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A field investigation of the Fair Isle Bridge, Miami, Florida consists of a
nondestructive evaluation program including physical and acoustic emission (AE)
assessment. The bridge is situated in a marine environment and its deck consists of PC
and RC sections. Chemical evaluation is performed prior to strengthening with CFRP
laminates and consists of visual inspection, carbonation, pH evaluation, chloride content,
and steel corrosion detection by half-cell potential. After repair, three additional physical
assessments are performed: crack mapping, thermography, and AE. These combined
techniques provide sufficient information to create layered maps to evaluate the condition
of the bridge structure. Within the maps, areas of interest are explored and compared for
high probability of corrosion and concrete damage. Through spatial analysis of physical
and chemical evaluation data, areas with significant potential difference are identified.
These areas are the focus of a load test while monitoring strain, load and AE. The AE
program components consist of in-service traffic monitoring and a load test in the elastic
range. An experimental program was also conducted in a controlled laboratory
environment where beams were subjected to corrosion conditioning and cyclic loading to
failure. The NDT methods studied in this thesis are correlated by means of spatial

analysis and provide a novel method for field inspections.
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Chapter 1

1. Introduction

1.1 Preface

Concern about the condition of concrete bridges in the United Stated is an issue that
involves safety, high repair cost, and has an immense impact on social wellbeing and
economic growth if bridge structures need to be closed or posted [Alkhrdaji and Frye,
2009]. Estimates show that over 180,000 bridges will exceed the age of their design life
span of 50 years within the next 15 years [Alampalli et al., 2002]. Today, one in five has
already exceeded that age and one in four bridges is rated as deficient, either in need of
repair or rehabilitation for increasing traffic loads [AASHTO, 2008]. At the publishing
date of the AASHTO Report “Bridging the Gap” in July 2008, the rehabilitation cost of
all bridges in the US was estimated up to $140 billion dollars. Similarly in Europe,
investigations conclude that bridges from the age of 25 to 35 years show signs of

deterioration and major maintenance is required [Colombo et al., 2005].

To contribute to a solution to this worldwide problem, new methods for assessment
and monitoring techniques need to be studied. In 2008, a research proposal was funded
by the National Science Foundation under the aegis of the [[/UCRC TIE] program to
perform a cross-disciplinary integration of knowledge and technology on the physics of
bridge damage, bridge load testing and monitoring systems. The case study of a bridge in

deteriorated condition in an aggressive marine environment was identified. By combining

1



experimental non-destructive evaluation (NDE) techniques and making use of a mapping
tool, it is intended to spatially verify and correlate the different evaluation results from

physical, chemical, and acoustic emission (AE) results.

Routine inspection is the most common form of highway bridge inspection to satisfy
the requirements of the National Bridge Inspection Standard [NBIS, 1996; Phares et al.,
2004].Routine bridge inspections typically consist of visual inspection [Moore at al.,
2001]. This method relies heavily on subjective assessments. Nondestructive testing
(NDT) methods range from hammer tapping to dynamic load testing and rely on
qualitative observations and measurements. Chemical investigation techniques, included
in this research, are not part of routine concrete bridge inspections [The Manual for
Bridge Evaluation, 2008]. However, corrosion and carbonation are processes of great
structural impact. Corrosion of the embedded steel reinforcement ranks among the most

significant adversely acting damage mechanisms [Korenska et al., 2008].

One of the novel inspection methods in the area of nondestructive structural health
monitoring for bridges is acoustic emission. An AE signal is the generation, propagation
and detection of transient elastic strain waves in solid materials as they undergo
dislocation, deformation or fracture [Carpinteri et al., 2008]. AE makes use of piezo-
electric sensors in passive (receiving) mode where acoustic surface (Rayleigh) waves are
recorded as a voltage signal [Matta et al., 2010]. Its usefulness is found in preliminary
warning of impending failure or damage progression that may not be detected as
effectively through other methods. Sensors can be placed within a certain distance from
sensitive areas or other locations of interest for global monitoring, depending on the

structure’s geometry, material composition and interface conductivity properties.



The AE method is in advanced stage of development for steel structures. However,
due to the heterogeneous nature of concrete, further development in accuracy, the ability
to identify wave forms, and attenuation of acoustic wave signals is still desired [Colombo
et al., 2005; Korenska et al., 2008]. AE has long been used for fatigue, impact loads,
stress corrosion and catastrophic crack growth detection and for nearly 60 years in the
cracking assessment of ships [Glennie and Summerscales, 1986]. Recently an increasing
number of case studies have been performed on concrete bridge structures, but due to the
dominant influences of body shapes, mix designs, noise conditions, aggregate sizes, and
loading patterns and history, there has been difficulty comparing and creating a
fundamental knowledge base. Previous work has been reviewed, where the majority of
studies are performed under laboratory conditions on concrete bridge girders
[Schechinger and Vogel, 2007; Lovejoy, 2008], which due to shape and size are not
comparable to slab structures. However, significant progress has been found in field
testing for development and the use of AE together with strain, displacement and load
measurement to deploy recognition of AE characteristics like Kaiser and Felicity Effect
[ASTM E1316, 2010] in concrete structures [Matta et al., 2010]. More recent applications
are found in fatigue evaluations of FRP bridge components [Cole et al., 2006] and the
long term live-load monitoring of hybrid FRP bridge structures [Lui and Ziehl, 2009].
Because AE is very sensitive to crack growth it is an ideal candidate for quantifying the
effect of damage both prior to and after strengthening. [Ziehl, 2008]. As an inspection
method, AE has already been recognized worldwide as the most promising method for

the inspection and evaluation of concrete bridge structures [Korenska et al. 2008].



This study contributes to the development and recognition of AE as a structural
health monitoring (SHM) system for the assessment of concrete bridges. Through
chemical evaluation, visually undamaged areas, both repaired and unrepaired, are
compared to provide examples for future studies and inspections. A method used in this
investigation is a division of the deck soffit in a 24 by 24 in. [610 by 610 mm] grid. At
each grid point, a series of physical and chemical assessment methods are performed
before and after repair, and strengthening with Carbon Fiber Reinforced Polymers
(CFRP) laminates occurred. Before repair, the bridge deck showed areas with spall of the
concrete cover which created the opportunity to perform the following evaluations: visual
inspection, concrete carbonation, pH level evaluation, probability of steel corrosion by
half-cell potential, and chloride content analysis. After repair, consisting of grout
patching and strengthening with two layers CFRP, three additional physical assessments
were performed: crack mapping, thermography, and AE attenuation conductivity. The
192 grid points create a map to spatially correlate data collected from chemical
evaluations with AE monitoring while sensors are placed on the grid points. Verification
and correlation of the chemical and acoustic data is the main goal of this combination of
techniques. Additionally, the map offers a visual aid providing an example for future
bridge studies. Spatial correlation study is conducted by making use of a statistical
method adopted from the field of Geography [Hu et al., 2009]. Supported with numerical
evaluation and the software ArcGIS ESRI, areas with high damage potential are

identified.



1.3  Objectives
This dissertation consists of three individual studies, where two are related to field
investigations and one is performed under laboratory conditions. The overall objectives

of this dissertation are to:

e C(Create and evaluate spatial mapping tools for concrete bridges in marine
environments for structural and material deterioration, composed by a pallet of
physical and chemical methods and AE;

e Analyze corrosion induced damage in controlled laboratory conditions to develop
recognition and prediction of AE patterns;

e Contribute to the improvement of NDE techniques to examine the conditions of

concrete bridges for decision making on maintenance, repair and replacement.

1.4  Significance
Contribution to science is made by introducing a mapping technique for a pallet of
chemical, physical and AE evaluation methods which are spatially correlated for the
assessment of the condition of concrete structures. This investigation provides a case
study to indicate and localize deteriorated areas in concrete structures before and after

repair with CFRP laminates with a higher level of confidence than single assessments.



1.5 Dissertation Qutline
Study I starts with a series of nondestructive chemical investigations before repair
where the physical condition of a bridge in marine environment is evaluated and results
are mapped in a 24 by 24 in. [610 by 610 mm] grid. The combined results are visually
compared to identify areas of potential deterioration. AE monitoring during in-service

traffic follows and concentrates on the PC portion of the deck.

Study II includes three additional physical assessment layers conducted after repair
and strengthening. Seven layers are combined by numerical and spatial analysis with
ArcGIS to identify areas of high potential damage. A crawl speed truck load test at
service load level is conducted while monitoring load, strain and AE. Correlation is
investigated between strain and AE trends. In addition, statistical parameters for AE
activity and intensity are used to localize areas of high stresses and local deteriorated

condition in relation to the spatial analysis outcomes.

Study III is performed under laboratory conditions. Three different corrosion stages
are induced to assess changes in physical properties and AE attenuation. Spatial analysis
is conducted to localize areas of potential damage. After repair and strengthening, the
four specimens are subjected to four-point bending testing with increasing load cycles
until failure. AE and spatial assessment outcomes are used to indicate inferior areas and

are compared to the eventual failure location.

Table 1.1 shows how the outcomes of this research have or will be developed. A
total of three journal papers will be submitted to the listed aimed journals. One paper is

currently in press as special publication.



Table 1.1 - Overview of publications

Study Title Journal Status
Study 1 Non Destructive Evaluation Techniques and Acoustic ACI-Special | In Press
Emission for Damage Assessment of Concrete Bridge | Publications
in Marine Environment
Study II-1 | Probabilistic Identification of Corrosion Damage in a Materials in Writing
Concrete Deck Civil
Engineering
Study II-2 | Bridge Load Test of RC Deck Marine Environment Structural Writing
Engineering
Study IIT CFRP Strengthened RC Beams at Different Corrosion Constmctl.on Writing
and Building

Stages

Materials




Chapter 2

2. Study I — Physical Assessment Studies and In-Service Monitoring

with Acoustic Emission

Synopsis

Non-destructive evaluation techniques are used to assess the condition of a 40-year
old concrete bridge operating in an aggressive marine environment. The bridge’s
superstructure includes both reinforced (RC) and prestressed concrete (PC) one-way
slabs, and experienced widening, repairs, and recently strengthening by means of
externally bonded Carbon Fiber Reinforced Polymer (CFRP) laminates. Phase I of the
investigation focuses on evaluating deterioration of concrete and steel reinforcement by
means of in-situ and laboratory testing. A 24 in. by 24 in. [610 by 610 mm] grid was
marked on the bottom surface of the supporting slabs to map indicators of concrete,
corrosion and physical damage. Visual inspection, measurement of carbonation, pH level,
chloride content, and active corrosion potential evaluation were implemented and
rendered as layered maps to identify areas with high potential damage. Phase II includes
acoustic emission (AE) monitoring under service loads. AE Amplitude, Duration, Energy
and Number of Hits were analyzed to identify structural activity associated with damage
phenomena, such as concrete cracking, slip between corroded reinforcement and
surrounding concrete, and debonding of CFRP laminates. The database acquired from

Phase I and Phase II was used for damage assessment. Combined results from the



different techniques show promise in determining areas of concern with higher certainty
than when using a single measurement technique. Moreover, physical assessment results
indicated specific structural elements to be in more severe deteriorated condition and

additionally were found to have higher AE signal intensity and activity.

2.1. Background

According to the AASHTO Report “Bridging the Gap” [AASHTO, 2008], bridge
rehabilitation costs in the US alone are estimated to exceed $140 billion with numerous
bridges reported needing maintenance and repair. To contribute to the solution of this
worldwide problem and reduce the likelihood of similar situations in the future, new
methods for assessment and monitoring techniques need to be studied. By combining
different non-destructive evaluation (NDE) techniques and a spatial mapping tool, the
research project presented in Study I introduces the ability to spatially verify and
correlate different chemical and physical evaluation results on the condition of a concrete
bridge operating in a highly aggressive marine environment and associate them with
acoustic emission (AE) parameters acquired through bridge testing. This case study is a
contribution towards making field inspection methods more effective, accessible,

efficient and economical.

The combination of physical and structural evaluation techniques used in this
research are not typically found on the agenda of bridge inspections. However, concrete
carbonation and corrosion of the steel reinforcement are physical and chemical processes
that may have relevant structural implications. Corrosion is among the most significant

adversely acting damage mechanisms [Korenska et al., 2008].
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In the case of exposure to marine (chloridic) environments, the likelihood of corrosion
damage has high potential. Through physical and chemical assessment, visually damaged

and undamaged areas can be investigated for carbonation and active corrosion.

This study presents five physical and chemical evaluation methods performed prior
to repair; visual inspection, carbonation detection, active steel corrosion potential, pH
level evaluation, and chloride content evaluation. The objective of these studies is to
visually compare the layered maps, which contain the results of each layer, to identify
areas with high damage potential. As the structure of the PC section of the bridge consists
of 8 PC slabs, the comparison is focused on two slabs with different damage potential and
similar loading patterns. With support of AE monitoring, these slabs are compared for

AE activity and trends to verify the outcomes of the physical and chemical assessment.

2.1.1. Literature Review

An Acoustic Emission (AE) signal is the generation, propagation and detection of
transient elastic strain waves in solid materials as they undergo dislocation, deformation
or fracture [Carpinteri et al., 2008]. Its usefulness is in the preliminary warning of
impending failure that may not be detected as effectively through other methods. AE has
long been used for fatigue, impact loads, stress corrosion and catastrophic crack growth
detection, and has been applied for nearly 60 years in the cracking assessment of ships
[Glennie and Summerscales, 1986]. It is recognized as an effective method for steel
structures, but needs to be further investigated for its capabilities in concrete elements.
Due to the heterogeneous nature of concrete, accuracy, identification of wave forms, and
attenuation of AE wave signals are still areas where development is desirable [Colombo

et al., 2005; Korenska et al., 2008]. Recently, an increasing number of case studies have
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been performed on concrete bridge structures. However, due to the uniqueness of signal
transmission and other characteristics, the effects of mixture design, body shape, size,
reinforcement type, aggregate type and size, loading path and history, transducer type and
external noise conditions, it is difficult to develop a fundamental knowledge base and
therefore more case studies are desirable [Hearn and Shield, 1997]. The majority of
previous studies were performed on concrete I-type bridge girders [Schechinger et al.,
2007; Lovejoy, 2008], which due to size and shape are not comparable to slab structures.
As this study focuses on a one-way slab span, signals from AE data have characteristics
due to their travel path through the element which depends on length of path, obstructions

due to element shape and material type and density.

2.1.2. Objectives

e Examine physical and chemical evaluation techniques together with AE as non-
destructive evaluation techniques for the assessment of physical and structural
deterioration of concrete bridges in marine environments;

e Introduce a novel mapping tool that offers spatial verification and correlation of
physical and chemical assessment results;

e Identify areas of urgent concern for concrete damage and steel reinforcement
corrosion by different layers;

e Employ a case study with AE monitoring to examine the performance after repair
with CFRP laminates and to serve as an example study for field structural health
monitoring of slab bridges in marine environments regardless of its complexity of
different materials, types of concrete mixtures, aggressive marine exposure with

the use of a spatial layered mapping tool.
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2.1.3. Fair Isle Bridge

The bridge, as the subject of this thesis, is located in Coconut Grove, Florida, along
the coastline of Biscayne Bay and is the only connection between the main land and Fair
Isle, called The Fair Isle Bridge (Figure 2.1 and Figure 2.2). This bridge is an ideal case
for investigating corrosion damage, age deterioration, repairs during life history, and
strengthening with CFRP laminates with non-destructive evaluation (NDE) techniques.
The bridge super structure consists of reinforced concrete (RC) and prestressed concrete
(PC) sections with inspection reports indicating damage due to the corrosion of both
prestressed strands and reinforcement bars. This damage is thought to be caused by a
combination of the aggressive marine environment air content, spraying of ocean water,
contact height from the ocean, and dynamic impact loading. The bridge consists of 28
spans with an overall length of 711 ft. [217m]. The span of interest is Span 28 which is
adjacent to the island. This span contains significant visual damage before repair due to

the corrosion of the reinforcement and spalling of the concrete cover in critical areas.

The unique and complex structural configuration of the Fair Isle Bridge can best be
explained by its history. Original construction and subsequent widening and repairs have
been studied through permit plans to determine how the structure was designed, built and
modified over time (Table 2.1). The bridge was originally built in 1961, and widened
from 22.5 ft. [6.86 m] to 33.25 ft. [10.13 m] in 1972 [Ruggiano, 2008]. The original
structure consisted of 9 PC one-way slabs of 30 in. [760 mm] width, 15 in. [380 mm]
height, and 3 in. [76 mm] cover, each reinforced with 9 prestressed strands with 0.5 in.
[13 mm] diameter. All members are connected with shear keys. The superstructure was

expanded on the North side with a RC section having a width of 8.5 ft. [2.6 m], a depth of
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18 in. [460 mm] and reinforced with 1.25 in. [32 mm] diameter steel bars spaced at 6 in.
[152 mm] on-center. The added RC section was cast between the eight existing PC beams
and the ninth PC beam, which was relocated to the North end of the span (Figure 2.3). A
3 in. [76 mm] concrete deck was cast on top of the PC members. The increased structural
capacity is substantial if the deck acts compositely with the supporting members;

otherwise it only functions to redistribute loads in the transverse direction.

