing technique because of the relatively
low number of occurrences of sound concrete on the deck and a higher false deterioration

detection rate observed with the manual processing on this deck.

Overall, with a more accurate estimate of the chain drag and actual deterioration
quantity estimates and with a much higher probability of correctly detecting deterioration
than the automatic processing results, the manual processing method appears to be give
more accurate results on this particular deck.

5.6.6 Grand Pre Overpass

The Grand Pre Overpass is located on Highway 101 over the Grand Pre Road,
near Grand Pre, Kings County. It is a concrete slab on steel girder design with a length of
53.9 meters and a width of 14.2 meters. The deck was surveyed using GPR on July 17,
1998 and rehabilitated during the autumn of 1998. The data in general was of fair to
good clarity, exhibiting good reflections from the top and bottom mats of reinforcement,
but a very weak to non-existent deck bottom echo. The good clarity in the data is
indicative of sound asphalt and concrete that does not exhibit significant scattering losses.
The weak bottom echo amplitude in the data may be due to a slightly thicker deck than
usual and slightly higher background losses in the asphalt pavement and/or concrete of
the deck.

Appendix AS5.1 shows a plan view map of the deck surface using red hatching to
designate where signal attenuation and blue hatching to designate where high concrete
reflectivity, or high concrete relative dielectric, were detected in the GPR data using
manual processing. Green hatching was used to designate where debonded concrete;
delaminations and surface scaling were detected using the chain drag method. Excellent
correlation between the manual GPR results and the chain drag results are apparent on the
entire deck surface, with the exception of radar pass “A” in the the western span where
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attenuation was detected along the curb edge, but the chain drag survey found no
evidence of deterioration. Also, several small delaminations were located along a crack
that was found along the centerline of the deck, but no evidence of these were found
using the manual GPR processing. Small and scattered false deterioration detections
from the manual processing of the GPR data can be observed in all spans. The shape of
the deteriorated areas found using the chain drag match up very well with the manual
processing resuits around the abutment and interior joints and along the southern curb in
the central span where an area of surface scaling was outlined during the chain drag
survey. The manual processing appears to have an excellent correlation to the
deterioration quantity and locations found using the chain drag method.

Appendix AS.2 shows a similar plan map of the deck surface using red hatching
to designate where signal attenuation was detected in the GPR data using manual
processing and a solid black line representing the —0.36 volt contour line established
using the half-cell potential survey. The area bounded by this contour represents zones of
active corrosion in the deck. As with the chain drag results, the manual processing
technique compares very favorably with the half-cell survey results with the major
detections being located about the joints. The manual processing results and half-cell
potential survey results do find signal attenuation and active corrosion, respectively, in
radar pass “A” in the western span where there was disagreement between the manual
processing and chain drag results. The half-cell potential survey did identify two areas of
active corrosion that were found along the centerline crack in the deck, but only
identified one similar area as the chain drag method in this region. The manual
processing technique seems to correlate reasonably well to the results of the half-cell
potential survey on this particular deck, except for the small and scattered deterioration
detections found using the manual processing of the GPR data through the deck spans.

Appendix A5.3 shows a similar plan map of the deck surface using black hatching
to designate where signal attenuation was detected in the GPR data using the automatic
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processing and green hatching to designate where debonded concrete, delaminations and
surface scaling were detected using the chain drag method. The automatic processing
results correlate well with the actual deterioration found on the deck with respect to
location of those detections found, but the number of detections is much higher than the
actual quantity of deterioration found using the chain drag method. The automatic
processing results appear to contain more scattered and random detections with some
small groupings in the decks and along the southern curb in the eastern span that appear
as though they may represent actual phenomena. These apparent phenomena were
undetected using the chain drag survey.

Appendix AS.4 shows a similar plan map of the deck surface using black hatching
to designate where signal attenuation was detected in the GPR data using automatic
processing and a solid black line bounding the zones of active corrosion detected in the
deck. The automatic processing detected attenuation in the GPR data in the areas defined
as being active corrosion by the half-cell potential survey, but with only sparse detections
along the southern curb in the western span, and without any detections in the active
corrosion identified along the centerline crack of the deck. The other automatic
processing detections lie outside the active corrosion areas detected using the half-cell

potential survey.

Appendix AS5.5 shows a similar plan map of the deck surface using black hatching
to designate where signal attenuation was detected in the GPR data using automatic
processing and red hatching to designate where signal attenuation and high concrete
reflectivity were detected in the GPR data using manual processing. It is evident that
both methods found deterioration detections in similar areas of the deck surface, with
some degree of scattering in each method, but the automatic processing detected more
attenuation about the area adjacent to the joints and throughout the deck than what was

observed using the manual processing.
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Table 8 — Quantitative and spatial estimate statistics — Grand Pre Overpass

|Grand Pre Overpass
rredicted versus Actual and Ground-truth Quantities
(Expressed as a Percentage of Deck Surface Area)
GPR Predicted Quantity (Automatic) 32.6%
GPR Predicted Quantity (Manual) 15.0%
Actual Quantity Removed 11.2%
Chain Drag Quantity 9.1%
Half-Cell Quantity 8.3%
GPR Spatial Correlation Statistics Total GPR Unit Areas on Deck = 4104
Relative to Chain Drag] Relative to Half-Cell
Manual | Automatic] Manual | Automatic
True Deterioration Predictions 302 224 290 227
False Deterioration Predictions 358 695 393 654
True Sound Predictions 33sS 2996 3292 3067
False Sound Predictions 89 189 129 156
% Correct Deterioration Predictions 45.8% 24.4% 42.5% 25.8%
% Correct Sound Predictions 97.4% 94.1% 96.2% 95.2%
% Total Correct Predictions 89.1% 78.5% 87.3% 80.3%
% Total Incorrect Predictions 10.9% 21.5% 12.7% 19.7%
Probability of correctly detecting deterioration 77.2% 54.2% 69.2% 59.3%
Probability of correctly detecting sound concrete 90.4% 81.2% 89.3% 82.4%
False alarm rate of detecting deterioration 9.6% 18.8% 10.7% 17.6%
False alarm rate of detectinE sound concrete 22.8% 45.8% 30.8% 40.7%

The manual processing seems to describe the areas of deterioration detected by
the half-cell potential and chain drag surveys much better than the automatic processing
of the GPR data for the Grand Pre Overpass. The deteriorated areas defined by the half-
cell potential and chain drag surveys were filled in more densely by the manual
processing results than by the automatic processing results. Also, less false deterioration
detections were observed in the regions of sound concrete in the manual processing
results than in the automatic processing results. Table 8 lists the quantitative and spatial
estimate statistics for the Grand Pre Overpass.

The deterioration quantity estimate obtained using the manual processing was
closer than the quantity obtained using the automatic processing to the quantity detected
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using both the chain drag and half-cell potential surveys and to the actual deterioration
removal quantity. The automatic processing overestimated the deterioration quantity by
approximately three hundred percent.

While the rate of correct sound concrete predictions was very similar for the
automatic and manual GPR data processing methods, the manual rate of correct
deterioration predictions was slightly less than twice as accurate as that provided by the
automatic processing. The false alarm rates of detecting deterioration in sound concrete
and in detecting sound concrete in deterioration observed using the manual GPR data
processing method were approximately half of the rates observed in the automatic
processing results for this particular structure.

Based on observed graphical and on statistical comparison, the manual GPR data
processing results best predicted the deterioration quantities and locations found on the
Grand Pre Overpass due to accurate quantity estimation, improved correct deterioration
prediction rates, and reduced false alarm prediction rates.