Table 2.1 - Original design, expansions and repair details

Original Expansion
Construction P Repair 1998 Repair 2008
1972
1961
Total width (ft) 22.5 33.25 No change No change
Section width (in.) 30 10.75 No change No change
. . . . Repair spalled
Section height (in.) 15 18 Repair spall concrete
Cover (in.) 3 3 Patching Patching
Top deck [in.] 0 3 Fill cracks No change
Design PC RC Patching Patching, CERP
strengthening
Shear Adhesively
Bar diameter (in.) 0.5 1.25 . bonded CFRP
strengthening .
laminates
Number of bars/foot 3.6 3 No replacement  No replacement

Repairs were carried out in 1998 and 2008. The first repair consisted of removing
loose concrete, adding epoxy coated steel shear reinforcement, and patching with grout.
Most recent repair consisted of removing loose concrete and patching, and strengthening
the complete deck with two layers of externally bonded CFRP laminates, each with a
thickness of 0.04 in. [1.02 mm]. Due to the complex combination of RC and PC
structural members, materials and repairs performed at different times, this bridge is an

interesting case study; unique in history, but representative for field investigations.
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2.2 Phase 1 — Assessment Studies before Repair

The degree of concrete carbonation and steel reinforcement corrosion directly relate
to strength and may rapidly deteriorate over time under adverse environments. A 24 by
24 in. [610 by 610mm] grid was marked on the deck soffit of the bridge superstructure
for mapping purposes (Figure 2.4). At each of the 192 grid points, chemical and physical
NDE field tests as summarized in this section were performed and small samples were
collected for laboratory testing. Each implementation of the physical and chemical NDE
techniques provides one layer of a superimposed map describing the condition of the
superstructure. Together, all layers provide a database suitable for the possibility of visual
comparison and spatial correlation of damage (with respect to the marked grid). The NDE
field evaluations conducted in Phase I were performed before the damaged members
were repaired and then strengthened with externally bonded CFRP laminates to define

areas of interest for monitoring by means of AE in Phase II.

2.2.1. Physical Evaluation Methods
The following NDE methods were implemented to address concrete deterioration
and steel reinforcement corrosion and are explained in the following paragraphs: (A)
visual inspection, (B) evaluation of concrete carbonation, (C) estimation of steel
corrosion probability via half-cell potential measurement by in-situ (field) tests, (D)

measurement of pH level, and (E) measurement of chloride content by laboratory tests.
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(A) Visual inspection — A visual inspection was conducted prior to repair to develop
a map of cracks, corrosion bleeding, spalling, remaining reinforcement bars and
prestressing strands in the areas exposed. Preliminary inspection indicated large pieces of
the concrete cover had spall, which allowed for examination of the condition of the

exposed reinforcement.

(B) Concrete carbonation — Carbonation is the process of developing calcium
carbonate in concrete resulting from the carbon dioxide reacting with concrete caused by
the presence of water which results in a less porous but stronger cement paste [Verma
and Balasubramaniam, 2009]. However, carbonation creates a reduction of concrete
alkalinity and lowers the pH level. This results in protection loss against steel corrosion
[Grubb et al., 2007]. Fresh concrete has a pH level of at least 12.5, which creates a
passive, protective layer against corrosion as the corrosion process is only able to develop
at a pH level below 9 [Matsushita et al., 2000]. Carbonation drops the pH level below the
passivation threshold for steel reinforcement; this may result in a pH as low as 7 [Chang

and Chen, 2004].

A 1% phenolphthalein in ethanol solution was used to detect carbonation [Minor and
White, 1988]. First, the solution was sprayed directly onto the concrete and coloration
was captured with photographs, and later visually evaluated and mapped. Sprayed areas
turn pink when the pH level exceeds 9, highlighting non-carbonated areas [Otsuki et al.,
2003]. Areas where the color does not change are affected by concrete carbonation and

have a pH level lower than 9, which indicate a corrosion prone environment.
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Spall and removed concrete cover areas offered the opportunity to evaluate carbonation at
deeper level in the concrete cover. The findings offer information on large areas about

how far the carbonation process was able to develop vertically into the cover.

In the second part of this task, 5 mg samples were taken at each grid point by drilling
with a 0.5 in. [13 mm] concrete bit. The drilled holes offered a fresh surface at a depth of
approximately 0.2 in. [5 mm]. Again, carbonation traces were captured with photographs
and mapped. Similar tests were performed at an average depth of 3 in. [76 mm] in the
areas where the concrete was removed for repair work. The outcomes of this study were

rendered in a separate layered map.

(C) Steel corrosion potential — The probability of active corrosion of uncoated steel
reinforcement was estimated inside the cover by means of half-cell potential
measurement using a copper-copper sulfate reference electrode following ASTM C876.
The device used was the “James Cor Map” from James Instruments. The reinforcement
was directly contacted at one end, and measurements were taken on the concrete surface
in the remaining area to measure potential difference. As indicated by Elsener and Boéhni
[Elsener and B6hni, 1988], there is no indication of active corrosion when values are at
measured higher than -200 mV, inconclusive when between -200 and -350 mV, and with
90% probability of active corrosion when less than -350 mV. More negative readings
indicate that the reinforcement has more excess electrons and therefore higher likelihood
of active corrosion [Malnotra and Carino, 2004]. Three readings were taken, averaged
and mapped into a new layer. The concrete cover was partially removed prior to repair
operations, providing access to steel reinforcement in each individual slab. This access

allowed measurements to be taken even at locations where the cover was still intact.
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(D) pH level — Together with the mapping of carbonation and corrosion potential, pH
level measurements indicate the extent and depth to which the concrete cover has
deteriorated. As the pH level decreases due to exposure to chloride particles from the
ocean environment (chloride induced corrosion) [Neville, 1995] and carbon dioxide
particles in air (carbonation) [Bary and Sellier, 2004], depassivation of the concrete cover
takes place. pH measurements were conducted in agreement with ASTM F 710 [2008;
Résédnen and Penttala, 2003]. Powdered samples of 5 mg were obtained by drilling with a
0.5 in. [13 mm] concrete bit at the grid points till a depth of approximately 0.2 in. [5
mm]. Relative to this weight, several drops of distilled water were added and laboratory
measurements were taken with paper pH measurement strips from Indigo Instruments
with a pH range of 1 to 14. A three-sample average was obtained and mapped into a new
layer. The same procedure was carried out at the level of reinforcement (3.0 in. [76 mm)]

depth) where concrete was removed or spalled.

(E) Chloride content — Corrosion of the steel reinforcement is often caused by
exposure to chlorides, typically from contact with deicing salts or marine environments
[Sergi and Glass, 2000]. The corrosion level may differ for different concrete mixtures as
chloride ions will bond differently [Xinying and Zhang, 2001]. As evaluation of the
chloride content provides an estimate of the concentration of chloride particles that have
penetrated the concrete cover. The chloride content was compared to evaluations
available in open literature [Thomas, 2004; Lindvall, 2007]. Ten single 3 g. samples of
size 0.4 by 0.4 in. [10 by 10 mm] were taken only from spalled areas located at the level
of reinforcement (3.0 in. [76 mm]) with different material types, design types and repairs,

and construction dates. The laboratory analysis was performed according to ASTM
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1152M [2004] with “James CL-2000” chloride testing system from James Instruments.
The concrete age is important to correlate the analysis outcomes with the degree of
carbonation. The found chloride content percentages were mapped into a fifth layered
map (E) and compared to those available in literature in relation to depth and construction

dates.

2.2.2 Physical Evaluation Results

(A) Visual inspection — Large areas of spalled concrete typically situated at shore
end of Span 28 were observed. Cover cracks and steel bleeding were found mainly in this
area. It is likely that the dynamic loading of vehicles, which have a relatively greater
impact entering and leaving the bridge while accelerating uphill, were the cause of the
increased number of cracks. This was observed by the spring action of passing vehicles.
Concrete cracks have allowed air and water containing chloride to penetrate which could
cause to accelerate corrosion development. In areas where concrete did not spall or was

not removed, the concrete cover looked intact and only minor cracks were observed.

Figure 2.5 shows the first layered map (A) with areas of spalled concrete and
included the remaining reinforcement bars and prestressed strands present before repair.
The PC superstructure was in severe condition and several strands were severely
corroded (Figure 2.6). Slab 3 was observed to be in the worst condition, where only two
out of nine strands (22%) were found to be intact. The remaining seven strands were
corroded and severed completely. The capacity of this member was estimated to be

insufficient.
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Figure 2.6 - Areas with spalled concrete and damaged strands
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The wheels of passing vehicles are typically positioned in a travel lane above slab 3
and 6 (Figure 2.3), as verified during field monitoring (this is key to analyzing AE events
considered in this study, as reported in the next section). The NDE results for slab 6
provide a useful dataset for correlating chemical and physical evaluation results with AE
monitoring. Figure 2.5 shows slab 6 still has 88% of its strands intact (seven out of nine),
with only a few areas of concrete cover spalled over the span length. Visual inspections
indicate that slab 6 is in much better condition than slab 3 with a resulting increase in
residual strength. Chemical evaluations of carbonation and corrosion potential will be
used to assess the validity of the visual inspection outcomes. As the traffic loads are
positioned directly on top of these members, the structural response will concentrate on
these areas, particularly in the area of maximum moment. This midspan (maximum
positive bending moment) zone is a favorable location to mount AE sensors and compare
the physical outcomes for these two parent members under similar loads and structural

design, but in different states of deterioration.

(B) Concrete carbonation — As the repair work began and the loose concrete was
removed, the spraying of 1% phenolphthalein in ethanol solution showed that deeper
areas freshly exposed to air did not show as much carbonation as the surface areas
(Figure 2.7). In the core of the exposed portion, the pink color indicated that no
carbonation developed. This method was shown to be a good tool for preliminary field

investigations by its accessibility and ability to provide results quickly.

Freshly exposed surfaces were created by drilling at all grid points to a depth of
approximately 0.2 in. [S mm]. The second layered map (B) (Figure 2.8) shows that areas

in the South-East and North-West side indicate presence of carbonation. It is clear that
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more carbonation is present in slab 3 than in slab 6. Slab 3 indicates carbonation
differently than slab 6, especially at midspan. Additional measurements were taken at
greater depth after the concrete cover was removed as part of the repair work. The freshly
exposed areas showed only a few carbonated spots on the North-East side, confirming the
outcomes of field tests where freshly exposed concrete at the depth of the steel

reinforcement had limited carbonated areas.

(C) Steel corrosion potential — The mapped results of steel corrosion potential are
given in the third layered map (C) (Figure 2.9). Areas with values less than -350 mV are
left blank as there is no indication of active corrosion. Especially on the East side close to
the shore support, much active corrosion seems to be present. High corrosion potential is
also measured in the North-West section. Both slab 3 and 6 show active corrosion.
However, slab 3 has more exceeding values in the center zone till approximately -400
mV. It is likely that the degree of active corrosion is higher in slab 3 [Malhotra and
Carino, 2004]. The bottom-up use of the device was experienced as poor and labor-

intensive.

(D) pH level — The fourth map contains pH measurement results (Figure 2.10). The
map shows several areas on the North-West side to have a pH level of 9 or less. Areas on
the East side with lower pH levels are found close to the shore support. Slab 3 has more
areas with relatively low pH levels in the maximum moment zone than slab 6. In
addition, measurements at the reinforcement depth were taken, with the pH being always

higher than 9 (Appendix I.A). These outcomes are consistent with the carbonation map.
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(E) Chloride content — Chloride content results were mapped for ten grid points in
the fifth layered map (E) (Figure 2.11). All samples have chloride content above 2% of
concrete mass, except sample 7 from the East side of the RC area, and sample 14 from
PC slab 5. Results for material type, temperature of prepared specimen and chloride
content are reported in Appendix I.B and are in agreement with case studies [Thomas,
2004; Lindvall, 2007], where values ranging from 2.0-3.5% were reported for samples
taken at a depth of less than 0.4 in. [10 mm] with marine exposure for more than 10 years
and tested at a temperature of about 62°F [20°C]. The resulting map contains a smaller
number of samples compared to the other layered maps. This partial information doesn’t
contradict the collected data in the other assessments and confirms its location with high
concentrations of chloride exposure. Samples in this case study showed comparable
results at a depth of 3.0 in. [76.2 mm]. No samples were taken from slab 3 and 6 before

repair.
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2.2.3. Discussion of Deteriorated Condition in Slab 3 and 6

Different chemical and physical measurements indicated visual correlation in the
layered maps. A 24 in. by 24 in. [610 by 610 mm] grid provides a sufficiently dense grid
to evaluate the condition of Span 28. Visual inspection showed similar results with
regards to corrosion as the half-cell potential measurements. By visually comparing
maps, it can be seen that active corrosion potential also occurs in areas where the cover
appears visually undamaged. Carbonation studies provide similar indication as pH level
mapping results at the surface and at the depth of reinforcement. In addition, the chloride
content of surface samples confirmed the aggressiveness of the marine environment,
consistent with the pH level and the carbonation measurements. Finally, carbonated and
low pH level areas were strong indicators of areas of active corrosion due to
depassivation. An overview of threshold levels to indicate severe conditions related to

physical properties is given in Table 2.2

Table 2.2 - Threshold levels indicating corrosion/concrete damage

Layer Assessment method Threshold
(A)  Visual Inspection Bars missing (%)
(B)  Carbonation detection with no pink coloration
1% phenolphthalein in ethanol solution
(C)  Active steel corrosion potential <-350 mV
(D)  pHlevel <9.0
(E)  Chloride content > 2%

Areas of maximum positive moment in slab 3 and 6 are selected as focus of study
due to their difference in physical and external visual condition, although they experience
similar loading patterns and are structurally comparable. After collecting, interpreting and

visually comparing layered maps with chemical and physical evaluation outcomes, the
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condition of both areas were identified relative to a state of deterioration. To select two
areas of interest for this study, all chemical and physical evaluation results were mapped
and compared. Visual inspection indicated severe damage on slab 3, where only 22% of
the original prestressed strands were left. Slab 6 showed less damage, with 88% of the
original prestressed strands remaining intact. The layered carbonation map indicates that
slab 3 has carbonated areas at midspan, where slab 6 does not. The third layered map (C)
indicated active corrosion potential in both members, with a higher probability of
corrosion in slab 3. This beam has areas with pH levels lower than 10 while beam 6
indicated no areas at this level. The chloride content evaluation was not performed on
slab 3 and 6. Measurements made close to the areas of interest indicate that the chloride
content lies above 2%. By visual analysis and comparison of layered maps, the physical
NDE investigation has shown that the midspan region of slab 3 is in a higher level of
deterioration than slab 6 indicated by active corrosion potential, carbonation and pH-

level.

2.4  Phase 2 - Acoustic Emission

Layered chemical and physical NDE evaluation maps were compared to localized
signals from AE monitoring for Phase II. AE monitoring under service loads was
conducted after repairs were performed in order to compare areas in different conditions.
On several occasions, monitoring was performed for one hour durations at low traffic
hours with high loading events. The main purpose of using this combination of
techniques is verification and correlation of chemical and acoustic data. Additionally, the
maps offer a visual aid, providing the possibility of becoming an example for future

bridge studies.
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2.4.1 AE Monitoring

In-service AE monitoring concentrated on the PC section of the superstructure,
containing eight repaired and strengthened PC one-way slabs. Monitoring was performed
using an 8 channel digital AE system, Micro SAMOS (PAC). One piezoelectric resonant
sensor type R6I was mounted on each of the 8 PC members in the maximum positive
moment zone at midspan on top of the bonded CFRP laminates (Figure 2.3). As selected
in Phase I, the areas of interest for AE monitoring lie at the midspan of slab 3 and 6. The
CFRP laminates cover the entire span and acoustic waves propagate from the source
through the CFRP laminate interface to the sensors. Each sensor was secured in place
with aluminum brackets and lightly pushed by a screw against the surface where grease
was used as a contact agent (Figure 2.12). AE-Win software was used to collect, decode
and process AE data into usable parameters. The AE parameters used for the analysis are:
Amplitude, Energy, Duration, and Number of Hits. Together they provide an indication
of identifiable event activity. Based on the outcomes of preliminary tests aimed at
evaluating the ambient noise level, the AE amplitude threshold was set at 30 dB. Low
traffic hours offered identifiable events, in particular from heavy trucks. Time was

reported and pictures were taken to estimate the loading level.

During in-service monitoring, several events occurred where high loads may be
related to high AE activity. Recorded event data was analyzed and related to log events.
Figure 2.13 gives the results recorded for Amplitude versus time for all eight AE sensors.
Sensor 7 and 8 were mounted on the last two PC members on the North side (the opposite
lane). When identifying events, these beams cannot be taken into consideration as they

bear loads for different traffic and are too far away from the monitored event.



Figure 2.12 - AE sensors on deck soffit of the bridge

34
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Channel 2: Amplitude vs. Time

Channel 1: Amplitude vs. Time
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An event at time 7 = 2,884 seconds, marked with a circle in Figure 2.13, has an
Amplitude of approximately 80 dB and consists of 59 hits. The Number of Hits with the
same amplitude occurring at the same time, indicate AE activity from the same or close
source location [Shigeishi et al., 2001]. The CFRP laminates were applied continuously
across the structural elements, allowing signals to travel from one member to the adjacent
ones by propagating through the CFRP fiber matrix, depending on the fiber orientation
[Degala et al., 2009]. However, previously performed attenuation tests on the bridge
indicated that the maximum transmission distance is approximately 2 ft. [610 mm] with
acoustic waves attenuating rapidly due to multiple layers of materials including two
layers of CFRP laminates. Decreases in AE Amplitude relate to the attenuation properties
related to material (propagating medium) and distance. Therefore, it is likely that AE
events during monitoring will occur within the sensor capture range as the dominating
mechanism is positive bending moment in the midspan zone where the sensor is

mounted.

Figure 2.13 shows graphs where Amplitude is plotted against time for comparing
results of selected zones on slabs 3 and 6. These graphs indicate that there is relatively
more activity and higher peak Amplitudes recorded by sensor 3 on slab 3. A threshold
level is drawn in the graphs to point out events with Amplitudes higher than 70 dB.
Sensor 3 on slab 3 is the only sensor where signals exceeding 70 dB were recorded

during events that were logged as having heavy trucks present.
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To identify and verify the intensity of the event at # = 2,884 seconds, the parameters
Energy and Duration were also taken into consideration. Figure 2.14 shows plots of
Energy against time for slabs 3 and 6. Energy is evaluated as integral of the volt-squared
function over time (ASTM E 1316, 2010). These graphs confirm the event intensity in
slab 3 by showing that the measured energy value £ = 2,736 J is higher than signals
recorded by sensor 6 on slab 6. Graphs of slabs 3 and 6 for Duration against Energy are
plotted in Figure 2.15. The Duration of the event at # = 28884 seconds is recorded with
the highest value of 349 milliseconds in slab 3, confirming a higher intensity for this

event in slab 3 relative to slab 6.