5.6.7 Shubenacadie CNR Overpass

The Shubenacadie CNR Overpass is on Highway 104 near the Halifax-Hants
county line. It is a concrete slab on steel girder design with a length of 98.5 meters and a
width of 9.3 meters. The deck was surveyed using GPR on November 5, 1997 and
rehabilitated during the summer of 1998. The data in general was of good clarity,
exhibiting good reflections from the layer interfaces and good contrast between the very
good and very deteriorated areas of the deck. This is probably because the background
levels of moisture and chloride contained in the sound concrete were much lower than
excessive levels of moisture and chloride found in the deteriorated regions of the deck.
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Appendix A6.1 shows a plan view map of the deck surface using red hatching to
designate where signal attenuation was detected in the GPR data using manual
processing. Although the data was processed to seek areas of high concrete reflectivity,
none were found in the data. Green hatching was used to designate where debonded
concrete; delaminations and surface scaling were detected using the chain drag method.
Fair correlation between the manual GPR processing results and the chain drag results
can be observed on the entire deck surface. The manual GPR processing detected much
less deterioration than what was found using the chain drag survey. In general, the
detections that were made using the manual GPR processing coincided well with the
chain drag survey results. Two areas of GPR predicted deterioration, located on the
eastern edge of the northern span, did not correlate to any deterioration found using the
chain drag survey. The manual processing appears to only have a poor correlation to the
deterioration quantity using the chain drag method. This is probably due to the use of a
threshold level of signal attenuation during manual processing that was too conservative,
resulting in reduced overall quantity estimate and a lack of detection density in the
deteriorated areas that were found using the manual GPR processing method. Manual
GPR processing is subjective and can be liable to overestimations or underestimations of
the appropriate threshold level to differentiate the sound from deteriorated concrete signal
characteristics. By choosing a more conservative or liberal threshold, the user affects the
overall estimation quantity, while the general shape and location of deterioration changes
little. The lack of high concrete reflectivity detections in the manual processing results
indicate that the deck slab was probably in a dry condition at the time of the GPR data
collection resulting in a decreased level of attenuation due to the interactive effects of

moisture and chloride.

Appendix A6.2 shows a similar plan map of the deck surface using red hatching
to designate where signal attenuation was detected in the GPR data using manual
processing and a solid black line representing the —0.36 volt contour line established
using the half-cell potential survey. The area bounded by this contour represents zones of
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active corrosion in the deck. Results were obtained using the half-cell survey for only the
western lane of the overpass. As with the chain drag survey results, the manual
processing results seem to underestimate the quantity of active corrosion that was found
using the half-cell potential survey. However, the manual processing detections do seem
to fill out the active corrosion areas more densely and describe their shape much better
than in the case of the chain drag results. The majority of manual processing detections
fall within the bounds of the -0.36 volt contour line, indicating that very few false
deterioration detections should be observed. The manual processing technique seems to
correlate reasonably well to the results of the half-cell potential survey on this particular
deck.

Appendix A6.3 shows a similar plan map of the deck surface using black hatching
to designate where signal attenuation was detected in the GPR data using the automatic
processing and green hatching to designate where debonded concrete, delaminations and
surface scaling were detected using the chain drag method. The automatic processing
results correlate well with the actual deterioration found on the deck with respect to
location of those detections found, but the number of detections is much lower than the
actual quantity of deterioration found using the chain drag method. The use of a less
conservative threshold in processing the data may result in a more accurate quantity

estimate by the automatic processing.

Appendix A6.4 shows a similar plan map of the deck surface using black hatching
to designate where signal attenuation was detected in the GPR data using automatic
processing and a solid black line bounding the zones of active corrosion detected in the
deck. The automatic processing detected attenuation in the GPR data in the areas defined
using the half-cell survey as containing active corrosion, but also predicted less
detections than the area defined by the half-cell potential survey. The automatic
processing detections correlate well with the shape of the areas found to be actively
corroding by the half-cell potential survey, but not the overall quantity. Again, the use of
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a less conservative threshold in processing the data may result in a more accurate quantity

estimate by the automatic processing.

Table 9 — Quantitative and spatial estimate statistics — Shubenacadie CNR Overpass

Shubenacadie CNR Overpass

Predicted versus Actual and Ground-truth Quaatities
{(Expressed as a Percentage of Deck Surface Ares)
— = _

GPR Predicted Quantity (Automatic) 15.5%
GPR Predicted Quantity (Manual) 28.5%
Actual Quantity Removed 35.3%
Chain Drag Quantity 35.1%
Half-Cell Quantity 39.5%
GPR Spatial Correlstion Statistics Total GPR Unit Areas on Deck = 5122
Relative to Chain Drag] Relative to Half-Cell
Manual | Automatic] Manual | Automatic
True Deterioration Predictions 698 470 462 314
False Deterioration Predictions 638 285 97 88
True Sound Predictions 2540 2864 1524 2265
False Sound Predictions 1246 1503 675 91
% Correct Deterioration Predictions 52.2% 62.3% 82.6% 78.1%
% Correct Sound Predictions 67.1% 65.6% 69.3% 96.1%
% Total Correct Predictions 63.2% 65.1% 72.0% 93.5%
% Total Incorrect Predictions 36.8% 34.9% 27.0% 6.5%
Probability of correctly detecting deterioration 35.9% 23.8% 40.6% 77.5%
Probability of correctly detecting sound concrete 79.9% 90.9% 94.0% 96.3%
False alarm rate of detecting deterioration 20.1% 9.1% 6.0% 3.7%
False alarm rate of detecting sound concrete 64.1% 76.2% 59.4% 22.5%

Appendix A6.5 shows a similar plan map of the deck surface using black hatching
to designate where signal attenuation was detected in the GPR data using automatic
processing and red hatching to designate where signal attenuation and high concrete
reflectivity were detected in the GPR data using manual processing. Both manual and
automatic GPR processing methods describe similar attenuated areas of the deck surface,
but the automatic processing seemed to yield less detections than the manual processing
of the GPR data. The automatic processing results did not include detections on the
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eastern edge of the northern span where two areas of detections were located using the

manual processing.

The manual processing seems to describe the areas of deterioration detected by
the half-cell potential and chain drag surveys as well as the automatic processing of the
GPR data for the Shubenacadie CNR Overpass. While both GPR processing techniques
underestimated the overall deterioration quantities, the deteriorated areas defined by the
half-cell potential and chain drag surveys were filled in more densely by the manual
processing results than by the automatic processing results. Table 9 lists the quantitative
and spatial estimate statistics for the Shubenacadie CNR Overpass.

Both GPR processing methods underestimated the chain drag and half-cell
potential survey quantities, but the manual processing technique yielded a much closer
estimate than the automatic processing technique. With the underestimation of
deterioration, both processing methods exhibited low correct prediction rates of sound
concrete and low total correct prediction rates. Both GPR processing methods resulted in
similarly poor estimates of the deterioration quantities, yet modelled the shape of the
active corrosion found on the deck very well with approximately eighty percent correct
deterioration prediction rates with respect to the half-cell potential survey results. The
manual processing exhibited almost half the probability of correctly detecting active
corrosion as shown by the automatic processing in this particular bridge.

5.6.8 Baddeck River Bridge

The Baddeck River Bridge is on Highway 105 over the Baddeck River in Victoria
County. It is a concrete slab on steel girder design with a length of 83.5 meters and a
width of 8.0 meters. The deck was surveyed using GPR on October 17, 1996 and
rehabilitated during the summer of 1998. The data in general was of excellent clarity,
exhibiting very strong and well-developed reflections from the layer interfaces and very
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good contrast between the sound and deteriorated areas of the deck. The clarity and good
contrast in the data tend to indicate that there is little scattering losses due to cracking or
non-homogeneities in the deck and that there significant difference in moisture and
chloride content between the sound and deteriorated regions of the deck.

Appendix A7.1 shows a plan view map of the deck surface using red and blue
hatching to designate where signal attenuation and high concrete reflectivity were
detected, respectively, in the GPR data using manual processing. Green hatching was
used to designate where debonded concrete, delaminations and surface scaling were
detected using the chain drag method. Excellent correlation between the manual GPR
results and the chain drag results can be observed on the entire deck surface. The manual
processing resulted in an area of deterioration detections along the western abutment joint
where considerably less deterioration was detected using the chain drag survey. Two
small areas that were observed in the manual GPR results near the deck centerline at the
8-meter and 11-meter westbound locations on the deck do not coincide with any of the
chain drag results. However, the correlation between the manual processing results and
the chain drag results appear excellent on the remainder of the deck surface with the
manual GPR describing the shape of the chain drag results very well. Notable examples
of this can be observed at internal joints, at the triangular area of deterioration located at
the 40-meter to 44-meter distance in the eastbound lane, and at the two areas of
deterioration located at the 74-meter location in the westbound lane. Also of note is the
apparently sound concrete located at the internal joint located near the 57-meter
westbound location. This area was a previously repaired area of the deck that produced
strong attenuation characteristics in the GPR data. The chain drag survey produced no
evidence of deterioration at this location, but a core sample was drilled because the GPR
indication was so strong. The concrete observed in the core was extremely porous and
lacking in cement paste. Subsequent analysis revealed a water-soluble chloride content
of 0.238%, very close to the 0.25% threshold used by the Ontario Ministry of
Transportation as an indication for probable corrosion. With the high levels of
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attenuation observed in the GPR data and the observation of the core sample, the site
inspector decided to replace this previously repaired area. In general, the manual
processing estimation appeared to produce an accurate estimation of the quantity and
location of the deterioration detected using the chain drag survey, resulting in an

excellent correlation.

Appendix A7.2 shows a similar plan map of the deck surface using red and blue
hatching to designate where signal attenuation and high concrete reflectivity,
respectively, were detected in the GPR data using manual processing and a solid black
line representing the —0.36 volt contour line established using the half-cell potential
survey. The area bounded by this contour represents zones of active corrosion in the
deck. Results were obtained using the half-cell survey for only the westbound lane of the
bridge. As with the chain drag survey results, the manual processing results seem to
overestimate the quantity of active corrosion that was found using the haif-cell potential
survey near the western abutment joint. The manual processing also appeared to
underestimate the deterioration quantity in several locations on the deck as well. The
manual processing detections do appear to fall within the boundary established by the —
0.36 volt contour line, indicating that very few false deterioration detections should be
observed. It is interesting to note that the two small areas of GPR detections on the
eastern span coincide with areas of active corrosion detected using the half-cell potential
survey where no coincidence was observed with the chain drag survey results. The
manual processing technique seems to correlate very well with the results of the half-cell
potential survey on this particular deck.

Appendix A7.3 shows a similar plan map of the deck surface using black hatching
to designate where signal attenuation was detected in the GPR data using the automatic
processing and green hatching to designate where debonded concrete, delaminations and
surface scaling were detected using the chain drag method. The automatic processing
results correlate fairly well with the actual deterioration found on the deck with respect to
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some of their locations, with the number of detections appearing similar to the actual
quantity of deterioration found using the chain drag method. However, the automatic
processing tended to produce excess detections surrounding some of the deterioration
found using the chain drag survey and few detections in and near other similar areas. The
automatic processing also detected signal attenuation in the region of the previously
repaired joint and excess detections near the western abutment joint.

Appendix A7.4 shows a similar plan map of the deck surface using black hatching
to designate where signal attenuation was detected in the GPR data using automatic
processing and a solid black line bounding the zones of active corrosion detected in the
deck. The automatic processing detected most of the signal attenuation in the GPR data
in the areas defined as being active corrosion, with an apparent similar quantity as that
defined by the half-cell potential survey. The automatic processing detections correlate
well with the shape of the areas found to be actively corroding by the half-cell potential
survey except for one major group of detections located at the westbound 41-meter
location that fall outside that boundary.

Appendix A7.5 shows a similar plan map of the deck surface using black hatching
to designate where signal attenuation was detected in the GPR data using automatic
processing and red hatching to designate where signal attenuation and high concrete
reflectivity were detected in the GPR data using manual processing. Both manual and
automatic GPR processing methods describe similar attenuated areas of the deck surface,
with approximately the same quantity of non-coincident detections.

The manual processing seems to describe the areas of deterioration detected by
the half-cell potential and chain drag surveys marginally better than the automatic
processing of the GPR data for the Baddeck River Bridge. Both methods appeared to
accurately predict the location and extent of the deterioration detected by both the chain
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drag and the half-cell potential surveys. The quantitative and spatial estimate statistics for
the Baddeck River Bridge are listed in Table 10.

Table 10 — Quantitative and spatial estimate statistics — Baddeck River Bridge

Baddeck River Bridge
Predicted versus Actual and Ground-truth Quantities
(Expressed as a Percentage of Deck Surface Ares)

GPR Predicted Quantity (Automatic) 30.9%
GPR Predicted Quantity (Manual) 37.4%
Actual Quantity Removed 40.1%
Chain Drag Quantity 34.9%
Half-Cell Quantity 46.0%
GPR Spatial Correiation Statistics Total GPR Unit Areas on Deck = 2672
Relative to Chain Drag] Relative to Half-Cell
Manual | Automatic] Manual ] Automatic
True Deterioration Predictions 661 523 416 345
False Deterioration Predictions 314 323 104 108
True Sound Predictions 1226 1182 575 581
False Sound Predictions 471 644 241 302
% Correct Deterioration Predictions 67.8% 61.8% 80.0% 76.2%
% Correct Sound Predictions 72.2% 64.7% 70.5% 65.8%
% Total Correct Predictions 70.6% 63.8% 74.2% 69.3%
% Total Incorrect Predictions 29.4% 36.2% 25.8% 30.7%
Probability of correctly detecting deterioration 58.4% 44.8% 63.3% 53.3%
Probability of correctly detecting sound concrete 79.6% 78.5% 84.7% 84.3%
False alarm rate of detecting deterioration 20.4% 21.5% 15.3% 15.7%
False alarm rate of detectiig_iound concrete 41.6% 55.2% 36.7% 46.7%

The manual processing of the GPR data yielded a more accurate prediction of the
chain drag and half-cell potential surveys and of the final removal quantity from the deck
than the automatic processing. Both methods exhibited good percent correct prediction
rates with the manual processing results giving generally better accuracy than the
automatic processing results. This is evident as well by the slightly better probability
shown by manual processing than automatic processing to correctly detect deterioration
and its associated false alarm rate of detecting sound concrete in deteriorated areas. The
probability of correctly detecting sound concrete and false alarm rate of detecting
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deterioration in sound concrete were almost identical for both GPR data processing
methods.

5.6.9 Skye River Bridge

The Skye River Bridge is on Highway 10S over the Skye River at Whycocomagh
in Inverness County. It is a concrete slab on steel girder design with a length of 46.8
meters and a width of 8.1 meters. The deck was surveyed using GPR on October 17,
1996 and rehabilitated during the summer of 1998. The data in general was of fair to
good clarity, exhibiting sometimes weak reinforcement layers. This may indicate some
degree of scattering losses, possibly due to deteriorated asphalt pavement, and can also
arise due to elevated background levels of signal attenuation in the concrete.