2.4.2 Discussion of AE Results

AE monitoring as a NDE method under service loads indicated that PC slab 3 has
more acoustic stress wave activity than slab 6 under similar load histories. The AE
parameters Amplitude, Energy, Duration and Number of Hits served to isolate
meaningful events by activity and intensity. Through preliminary attenuation testing, the
Amplitude level indicated that signal sources were most likely situated at midspan of the
PC members where the AE sensors were mounted and likely to come from the same slab
where data were recorded. Amplitude and Number of Hits were sufficient to identify
different levels of activity between slab 3 and 6. Duration and Energy were used to
confirm the intensity of events (heavy truck loading), in agreement with field logs.
Through the selection of zones of interest in Phase I, effective AE sensor locations were
determined. AE signal characteristics and distribution reinforced the observation from
Phase I that slab 3 may be in a more deteriorated condition than slab 6. Intense AE

activity may have been caused primarily by reduced structural capacity due to corrosion
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of the steel reinforcement in slab 3. Due to the reduced contribution of the steel
reinforcement, the externally bonded CFRP laminates may carry a larger component of

the tensile forces, which may also lead to higher activity and intensity of acoustic events.

2.5 Conclusions
Based on the comparison between physical NDE observations and AE monitoring on
a 40 year old concrete bridge operating in a highly aggressive marine environment, the

following conclusions are drawn:

o Complexity of different material types, concrete designs and marine exposure
deterioration were overcome by using a spatial mapping tool providing possibility
for spatial comparison, correlation and visual verification of chemical and
physical NDE results;

o Physical relations of carbonation, pH and chloride content were confirmed by
visually comparing different layered maps conducted at surface level and deeper
reinforcement level. Moreover, together they provide significantly more
information about the physical condition than conducting visual inspection only.
Additionally, visual inspections and active corrosion potential were related and
confirmed by the visual comparison of layered maps;

o Different chemical and physical NDE measurements combined with visual
inspection, enabled the identification of regions of structural concern for
carbonation and corrosion damage with less uncertainty by visually comparing

layered maps;
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Relationship between deteriorated physical and diminished structural conditions
of concrete members was shown per location by making use of chemical and
physical evaluation and AE monitoring. Moreover, the physical assessment
method provides a rational preliminary indication of areas with high AE activity
to provide estimates regarding the structural condition and point out locations for
AE monitoring;

AE amplitude and number of hits allowed for identification of events of
comparatively high acoustic stress wave activity. Amplitude, duration and energy
were used to evaluate the overall intensity of events. The combined evaluation of
these AE parameters allowed for the isolation of areas of concern for structural
performance;

CFRP laminates as interface for AE sensors post repair did not prevent nor
complicate the effective acquisition and analysis of acoustic data;

Using spatial visualization, contributions to field inspections and health
monitoring was provided for concrete bridges in marine environments by
introducing an accessible visual evaluation tool which simplifies decision making
on maintenance, repair and replacement of concrete bridge structures and may
serve as a practical communication tool;

Combination of chemical and physical evaluation with AE monitoring offered an
improved assessment capability. Through results and analysis, this study serves as

a case study for future assessment.



Chapter 3

3. Study II - Probabilistic Identification of Corrosion Damage in a

Concrete Deck

Synopsis

A spatial analysis technique is used to combine and evaluate statistical correlations
for a range of chemical assessment methods before and after repair of a RC bridge
structure to identify areas of concern for corrosion and concrete damage. This method
combines results of spatial layered maps such as visual inspection, pH level
measurement, concrete carbonation, corrosion potential, chloride content, deck cracks,
thermography and acoustic emission (AE) attenuation conductivity and response. A
spatial comparison was made through numerical evaluations as well as Geographic
Information System (GIS) software ArcGIS. Two structural identical areas for location
and loading pattern were identified on the bridge structure where one area was opened,
inspected and repaired and the other area remained untouched. After repair, the entire
deck soffit was strengthened with two plies of Carbon Fiber Reinforced Polymers
(CFRP) laminates. A layered map was created by performing pencil break tests while
monitoring AE signals to attempt to evaluate this complex system of different materials,
compositions, additions and repairs. The study was followed by a service level truck
crawl speed load test at strategic locations on the RC deck to locate active regions for

comparison with the chemical evaluation spatial analysis outcomes. Correlation was

41
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found between AE results and strain data. Moreover, areas rated by spatial analysis for
highest damage potential identified showed spatial correlation with localized AE

statistical indicators in terms of cumulated activity and signal intensity.

3.1 Background

Routine concrete bridge inspections are typically completed using visual inspection
and rely heavily on subjective assessments made by bridge inspectors [Phares et al.,
2004]. To detect loose fitting concrete in the vicinity of spall areas, hammer tapping or
chain dragging is the common method by listening, identifying and localizing hollow
sounds [Manual for Bridge Evaluation, 2008]. The deck soffit is visually inspected for
cracks, concrete spalls, bleeding and exposed corroded steel reinforcement. When the
concrete cover is not spalled, but corrosion of the reinforcement is active and has reached
a visually undetectable but concerning state, the currently available inspection methods
do not offer indisputable results. As stated in the Manual for Bridge Evaluation published
by AASHTO [2008], corrosion detection methods are rated as “good” for electrical
methods [ASTM D3633, 2006], “good” beneath bituminous surfacing by sonic
techniques [ASTM D4580, 2003], and “good” for detecting delamination through
corrosion by thermography [ASTM D4788, 2007] and radar detection. Ultrasonic
methods like acoustic emission (AE) monitoring with piezoelectric sensors [ASTM

E1316, 2010] are rated as “fair” for corrosion detection.

Different material testing methods have been developed and successfully used to
supplement routine field testing methods when more information is desired [Barde et. al.,
2009; Cusson et al., 2009; Robertson et al., 2009]. As these methods are complex and

often require specialized instrumentation, they are less accessible for routine inspections.
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Material testing methods are most often semi-destructive in nature, meaning that small
samples have to be collected from the actual structure. In the case of RC bridges, this is
usually done in the concrete cover until the reinforcement is reached and, therefore, there
is no structural impact if the holes are filled appropriately to prevent chloride penetration.
These types of physical and chemical testing methods were performed prior to repair and
strengthening and documented in Study I; (A) visual inspection layer, (B) concrete
carbonation layer, (C) steel corrosion potential layer, (D) pH level layer, and (E) chloride
content layer. The results were mapped in a 24 by 24 in. [610 by 610 mm] grid on the
entire span and arranged in separate layers to be overlaid in order to identify areas of
structural deficiency. AE monitoring during service verified that more activity was

present at locations tagged as most critical by other test methods.

The strengthening repair work of the bridge span includes the application of two
plies of Carbon Fiber Reinforced Polymers (CFRP) laminates on the deck soffit to
replace and supplement corroded and missing steel reinforcements. As a result, the soffit
of the deck is covered and no physical information can be obtained from the concrete
substrate without harming the CFRP. In addition to the assessment layers conducted in
Study I, three additional layers of nondestructive tests (NDT) are generated to provide
more information. Mapping of deck cracks (F) is performed to differentiate areas for
crack density and crack direction which may provide information about the loading
history, structural mechanism and structural contribution of the deck. Thermography (G)

is a method used to identify air voids under FRP laminates.
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These voids are considered an application deficiency which speaks for maintenance and
repair [Hawkins et al., 1998]. AE conductivity by pencil lead break testing (H) [Hsu,

1976; Nielsen, 1980] offers information about the structure’s composition and repair.

As Study I focuses on the Prestressed Concrete (PC) section of the bridge structure, the
attention of Study II focuses on the Reinforced Concrete (RC) portion which is located on
the North side of the span (Figure 2.3, Study I). By combining the layered maps from
Study I and including three extra layers conducted after repair, spatial correlation studies
are performed in an attempt to introduce a method that offers more reliable identification
of damaged areas. Main objective of this study is to create and test improved evaluation
methods using mapping techniques, and to introduce a tool for decision making on

maintenance, repair and replacement of concrete bridges.

3.1.1 Literature Review

Several techniques that go beyond the scope of routine field testing [The Manual for
Bridge Evaluation, 2008] have been included to spatially identify areas for structural or
physical diminished conditions. Among others, one of the successful methods is damage
localization and quantification using non-destructive load tests to minimize the residuals
of analytical and measured strains to update FEM models for localizing damaged areas
[Sanayei et al., 1996; Sanayei et al., 2006; Santini-Bell et al., 2007]. This method is
identified as complementary to visual inspection and other NDT techniques. Another
successful spatial investigation method is half-cell potential mapping of concrete slabs to
identify areas with high probability of active corrosion [ASTM C876, 2009]. Spatial
corrosion potential maps in color plots are shown by Elsener et al., [2003] and supply an

accessible and interpretable tool for inspectors in the field. However, Gulikers and
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Elsener [2009] acknowledge the debate on the appropriate level of confidence to allow
for distinction between passively and actively corroding steel, as they introduce a more
reliable statistical treatment to indicate areas with active steel corrosion. Huston et al.,
2007 studied the physical condition of two case study bridges by visually comparing and
overlaying maps of Ground Penetrating Radar (GRP), acoustic elastodynamic
measurement in the form of Impact Echo (IE), and corrosion potential mapping to
indicate the bridge condition and detect delaminations. These studies and methods offer
well developed tools to give information about the structural and physical condition of a
concrete structure. The presented study aims to complement existing evaluation methods
by introducing a higher level of confidence that combines physical assessment studies
using spatial analysis to localize areas with high probability for concrete and corrosion

damage.

Spatial analysis is defined as a formal technique to study entities using their
topological, geometric, or geographic properties [O'Sullivan et al., 2002; Fotheringham et
al., 2002]. A tool to spatially correlate layered maps is available in the field of
Geography. The Geographic Information System (GIS) software ESRI ArcGIS was
developed to analyze and store geographic maps and to produce predictions with “one
click” available statistical analysis tools. GIS was first time used by civil engineers in the
1950’s during a collaborative study of geographers and transportation engineers at the
University of Washington [Miles and Ho, 1999]. Today, the software is used for urban
planning and decision making [Stevens et al., 2007], earthquake prediction models
[Yamazaki, 2001], hydrology [Vafeidis, 2007], emergency planning [Carroll, 2007],

traffic analysis [Kumaresan, 2009], and is experiencing rapid development by being



46

combined with other software programs like Computational Fluid Dynamics (CFD) to
create endless possibilities including pollution models in urban areas [Zheng et al., 2010].
However, GIS software is typically used for analysis and identification of trend behavior
of large scale areas such as urban areas and nation maps. No study was yet found where
the software was used on the scale of a single bridge span to statistically identify areas

with corrosion damage.

AE signals (transient elastic waves) are generated in a structure by a rapid release of
energy from a localized source or sources within a material [ASTM E1316, 2010]. The
subject of study presented is unique for its loading path and history, age, body shape,
composition, mixture designs, aggregate type and size, repairs, strengthening, and state of
local corrosion deterioration. Today, many damaged bridges are repaired with external
CFRP laminates and desire life time AE monitoring to assess delamination and fiber
rupture during service [Kaiser and Karbhari, 2004]. This study aims to contribute to the
understanding of the unique AE signatures of a repaired and strengthened concrete
bridge, and to identify areas with more AE activity, independent of the structures

composition or knowledge about its history.

3.1.2 Structure of Study
Part 1 of Study II consists of a spatial analysis of the layered maps introduced in
Study I with the inclusion of three new layers performed after repair. The spatial analysis
to detect areas of concern for corrosion damage is carried out with guidance of GIS
Software and complemented by numerical analysis to identify areas with a higher
probability of damage. The second part of Study II consists of observations obtained with

a service level load test at strategic locations. Measured and analytical strains are
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compared with AE events over time. The intent is to correlate the AE activity response to
measured and analytical strains and to evaluate correlation by location with the spatial

analysis outcomes of Part 1 of Study II.

3.1.3 Objectives

e Evaluate and compare chemical assessment methods with AE monitoring to
localize areas of concern, both repaired and unrepaired, for corrosion and concrete
damage;

e Employ statistical spatial analysis to demonstrate the advantages of establishing
more statistical confidence on localizing structural and physical properties and to
apply a smaller number of AE sensors on predetermined strategic locations;

e Evaluate the potential advantages of pencil lead break testing on complex
composed concrete bridge structures with a history of expansion, repairs and
strengthening with different materials and structure design types rated for
corrosion damage;

e [Evaluate correlation between strain and AE activity during a nondestructive
isolated load test, both static and ambient at service level loading;

e Evaluate numerical correlation of AE trends and activity by sensor location with

the areas that are identified for high potential damage by spatial assessment.
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3.2  Part1 - Physical Assessment Studies after Repair
The different data layers collected and described in Study I are typical assessment
studies performed before repair. Three new layers introduced in Study II are performed
after repair; (F) deck cracks layer, (G) thermography layer, and (H) AE attenuation
conductivity layer. After the CFRP laminates were applied and paint protected, the same
24 by 24 in. [610 by 610 mm] grid was drawn on the entire deck soffit to allow for
similar measurement points. All investigation procedures of after repair studies are

nondestructive field tests performed on site.

(E) Cracks in Deck Surface - The bridge deck consist of a North and South lane as
illustrated in Figure 3.1, where the RC portion is marked by a dashed square. Deck
cracking can be due to a number of effects such as temperature shrinkage or loading
paths in relation to the thickness of the 18 in. [457 mm)] solid poured concrete element
[Hadidi et al., 2005; ACI 224R, 2008]. A layered map of deck cracks (F) is created to
assess crack density and to verify the separation crack between the PC and RC sections.
Visual cracks in the RC section were documented in x-y coordinates and mapped. Figure
3.1 shows that the South lane has far more cracks than the North lane. Overlay decks are
known to suffer increased crack propagation compared to monolith bridge decks [Darwin
et al., 2004]. A major crack in the North lane evidently illustrates separation between
prestressed beam PC-8 and the monolith RC slab. Cracking occurring in this section has
structural impact as these cracks may provide access to chloride containing air and water
to the steel reinforcement. Although cracks on the deck soffit are more recognizable as
structural defects, cracks in the top surface should be taken into account for identification

of areas of concern for corrosion damage.
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The cracks are translated in a crack density map in Figure 3.2, where only the RC
portion is illustrated. The figure gives small squared areas in a mini grid of 6 by 6 in.
[150 by 150 mm] with a total number of 16 possible areas in the existing 24 by 24 in. 610
by 610 mm] grid. The dashed square in grid point M-5 illustrates the area and crack
density cells that can be linked to this grid point to allow for spatial comparison with
other layered maps. All crack lengths are measured and classified by grey tints relating to
the length in the mini grid cell which can be found in the accompanying graph. The crack
lengths per mini cell in the RC section range from 1 to 12 in. [25 to 304 mm]. Cracks are
mainly found in the shear areas of the span, but the direction and shape of cracks do not
obviously demonstrate a shear failure mechanism. A complete crack density and direction
vector map is given in Appendix II.A where cracks ranging between 6 and 9 in. [150 and
230 mm] are weighed as more significant as they may indicate a single crack spanning a

6 by 6 in. [150 by 150 mm] cell in a straight line.

(F) Air Voids under CFRP Laminates - An assessment layer with mapped air voids
under the CFRP laminates is included as one of the layers for spatial analysis. Even
though air voids are not a result of physical degradation, but rather an application defect,
the layer is included to overall evaluate for future maintenance and repair. Investigation is
performed 18 months after application by Infrared Flash Thermography [ASTM E2582,
2007]. Detection is performed by heating a square for several second in the 24 by 24 in.
[610 by 610 mm] grid on the double layered laminate bottom surface. For this
investigation, two Revlon RV484 blowers with a performance of 1875 Watt, 125 VAC
and 60 Hz were used simultaneously. The FLIR Hand Held Infrared Thermal

Imager monitors the surface, while it cools, to discover areas with high heat radiation.
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The difference in heat flux in the CFRP material is illuminated in the area with
higher temperature differential through the camera view port. When the CFRP plies hold
a void or delamination, the composition has a different heat flux as it cannot transfer its
heat to the underlying concrete material. While holding and looking through the camera
pointed at the investigated area, illuminated areas were marked on the actual surface,
photographed using Infrared imaging as well as regular camera and by reporting void
dimensions to later draw them in a new layered thermography map (G) (Figure 3.3). A

complete bridge map of voids is given in Appendix I1.B.

According to ACI-440.R2 [2008] (Table 3.1); an air bubble smaller than 2 in® [13
cm’] can be ignored (blue), except when there are 10 or more in 10 ft* [1 m?] (red dash-
dotted square); an air void with an area between 2 and 25 in® [13 and 160 cm?] should be
filled with resin (magenta); and air voids with an area larger than 25 in.” [160 cm?’] are
required to be cut out locally and replaced (red). The accompanying Infrared images and
photographs show how the voids can be detected and gives example of two of the most
concerning voids with a size larger than 25 in® [160 cm”] in area O-2 and L-6. Also one
10 ft* [1 m?] area with 10 voids or more is identified in area M-N-3-4. Associated

infrared images show clear evidence of changes in heat flux for the specified areas.

Table 3.1 - Repair actions for FRP blisters and delamination spots

Area of air void  Action [ACI-440.R2, 2008]
<2in* Acceptable
10 spots <2 in. per 10 ft* Inject or Replace
21t025in” Inject
>25in” Replace
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AE Attenuation Conductivity - To assess the composition properties in terms of AE
signal transmission, a new layered map (H) is developed using AE attenuation
conductivity testing. The aggregate size, concrete cover spall, removal and patching, as
well as existing cracks or delaminated CFRP can cause energy absorbance or losses of
AE signal transmission through CFRP laminates [Jacobs and Owino, 2000]. By
standardized pencil lead breaking on the CFRP laminates, properties of the complete
composition of the original, repaired and patched underlying concrete with the CFRP
laminate interface become visible. Pencil lead break testing is a standardized technique
[ASTM E976, 2010] to simulate an intense, quite similar to natural AE source, acoustic
signal by breaking the brittle graphite lead of 0.3 mm diameter pencil lead, approximately
0.12 in. [3 mm] from its tip, against the surface of the monitored material [Hsu, 1976;
Nielsen, 1980]. Attenuation is assessed before load testing to report noise level and find
determine the appropriate recording Amplitude threshold. In accordance, decisions can be
made on sensor spacing and placement. Additionally, attenuation is compared for
transmission in parallel, diagonal and random directions to the CFRP fiber string matrix
to detect any blockages in the composite deck by visualization of results. AE sensors
were placed on spread, triangularly arranged locations in the existing 24 by 24 in. [610 by

610 mm] grid for direct comparison with other layered maps (Figure 3.4).

A total of 15 AE sensors were placed on the RC slab while the 16™ control sensor
was placed on neighboring PC slab 8; 20.5 in. [508 mm] South of sensor 8. RC slab
sensors had a minimum spacing of 48 in. [1219 mm] and maximum 53.7 in. [1364 mm)].
All AE sensors made contact to the CFRP interface with the same aluminum brackets and

vacuum grease contact agent as previously used in Study I (see also Figure 3.20).
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Pencil lead break testing with 0.3 mm graphite lead is performed starting from grid point
1 (J-12) in the South-East corner to grid point 57 (O-1) in the North-West corner.
Strategic breaking and placement allowed for the repetition of signals at similar distances
and in different directions; parallel, diagonal and in random direction in relation to the

grid and CFRP matrix.

Monitoring of AE signals was performed with a 16-channel Sensor Highway II
System™ with piezoelectric resonant sensors type RI6. Recording and data processing
were carried out using AE-Win software. Amplitude (dB) is used as the governing
parameter to approach attenuation. As illustrated in Figure 3.4, the location of sensor S16
was foreseen to assess contact between PC slab 8 and the RC slab. Noise was eliminated
as much as possible during the pencil lead break test by waiting for zero traffic moments
and with a recording threshold of 30 dB. Low recording of Amplitude can be caused by
reduced contact between the sensor, contact agent and the CFRP interface, but was
evaluated by running the Automatic Sensor Test (AST) prior to testing. The recorded
Amplitude (dB) results are given in Appendix II.C for all 57 break events and 16
recording sensors. Each pencil lead break event could be recorded by more than just the
closest sensor and offered evaluation opportunities to assess one event from more
distances and different angles. Average Amplitudes with standard deviations are sorted
by break location, recording sensor, distance and direction of transmission and is shown

by figures and tables in Appendix II.C.

Figure 3.5 shows attenuation data of all pencil lead breaks for average Amplitude
(dB) against traveling distance (in.) for all sensors and traveling directions. The dashed

line has a pencil lead break location at 3.5 in. [90 mm] resulting in an Amplitude of 99
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dB recorded by sensor 16. Shortest distance for sensors on the RC slab is 24 in. [610
mm]. As shown in the graph, all sensors together show a clustered trend which is
relatively wide spread. It shows attenuation variances ranging from ~49 dB in sensor 12
to ~69 dB in sensor 7 at a distance of 24 in. [610 mm]. At a distance of 48 in. [1,220
mm], the lowest recording again takes place in sensor 12 with Amplitude 34 dB and the
highest recording in sensor 13 with Amplitude 64 dB, which visually peaks out the trend
in the figure. At distances larger than 100 in. [2.5m] the data becomes inconstant an

inconsequential.

To offer a better indication of average AE signal attenuation in the RC slab, Figure
3.6 shows average Amplitude attenuation for sensor 1 to 15, and additionally the PC slab
mounted sensor 16, in terms of distance. The sensors on the RC slab and the sensor on
the PC slab show almost similar attenuation behavior, where PC slab sensor 16 has a
higher standard deviation. Sensors 1 to 15 attenuate from an Amplitude of ~60 dB at 24
in. [610 mm] to ~50 dB at 48 in. [1,220 mm] distance with a standard deviation of
relatively 6.5 and 8.42 dB, where sensor 16 attenuates from an Amplitude of 63 dB at 24
in. [610 mm] to 56.50 dB at 48 in. [1,220 mm] distance with a standard deviation of
relatively 0 to 6.36 dB. However, after extensive sorting and processing data, these
graphs give enough support to determine signal distance range and applicable threshold
level to eliminate noise. Appendix II.D shows 3D visualized plots of the AE signals by
pencil breaks transposed to their source location to visually identify the range of the

recording threshold.



58

—=—Sensor 1

100 1q —s—Sensor 2
90 - —=—Sensor 3
—=<—Sensor 4
80 - \‘ ——Sensor 5
@" 70 Sensor 6
Py ——Sensor 7
o
= 60 - —s—Sensor 8
=
E 50 - ——Sensor 9
—a— Sensor 10
40 —+—Sensor 11
30 - —— Sensor 12
—e—Sensor 13
20 - ' —x— Sensor 14
0O 20 40 60 80 100 120 140 160 180 200 220 240
) . —x=—Sensor 15
Distance (in.)
- &-Sensor 16
Figure 3.5 - Average Amplitude attenuation vs. traveling distance
100 g
\ —a— RC Sensors 1-15
90 \
\
- e -
80 \\ PC Sensor16
—_ \
\
3 70 .
o y _
" %\ 5‘
= \
= L __
£ 50 \ ;\. B =
< ?. . | <
| = %'>--. T1T \ R &
40 qi ) W \S\ﬂ
30 ® -
20 T T T T T T T T T T T 1

20 40 60 80 100 120 140 160 180 200 220 240

Distance (in.)

Figure 3.6 - Comparison AE attenuation RC slab with PC slab 8




59

Amplitude (dB)

100

90

80

70

60

50

40

30

20

—8—Parallel Transmission
—o—Diagonal Transmission

——Random Direction

/-

N

0 20 40 60 80 100 120 140 160

Distance (in.)

Figure 3.7 - Comparison parallel, diagonal and random direction




60

The CFRP laminate matrix consists of a weaving pattern of carbon fiber strings in
two directions. Each of the two plies has a thickness of 0.04 in. [1.02 mm] per laminate.
As the AE signal is generated on the structure’s surface, the acoustic wave travels as a
surface wave (Rayleigh) and will be partially converted into a guided wave transferred
through CFRP fibers [Degala et al., 2009; Chen et al., 2001]. As carbon materials allow
faster traveling and reduced signal attenuation, the strings in the CFRP matrix may serve
as wave guides [Chen and Wissewapaisal, 2000]. This can create a difference in signal
attenuation when events are in parallel, diagonal or in another (random) direction to the
sensor locations and CFRP matrix. To evaluate possible differences, the Amplitudes are
assessed separately by direction and given in Figure 3.7. The graph shows the average
Amplitude (dB) against traveling distance (in.) for all three distinct directions with
standard deviations indicated at each measurement point. No considerable variance is
seen between the directions of transmission. This could also mean that the matrix spacing
is too small to create significant traveling distances which could influence signal
intensity. This also shows that string to string connections do not create significant signal
losses, as in addition, the laminates are saturated with resin during application which

should create sufficient contact.

In order to make the attenuation testing and data reading more accessible for field
applications, an attempt is made to contribute to this effort by visualizing Amplitude
signal reach and responses in three dimensions. Figure 3.8a shows a top view of a
volumetric plot of signal ranges of sensor 9. Each recorded Amplitude signal has been
drawn vertically in the bridge plan on the grid point where the event was created by

pencil lead breaking. Since pencil lead breaking is a standardized test [ASTM E976,
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2010], each given impulse has comparable intensity at its starting point, but will lose a
certain amount of energy during its travel path depending on the medium properties. With
this information, the volumetric plot now provides visual guidance by its shape for areas
and travel paths that for conductivity of AE signals. The complete composite system of
repaired concrete with the external CFRP laminates together determines conduction
properties of the travel path. Sensor 9 in Figure 3.8a is placed in the center region of the
RC slab and can pick up pencil lead break events from almost any location on the entire
slab with a recording threshold of 30 dB. Limited by the pattern of pencil lead breaking
grid points, it tries to complete its range in circular shape which would be the ideal case if
the material was more conductive like steel. With this visualization tool; the signal
range, appropriate sensor spacing, and recording threshold become more accessible and

interpretable for field applications.

Figure 3.8b illustrates the volumetric signal range of sensor 16. This sensor is placed
on neighboring PC slab 8 and records the same pencil lead break events as the sensors
placed on the RC slab. The longitudinal shape of the range plot is clearly visible. Only
three signals are able to travel from the RC slab to the sensor on the PC slab. Its
volumetric shape gives indication of a separation crack between PC slab 8 and the RC
slab which was already detected by deck cracks (Figure 3.1) and visual inspection (Study
I). The signal ranges of sensor 2 and sensor 5 are given in Figure 3.8c and d. Comparing
the volumetric signal range of both sensors with for example sensor 9 (Figure 3.8a) or
sensor 13 (Figure 3.8c), we see that their range is somewhat limited. Comparing sensor
locations with the information collected in the visual inspection study (Figure 2.5), we

see that a long strip of concrete was removed and replaced. A small separation crack due
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to the patched concrete can be the cause of limited signal transmission. Another cause of
signal interruption can be the dense arrangement of air voids under the CFRP laminate in
the North West corner of the RC slab (Figure 3.3). These discontinuities may partly block
AE signal transmission or absorb their energy. This information is considered useful for
designing sensor locations for AE monitoring and testing. The volumetric plots of the

other sensors can be found in Appendix IL.E.

Per sensor location, the surrounding properties of the material with composite
arrangement can now be evaluated to support other methods, hypotheses and
observations. AE signal conductivity relates to the typical density property of the
composite arrangement. Reflection of waves takes place between laminates and concrete,
even though the recorded wave is named a surface wave (Rayleigh). The deck soffit is
completely covered with CFRP laminates and gives no visual access for inspection. If
little information is known about the bridge structure, this technique is able to provide
more understanding and clarification about the composition of material and structure and

can offer a visual guide.
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3.3  Spatial Analysis

Assessment layers from Study I (A to D) and the three additional layers from Study
IT (F to H) are combined in spatial analysis of the RC slab by making use of the grid
intersection points as data points. Each method offers a different perspective on the
condition of the bridge. By combining these methods and results, areas of concern can be
identified with increased confidence. The spatial analysis is divided in the combination of
layers conducted before repair (Figure 3.9) and after repair (Figure 3.10). Numerical
investigation is first performed by block statistics and later computerized with guidance

from the Software ESRI ArcGIS.

3.3.1 Numerical Spatial Analysis

The method followed in the numerical spatial analysis is block statistics. Before
comparison takes place, each layer is translated into a normalized identity for every grid
point to indicate the degree of damage in relation to the specific parameter. Reason to not
include the Chloride Content layer (E) is that measurements could only be taken at a few
grid points, which offers only partial information of the RC slab. To maintain an
equivalent measurement, each layer ought to have complete coverage of all grid points in
the selected area. Chloride content measurements confirm with bridge condition and

aggressive environment in Study I.
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Layered maps before and after repair, (A) to (H)

Figure 3.9 -
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The translation of grid data points into normalized values on a scale from 0 to 1.0
where 0 indicates non-concerning damage probability and 1.0 is highly concerning. The

degree of concern is determined by code and literature qualification (Table 3.2).

Table 3.2 - Thresholds indicating corrosion or concrete damage

Layer Assessment method Threshold

(A)  Visual Inspection Bars missing (%)
_ (B)  Carbonation detection no pink coloration
2 (C)  Active corrosion potential <-350 mV
£ (D) pHlevel <9.0

(E)  Chloride content > 2%

(not included)

= (F)  Deck cracks Relative density ratio
'g (G)  Air voids under CFRP >2 in®, or 10 per 10 ft*
v (H)  AE attenuation conductivity Relative Number of Hits ratio

Table 3.3 shows the translation of remaining reinforcement (A) in the RC slab
(RCpm). The original design calls for three #9 (1.25 in. [25 mm]) steel reinforcing bars
per foot width [30cm]. Each lost bar is translated as one third of damage. The translation
of concrete carbonation layer (B) is simplified to “yes” and “no” for pink coloration in
the grid points (CA, ) to relatively 1.0 or 0 (Table 3.4). Layer (C) with active corrosion
potential (CP,,) indicates active corrosion with 90% probability when values are
measured -350 mV or lower. Although, Elsener and Bohni [1988] explained that lower
measured values indicate a higher corrosion potential, these values are not quantitatively
verified and are therefore not used in the applied scale (Table 3.5). Last included layer
before repair is pH level layer (D) in the RC slab which resulted in a range of 7.67 to
10.00. In the case that pH level is lower than 9.0, a corrosion friendly environment exists

which is translated in parameter (pH, n) with a damage probability of 1.0 (Table 3.6).
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Table 3.3 - Numerical translation lost reinforcement

Observation RCym
0 0
1 0.33
2 0.66
3 1

Table 3.4 - Numerical translation carbonation

Observation CAnm
Yes 0
No 1

Table 3.5 - Numerical translation active corrosion potential

Observation CPym
>-350 0
<-350 1

Table 3.6 - Numerical translation pH level

Observation pHnm
>9.00 0
<9.00 1

The first assessment layer after repair describes crack density (F) and is interpreted
by total length of each mini-grid crack density cell n,; times the length indicated in the
specific mini grid cell L, (in.) (Table 3.7). The crack density ratio (CDy,) is found in
equation (1) by dividing total length in the grid cell by highest crack length found on the
RC slab. This allows for relative crack density scaling; classifying cells with highest and

lowest concern.
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cp. = ZMmm* Lnm (1)
m anax * Lmax

The second assessment layer (G) describes the locations of air voids. With guidance
of the ACI 440.R2 [2008] code, measured air void sizes are translated to parameter
(AVy,m) as given in Table 3.8. An assumption is made to distinguish damage level of air
voids with an area between 2 and 25 in® [13 and 160 mm®] and with a single air void area
of 25 in® [160 mm®] or larger. The code recognizes differences in repair methods, and this

is reflected in the appointed damage level in the scale.

Table 3.9 translates AE attenuation activity per grid point from layer (G). Using
attenuation testing and 3D visualized sensor range plots, each grid point is counted for its
total Number of Hits from a threshold of 40 dB. The normalization of the parameter
AE,  is calculated by dividing the Number of Hits counted per grid point Np mpits by the
maximum Number of Hits detected in the RC slab (2), which was found in grid point L-6
or pencil lead break location 31. This method allows for relative scaling of the complete
RC structure and its AE activity parameter. It also includes the sensor locations, as the
3D visualized sensor range also covers these locations. Additionally, this method is not
inclined by the slabs geometry or edge grid point locations as the volumetric
interpretation continues to the edge which includes these grid points.

N n,m,hits (2)

nmax

AEpym=1-
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Table 3.7 - Numerical translation deck crack density

Observation CDum
CD Ratio by
Length cracks equation (2)

Table 3.8 - Numerical translation air voids

Observation AVim
<2 in. 0

2 to 25 in. 0.5
> 25 in. 1
>10 spots/10 ft* 1

Table 3.9 - Numerical translation AE conductivity

Observation AEqm

Hits Ratio by
equation (1)

Number of Hits

The mean value of the combined and normalized data of all layers in equation (3) is
calculated to offer a suggestion of grid points and regions with low and high damage
potential. In Table 3.11, calculated mean values are given for a combination of 7 layers.
The option exists to give weighed values to specific layers to better estimate potential
damage considering corrosion, FRP application or concrete deterioration, but ample

investigation is required in order to verify adequate values.
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_ YRCym +CAp + PHy o + CPypy + AV + AE, 1y + CDy 1y (3)
X =
o nlayers
1 (4)
Snm = |y Z (XX;j — x)?
i=1,j=1

Table 3.12 gives standard deviation from equation (4) in which XXi,j, represents the
identity of any specified assessment layer. Combining the two tables, one can identify
cells with high mean and low standard deviations to indicate locations with the highest
damage potential. Selected mean values higher than 0.7 and between 0.6 and 0.7 are
given in Table 3.10. Grid point K-3 (red) has the highest damage potential and is situated
in the South-West corner of the RC slab, as well as K-1 and K-12 (orange) with a value
higher than 0.70, and K-5 higher than 0.6 (yellow). These numbers point out that column
K has highest indication of damage potential. When the selection is expanded to values
between 0.5 and 0.6, the number of selected data points increases rapidly, but is still
mostly found in columns K, L and M. This specifies the highest damage potential in the

South-West region of the RC span.