Appendix A8.1 shows a plan view map of the deck surface using red and blue
hatching to designate where signal attenuation and high concrete reflectivity,
respectively, were detected in the GPR data using manual processing. Green hatching
was used to designate where debonded concrete; delaminations and surface scaling were
detected using the chain drag method. Ground-truthing data was only collected on the
the eastbound lane of the bridge. Good correlation between the manual GPR results and
the chain drag results can be observed on the entire deck surface. Notable examples of
this can be observed at the internal joints, and at the two major areas of deterioration
located the eastbound 25 to 28-meter and 35-meter locations. Also, the manual GPR
results predicted the northern curbside deterioration very well, found using the chain drag
survey. Two major areas of apparent false deterioration detections can be observed at the
eastbound 10 to 13-meter and 37 to 43-meter locations. In general, the manual
processing estimation appeared to produce a slight over-estimation of the quantity and
location of the deterioration detected using the chain drag survey.
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Appendix A8.2 shows a similar plan map of the deck surface using red and blue
hatching to designate where signal attenuation and high concrete reflectivity were
detected in the GPR data, respectively, using manual processing and a solid black line
representing the —0.36 volt contour line established using the half-cell potential survey.
The area bounded by this contour represents zones of active corrosion in the deck.
Results were obtained using the half-cell survey for only the eastbound lane of the bridge.
The manual processing results seem to accurately estimate the quantity of active
corrosion that was found using the half-cell potential survey, but with a portion of this
predicted deterioration lying outside of the zones of active corrosion and some false
sound concrete predictions lying within the zones of active corrosion. The deterioration
predictions that did not correlate to areas of deterioration found using the chain drag
survey at the eastbound 37 to 43-meter locations does correlate well with active corrosion
as determined using the half-cell potential survey. A portion of the deterioration
detections located at the eastbound 10 to 13-meter locations correlates to active
corrosion. The deterioration detections appear to mostly fall within the —-0.36 volt
contour line, but do not satisfactorily fill in the area, leaving many false predictions of
sound concrete within this area. The manual processing technique seems to correlate
reasonably well with the results of the half-cell potential survey on this particular deck. It
should be noted that there was poor correlation between the half-cell and chain drag
survey results, with the majority of chain drag defined deterioration not coinciding with
active corrosion defined by the half-cell potential survey.

Appendix A8.3 shows a similar plan map of the deck surface using black hatching
to designate where signal attenuation was detected in the GPR data using the automatic
processing and green hatching to designate where debonded concrete, delaminations and
surface scaling were detected using the chain drag method. The automatic processing
results do not correlate well with the actual deterioration on the deck found using the
chain drag survey with some sparse detections located within. In spite of this poor spatial
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correlation, the predicted quantity from the automatic processing appears to approximate
deterioration quantity found using the chain drag survey.

Appendix A8.4 shows a similar plan map of the deck surface using black hatching
to designate where signal attenuation was detected in the GPR data using automatic
processing and a solid black line bounding the zones of active corrosion detected in the
deck. The automatic processing detected most of the signal attenuation in the GPR data
in the areas defined as being active corrosion and appears to correlate much better with
the half-cell potential survey than the chain drag survey. The automatic processing
detections correlate well with the shape of the areas found to be actively corroding by the
half-cell potential survey except for a number of false deterioration predictions that fall
outside the ~0.36 volit boundary.

Appendix A8.5 shows a similar plan map of the deck surface using black hatching
to designate where signal attenuation was detected in the GPR data using automatic
processing and red hatching to designate where signal attenuation and high concrete
reflectivity were detected in the GPR data using manual processing. Both manual and
automatic GPR processing methods described generally similar attenuated areas of the
deck surface, but with different densities of detection in different locations. Automatic
processing results tended to congregate within the boundary defined by the half-cell
potential survey, whereas the manual processing results tended to occupy areas within the
regions defined by both the chain drag and half-cell potential survey as areas of

deterioration.

The manual processing seems to describe the areas of deterioration detected by
the half-cell potential and chain drag surveys better than the automatic processing of the
GPR data for the Skye River Bridge. Table 11 lists the quantitative and spatial estimate
statistics for the Skye River Bridge.
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Table 11 — Quantitative and spatial estimate statistics — Skye River Bridge

Skye River Bridge
Predicted versus Actual and Ground-truth Quantities
H(Exprmed as a Pemnuge of Deck Surface Area)

GPR Predicted Quantity (Automatic) 30.4%
GPR Predicted Quantity (Manual) 42.3%
Actual Quantity Removed 38.7%
Chain Drag Quantity 34.4%
Half-Cell Quantity 41.9%
GPR Spatial Correlation Statistics Total GPR Unit Areas on Deck = 744
Relative to Chain Drag] Relative to Half-Cell
Manual | Automatic] Manual | Automatic
True Deterioration Predictions 197 104 191 153
False Deterioration Predictions 114 122 121 76
True Sound Predictions 339 337 290 333
Faise Sound Predictions 94 181 142 182
% Correct Deterioration Predictions 63.3% 46.0% 61.2% 66.8%
% Correct Sound Predictions 78.3% 65.1% 67.1% 64.7%
% Total Correct Predictions 72.0% 59.3% 64.7% 65.3%
% Total Incorrect Predictions 28.0% 40.7% 35.3% 34.7%
Probability of correctly detecting deterioration 67.7% 36.5% 57.4% 45.7%
Probability of correctly detecting sound concrete 74.8% 73.4% 70.6% 81.4%
False alarm rate of detecting deterioration 25.2% 26.6% 29.4% 18.6%
False alarm rate of detectinng sound concrete 32.3% 63.5% 42.6% 54.3%

The manual processing of the GPR data yielded a more accurate prediction of the
chain drag and half-cell potential surveys and of the final removal quantity from the deck
than the automatic processing. The manual processing results exhibited a better percent
correct deterioration prediction rate with respect to the chain drag survey, but the
automatic processing results exhibited a better percent correct deterioration prediction
rate with respect to the half-cell potential survey. However, manual processing resulted
in higher probabilities of correct deterioration prediction than the automatic processing
for both the chain drag and half-cell potential surveys. This was due to the better false
alarm rate of detecting sound concrete in deteriorated areas for the manual method of
GPR data processing.
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5.6.10 Stewiacke River Bridge

The Stewiacke River Bridge is on the Trunk 2 highway over the Stewiacke River,
approximately 1 kilometer north of Stewiacke, Colchester County. It is a concrete slab
on steel girder design with a length of 84.0 meters and a width of 8.3 meters. The deck
was surveyed using GPR on October 16, 1997 and rehabilitated during the summer of
1998. The data in general was of very good clarity, exhibiting strong reflections from the
interfacial and reinforcement layers indicating low levels of scattering losses due to
cracks and layer nonhomogeneity. Good contrast between sound and deterioration
concrete could be observed in the data indicating low background levels moisture and
chloride, and hence signal attenuation, in the concrete.

Appendix A9.1 shows a plan view map of the deck surface using red and blue
hatching to designate where signal attenuation and high concrete reflectivity,
respectively, were detected in the GPR data using manual processing. Green hatching
was used to designate where debonded concrete; delaminations and surface scaling were
detected using the chain drag method. Excellent correlation between the manual GPR
results and the chain drag results can be observed on the entire deck surface, except for
two distinct areas of GPR detections at the southbound 4-meter and the interior joint
located at the southbound 56-meter location. The former area appears to describe
deterioration along a transverse bar, while the latter describes deterioration surrounding a
joint. This joint and the asphalt pavement overlying it were left in place as it was
repaired a few years just prior to the total deck repair. In s;)itc of this, strong evidence of
signal attenuation was observed in the GPR data in this area. In general, the manual
processing provides excellent correlation between the predicted and actual deterioration
quantities and the overall shape of the deteriorated areas found using the chain drag
survey. Slight underestimation of the small and scattered delaminations found in the
northern span and about the edges of the major deteriorated areas in the southern span
were observed in the manual processing results.
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Appendix A9.2 shows a similar plan map of the deck surface using red and blue
hatching to designate where signal attenuation and high concrete reflectivity,
respectively, were detected in the GPR data using manual processing and a solid black
line representing the —0.36 volt contour line established using the half-cell potential
survey. The area bounded by this contour represents zones of active corrosion in the
deck. The manual processing results appeared to accurately estimate the quantity of
active corrosion that was found using the half-cell potential survey, but with some
underestimation of the deterioration quantity and therefore some false sound concrete
predictions lying near the edges of the active corrosion areas. It is interesting to note that
the GPR detections located at the southbound 4-meter location that did not correlate with
any chain drag results correlate very well with the results of the half-cell potential survey.
The overall shape of the half-cell potential survey results is described very well by the
manual processing results, except for the eastern region of the southern abutment joint
where the manual processing results detected signal attenuation but no evidence of active
corrosion was found. The manual processing technique appeared to exhibit excellent
correlation with the results of the half-cell potential survey on this particular deck.