Table 3.10 - Cells with highest mean with standard deviations

x>0.70 0.60 <x <0.70

K-1 K-12 M-4 K-5 M-3

Mean 0.74 0.74 0.72 0.61 0.65
Standard Deviation 0.36 0.36 0.39 0.41 0.45




Table 3.11 - Mean values before and after repair combined

K L M N O
0.74 | 0.17 | 037 | 0.45 | 0.24
0.53 1 048 | 0.59 | 0.16 | 0.37
0.73 1 032 | 0.65 | 0.36 | 0.11
0.50 | 0.54 | 0.72 | 0.41 | 0.15
0.61 | 0.58 | 0.56 | 0.17 | 0.33
0.36 | 0.48 | 0.33 | 0.06 | 0.52
0.59 1 0.52 1 0.49 | 0.10 | 0.11
0.51 1 032 1 0.19 | 0.22 | 0.24
0.39 1 024 | 0.21 | 0.19 | 0.22
0.50 | 0.41 | 0.21 | 0.22 | 0.27
0.45 1049 | 0.29 | 0.38 | 0.27
0.74 1 0.50 | 0.38 | 0.40 | 0.41

—_—
T 2000 Wn kW~

[a—
(\]

Table 3.12 - Standard deviations before and after repair combined

K L M N O
0.36 | 0.34 | 0.48 | 0.46 | 0.42
042 | 041 | 042 | 0.22 | 0.48
0.26 | 0.37 | 0.45 | 0.45 | 0.29
042 1045 ] 0.39 | 047 | 0.26
041 | 042 | 0.44 | 0.37 | 047
0.39 1 0.50 | 0.47 | 0.17 | 0.50
045 ] 047 ] 0.50 | 0.25 | 0.29
041 | 0.37 | 0.38 | 0.40 | 0.42
0.40 | 0.37 | 0.39 | 0.38 | 0.40
0.37 1 044 | 0.39 | 0.40 | 0.46
043 |1 042 | 0.40 | 0.49 | 0.46
0.36 | 0.42 | 0.49 | 0.50 | 0.52

—_—
TS0 0N kW~

—
\]
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The number of grid points and area size of the RC slab used in the analysis is
relatively small. In field applications, it may be more common to have larger areas or
more dense grids, while both result in a higher number of data points. In these cases, cells
with high damage potential cannot be selected manually and statistical tools are needed to
investigate larger regions. The method used in this investigation is “Blocking”. This
technique creates block shaped groups of grid points and considers different statistical
parameters, like mean, standard deviation, median, etc. Many spatial variations are
possible to divide the grid into blocks. Figure 3.10 shows the block shapes options in the

RC grid with equation reference for blocking 1x3 as determined in equation (5) and (6).

ZXXn+i,m+j (5)
[Lilnsimej = ————
nlayers
2XXnm+2 (6)
[1'3]n,m+2 = =2
nlayers

Appendix ILF gives the numerical blocking results of mean and standard deviation
of assessment combinations before repair, after repair, and combined. Figure 3.11 shows
a 3D spatial analyses column graph with 1x1 cells. Figure 3.12 shows the results of 1x3
cells after blocking. Both figures illustrate similar indication of highest damage potential
in the South-West corner of the RC slab. The 1x1 cell graph in Figure 3.11 shows cells
with highest mean values by the colors red, orange and yellow relating to Table 3.10. For
larger areas, this 1x1 cell graph is not clear enough to appoint regions with highest
damage potential without color indication. The 3x2 blocking results (Figure 3.12) is
stronger to identify larger regions with high damage potential. In case of high number of

grid points, this statistical method offers enhanced interpretation and understanding.
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Figure 3.10 - Deviation RC deck for Blocking Statistics
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Figure 3.11 - Mean values with 1x1 spatial analysis
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3.3.2 ArcGIS Spatial Analysis

A computerized method to evaluate spatial information in the form of points, floating
points, polygons and polylines is ArcGIS 10 (ESRI) which is adapted from the field of
Geography to evaluate the bridge condition and perform spatial analysis of layered
assessment maps. In its most common application, this software is used to upload
existing geographic maps which contain separate layers of altitude, urban zoning, and
transportation which together can be analyzed for most efficient routes for a new piping
network [Chang et al., 2010; Ormsby et al., 2008]. This study makes use of a specific
developed raster grid with several layers of physical information on the scale of a single

bridge span.

The ArcGIS Desktop applications used for analysis are ArcCatalog 10 and ArcMap
10. ArcCatalog is used to organize and convert data files. An Excel input was chosen
where the raw assessment data were linked to x-y raster coordinates. After converting the
file into a Shapefile, the data was opened in ArcMap which has visual output and analysis
tools available. Before separate layers can be viewed and used, each layer needs to be
imported by using “Conversion Tools” to convert the raster linked data with “From
Feature to Raster”. From this point, each layer can be viewed separately or as a
combination. As the layers still have raw data values, they cannot be compared or
combined yet. The Spatial Analyst Tools option “Reclassify” enables the translation of
raw data into usable, comparable parameters as previously performed in the numerical
analysis. During the reclassification process, the ordering, separation and translation of

field values is done by “Manual Method”.
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Statistical parameters are already given during the analysis process; count, minimum,
maximum, sum, mean and standard deviation. For each layer, reclassification classes
with their statistical parameters are given in Tables 3.13 to 3.19, and visual outputs for

each layer are given in Appendix IL.G.

The combination of reclassified layers can be done with the “Map Algebra” option
“Raster Calculator”, which offers most common algebraic expressions. Only the
“Addition” function is used, but “Multiplication” might be useful in the weighting of
layers. New-formed identities are “Before Repair”, “After Repair”, and “Before and After
Repair”, of which the output of the last combination is given in Figure 3.13 and the first
two are documented in Appendix II.G. The maximum output by combining all layers in
simple addition has a cell range of 700 in the case that all 7 layers indicate maximum
damage. The actual maximum is found in cell K-1, K-3 and K-12 at the level of 516,
which is 73.7% of the maximum. K-1, K-3 and K-12 have equal numerical values. Other
relevant statistical parameters are an overall mean of 281.63 with standard deviation of

120.12.

Table 3.13 - Reclassification lost reinforcement bars

Data  Classes | Reclass  Count Min Max Sum Mean St Dev.
0 0 0 36
1 0-33 0.33 12 0 66 1188  19.8 26.62
2 33-66 0.66 12

Table 3.14 - Reclassification pH level

Data  Classes Reclass  Count Min Max Sum Mean St. Dev.
10 9.01-10 0 36
7.67 7.67-9 100 24

0 100 2400 40 49.40




Table 3.15 - Reclassification carbonation

Data Classes | Reclass  Count Min Max Sum  Mean St Dev.
No 0 0 37
Yes 0.1 100 3 0 100 2300 38.33 49.03
Table 3.16 - Reclassification active corrosion potential
Data  Classes Reclass  Count Min Max Sum Mean St Dev.
350 03999 0 15 0 100 4500 75  43.66
434  350-435 100 45 ‘
Table 3.17 - Reclassification air voids
Data  Classes | Reclass Count Min Max Sum Mean St Dev.
0 0-49 0 37
50 50-99 50 12 0 100 1700  28.33 39.45
100 99-250 100 11
Table 3.18 - Reclassification AE conductivity
Data  Classes | Reclass Count Min Max Sum Mean St Dev.
0-10 0-10 10 1
10-20 10-20 20 0
20-30  20-30 30 5
30-40  30-40 40 10
40-50  40-50 50 12
50-60  50-60 60 10 10 90 3460 57.66 18.44
60-70  60-70 70 12
70-80  70-80 80 4
80-90  80-90 90 6
90-00 90-100 100 0
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Table 3.19 - Reclassification deck cracks

Data  Classes | Reclass Count Min Max Sum Mean St Dev.
0-10 0-10 10 39
10-20  10-20 20 5
20-30  20-30 30 1
30-40  30-40 40 4
40-50  40-50 50 5
50-60 50-60 60 3 10 100 1350 225 20.96
60-70  60-70 70 2
70-80  70-80 80 0
80-90  80-90 90 0
90- 00  90-100 100 1

Numerical cell values in a range of 700 still require knowledge of the assessment
layers included. To make the damage potential level clearer, reclassification is used to
divide the “Before and After Repair” layer in 10 classes by “Equal Interval”. Figure 3.13
gives similar outputs as the unclassified layer, except that the attached values are
different. Cell K-1, K-3 and K-12 now have a value of 10 where the overall mean value is
5.37 with a standard deviation of 2.55. With this ten scale division, it is less complicated
to decide what level of combined assessment classes should decide for areas that
influence decision making on further inspection, immediate repair, maintenance or
complete replacement when unacceptable large areas of high levels are found. An
example is given in Figure 3.14 where cells are displayed from the level of 6. In addition,
the accompanying values are written in the cell which is not an available option in the
software. In a few moments, the data can be manipulated for the visual analysis and

identification of the most severe cells or groups with the highest probability of damage.



79

The greatest advantage of this automated tool can be found in applications with high
numbers of data points. Manual numerical analysis is not feasible when the number of
data points becomes larger than in this study and automated tools become a necessity.
Each action in the software considers all data points and processing is performed
relatively fast with today’s available computing capacity. In this study, “Blocking
Statistics” appears useful to identify larger regions by combining cells in block shapes.
Figures 3.15 and 3.16 show the visual output by ArcGIS of a 1x3 blocking exercise withy
mean values and standard deviations. The software suggests using a classification of five
classes, which makes the output less defined, but allows for rapid identification. By
visually analyzing both figures, the regions with highest mean values can easily be
selected and again lead to the same conclusion as the single cell evaluation and the
numerical analysis method. Following the 1x3 cells with highest mean value and finding
the associated low standard deviation values will point out the region with highest
damage potential. Although cell K-1-3 has the highest mean value of 9.0, the most severe
1x3 cell is visually identified in L-4-6 by similar class and lowest standard deviation
class. The actual mean value in cell L-4-6 is 7.67 with a standard deviation of 0.47. This
method simplifies the calculation process, but caution has to be taken for an existing

CITor.

In conclusion, it was found from Figures 3.13 to 3.16 that cell K-12 and the region
from column K to M to rows 1 to 5 have the highest damage probability, which are both
found in the unrepaired areas of the bridge span. These regions will be the focus of the

load testing of the bridge.
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Figure 3.14 - ArcGIS output 10 class reclassification (6 to 10)
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Figure 3.15 - 1x3 mean Blocking Statistics (ArcGIS)
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Figure 3.16 - 1x3 standard deviation Blocking Statistics (ArcGIS)
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3.4 Part?2- Bridge Load Test

The second part of Study II consists of a nondestructive load test with service level
loading. The load is kept within the regular level of daily service (posted limit of 15 kips
[67 kN]) with the main objective to correlate strain performance of the CFRP
strengthened RC slab with AE activity. Strain and AE field monitoring where loads are
within the lower bound of the elastic range is reflected in this study as it is found in many
occasions in practice. As an example, Sanayei et al. [2010-1] successfully used static
truck load tests for baseline finite element model updating of a three span continuous
bridge with steel girders and composite concrete slab. Both static tests with truck stop

locations and truck moving at a crawl speed were performed on the bridge.

Appendix II.LH shows the truck load test results with measured strains and AE. For
the low truck weight, as expected, static testing did not provide significant strain and AE
response. Measured strains at midspan and analytically calculated structural response
[ACI 440.R2, 2008] are used to evaluate correlation with the AE parameters Amplitude,
Energy, Duration and Cumulative Hits; expressed in time. Active areas for AE activity in
terms of cumulative values of parameters and peak values are compared to the previously

appointed areas for high damage potential.

3.4.1 Fair Isle Bridge Test Setup
The field test is performed with preparation by attenuation testing and physical
assessment studies as described in Part 1. The outcomes of these two studies offered
guidance on the placement of sensors, strain gauges, static load locations and crawl
loading pathways (Figure 3.17). Loading during testing is implemented by a water truck

with a total weight of 13.64 kips [60.7kN] (Figure 3.19) (Appendix ILI). The back axle is
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weighed separately at 7.22 kips [32kN] (3.61 kips [16kN] per wheel) which results in a
load of 6.42 kips [29kN] (3.2 kips [14.5kN] per wheel) at the front axle. The length of the
bridge is 268 in. [6.8m]. Spacing between the front and back axles is 151 in. [3.85m] and
between the wheels 81 in. [2m] and 73 in. [1.85m] respectively for front and back
wheels. The back axle has double wheels each with a width of 10.5 in. [27cm] and

spacing from the center of 11.5 in. [30cm)].

AE sensor placement, numbering, type, and contact agent were consistent with the
attenuation test (Figure 3.4 and 3.17). Strain gauges were adhered to the CFRP laminates
after removing paint and smoothing the surface by sanding. Strain gauges were placed in
the center of the slab; RC-b and RC-d (Figure 3.17). In addition, strain gauges were
placed on neighboring PC beams, to verify the crawl path. RC-b is located 28.5 in.
[72.4cm] North from the separation between PC slab 8 and the RC slab. RC-d is located
45 in. [114cm] North from strain gauge RC-b. Strain was recorded with a 12 channel
Data Acquisition System (DAQ) and Mat Lab software with a rate of 100 samples per
second. As the AE recording equipment was not directly linked to the DAQ, recording

was started manually and simultaneously on both.

3.4.2 Crawl Speed Truck Load Testing
A truck crawl speed test was performed in July 2010 with an average speed of 2.11
mph [0.94 m/s]. The span length is 275 in. [7 m], so from when the front wheel entered to
when it left took an average time of 7.42 seconds, from East to West. The complete
loading took 11.49 seconds as the back wheel enters and leaves the span 151 in. [3.85 m]

later. Three travel lanes were defined on the bridge deck before the start of the test.
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Figure 3.18 - Load truck for load testing

Figure 3.19 - AE sensors and strain gauges on the deck soffit
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Test N-B1, N-B2 and N-B3 are shown in Figure 3.18 by the colors magenta, blue and
green respectively. The large arrows point the travel paths of interest on the RC slab. The
thin arrows with same colors show the path of the truck’s left wheel rolling over the PC
section. The loading on the RC slab is assumed isolated. In following order, test N-B1
rolls over sensor S14, S9 and S4, test N-B2 over sensor S11, S6 and S1, and test N-B3
over S13, S8 and S3. Strain gauge RC-b is directly located under travel lane N-B2 at
midspan. Recording of strains and AE started simultaneously several seconds before the
truck entered the span. At the time of entering; a time mark was executed to identify the

start of loading. Each test is repeated three times and analyzed individually.

3.4.3 Structural Response

The structural capacity of the RC slab is determined analytically [ACI 440.R2, 2008]
in 3 conditions as found during visual inspection; (a) not corroded; (b) 33%; and (c) 66%
steel reinforcement loss. An overview of analytical results of these different states is
given in Table 3.20. The load response from the truck is based on a solid slab from the
separation crack at PC-8 till the north end, which results in an 11 ft. [3.35 m] wide slab
with a height of 18 in. [460 mm] (Figure 3.20). The dead load moment in the center of
the slab is estimated with Timoshenko and Woinowski-Krieger [1959] on 15.70 kip-ft/ft.
[11.6 kNm/30cm]. Calculations based on beam theory result in 14.76 kip-ft. [10.9
kNm/30cm]. The internal response to the point load of the truck wheel is also derived by
Timoshenko and Woinowski-Krieger [1959] on 3.86 kip-ft/ft. [2.85 kNm/30cm] at the
location RC-b. This strain gauge lies directly under the path for structural and AE

evaluation.



87

Table 3.20 - CFRP strengthened RC deck capacity

Steel loss  Situation Moment EIl w midspan V.

% ft-kip/ft. Ib/in*/ft. in. kip
0% Cracking 22.825 8.11E+10 0.032
Yielding 80.99 5.22E+09 1.761
Crackin 21.789 8.40E+10 0.029

33% Yielding 67.88 4.51E+09 1.707 23.75

66% Cracking 20.62 8.85E+10 0.026
Yielding 54.56 3.76E+09 1.648

The loading path is translated to influence lines (Figure 3.21). Corresponding
bending and shear responses are given for different truck locations rolling from East to
West with one or two axles on the span. The moment including dead and live load is
indicated with the solid line. The moment solely including the live load; with a dashed
line. The dead load moment location RC-b is smaller than the moment in the center of the
span. This moment is goniometrically transposed to location RC-b and results in 10.65
kip-ft/ft [7.85 kNm/30cm]. The back axle with 3.61 kip [16 kN] positioned in the center
of the span, is found dominating on this crawl path to give highest moment of 3.86 ft-
kip/ft [2.85 kNm/30cm], which translates as 14.5 ft-kip/ft [10.7 kNm/30cm], including
the dead load. Measured strains are compared with live load analytical strains in the span
center as a function of time. The estimated maximum moment is approximately 18%,

21% and 27% of the yielding moment for the section with 0%, 33% and 66% steel loss.



Figure 3.20 - Slab section and load position
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3.4.4 Results and Discussion of Strain and AE Relation

Filtering by Linear Moving Average of 100 samples offered a smoothened strain
evolution without losing important characteristics, like magnitude, time accuracy and
peak [Sanayei et al., 2010-2]. Different sampling amounts are evaluated and compared in
Appendix ILJ. The recording sample rate of 100 Hz and average test duration of 20
seconds made sure no important characteristics were lost. The Moving Average method
is similar to a digital low-pass filter [Chen et al., 2009]. As previously done by Sanayei et
al., a strain vs. time relation was found by translating the implemented load of the truck
for location and speed into its resulting strain response for a 3-span continuous bridge
[Sanayei et al., 2010-3]. This method allows for direct comparison between measured
strains and analytical strains as shown in Figure 3.22. This figure shows strains expressed
over time of the crawl speed truck load test N-B2a in the experimental field program.
This test is most representable for its travel path which is directly located on top of strain
gauge RC-b and AE sensors. Appendix II.K shows all other test recordings. In the figure,
strains of RC-b and RC-c are shown. Similarities in the evolution of time and the

occurrence of peaks are recognized.

The figure also shows analytical strain for two possible conditions estimated with
66% remaining steel reinforcement: (a) cracked section, and (b) uncracked section. These
two conditions are given as the strain gauge can be positioned on three possible locations,
being (i) on top of an existing crack, (ii) directly next to an existing crack, or (iii) far
away from cracks. These three locations influence the strain readings directly where in
the first location (i) the strain readings would correspond to a cracked section (a) as the

crack would open during testing and result in higher strains. The second location (ii)
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would result in a zero reading of strain as the stresses would be carried solely by the steel
which results in zero strain at the external edge of the crack. And finally, the third
location (iii) would result in strain reading as if the section is uncracked (b). Because the
deck soffit is covered with CFRP laminates, location (i) and (ii) would also require local
debonding of laminates. It appears from Figure 3.22 that the strain gauges were not

located on top or in the vicinity of a crack.

The shape of analytical strain evolutions shows two peaks (Figure 3.22). The first
positive slope corresponds to the front wheel entering the bridge after 1.5 seconds and
rolling until midspan from East to West with a constant speed of 2 mph [0.89m/s], where
the second largest positive moment and corresponding strain is reached. After a small
symmetric down slope, when the front wheel has passed the center, the back wheel enters
the bridge to increase the moment with a positive slope. At the time instant the positive
slope changes into a steeper slope, the front wheel has left the bridge span and the back
wheel starts to move towards the center of the span. At the second peak the back wheel is
positioned exactly at the center of the span where the largest moment occurs and the
largest midspan strains are measured. A final down slope follows as the back wheel

leaves the bridge span.

Significant correlation between the analytical and measured strains is observed in
Figure 3.22. The light blue line represents the strain measured directly under the truck
load path which shows most correlation in terms of strain magnitude, especially in the
second and highest peak. The strains measured in the other tests are given in Appendix

II.K which show similar results and all stay in the range of 0 to 7 p-strain.
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Nair and Cai [2010] describes that in general, AE can be classified into primary and
secondary emissions, where primary emissions are those originated from within the
material of interest, while secondary emissions refer to all other emissions generated
from external sources. AE signal sources cannot always be identified. The lower bound
loading doesn’t give the expectation of concrete cracking, but in the case that steel
reinforcement is partially lost, it appears that the composition of damaged and repaired
concrete, strengthened with CFRP fibers show more AE signal activity as if they need to
contribute more to the structure’s strength capacity [Suma et al., 2010; Mirmiran et al.,
2000]. By analyzing the data, it was found that a distinction can be made by looking at

the AE data collection before and during the span loading.

Figure 3.23 shows an example (Test N-B1b) where hits with long Duration
(>13,000) were recorded before the truck entered the span, as was also seen in the field
concrete bridge test of Golaski et al. [2002]. In the graph, strain (p-strain) is given on the
left axis to indicate the loading pattern of the span with the horizontal time axis, while the
AE Duration (p-sec.) is given upside-down and measured on the right axis but following
the same time progression. This approach of combining graphs is chosen to show events
at time instances without overlapping points and lines. The Duration of a wave signal is
specified as the length of time of a pulse wave, measured in p-seconds, between the AE
signal starts and the AE signal ends but limited by the threshold [ASTM E1316, 2010].
Long Duration signals before loading were also found in tests N-Bla, N-B3a, and N-B3b
with characteristic Durations above 15,000, 9000, and 9000 p-seconds respectively. As
the bridge was not loaded and free of traffic, signals with this type of Duration were

identified as secondary emissions and digitally filtered with AE-Win software.
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Amplitude is analyzed as first indicator of AE activity (Figure 3.24). The right side
vertical-axis expresses Amplitude in a range of 40 dB (threshold) to 100 dB (recording
limit). The first peak Amplitude of 62 dB at t=3.75 seconds is recorded during the first
positive strain slope. During the second positive slope, a new but slightly lower peak
Amplitude of 58 dB is measured at t=7.14 seconds when the strain magnitude is
increasing and shows an irregularity with a peak performance. The highest peak
Amplitude of 67 dB is found at t=9.11 seconds. This peak occurs when analytical strain
overtops the first peak and when measured strain shows peaks. A last Amplitude peak of
56 dB at t=9.76 seconds is recorded when measured and analytical strains have a highest
peak when the back wheel is at the span center to implement the highest moment. Signal
Amplitude intensity decreases as moment and strain responses decrease. Similar load and
AE activity relations were found by Korenska et al. [2008] during a concrete bridge load

test where the focus remained on frequency analysis.

The magnitude of Amplitude gives the impression of being relatively low compared
to laboratory conducted beam tests (Study III). Concrete bridge field tests of Golaski et
al. [2002] and Nair and Cai [2007] conclude that AE Amplitudes recorded on field
bridges below 55 dB indicates no danger for the structural integrity while strong AE hits
exceeding 80 dB indicate a critical value for danger. All crawl tests performed recorded
peak Amplitudes higher than 55 dB and lower than 80 dB, except Test N-B1b with a hit
of 80 dB at t=19.98 sec. Results of Amplitude and strain of all tests show similar results

and are given in Appendix II.K.
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Another indicator of signal intensity is Energy (Joules) which is given in the same
context as the previous graph in Figure 3.25. Energy is expressed upside down in Joules
on the right axle and similar behavior is found. Energy of a wave signal is evaluated as
integral of the volt-squared function over time [ASTM E 1316, 2010]. In other words,
Energy is an integral function of Duration and Amplitude where the area under the
Amplitude wave peaks is calculated over the length of the wave signal duration [Nair and
Cai, 2010]. When signals have high Amplitude and long Duration, calculated Energy is
high. When signals have low Amplitude and long Duration, the Energy is also high. As
long Duration signals were previously indicated as secondary emissions, caution is
advised by interpreting Energy to assess the AE signal rating. High Energy hits are
recorded at the same time instances high Amplitudes are recorded. In this case, Energy

verifies the intensity of the AE signals to indicate important events with primary status.

The duration of AE hits is given in Figure 3.26. where the same concept of graph
interpretation is used with the AE Duration on the right side axis expressed in p-seconds.
Comparing this graph with Amplitude recording (Figure 3.24) and Energy (Figure 3.25),
a relationship can be found between high Amplitude, high Energy and long Duration of
the event at t=9.11 seconds. When all three parameters have relatively high values, it is
likely that an event with high intensity took place and is most likely a primary event from
within the structure. Primary events occurring within the structure may come from
different possible sources, such as concrete cracking, crack opening and closing, crack
propagation, concrete patch movement in separation cracks, CFRP laminate debonding,
CFRP fiber stretching or moving friction, resin cracking or local yielding, or resin slip.

Some are more likely to occur than others considering the load magnitude.
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Figure 3.26 - Strain and AE Duration (N-B2a)
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Cumulative Hits and Cumulative Energy are given in Figure 3.27 and 3.28, where
similar setup of graphs is used to show the AE parameters on the right side axis. These
graphs do not have an upside-down vertical right side measurement. As seen in the
figures, both graphs have a normalized cumulative axis which allows for trend
comparison of different tests (Appendix II.K). Both graphs show similar behavior and at
the time instant t=9.11 seconds, the highest increase occurs. This vertical jump includes
about 15% of the recorded hits and about 30% of the total Energy. Not only do the
highest intensities for Amplitude, Duration and Energy occur during this event, but also
an increased Number of Hits independent of magnitude and intensity. The two events at
earlier times, t=3.75 and t=7.14 seconds, are recognized by both Cumulative Hits and by
the Cumulative Energy by respectively about 10% of total Hits and about 10% of total
Energy for each event. The peak previously mentioned at the highest strain recording at
t=9.76 second shows a smaller increase of an estimated 3% of total hits and 5% of total
Energy. Together with the lower recorded Amplitude of 56 dB, this signal should still be

classified as a primary emission, but with a lower indication of danger.
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3.4.5 Results and Discussion of Spatial Analysis and AE

A selection of areas with the highest potential damage at the level of 7 or more on a
1 to 10 scale was made in the end of Part 1 of Study II. These most concerning cells are
found in the clustered area K-M-1-5 and cell K-12. These locations are on top of or in the
vicinity of Sensor 1, 3, 4 and 6 for the clustered area in the South-West side and Sensor
13 for the single cell K-12 in the South-East corner (Figure 3.29). The analysis to find
spatial correlation of between AE activity and physical spatial analysis results is
approached by stating a hypothesis. The hypothesis states that higher AE activity is found
in areas and cells rated with high potential of physical damage. This is tested by means of
the AE parameters Amplitude, Energy, Duration and Number of Hits through numerical

evaluation of the statistical identities peak, sum and average to find spatial correlation.

Each truck crawl speed test is analyzed where peak, mean and sum were calculated.
AE data was filtered in AE-Win software to only include data points from the time
instant the truck entered until it left the span. Table 3.21 gives an overview of selected
parameters to establish comparison for correlation. The first column gives the peak
Amplitude of each test, followed by the mean value which is calculated by dividing the
parameter’s sum by total Hits. Similar approach is used for Energy and Duration. The last
column, Number of Hits, shows first the Sum to show the total activity of each test and
then the Number of Hits per second for the time span the bridge was loaded. Evaluation
of this data is performed by complying with similar viewpoints as was done in strain and
AE comparison. The Amplitude is found to be most significant for the highest peak
coupled with the highest mean of each test and test cycle. For example in travel path N-

A1 this was found to be Test N-A1b and is identified in the table by italic and bold font.
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Table 3.21 - AE Peak and mean values selection per test

Amplitude (dB)  Energy (J.) Duration (usec.) Nr. of Hits

Test Peak Mean Peak Mean Peak Mean Sum Mean
N-Bla 69 47 167 17.3 9414 2756 39 1.37
N-B1b 80 45 513 17.1 7774 2200 52 1.83
N-Blc 65 45 72 9.2 9478 2624 49 2.06
N-B2a 67 17 79 3.2 9736 816 113 6.85
N-B2b 61 44 75 7.6 8914 1242 36 1.84
N-B2c 58 43 58 9.5 8349 2467 19 1.02
N-B3a 58 46 33 13.1 7553 2594 17 0.81
N-B3b 71 45 86 9.7 8242 2386 31 1.29
N-V3c 67 43 146  14.9 12028 1954 17 1.13

Table 3.22 - Sensor selection highest AE activity per test

Bla Blb Blc

Crawl Speed Tests (N)
B2a B2b B2c

B3a B3b B3c

. Amplitude 4 6 13 6 6 13 6 13 8
8 Energy 4 6 13 6 6 13 3 13 8
Duration 6 9 13 3 9 6 3 13 8
o Amplitude ] ] ] 1 3 1 3 13 3
% Energy 1 6 1 6 3 1 3 13 8
£ Duration 11 1 6 1 6 3 13 6
“ Hits 1 1 1 1 3 1 3 13 3
E Peak Sensors 4 6 13 6 6 13 3 13 8
(0]
® Cum. Sensor 1 1 1 1 3 1 3 13 3
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For test cycle N-A2, the highest Amplitude is found in N-A2a, but the accompanying

mean was significantly lower and selection of N-A2b seemed more reasonable. Energy is

evaluated similarly for highest peak together with highest calculated average. Duration,

on the other hand, is a parameter related to Amplitude and Energy. This parameter is

more significant when relating Amplitude and Energy are high and when Duration is
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lower in peak and mean value. Tests are selected in correspondence to this evaluation to
exclude secondary emissions, and needs to be considered as a subordinate evaluation
criterion. Last evaluation parameter is Number of Hits, which creates dominancy for
highest sum and mean. This identity is also a subordinate parameter as the Number of

Hits may include secondary emission hits.

To locate high activity per sensor, peaks and summation of each parameter was used
to establish a selection of the most active sensors during the tests. Table 3.22 shows the
parameters used in this evaluation and are created in a similar fashion as Table 3.21. In
the row labeled “peak”, sensors that have highest peaks are listed. Analyzing the
numbers, it is found that most of the tests indicate the same sensor for peak in Amplitude
as in Energy. Only Test N-B3a doesn’t comply with this statement, but after analysis of
the peak data for Amplitude and Energy in Figure 3.30 and 3.31, it appears that Sensor 3
has a peak value of 57 dB which is one decibel lower than the peak of sensor 6 where the
Energy related to this hit is three times higher for sensor 3 (Figure 3.31). For this reason,

sensor 3 in Test N-B3a is chosen as most active and more significant.

The next row shows cumulative values for all the parameters including Number of
Hits. The tests N-Bla, N-Blc, N-B2b, N-B2c, N-B3a and N-B3b all agree on the highest
sums of Amplitude, Energy and Number of Hits. Test N-B1b and N-B3c follow the
sensor numbers with highest frequency of dominating sum. Test N-B2a shows only high
Energy related with long Duration. Therefore, high Amplitude is a more important
parameter on this occasion. The dominating sensors for both peak and sum evaluation
are repeated in the last row (Table 3.22) named “results” to point out the sensors with

highest activity.
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Due to the numerical complexity and high number of tests and data, visualization
offers more understanding of correlation between the most active sensors and specific
areas listed for the highest probability of damage. Figure 3.32 shows the same grey scale
signature for potential damaged areas as in Figure 3.13 and 3.29. In addition, the crawl
speed load test travel paths are added and each sensor listing in Table 3.23 is marked with
a circle around the specific sensor for both highest peak activity and highest cumulative
activity. The same color code is used to identify the three different load paths together
with the most active sensor responses. This method offers clear evaluation of sensor

activity correlated with the travel path and with the highest damaged potential areas.

The first travel path N-B1 (magenta) shows 3 circles for the most activity in sensor 1
and 3 single circles for sensor 4, 6 and 13. Sensor 1, 4 and 6 lie in the clustered area of
concern and sensor 13 is close to cell K-12. The second travel path N-B2 (blue) shows
two circles in sensor 1, 2 circles in sensor 6 and 2 single circles in sensor 11 and 13. Here
the travel path is followed, but again more circles are found in the clustered area for high
damage potential and close to cell K-12. The last travel path N-B3 shows 3 circles in
sensor 3, 2 circles in sensor 13 and a single circle in sensor 8. The travel path is followed
with AE activity, but the highest activity is found in the clustered area and the sensor

closest to cell K-12.

In overall perspective, the figure shows that with three equal travel paths at different
locations, most activity was found in the clustered area K-M-1-5. Sensors 3 and 4 are on
top of cells ranked at level 9 and 10 on scale 1 to 10 for damage potential where sensor 4

is the only sensor with high activity in the travel path going over sensor 4, 9 and 14.
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Sensor 6 is on top of a cell ranked at level 8 on scale 10 and has a relatively high
number of circles (3). Sensor 1 and 13 have the highest activity of all sensors and find
themselves next to cell K-1 which is ranked with damage potential level 10 on a scale of
1 to 10. One might consider that the supports create secondary emissions by friction
which may create peak hits and cumulative high activity, even though these type of
emissions have low Amplitudes (<55 dB) with long Durations (>~15,000). If this was the
case, sensor 2 and sensor 14 should also have been selected for high activity. Finally,
while midspan flexure was found to be the dominant mechanism for structural activity,
the sensors in the midspan zone did not show extensive activity, although the sensors in
the zones with high damage probability did. For these reasons, the hypothesis is accepted

as true.

3.5 Conclusions

e Performing spatial analysis prior to AE monitoring enables to locate areas of
concentration for deeper assessment and with a smaller number of AE sensors on
predetermined areas;

e Combination of physical assessment results by spatial analysis enables to indicate
corrosion and concrete damage probability for areas that are concealed and give
no visual access;

e Numerical AE signal activity correlation with spatial assessment outcomes could
be performed with the parameters Amplitude, Energy, Duration and Number of
Hits;

e Clustered South-West area (unrepaired) and cell K-12 on the South-East side

which were rated as having a high probability of concrete and corrosion damage
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by the spatial analysis showed significantly higher AE activity for sensors placed
on top or in vicinity of these regions;

Repaired area with a lower probability of concrete and corrosion damage did not
show as much AE activity as unrepaired areas;

Nondestructive service level loading by means of crawl speed truck tests were
able to indicate time and intensity relationships between strain and AE
parameters;

Attenuation testing offers a tool to investigate the composition and repair quality,
independent of its composition and history, by AE signal conductivity on visually
unreachable and undetectable areas covered with CFRP laminates;

Parallel, diagonal and signal transmission in random direction compared to the
double layered CFRP fiber matrix did not show noteworthy differences in
Amplitude attenuation;

ArcGIS appears a useful and accessible tool for assessments with layered maps

and large numbers of data points.



Chapter 4

4. Study III - CFRP Strengthened RC Beams at Different Corrosion

Stages

Synopsis

Laboratory experiments are performed to simulate bridge field conditions with
respect to reinforcement corrosion. Four RC beams are tested at various stages of
corrosion. Section dimensions are 6 by 12 in. [150 by 300 mm] with a total length of 12
ft. [3.65 m], reinforced with three steel #4 bars [12.7 mm] and 1 in. [25 mm] cover. Three
different corrosion stages of steel reinforcement were induced by a voltage and different
time durations. A nondestructive evaluation program included visual inspection, pH
level, concrete carbonation, active corrosion potential, chloride content, mapping of
cracks, and AE attenuation conductivity. A spatial analysis of combined evaluation layers
is performed to identify the most severe concrete damage locations and most probable
failure locations under loading. A repair of laboratory specimens is performed after
corrosion; removing of spall and loose fitting concrete without replacing steel
reinforcement, patching with grout, and strengthening with two plies of CFRP laminates.
The four beams are subjected to four-point bending load tests, starting from relatively
low loads and increasing until failure. AE and physical assessment outcomes are used to
indicate inferior areas and compare to the eventual failure location. Beams at different

stages of corrosion damage showed different failure modes with essential impact on
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repair success. The laboratory tests are used to calibrate readings from various tests with
actual deterioration/damage for a better understanding of similar measurements on

deteriorated full-scale bridges.

4.1 Background

Steel reinforced concrete beams and slabs exposed to salty and ocean environments
are subjected to increased concrete damage and deterioration due to accelerated steel
corrosion progression. Corrosion of steel reinforcement is one of the major causes
affecting the long-term performance of reinforced concrete (RC) structures [El
Maaddawy and Soudki, 2003]. Over the last 50 years, extensive research and a
considerable number of papers have been produced to understand the corrosion process
and the cathodic and anodic reactions [Broomfield, 2007]. In particular, chloride induced
corrosion is recognized as the most common cause of degradation of reinforced concrete
as many concrete structures are exposed to marine environment or extensive use of de-

icing salts [Angst et al., 2009].