Appendix A9.3 shows a similar plan map of the deck surface using black hatching
to designate where signal attenuation was detected in the GPR data using the automatic
processing and green hatching to designate where debonded concrete, delaminations and
surface scaling were detected using the chain drag method. The automatic processing
results correlate fairly well with the location of deterioration on the deck found using the
chain drag survey but severely underestimate the quantity of deterioration actually found.
In spite of this poor quantitative correlation, the predicted deterioration locations from the
automatic processing tend to approximate the interior of the deterioration areas found
using the chain drag survey. It is possible that a less conservative threshold may have
resulted in a higher and more accurate deterioration estimate.
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Table 12 — Quantitative and spatial estimate statistics — Stewiacke River Bridge

Stewiacke River Bridge
Predicted versus Actual and Ground-truth Quantities
(Expressed as a Percentage of Deck Surface Area)

GPR Predicted Quantity (Automatic) 22.8%
GPR Predicted Quantity (Manual) 44.5%
Actual Quantity Removed 59.7%
Chain Drag Quantity 53.9%
Half-Cell Quantity 50.5%
GPR Spatial Correlation Sutgt_ia Total GPR Unit Areas on Deck = 3586
Relative to Chain Drag| Relative to Half-Cell |
Manual | Automatic] Manual | Automatic
True Deterioration Predictions 1166 708 1311 781
False Deterioration Predictions 204 87 219 54
True Sound Predictions 1407 1203 1533 1573
False Sound Predictions 809 1588 523 1178
% Correct Deterioration Predictions 85.1% 89.1% 85.7% 93.5%
% Correct Sound Predictions 63.5% 43.1% 74.6% 57.2%
% Total Correct Predictions 71.8% 53.3% 79.3% 65.6%
% Total Incorrect Predictions 28.2% 46.7% 20.7% 34.4%
Probability of correctly detecting deterioration 59.0% 30.8% 71.5% 39.9%
Probability of correctly detecting sound concrete 87.3% 93.3% 87.5% 96.7%
False alarm rate of detecting deterioration 12.7% 6.7% 12.5% 33%
False alarm rate of dctecti% sound concrete 41.0% 69.2% 28.5% 60.1%

Appendix A9.4 shows a similar plan map of the deck surface using black hatching
to designate where signal attenuation was detected in the GPR data using automatic
processing and a solid black line bounding the zones of active corrosion detected in the
deck. While there is good spatial correlation with the half-cell potential survey results,
the automatic processing detections are sparse and severely underestimate the overall

deterioration quantity.

Appendix A8.5 shows a similar plan map of the deck surface using black hatching
to designate where signal attenuation was detected in the GPR data using automatic
processing and red hatching to designate where signal attenuation and high concrete
reflectivity were detected in the GPR data using manual processing. Both manual and
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automatic GPR processing method results coincided well, but the number of automatic
processing detections is much less than the number of detections found using the manual
GPR processing method.

The manual processing provides a more accurate prediction than the automatic
GPR processing for the Stewiacke River Bridge because of better quantitative correlation
to the actual deterioration found using the ground-truthing methods. Both methods
exhibited similar spatial correlation to the chain drag and half-cell potential survey
method results. Table 12 lists the quantitative and spatial correlation statistics for the

Stewiacke River bridge.

The manual processing of the GPR data yielded a more accurate prediction of the
chain drag and the final removal quantity from the deck than the automatic processing,
while the automatic processing results predicted the half-cell potential deterioration
quantity better than the manual processing results. The manual processing results
exhibited a better percent correct deterioration prediction rate with respect to the chain
drag survey, but the automatic processing results exhibited a marginally better percent
correct deterioration prediction rate with respect to the half-cell potential survey.
However, manual processing resulted in higher probabilities of correct deterioration
prediction than the automatic processing for both the chain drag and half-cell potential
surveys. This was due to the better false alarm rate of detecting sound concrete in
deteriorated areas for the manual method of GPR data processing. The automatic GPR
processing exhibited a better probability of detecting sound concrete than the manual
GPR processing method because of the sparsity of detections and the lack of false
deterioration detections in the areas on sound concrete.

The manual processing of the GPR data yielded a more accurate prediction of the
chain drag and the final removal quantity from the deck than the automatic processing,
while the automatic processing results predicted the half-cell potential deterioration
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quantity better than the manual processing results. The manual processing results
exhibited a better percent correct deterioration prediction rate with respect to the chain
drag survey, but the automatic processing results exhibited a marginally better percent
correct deterioration prediction rate with respect to the half-cell potential survey.
However, manual processing resulted in higher probabilities of correct deterioration
prediction than the automatic processing for both the chain drag and half-cell potential
surveys. This was due to the better false alarm rate of detecting sound concrete in
deteriorated areas for the manual method of GPR data processing. The automatic GPR
processing exhibited a better probability of detecting sound concrete than the manual
GPR processing method because of the sparsity of detections and the lack of false

deterioration detections in the areas on sound concrete.

The manual processing method provided a more accurate estimate and better
spatial correlation to the ground-truthing results than the automatic processing results for
the Stewiacke River Bridge.

In general, the preceding project level comparisons of manual and automatic GPR
processing results to the actual and ground-truthing deterioration detections on each deck
tended to indicate that the manual GPR processing outperformed the automatic GPR
processing by providing more accurate predictions of the location and extent of the actual
deterioration. This is because of the higher degree of control the user has in manual
processing in that they can apply their own intuition and judgement in the interpretation
of the signal characteristics. The automatic processing allows the user judgement only on
the general time location of the interfacial peaks and some influence on the threshold
level that may be applied. With manual GPR processing, the user can recognize and
account for such phenomena as potholes, joints, diaphragms, and the influence on the
data of girders or stringers that support the deck, as well as recognize signal changes like
distortion or reflectivity where excessive attenuation may not be apparent as in the case
of very dry concrete.
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5.7 Network Level Comparison of Results

Comparisons of the manual and automatic processing of the GPR data to the
chain drag and half-cell potential survey results on individual bridge decks showed that
the manual processing generally outperformed the automatic processing with higher
qualitative accuracy and improved spatial correlation to actual deterioration found on
each deck. While differences in accuracy have been recognized on a project level, it is
important to study the accuracy of the predictions on a network level to determine if GPR
provides satisfactory level of performance as a deterioration prediction tool for bridge
management. A network level analysis in which all of the data from all of the structures
surveyed provides an overall comparison of the GPR processing results as well as
establishes confidence limits that may be used as an aid in applying future GPR surveys
to bridge management decisions. These accuracies are presented in terms of the percent
of the ground-truthing detected or actual quantity detected or repaired, respectively, and
also in terms of these quantities as percentages of the total deck surface area. Table 13
lists the predicted, ground-truth and repair quantities for the nine structures observed in
this research project.