To address steel reinforcement corrosion, an emerging alternative has been found in
the use of fiber reinforced polymers (FRP) for both rehabilitation and new construction
[Nanni, 2000; Van den Einde et al. 2003; Bakis et al. 2002]. Glass fiber (GFRP), carbon
fiber (CFRP) and Aramid Fiber Reinforced Polymers (AFRP) are materials commonly
used for strengthening applications where in-service durability is key [Hollaway, 2010].
Some successful applications for rehabilitation include externally bonded CFRP rods for
bridge deck strengthening [Nanni, 2000], confinement and wrapping of circular and non-
circular RC columns [De Luca et al., 2010; Rocca et al., 2008], strengthening of masonry

walls with FRP bars [Galati et al., 2005], improved shear capacity of RC beams with
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external strengthening sheets [Khalifa et al., 1998], external flexural strengthening of RC
beams [Ashfour et al., 2004], and enhanced flexural performance with externally bonded

CFRP laminates on slab structures [Arduini et al., 2004].

4.1.1 Literature Review

Previous work on the structural testing of specimens with different corrosion damage
levels strengthened with an external reinforcement layouts are studied to develop a base
line of expectations. El Maaddawy and Soudki [2005] compare the strength behavior of
corroded, uncorroded, unrepaired, and repaired in two different schemes of flexural
strengthening, of RC beams with dimensions 6 by 10 in. [150 by 250 mm] and length
10.5 ft [3.2 m]. The testing program consists of corrosion conditioning with and without
sustained loading, followed by four-point bending testing. Induced corrosion levels have
a range of 8.7 to 30.5% steel mass loss, measured after failure. Concluded is that CFRP
repaired corroded RC beams have increased ultimate strength compared to uncorroded,
unstrenghtened beams. Soudki et al. [2007] investigate 11 RC beams; 6 by 10 in. [150 by
250 mm] and 8 ft [2.4 m] length. The research program consists of accelerated corrosion
by means of wetting-drying cycles in the presence of salt with electrical potential
measurement of active corrosion, followed by four-point bending to failure. Masoud et al.
[2001] performed structural load tests on corroded specimens by monotonic loading. Six
beams are strengthened with a single CFRP ply and corroded, while one is uncorroded-
unstrengthened, with dimensions 4.7 by 6.9 in. [120 by 175 mm] and 70.8 in [1.8 m]
span. The ultimate monotonic load of strengthened-corroded specimens increased 37 to
87% above the unstrengthened-corroded specimen. The corrosion level was estimated by

Faraday’s law on 9% steel mass loss for all specimens. Benjeddou et al. [2007] discuss
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failure mechanisms of experimental studies with damaged RC beams externally CFRP
strengthened. Four-point bending tests are conducted on beams with dimensions 4.7 by 6
in. [120 by 150 mm], spanning 6 ft [1.8 m]. The laminates’ width results in different
failure mechanisms where 2 in. [50 mm] wide single CFRP plies result in interfacial
debonding and 4 in. [100 mm] wide strips result in peeling off of the laminate including
the concrete cover. These studies all use single sheet CFRP plies and do not include

spatial analysis with nondestructive evaluation (NDT) testing and AE monitoring.

An AE monitored study of repaired CFRP strengthened RC beams under four-point
bending tests is performed by Degala et al. [2009]. The analysis approach includes
Intensity Analysis (IA) which is a time based technique that makes use of the History
Index (HI) and Severity (Sr) [Gostautas et al., 2005]. HI is a ratio comparison of signal
strength between recent emissions and all emissions. Sr is the average of the largest
signal strength emissions, related to new structural damage. Both parameters depend on
unique material properties. IA is found suitable for field applications when a high number
of sensors are placed. Maji and Sahu [1994] studies AE characteristics of 10 RC beams; 4
by 4 in. [100 by 100 mm] and span 67 in. [1.7 m], under 3 point bending. His findings are
that AE sensors placed at midspan on the bottom surface record more AE activity with
more intense signals than sensors attached to rebars at the beam ends. Peak activity for
Number of Hits occurs after 80 to 90% of the ultimate load is reached. Results indicate
that micro cracking is recorded as soon as load is applied. Ohtsu et al. [2002] performs
four-point bending on unstrenghtened RC beams by prescribed cyclic loading monitored
with AE. The analysis makes use of the Kaiser Effect [Tensi, 2004; Kaiser, 1950] to

evaluate sudden increases of Number of Hits in relation to load levels and reload cycles.
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4.1.2 Structure of Study III

The structure of the study is found in Figure 4.1. The physical assessment program
consist of (A) visual inspection, (B) pH level measurement, (C) concrete carbonation, (D)
corrosion potential, (E) chloride content, (F) crack mapping, and (G) AE attenuation
conductivity. Corrosion conditioning is induced by an impressed current to establish three
different corrosion levels verified by monitoring AE activity and visual inspection. One
specimen remains uncorroded. NDT is repeated to discover changes in physical
parameters at different corrosion levels. The beams are repaired as per the same repair
and strengthening methods as on the field bridge, followed by attenuation testing.
Attenuation tests are performed before corrosion and after repair to assess conductivity
differences. The fourth and final stage consists of subjecting all four beams to four-point
bending where a threefold series of cycling service level loads are built up until failure is
reached. The structural tests are monitored for load, strain, deflection at midspan and AE

activity.

4.1.3 Objectives Study III

e Assess performance of RC beams under laboratory conditions with corrosion
damage, repair, and CFRP strengthening;

e Evaluate AE response in relation to strain, deflection at increasing and repeating
load cycle series;

e Evaluate failure modes and ultimate strength of CFRP strengthened RC beams
under different stages of corrosion;

e Indicate areas of higher activity by sensor location related to loading type, failure

location and areas previously rated for high potential damage.
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4.2  Specimens and Specifications

RC beam specimens with section dimensions of 6 by 12 in. width [150 by 300 mm]
and length 12 ft. [3.65 m] with a structural span limited to 10ft [3.05 m] for load testing.
The beams were cast in a single batch of Type I Portland cement in May 2008 by a local
concrete provider. In 2008, the concrete strength was determined by compression tests
[ASTM C39, 2009] on 6 by 12 in. [150 by 300 mm] cylinders for a mean nominal value,
¢, of 3900 psi [26.9 MPa] [Napoli et al., 2010]. In June 2010, three 6 in. [150 mm]
cylinders were cored from each beam to conduct similar tests and provided a mean
nominal value, f;, of 4346 psi [30 MPa] with 13% standard deviation. Steel grade 60 was
used for flexural longitudinal reinforcement existing of three steel #4 bars [12.7 mm)]
with 4 in. [100 mm] spacing and 1 in. [25 mm] concrete cover. The steel reinforcement
ratio is determined on 0.98%. Specimens are designed such that no shear reinforcement is
required in accordance with the 4 point bending tests. After corrosion, the tension

surfaces are strengthened with two plies of CFRP [Table 4.1].

Table 4.1 - Reinforcement material specifications

Elastic Modulus ~ Thickness  Sectional Area  Ultimate Strength
ksi in. in’ ksi
Steel 29,000 3#4 0.6 60

CFRP 11,900 0.04 0.96 91
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4.3 Evaluation before Corrosion

4.3.1 AE Attenuation Testing

Attenuation tests are performed with the same apparatus and tools as used during the
field bridge study; PAC Highway System II, R6I sensors, and aluminum brackets with
grease as a contact agent. Detailed specifics can be found in Study II. CFRP laminates
were applied on half of the width on the top of the specimens to assess differences in AE
signal intensity between plain concrete and a double 0.04 in. [1.02 mm] thick layer of
CFRP laminates as transmission interface (Figure 4.2). Sensors are placed at 17.14 in.
[181 mm] distance, where sensors S1 to S8 on top of CFRP laminates and sensors S9 to
S16 on plain concrete. 0.3 mm pencil lead breaks are carried out in the middle of the
sensor spacing at 8.57 in. [217 mm] distances from neighboring sensors on 7 locations in
the direction of A to K with a repetition of three times. The longest travel distance is 111
in. [2.82m]. Averages and standard deviations of Beam B0 attenuation tests are presented
here, while the attenuation test results of Beam B1, B2 and B3 are reported in Appendix

III.A with comparable results.

Figure 4.3 shows the attenuation of AE signal by pencil lead breaks in the form of
Amplitude (dB) versus signal traveling distance (in.) made on concrete and CFRP and
sensors recording from concrete and CFRP as interface. Standard deviations are given for
all values. Dashed lines indicate sensors placed on other materials than where breaks are
made. These signals are expected to be lower due to transmission losses by changing
media. This only happens for sensors placed on CFRP laminates while breaks are made
on concrete. Vice versa, AE amplitude appears to be higher for sensors placed on

concrete while recording signals are made on CFRP laminates.
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The figure also shows that when a signal travels through its own material, concrete or
CFRP, the Amplitude is at approximately similar intensity. Attenuation test results from
the bridge test where breaks and sensors are placed only on CFRP laminates (Study II)
are also plotted in this graph. The overall trend is recognized with parallel attenuation
progress in relation to traveling distance. Up to a distance of 60 in. [1.5m], all sensor are
able to record pencil lead break signals and conform the spacing of sensors and threshold
of 40 dB. Pencil lead breaks made on the bottom are recorded on average 1 dB lower then

on the top surface, traveling through 6 in. [150 mm] thick concrete material.

4.3.2 Physical Assessment Studies
The physical assessment program as performed for the bridge (Study I and II) is
repeated on the 4 beams. One difference with the bridge study is that the chloride content
layer (E) is included and the thermography layer (H) is excluded in the beam study.
Methodology descriptions for each technique can be found in Study I and II. Sampling is
performed with 12 in. [300 mm] spacing (Figure 4.2). Chloride content evaluation is
limited to sample points C, F, and I. This is assumed to provide enough covering data for

the entire specimens. The included physical assessment layers are given below:

A. Visual inspection;

B. Concrete carbonation;

C. pH level measurement;
D. Active corrosion potential;
E. Chloride content;

F. Crack map; and

G. AE attenuation conductivity
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Visual inspection (A) before corrosion is limited to the observation that the beams
are undamaged and show no visual cracks (F). No evidence for concrete carbonation (B)
by 1% phenolphthalein in ethanol solution was detected. pH level measurement (C) was
performed from three 5 mg powder samples from 1 in. [25 mm] deep drilled holes. pH
level measurements result in values above 9.0, except for location BO-A, B0-J, and BO-K.
The detection of active corrosion potential (D) was performed three times. The lowest
average potential was found on location B1-A for -289 mV. Chloride samples were
collected from the same drill holes and tested at an average temperature of 71.8 F
[22.1°C], providing a mean value of 0.028% with standard deviation 0.0175%. All values
are below 0.2% [ACI 222.3R, 2003]. AE Amplitude attenuation in relation to distance is
translated by counting a maximum of seven recorded hits at each sensor location with a
threshold of 40 dB (Figure 4.4). The least conductivity was found at BO-J where one out
of seven signals was not recorded. Mean value of deterioration condition in terms of
conductivity is 0.06 with standard deviation 0.049 on a normalized scale between 0 and
1. The combined results of physical assessment layers are normalized according to
standards introduced in Table 3.3 to 3.9 in Study II. Figure 4.5 shows the combined
normalized results of the four beams which, as expected, show a low corrosion damage
probability (peak<0.17) before corrosion. Physical assessment results are reported in

Appendix I11.B.
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4.4  Corrosion Conditioning

Accelerated corrosion conditioning is performed on three of the four beams. The
specimens were laid in a 5% NaCl solution as an impressed current accelerated the
corrosion process. Corrosion is induced by applying an electrochemical potential between
the reinforcement steel (anode) and a cathode, connected together by an electrolyte. The
three different beam specimens are exposed with different lengths of time to create three
different levels of corrosion. Figure 4.6 and 4.7 shows the 12 ft beam specimen [3.65 m]
in a wooden and Plexiglas fabricated container. CFRP plies are only applied on the top
surface. Spread cathodic reaction is ensured by a stainless steel net placed continuous
around the beam and hooked up to a negative power supply. To make sure the chloride
solution has sufficient mass to penetrate, a 3 in. [75 mm] space is designed between the
beam and box walls. The positive charge flow is connected directly to the #4 [12.7 mm)]
reinforcement bars. To create this direct connection, a hole from the top was made in the
first foot length [300 mm] of the beam by coring, but carefully to maintain a water sealed
space by the 1 in. [25 mm] thick cover. Power was supplied by three parallel connected
Extech 80W Switching DC Power Supplies, each with a capacity of 16 Volts and 5
Amperes. They were used under current control at almost maximum capacity to maintain

constant charge.

By Faraday’s law in equation (1), the theoretical steel mass loss of developed rust
per area ML (g/cm’®) was used to estimate the required time and current level to reach

desired mass loss [Ahmad, 2009].
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Equation (1) is a function of steel weight W which is taken as the ratio of atomic
weight of iron to the valency of iron (27.925 g), I 1s the current density (Amp/cmz), T

is test duration (seconds), and F stands for the Faraday’s constant (96487 Amp-sec).

ML = WI;'PPT (1)

Another method used to determine mass loss is by weighing the reinforcement
before and after corrosion. Weighing was performed after demolition and cleaning
according to ASTM GO1 [2003]. Table 4.2 gives weighing and theoretical mass loss
established by Faraday’s law. Calculated mass losses are higher for B1 and B2 and equal

for B3. Faraday’s law is chosen to indicate the level of corrosion for further study.

Table 4.2 - Steel mass loss

Test Time  Current Density Mass Mass Loss
sec. uAmp/cm’ gram Weight Faraday
BO 0 0 12791 0% 0
B1 201660 3625 12156 5.00% 7.24%
B2 501540 2454 11793 7.80%  12.14%
B3 771480 2615 10206 20.30%  19.90%

4.4.1 AE Monitoring of Concrete Cracking
AE sensors S1 to S8 were placed on CFRP on the top surface and sensors S9 to S16 are
placed on plain concrete right next to each other to evaluate differences in signal intensity
in relation to the interface. AE graphs and an overview of most active sensors during
corroding are reported in Appendix III.C. During testing, the most activity is found in the

first 75 hours at specific sensors which was later verified for more visual corrosion.
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4.4.2 Visual Inspection

Each beam is visually inspected after corrosion conditioning. Surfaces were cleaned
and rust removed to inspect for cracks. Figure 4.8 shows in order Beam B1 with 7.24%,
Beam B2 with12.14% and at the bottom Beam B3 with 19.90% steel mass loss. The
specimens show transverse cracking and spall at the location of four transverse bars. The
worst corrosion occurred on Beam B3 which shows longitudinal cracks throughout its
length and transverse cracks at midspan. Focusing on Beam B3, sensor locations S11 and
S14 were recognized with the highest AE Amplitude and Number of Hits. At sensor S14,
the most severe corrosion was discovered and spall at the side surface showed that steel
reinforcement was locally completely consumed. The transverse bar had more than half

of its diameter dissolved and lay loose in the spall gap.
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4.5 Evaluation after Corrosion
Experimental work after corrosion consists of attenuation testing to evaluate changes in
signal transmission due to corrosion and concrete damage, repeat physical assessment
studies and finally spatial analysis to point out changing material properties at different

levels of corrosion.

4.5.1 Physical Assessment Studies
The specimen’s corrosion state relates to different physical parameters such as
carbonation and active corrosion potential. Physical assessment studies (A) to (H) are
performed at the same locations (Figure 4.2). Sample points are now located on the

bottom surface where the corroded reinforcement is situated.

The first assessment layer is visual inspection (A). Table 4.3 gives a normalized ratio
of consumed steel reinforcement by visual estimation. The average of three reinforcement
bars per section at each sample point is considered. At locations where concerning
corrosion was visually detected, the concrete cover was opened as part of the repair work
and the remaining reinforcement was evaluated. For example, location B4-G and H are

locations where, locally, a complete bar was consumed.

Table 4.3 - Visual inspection reinforcement results

A B C D E F G H I J K
BO 0 0 0 0 0 0 0 0 0 0 0
Bl 1 1 1 1 1 0 1 1 1 0 0
B2 1 0 0 1 1 1 1 1 0 0 0.1
B3 1 0 1 04 05 02 08 038 0 0.1 0

Concrete did not carbonate as much as expected. Only few locations on Beam B3

were rated for carbonation (Table 4.4). In addition, cores were drilled in the last foot



length [300 mm] and showed similar results (Appendix III.D).
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Only few additional

locations are indicated with a pH level equal or lower than 9.0 (Table 4.5). Beam Bl,

Beam B2 and Beam B3 showed respectively 2, 3 and 1 additional sample locations with a

pH level of ~9.0.

BO

B1
B2
B3

BO
Bl
B2
B3

Table 4.4 - Carbonation detection results

A B C D E F G H I J K

0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0

0 1 1 0 1 0 0 0 0 0 0

Table 4.5 - pH level results

A B C D E F G H I J K
90 11.0 110 107 100 11.0 103 11.0 100 9.0 83
103 93 90 93 92 95 90 98 93 98 105
90 90 88 11.0 11.7 11.7 11.7 117 113 11.7 10.0
90 90 93 107 100 10.0 10.0 11.0 11.0 10.0 12.0

Active corrosion evaluation (E) by half-cell potential apparatus was performed 2, 3,

and 7 days after accelerated corrosion conditioning. Table 4.6 shows highly increased

numbers for all specimens compared to before corrosion occured (Appendix III.B).

Results show active corrosion throughout the entire lengths of all corroded specimens.