The actual repaired area listed in is based on the chain drag quantity, for it is the
outlined areas from the chain drag that are repaired. These quantities are increased when
repairs exceed the boundaries of these outlines when corrosion is followed along the
reinforcement until clean steel is encountered. The half-cell potential survey quantities
listed for the Deep Hollow Overpass and Shubenacadie CNR Overpass represent only a
portion of the entire deck surface and are neglected from the quantitative comparisons
regarding half-cell potential survey values since the other test method values represent
measurements from the entire deck surface area. The extremely small quantity found
using the half-cell potential survey on the Victoria bridge resulted in some extremely
high difference percentages and was also neglected from the quantitative comparison.
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Table 13 — Predicted, ground-truth and actual bridge deck deterioration quantities

Structure [D Predicted Quantities|  Ground-truth Actual
Automatic [Chain Drag| Half-Cell | Repaired
(m’)
Stewiacke River Bridge 310.2
Skye River Bridge 79.1 56.9 64.4 78.3 724
Baddeck River Bridge 249.5 206.3 233.0 292.6 267.5
Shubenacadie CNR Overpass 261.0 141.9 3214 187.0 323.4
Grand Pre Overpass 115.1 2494 69.9 63.8 85.9
Deep Hollow Overpass 468.6 138.7 361.2 99.5 365.0
Victoria Bridge 28.5 85.4 12.5 0.1 233
Rough Brook Bridge 62.3 63.9 80.0 n/a 86.4
{Glendale Bridge 50.9 44 63.3 294 71.0

The difference between the ground-truthing or the actual repair quantity and the
predicted GPR quantity, by manual or automatic processing, was calculated for each
bridge deck to determine the average difference and standard deviation between these
measurements. These statistics were then used to construct 95% confidence intervals to
describe the expected range of difference between future predictions and what should be
found using the chain drag or half-cell potential survey.

Table 14 lists the average, standard deviation, and 95% confidence limits for
comparisons of the ground-truthing and actual repair quantities and the GPR predicted

quantities.

With respect to the overall quantity the manual GPR processing provides a more
accurate prediction of the chain drag survey quantity results than the automatic GPR
processing by an average reduction in the overestimated quantity by 46.4%. The
variability in the difference between the chain drag survey quantity and the manual GPR
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processing was found to be approximately four times less than the difference between the
chain drag survey quantity and the automatic GPR processing quantity, resulting in a

much smaller confidence interval.

Table 14 - Statistical comparisons of actual ground-truth and repair quantities to GPR
predicted quantities as a percent of the ground-truth or actual quantity

Upper 95% Lower 95%
Comparison Average |Standard Deviation | Confidence Limit| Confidence Limit
%) _| (%) () (%)
Chain Drag - Manual GPR -19.4% 50.2% 18.1% -56.9%
Chain Drag - Automatic GPR | -65.8% 217.6% 96.9% -228.4%
Half-cell - Manual GPR -25.6% 47.2% 21.7% -72.9%
Half-cell - Automatic GPR -46.1% 142.5% 96.8% -188.9%
Actual Repair - Manual GPR 1.5% 25.4% 20.5% -17.5%
Actual Repair - Automatic GPR] -18.8% 121.6% 72.0% -109.7%
Manual GPR - Automatic GPR | -10.7% 88.8% 55.7% -77.0%

Alongi et al. (1993) reported that the GPR predicted deterioration area that is
formulated using the default threshold of the automatic processing is expected to be
within +11.2 percent of the ground truth quantities. The results of this research indicated
that with average overestimates of 65.8% + 162.6% and 46.1% + 142.9% for the chain
drag and half-cell potential survey quantities, respectively, the automatic processing
results disagree with the accuracy reported by Alongi. Manual GPR processing was
found to yield more accurate quantity overestimates of 19.4% + 37.5% and 25.6% +
47.3% of the chain drag and half-cell potential survey quantities, respectively. While the
chain drag and half-cell potential surveys provide estimates of the repairs that will be
made on the deck surface, the most important comparison, in terms of bridge
management, is between the GPR predictions and the actual repair quantity. This
quantity is based on the chain drag survey results, but is normally a larger quantity
because repairs usually follow corrosion on the reinforcement until clean steel is
observed. The automatic GPR processing resulted in an overestimate of 18.8% + 90.8%,
while the manual GPR processing resulted in an underestimate of 1.5% ® 19.0% of the
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actual repair quantity. Clearly, the manual GPR processing results provide, on average, a
more accurate and precise estimate of the ground-truthing and actual repair quantities
than do the automatic GPR processing results. The automatic GPR processing
underestimated the manual GPR processing quantity by 10.7% #66.4%.

Table 15 - Predicted, ground-truth and actual bridge deck deterioration quantities as
percentages of the bridge deck surface area

Structure ID Predicted Quantities Ground-truth Actual
Manual | Automatic [Chain Drag| Half-Cell | Repaired
(%) (%) (%) (%) (%)
Stewiacke River Bridge 4.5 22.8 53.9 50.5 59.7
Skye River Bridge 423 304 344 419 38.7
Baddeck River Bridge 374 309 349 46.0 40.1
Shubenacadie CNR Overpass 28.5 15.5 35.1 39.5 353
Grand Pre Overpass 15.0 32.6 9.1 83 11.2
Deep Hollow Overpass 70.1 20.2 54.0 314 54.6
Victoria Bridge 13.6 40.7 52 0.1 11.1
Rough Brook Bridge 21.2 21.7 27.2 n/a 294
Glendale Bridge 16.2 14.1 20.1 9.3 22.6

Altemnatively, the deterioration estimates and actual findings can be expressed as a
percentage of the deck surface area to normalize the statistical results. For example, the
quantitative error of a fifty percent difference between predicted and actual deterioration
quantities is more significant on a 300 m? deck surface than on a 2000 m?> deck surface.
Table 15 lists the average, standard deviation, and 95% confidence limits for comparisons
of the ground-truthing and actual repair quantities and the GPR predicted quantities as
percentages of the deck surface areas.

As with the quantitative comparison, the Deep Hollow and Shubenacadie CNR
Overpasses were neglected from the computations regarding half-cell potential survey
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results since only a portion of the entire deck surface was surveyed using that method.
Furthermore, the statistics representing the difference between the GPR predictions and
the actual repair quantities do not include the last seven structures listed in Table 15
because they were processed with an earlier version of the software than the other
structures.

Table 16 lists the average, standard deviation, and 95% confidence limits for
comparisons of the ground-truthing and actual repair quantities and the GPR predicted
quantities as percentages of the bridge deck surface area.

Table 16 - Statistical comparisons of ground-truth and repair quantities to GPR predicted
quantities as a percent of the bridge deck surface area

Upper 95% Lower 95%
Comparison Average |Standard Deviation | Coafidence Limit| Confidence Limi
(%) (%) (%) (%) ]
Chain Drag - Manual GPR -1.7% 8.6% 4.8% -8.1%
Chain Drag - Automatic GPR 5.0% 22.9% 22.1% -12.1%
Half-cell - Manual GPR -2.2% 8.5% 5.6% -9.9%
Half-cell - Automatic GPR -2.6% 22.3% 17.8% -22.9%
Actual Repair - Manual GPR 1.5% 9.0% 8.3% -5.2%
Actual Repair - Automatic GPR] 3.6% 19.5% 14.5% -7.3%
Manual GPR - Automatic GPR | 6.7% 22.3% 23.3% -10.0%

The results of this research indicated that with an average underestimate of 5.0%
= 17.1% of the deck surface area for the chain drag and an overestimate of 2.6% # 16.6%
for the half-cell potential survey quantities, respectively, the automatic GPR processing
exhibits excessive variability in predicting the ground-truthing survey quantities. Manual
GPR processing was found to yield more accurate quantity overestimates of 1.7% #6.4%
and 2.2% #6.3% of the chain drag and half-cell potential survey quantities, respectively.
The automatic GPR processing resulted in an underestimate of 3.6% # 14.5%, while the
manual GPR processing resulted in an underestimate of 1.5% #6.7% of the actual repair
quantity. As with the quantitative comparisons, the manual GPR processing results
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provide, on average, a more accurate and precise estimate of the ground-truthing and
actual repair quantities than the automatic GPR processing results. The automatic GPR
processing underestimated the manual GPR processing quantity by 6.7% + 16.6%.

Table 17 lists the spatial correlation statistics for the nine bridge decks that were
studied in this research.

Table 17 — Network level statistics of GPR spatial correlation with actual and ground-

truth deterioration
lNetwork Level Comparison of Relative to Relstive to
GPR Processing Methods Chain Drag Resuits Halif-cell Results
Manual | Automatic] Manual | Automatic

Total Predicted Locations 20799 20799 12056 12056

Total Deterioration/True 5065 2933 2254 1476

Total Deterioration/False 2588 2405 939 1150

Total Sound/True 9574 9481 7393 6969

Total Sound/False 3572 5980 1470 2461
Overall % Correct Deterioration Predictions 66.2% 54.9% 70.6% 56.2%
Overall % Correct Sound Predictions 72.8% 61.3% 83.4% 73.9%
Overall % Total Correct Predictions 70.4% 59.7% 80.0% 70.0%
Overall % Total Incorrect Predictions 29.6% 40.3% 20.0% 30.0%
Overall Probability of correctly detecting deteriorati 58.6% 32.9% 60.5% 37.5%
verall Probability of correctly detecting sound concrety 78.7% 79.8% 88.7% 85.8%
Overall False alarm rate of detecting deterioration 21.3% 20.2% 11.3% 14.2%
Overall False alarm rate of detecting sound concrete | 41.4% 67.1% 39.5% 62.5%

From these statistics, it is observed that the manual GPR data processing resulted
in more accurate correct deterioration, correct sound concrete and therefore overall
correct predictions, than the automatic GPR processing. The overall correct deterioration
prediction rate with respect to the chain drag survey was 66.2%, which agrees well with
the similar rate of 73.8% agreement as shown by core sampling of the decks during their
repair. The core sampling data was analyzed in a similar fashion to the unit GPR
prediction areas by confirming or disproving a deterioration or sound concrete prediction.



144

Confirmation of the prediction was based on water soluble chloride content that exceeded
0.25%, as per Ontario Ministry of Transportation practice, and also by identifying cracks

or corrosion in the core sample.

The manual radar processing results exhibited a higher probability of detecting
deterioration than the automatic processing by 25.7% and 23.0 % for the deterioration
locations as determined by the chain drag and half-cell potential surveys, respectively.
Similar probabilities of correct detection of sound concrete were observed for both GPR
processing methods.

5.8 Effectiveness of Manual GPR Processing Deterioration Prediction

It has been shown that the manual GPR processing has provided the most reliable
and accurate estimations of the quantity and location of the chain drag and half-cell
potential survey results. This method must be compared against the criteria established in
Section 2.1. While the GPR data is collected non-destructively from the deck without
interfering with normal traffic flow, and can be processed manually to provide accurate
and reliable results, the remaining three criteria may not be well satisfied. The manual
processing method is completely subjective, relying on the operator’s understanding of
the radar waveform structure and the test subject itself. The operator must make
qualitative decisions regarding the level of attenuation or reflectivity observed in the data.
This affects the reproducibility of the results in that a given operator may feel differently
about the threshold to use in deciding whether the deck is sound or deteriorated and
certainly will result in different interpretations of the data by different operators. The
hardware and manual processing software are simple to use, but the data interpretation
and processing can be complex. Regardless, the method has been shown to to be
effective and still represents the most appropriate technology for deck assessment at

traffic speeds.
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How good is good enough with respect to the accuracy of the manual GPR
processing results? Table 18 lists quantities of deterioration that were found by previous
investigators using the chain drag survey and quantities that were predicted using
traditional visual estimation methods. The statistics were selected from a list of estimates
reported by Maser (1990) that fell within the range of the deterioration levels observed in

this research.

Table 18 - Actual and estimated deterioration - visual estimation

Bridge ID | Actual Deterioration Engineer's Estimate Difference
% Deck Surface Area % Deck Surface Area % Deck Surface Area

V2.1-25 8.4% 21.9% -13.5%
V3.1-34 10.9% 16.3% -5.4%
Mi6 14.7% 5.0% 9.7%
RS 34.4% 13.0% 21.4%

R6 40.0% 23.3% 16.7%

N2 20.0% 31.0% -11.0%
Average 3.0%

Standard Deviation 14.9%

Confidence 13.6%

Lower 95% confidence limit -10.7%

Upper 95% confidence limit 16.6%

Traditional visual estimation resulted in an average underestimation of the
deterioration of 3.0% . 13.6% of the deck surface area. Manual GPR processing was
observed in this research to result in an overestimate of 1.7% . 6.4% of the deck surface
area, resulting in a slightly improved accuracy, but approximately half of the variability
observed in the visual estimation resuits. The difference between 1.7% and 3.0% is
minimal with respect to the cost of repairs, but with manual GPR processing yielding half
of the variability that is observed when using traditional visual estimation, significant
savings can be expected by decreasing unanticipated repair costs.
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In Sections 5.6, 5.7 and 5.8 it was shown that the manual GPR processing
technique can produce an relatively accurate estimate of the ground-truthing and actual
repair quantities on a given bridge deck. However, the ability of the GPR results to
clearly demonstrate the location and extent of all deterioration on a given deck seems to
be insufficient to allow bridge managers to order specific sections of a deck span to be
repaired. This predictive capability is not important with respect to saving time and
materials since decks are usually stripped of all the asphalt in one lane at a time to allow
for repairs. Identifying particular areas from a GPR survey report on a scale drawing of
the deck, then transferring those areas onto the actual deck surface would be just as time
consuming as using the chain drag survey to outline the unknown deterioration on the
deck surface. Spatial correlation is therefore important only academically, to ensure that
the processing procedure is utilizing the proper characteristics in the data to correlate
with the actual deterioration. Spatial correlation provides a means of checking that the
inverse problem of finding the flaw through a characteristic in the data, instead of the
characteristic in the data by finding the flaw, is being solved effectively.

The most important benefit of GPR as a bridge management tool is the ability to
predict within a known range of difference, the quantity of deterioration that is expected
to be found on a given deck, within a subgroup of decks. This will allow managers to
effectively prioritize the subgroup of bridges for repair, ensuring that the available budget
is spent most efficiently. The degree of uncertainty that accompanied the traditional
visual estimation of deterioration can be substantially reduced as a greater number of
bridges throughout all districts can be assessed by a single operator with less variability
in the resuits. A reduction in the variability of the difference between estimated and
actual deterioration quantities will reduce the occurrences of gross underestimation,
resulting in high unit prices and budget overruns and will also tend to reduce long-term
unit prices as the variability of predictions is decreased. As discussed in Section 5.8,
traditional visual estimation was observed, on average, to underestimate the actual
deterioration levels and tends to drive up the unit cost. Manual GPR processing results
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tend to slightly overestimate the deterioration quantities and hence, drive the immediate
cost up, but tend to reduce the unit price over time.

Given the nondestructive capability of GPR to collect data at traffic speeds and
given the improvements in accuracy and variability of the estimated deterioration
quantities with respect to traditional visual estimation, GPR appears to provide a very
effective method of condition assessment for asphalt-covered reinforced concrete bridge
decks.



6. Conclusions and Recommendations

A collaborative research program was designed by Dalhousie University DalTech
and the Nova Scotia Department of Transportation and Public Works to examine the
accuracy and confidence with which GPR can be used to predict the quantity and location
of delaminations and concrete scaling on asphalt covered bridge decks. Seventy-two
bridge decks were surveyed at traffic speeds using GPR for deterioration estimation. The
GPR data was processed manually using a novel combination of excess signal attenuation
and areas of high concrete relative dielectric constant as deterioration indicators in the
data. Deterioration predictions made using GPR were also compared quantitatively and
spatially to ground-truthing data obtained from nine bridge decks using the well-
established chain drag and half-cell potential surveys after the asphalt was removed from
each bridge deck just prior to repair. These comparisons were used to construct statistics
describing the accuracy and variation between the GPR predictions and the actual
deterioration quantities for each deck and on a network level.

The results of this research indicated that the correlation using the default
threshold of the automatic processing using signal attenuation with the chain drag results
did not agree with the accuracy reported by Alongi et al. (1993). Adjustment of the
statistical accuracy of this threshold, or better understanding of the relationship between
the threshold and the waveform characteristics of the data representing the sound
concrete, and therefore improved application of a threshold value, may improve the

accuracy of the automatic processing results.

The automatic processing software requires only minimal user inputs including
the location of stationary peak-tracking gates on the waveforms for a given data file.
Since there are no visual means to monitor the tracking of the peaks, it must be assumed
that the peaks are properly and consistently tracked during the automatic data processing.
The incorporation of a graphic display during processing to ensure that the peaks are

148
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being properly identified and tracked would be an asset, allowing the user to feel
confident in the proper interpretation of the data. Furthermore, instead of using a fixed
position for the peak-tracking gate, the software would be improved by allowing the user
to use a variable-positioned gate to track the peaks in the data. Layer thicknesses and
electrical properties can be subject to a high degree of variability on and between each
deck such that the time position of the peaks will fluctuate significantly and may fall
outside of the bounds of its normal position. The most appropriate way to achieve the
definition of the variable-position tracking gate would be to view the data pass on the
color intensity plot software and input a connected series of line segments over the peak
locations, such that the tracking window is always positioned over the peak location. The
width of the gate can then be reduced to avoid tracking nearby peaks that may interfere
with the desired peak.

The manual processing results were based on a combination of signal attenuation
and high concrete reflectivity, or high concrete relative dielectric constant. The
automatic software allows the user to only produce output consisting of one deterioration
characteristic at a time. Multi-characteristic processing results may improve the accuracy
of the automatic GPR processing.

The manual processing relies on the user’s capability to distinguish changes in the
signal characteristics to denote areas of deterioration. This method requires the operator
to be highly skilled at GPR data interpretation and therefore may be unsuitable for
general use by a layperson. This research has shown that this has yielded a more accurate
and precise resuit than the automatic processing provided with the GPR system. It
follows that incorporation of manual processing into the automatic processing will
improve the accuracy and precision of the results. This can be achieved by presenting a
graphical depiction of a measured waveform characteristic for all waveforms on a scaled
plan map of the deck surface, using a grey-scale intensity to represent the range of the
value measured. For example, on a given data file, the bottom echo peak amplitude can
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be automatically measured by the software and aligned in position of the deck surface.
The most negative amplitudes can be represented by the darkest shades and the most
positive amplitudes represented by the brightest shades. This will present a spatial
depiction of the deck bottom echo on the deck surface by which the user can detect
sufficient decrease in the peak magnitude to assign a deterioration detection within that
data file. All data files can be represented in this fashion on the deck surface, using the
full range of peak amplitudes to scale the shade intensity. Graphic displays of the
waveform properties can allow the user to also detect changes in the waveform due to
such objects as drains or diaphragms under the deck that may be falsely interpreted as
deterioration. Furthermore, other measured phenomena in the data can be represented in
this way, such as peak amplitude at the asphalt/concrete interface or signal attenuation.
Combining the automatic measurement and comparison to a statistical threshold with the
intuitive graphical deterioration detection of the manual processing will improve the
accuracy and variability of the deterioration prediction.

The following conclusions were made on the basis of this research:

1) Manual processing of the GPR data based on both signal attenuation and
high reflectivity from the asphalt/concrete interface provided the most
accurate and least variable estimate of the actual deterioration repair
quantity and location.

2) Manual processing of the GPR data underestimated the actual
deterioration repair quantity by 1.5% @ 6.7% of the total deck surface
area. Manual processing of the GPR data also overestimated the chain
drag designated deteriorated by 1.7 @ 6.4% and overestimated the half-
cell potential designated deteriroation by 2.2% ® 6.3%.
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3) Manual processing of the GPR data provided an increase in accuracy of
1.3% of the deck surface area and a reduction in variability of 7.2% of
the deck surface area with respect to the performance of traditional
visual estimations of deck deterioration.

4) Manual processing of the data exhibited the highest rates of correct
spatial deterioration prediction of 66.2% and 70.6% with respect to the
chain drag and half-cell potential surveys, respectively. Manual
processing of the data also exhibited the highest probability of correctly
detecting deterioration of 58.6% and 60.5% with respect to the chain
drag and half-cell potential surveys, respectively.

5) Certain types of deck construction surveyed during this research
program presented difficulties in data interpretation. These decks
include prestressed and continuous spans where signal scattering and
variable reflections from increased reinforcement content and tendons
can occur. Monolithic decks that are in excess of 200 to 250 mm in
thickness make full-depth signal penetration difficuit.  Variable
thickness decks provide inconsistent locations of the deck bottom and
incur losses through non-orthogonal reflections. Epoxy coated
reinforcement in bridge decks prevents the depassivation of the
reinforcement steel, thus disabling the correlation between excesses of
moisture and chloride and reinforcement corrosion and delamination of
the concrete cover.

It is recommended that a number of factors that may have resulted in the inferior
performance of the automatic GPR processing results, relative to the manual GPR
processing results, be addressed.
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An improvement to the manual processing results can be made by removing
obvious misinterpretations from the reported deterioration quantity and locations, such as
underlying diaphragms or drains on the deck. These can often be observed on the scaled
plan maps of the deterioration locations on the deck surface after processing has been
completed. These misinterpretations are obvious as regularly spaced thin lines across the
deck width, in the case of diaphragms.

This research has led to the hypothesis that the accuracy and variability of the
manual GPR processing estimate may increase with increasing levels of deterioration on
a given deck. This phenomenon cannot be proven or disproven given the number of
results presented in this research, but should be further investigated. If this phenomenon
is found to exist, then new statistics must be computed to describe the quantitative
relationship between the manual GPR processing predictions and the ground-truth or
actual repair quantities. The predicted quantities should then be transformed by a
mathematical function to establish a constant variance for all predicted levels of

deterioration.

Improvements in efficiency in reporting the survey results can be achieved by
changing the software or producing other software to tabulate the deterioration locations
that form the output of both the manual and automatic processing software. These
locations can then be used as inputs in a program to automatically draw the deck surface
and deterioration locations in AutoCAD, reducing the time and effort required to produce
the plan maps of the deck deterioration.

GPR provides a fast and nondestructive method of data collection through asphalt
pavements, removing the need for traffic control during the actual inspection. This
research has demonstrated that estimates of deck deterioration due to corrosion induced
delamination and surface scaling or damage due to freezing and thawing can be estimated
with slight improvements in accuracy, but less than half of the variability of traditional
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visual estimation methods. The average difference between the manual GPR processing
results and the actual repair quantities was an underestimate of 1.5% @ 6.7% of the deck
surface area. These improvements and this research will allow the Nova Scotia
Department of Transportation to incorporate the deterioration surveys into a bridge
management system. Management decisions can be made for a network of bridge decks
before tendering repairs that will result in more efficient spending of the annual repair
budget. Less variability between the predicted and actual repair quantities will lead to
long term reductions in unit price of the work as contractors become comfortable with the
accuracy and variability of the GPR predictions. GPR has been shown to be an effective
method for condition assessment of asphalt-covered reinforced concrete bridge decks in
Nova Scotia that should result in savings through reduced variability on a network level
between estimates and actual quantities of deterioration.

The 5-year collaborative research project between the Nova Scotia Department of
Transportation and Public Works will be completed on January 1, 2001. In the remaining
two years of the project, further refinements will be mde in the manual data processing
and more ground-truth data will be collected to improve the statistical confidence of the
relationships between the GPR estimates and the actual repair quantities. Furthermore,
the application of GPR for pavement thickness measurement and evaluation will be

investigated.
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