BO
B1
B2
B3

Table 4.6 - Active corrosion potential results

A B C D E F G H I J K
0 0 0 0 0 0 0 0 0 0 0
-649  -649 -647 -643  -647 -618  -626 -647 -627 -624  -607
-545 517  -533  -529  -510 -512  -498  -516  -515  -499  -485
-422  -416  -406  -436  -448  -452 430 -420 -419 -434  -448
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Chloride content layer (F) gives indication of chemical binding of concrete with
external salts such as found in marine environments. The mean value of each beam rose
from 0.028% before corrosion to 0.178, 0.19, and 0.36% with standard deviations of
0.038, 0.052, and 0.05% after corrosion of specimens B1, B2 and B3 respectively. The
specimens test duration exposure to the NaCl solution was able to raise the average
chloride content bond with concrete material by 650%. According to ACI 222.3R [2003],
reinforced concrete exposed to chloride in service is not allowed to have a chloride level
higher than 0.2% at a depth of 1 in. [25.4 mm]. In the case of the beams study, chloride

content locations with a higher level are B2-F, B3-C, B3-F, and B3-I (Table 4.7).

Table 4.7 - Chloride content results

A B C D E F G H I J K
BO 0.00% 0.00% 0.00%
Bl 0.20% 0.20% 0.13%
B2 0.15% 0.25% 0.17%
B3 0.31% 0.41% 0.36%

Crack density on bottom surface of the beams (G) is evaluated visually by counting
cracks. Table 4.8 shows a range of 0 to 5, where 0 means no visual cracks, 3 stands in all
cases for three longitudinal cracks, and 5 for three longitudinal cracks and two transverse
cracks. Comparing Figure 4.8 with Table 4.7 gives clearness in how the severity of
cracks per beam and location was evaluated and ranked.

Table 4.8 - Crack density results

A B C D E F G H I J K
B0 0 0 0 0 0 0 0 0 0 0 0
Bl 2 1 1 2 2 2 3 1 1 2 3
B2 3 3 3 3 3 3 4 3 3 3 3
B3 3 3 4 4 4 5 4 3 4 4 3
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Last evaluation layer is the AE attenuation response in terms of conductivity. More
detail will be given further on in this Study where attenuation tests are evaluated in more
depth for comparison with attenuation results before corrosion. Figure 4.9 shows graphs
where Amplitude attenuation is expressed vertically against time. Top figure 4.9a shows
the attenuation evolution of each sensor before corrosion, while the bottom figure shows
attenuation at approximately 19.90% corrosion. The compared figures give evident proof
of diminished conductivity where Amplitude decreases much faster over its travel length,

as in the case of sensor S13; the response disappears completely after ~43 in. [1.1m].

In numerical terms and with a similar threshold of 40 dB as before corrosion,
conductivity decreases with a normalized mean value from 0.06 to 0.211 (352%), 0.156
(260%), and 0.443 (738%) for respectively Beam B1, B2 and B3. These parameters
indicate diminished conductivity related to damage at various levels. Table 4.9 shows the
average evaluation results of three attenuation tests translated to normalized values in a
range from 0 to 1, where 0 indicates full conductive material properties and 1 indicates
the most damaged condition. Beam B3 appears in the worst condition with values
peaking at 0.69, which can be translated into an understanding that the sensor location
was not able to record almost 5 out of 7 signals where it was able to record 7 out of 7

over a length of approximately 111 in. [2,820 mm] at the far end before corrosion.

Table 4.9 - AE attenuation conductivity results

A B C D E F G H I J K
BO 0.05 0.10 0.09 0.02 001 0.0 004 0.08 0.12 0.14 0.00
B1 045 028 0.17 0.14 0.14 0.14 0.15 0.19 024 031 0.10
B2 0.12 0.15 0.16 0.14 0.14 0.14 0.14 0.14 0.14 024 0.19
B3 045 045 043 039 038 038 038 036 039 0.69 0.57
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4.5.2 Spatial Analysis

Each assessment layer after corrosion conditioning is normalized as previously done
with assessment layers before corrosion and the field bridge evaluation in Study II. One
difference between the field evaluation and the laboratory study is that the layer with air
voids is excluded and the chloride content evaluation is included in the spatial analysis.
However, the number of included layers is equal and offers an example of enclosure of
different assessment studies. As earlier mentioned, the threshold level set by ACI 222.3R
[2003] is used to decide what level of chloride content is considered concerning. Table
4.10 shows the evaluation parameters and the corresponding translation. Cells where no
chloride content samples are collected, adopt the chloride content ratios from the
neighboring cell. This seems a consistent approach when analyzing results gathered in

Beam B2 and Beam B3,

Table 4.10 - Numerical translation chloride content

Observation CCum
<0.2% 0
> 0.2% 1

Combining all layers to establish mean value is performed by simple addition and
normalization to a scale of 0 to 1 by dividing by the number of layers. In Study II,
equations for mean and standard deviation are defined where the air void layer AVpi, is
replaced by the chloride content layer CCpg; . Numerical results for mean values are given
in Table 4.11 and for standard deviations in Table 4.12. The peak value for corrosion
damage potential before corrosion is 0.17. After corrosion, the peak value is 0.75 and

found at location B3-A, B3-B and B3-C. Figure 4.10 shows combined normalized results
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for damage potential due to induced corrosion, which can be directly compared to Figure
4.5 with combined results before corrosion. A visual increase in damage potential is
evident by comparing both figures. The column plot also shows how each specimen
classifies in the range of induced corrosion levels. Numerically, potential damage due to
corrosion increases in mean value over the length of the beams from 0.05 in Beam BO to
0.35, 0.41 to 0.58 in Beam BO to B3 respectively. Damage potential levels of each beam
increase along with the induced corrosion levels of 7.24%, 12.14% to 19.90% in Beam

B0 to B3 respectively.

Table 4.11 - Mean values combined results (B0 to B3)

A B C D E F G H I J K

BO 0.15 0.01 0.01 0.00 0.00 0.00 0.01 0.01 0.02 0.16 0.14

Bl 041 035 048 036 036 022 054 034 035 024 024

B2 053 039 039 039 053 053 056 039 025 026 0.27

B3 072 0.72 0.75 051 0.67 051 057 054 046 0.51 045

Table 4.12 - Standard deviations combined results (B0 to B3)

A B C D E F G H I J K

BO 038 0.04 0.03 001 0.00 0.00 0.01 003 0.04 037 038

Bl 045 045 049 046 046 035 048 046 044 036 0.39

B2 048 044 043 047 048 048 0.50 047 037 038 0.37

B3 039 039 045 043 038 044 042 041 045 043 045
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Physical outcomes are put into perspective with spatial analysis results gathered in
Study II. Peak values in the bridge study are at the level of 0.73 and 0.74 on a scale from
0 to 1 (Table 3.11). The beam study has peak values in Beam B3 of 0.72 and 0.75 (Table
4.11). The mean value of the area in South-West corner of the RC slab ranging from cells
K-M-1-5 has mean normalized value of 0.54 with standard deviation 0.157 for 15 sample
cells (Figure 4.11). Beam B3 has comparable corrosion damage potential indicated by a
mean value of 0.58 and a standard deviation of 0.111 for 11 sample cells. The levels of
concrete and corrosion damage of Beam B3 offer fair comparison with the bridge study
for area K-M-1-5. This does not directly mean that the selected area in the RC bridge slab
and Beam B3 have exactly similar physical conditions, corrosion level or damage.
However, the rate of damage probability is similar. In addition, Beam B1 and B2 offer a
matching range of evaluation levels by corrosion stages (Figure 4.11), except uncorroded
specimen BO which has a damage probability close to zero which is not found on the

bridge.

In preparation of the load test cycles, spatial analysis is used to appoint the most
severe areas to explore if failure location and localized highest AE activity matches the
appointed cells with highest damage potential. Two approaches are used, where the first
identifies the highest damage probability relative to the condition of all specimens.
Equation (2) calculates Concrete Corrosion Damage Potential CCDPg(_3, relative to
specimens B0 to B3, where Xp;, is the mean value of each cell, and Maxp,_3 is the

maximum value of all specimens.



135

With this relationship, relative reclassification is established in the range between 0 and
maximum mean values of all four specimens to allow for visual comparison with the
visual output of the field bridge study (Figure 3.15). The visual output of equation (2) is

given in Figure 4.12a and numerical values are given in Appendix IILE.

Xpi, 2
CCDPro-an = 7o —— ()
B0-3
Xgin — Ming;
CCDPg;,, = —21 B 3)

Maxg; — Ming;

The second approach identifies areas with highest damage probability relative to the
condition of each specimen. The Concrete Corrosion Damage Potential CCDPg; ,, relative
to each single specimens is given in equation (3), where the difference of mean value of
each cell (Xp;,) and overall minimum of the specimen Ming; is divided by the range;
maximum of each beam Maxg; minus minimum Ming;. By this approach, a relative scale
becomes visible for each beam to identify areas by damage potential and serves to

identify areas for evaluation for higher AE activity and failure location.

Figure 4.12a shows the classification of the first approach in a perspective of all
specimens. The scale from 0 to 10 is dominated by the highly damaged condition of
Beam B3. The cell’s gray scales can be directly related to Figure 3.15 in Study II. By
visual estimation, concrete and corrosion damage potential estimates of beam specimens

with outcomes of the RC slab can be compared.
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Figure 4.21b gives indication of areas with the highest damage potential per beam.
For each beam, an area can now be visually identified to predict failure location. The
most severe areas are cells BO-A, J and K for Beam B0, B1-C and G for Beam B1, B2-A,
E, F, and G for Beam B2, and B3-A, B and C for Beam B3. During the load tests, these
locations are monitored for loading locations, failure location depending on possible
mechanism like shear or flexure, cracking and propagation intensity compared to other

locations.

4.5.3 AE Attenuation Testing
Pencil lead break tests are performed after repair and strengthening with CFRP
laminates. The main objective of repeated attenuation before and after corrosion is to
indicate AE attenuation differences in terms of Amplitude at different concrete and

corrosion damage levels to be able to compare results with attenuation tests performed on

the field bridge.

Collected attenuation data has been expressed in three sample average Amplitude
(dB) against distance (in.) in Figure 4.13 to show the relationship between uncorroded,
corroded at different levels, and the unknown damage level of the field bridge from
sensors recording on CFRP. Figure 3.13 shows the results from breaks performed on the
CFRP, while Figure 4.14 shows the results from breaks on the concrete surface. The
graphs show that the most corroded Beam B3 has the highest attenuation, while Beam B2
has the lowest attenuation, but like the other specimens doesn’t record signals from a
larger distance than 77 in. [1.96m]. Only the uncorroded Beam BO is able to record from

greater distances.
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4.5.4 Repair & Strengthening

Repair and strengthening is performed after the visual inspection for spall of
concrete cover, crack density and deterioration of concrete. Local removal of the concrete
cover is done by impacting [Concrete Repair Manual, 1999]. Figure 4.15 shows local
chipping on Beam B1, B2 and B3. Figure 4.16 shows locations of concrete cracks with
corrosion bleeding and locations where steel reinforcement has been completely
consumed. Specimens are prepared for repair by cleaning the remaining steel
reinforcement and removing all attached concrete where the cover was locally removed
as per ACI 220.3R [2003]. Immediately after cleaning procedures, the removed concrete
cover is patched with cementious grout (Figure 4.17). Troweling and dry packing of 1 in.
[25 mm] deep areas is performed using grout placement technique. After 7 days of
curing, the entire surface of the specimens is prepared for CFRP laminate strengthening
as per ACI 440.2R [2008]. Material specifications of the CFRP laminates can be found in

Table 4.1.
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Figure 4.16 - Corrosion observations

Figure 4.17 - Concrete patching chipped areas (B1 to B3)
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4.6  Structural Testing

Four-point bending of three corroded and one uncorroded, repaired and CFRP
strengthened RC beams is carried out in the laboratory with a hydraulic MTS 55 kip [245
kN] actuator (Figure 4.18). At midspan, one 5 mm strain gauge was adhered to the CFRP
laminates and one 60 mm on the top concrete surface. A displacement transducer
(LVDT) was placed at midspan, while two were placed at the supports to measure
discrepancy. Strain and deflection were recorded with a 12 channel Data Acquisition
System (DAQ) by National Instruments and Math Lab software with a sample rate of 10
Hz. As AE recording equipment was not linked to the DAQ, recording was started

manually and simultaneously.

A prescribed load cycle program consisting of threefold loading series is designed to
mimic service load behavior. Figure 4.19 shows load against time where percentage of
ultimate load is given on the right vertical axis. The first load series peaks at about 2 kips
[8.9kN] which is close to the cracking moment for all specimens. After threefold
repetition, each series increases loading with approximately 1 kip [4.5kN]. Between 70
and 80% of ultimate load, steel yielding occurs. Several cycles later, the external
reinforcement allows failure of the specimen. In relation to the bridge test, the applied
load in the field was estimated at 16.31% of ultimate loading. For comparison, this load

level is found between load cycle series A and B.
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4.6.1 Results and Discussion of Structural Response
The original uncorroded and unstrengthened specimens are designed according to
ACI 318R-08 [2008] provisions, with failure being governed by crushing of concrete
after steel yielding. External strengthening laminates are applied to attempt peeling
failure. Table 4.13 gives next to experimental results of specimens BO to B3, ACI
estimations at estimated corrosion levels with two plies of CFRP strengthening
(Appendix IIL.F), and in addition an uncorroded and unstrengthened specimen (C)

[Napoli 2010].

Table 4.13 - Structural estimations and experimental results

Corrosion f'. M, M;/M,. M, Myi/M,, Wy Wy Failure

Level psi k-ft % k-ft % in. in. Mode
= C - 4346  12.6 - 13.2 - 1.18 326 YS-CC
§ BO - 4346 273 - 342 - 139 156 YS-LD
% Bl 7.24% 4346 264 - 32.0 - 1.38 159 YS-LD
S B2 12.14% 4346  25.8 - 339 - 1.37 1.61 YS-LD
< B3 19.90% 4346 249 - 33.7 - 1.35 1.65 YS-LD
- C - 3926 13.0 104% 17.4 132% 1.00 3.61 YS-CC
£ B0 - 4346  26.0 95% 29.8 87% 121 233 YS-LD
g Bl 7.24% 4346 24.1 91% 27.8 87% 1.21 1.67 YS-LD
E B2 12.14% 4346 252 97% 29.0 86% 121 1.61 YS-LD

B3 19.90% 4346 22.0 88% 24.1 71% 1.15 129 CCD
YS = Steel Yielding, CC = Concrete Crushing, LD = Laminate Debonding,
CCD = Concrete Cover Debonding

Compression tests in 2008 and 2010 show compression strength increases of
approximately 10.5%. Yielding moments of the 19.9% corroded specimen Beam B3
differs theoretically 9.6% and experimentally 18% with the uncorroded specimen Beam
B0. Experimental and theoretical results differ by a maximum of 5% for yielding moment

of the uncorroded specimens C and B0, and 12.14% for corroded B2. Beam B1 has its
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yielding moment 9% and most corroded specimen B3 18% earlier than estimated. The
ultimate moments of corroded specimens B0, B1 and B2 have a maximum difference of

18%, while specimen B3 fails 29% earlier than expected.

Load (kip) versus deflection (in.) is given for Beam BO in Figure 4.20. The figure
includes analytical load-deflection lines which show similarities. Eleven loading cycle
series show elastic behavior till approximately 12.5 kip [S6kN]. At this point, steel
reinforcement starts to yield. Steel yielding is recorded by internal strain gauges on rebars
for Beam BO (Figure 4.21. Load in kips on the vertical axis and micro strain is found on
the horizontal axis with steel strain in grey. Steel yielding is identified from about 12.5

kips loading. Strains turned out lower than expected (Table 4.14).

Table 4.14 - Experimental strain data

Specimen Corrosion e Eys Eyc Eyf
Level psi (1e) (ue) (1e)
C 0% 3926 18371 3970 -
B0 0% 4346 1733 2838 4146
B1 7.24% 4346 - 2461 4263
B2 12.14% 4346 - 2118 3869
B3 19.90% 4346 - 1484 2736

*Uncorroded specimen Beam BO had an internal strain gauge on the steel
reinforcement. Other specimens did not as the gauge corroded during the
accelerated corrosion conditioning.

Strain behavior as a function of applied moment on the vertical axis shows two
groups of strain envelope lines in Figure 4.22. The group with the highest increase is the
positively expressed concrete strain which shows correlation with different corrosion
levels. Strain is higher in order of corrosion level. The envelope line of experimental
load-displacement relation of Beam B0 has a close relationship with the analytical

evolution of Beam B0 in Figure 4.23.



18

16

14

s -
[=] 8]

Load (kips)

o

Load (kips)

-5000

-4000

ACI Estimation

0.5 1.0 1.5 20

Displacement (in.)

Figure 4.20 - Load-displacement (BO0)

16

Strain Concrete Strain Steel Strain CFRP

-3000 -2000 -1000 0 1000 2000 3000
Strain (pstran)

Figure 4.21 - Load-midspan strains (BO0)

4000

17.09

5000

146



Moment (kip-ft)

Load (kips)

35

-a—B0 Concrete

-=—B1 Concrete

-=-B2 Concrete

-5-B3 Concrete

——B0CFRP

——B1CFRP

——B2CFRP

——B3 CFRP

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Strain (pstrain)

Figure 4.22 - Positive moment-strains (B0 to B3)

18

- = - B0 (ACI)

== =B1 (ACI)

- A-B2(ACI)

- A-B3 (ACI)

—a— B0 (0.00% Corrosion)
—a—B1 (7.24% Corrosion)
—— B2 (12.14% Corrosion)
——B3 (19.90% Corrosion)

0 0.5 1 1.5 2 25 3

Displacement (in.)

Figure 4.23 - Load-displacement (B0 to B3)

147



148

The load-deflection relation of all specimens follows almost similar evolution. The
specimens have less deflection than estimated and probably have a higher stiffness than
analytically assumed. The ACI nominal positive moment estimate is lower than the
ultimate moment reached during the experimental investigation. The uncorroded
specimen BO fails 16% earlier than expected and at a similar percentage at lower bound
fail corroded specimens B1 and B2. Specimen B3 fails at ~70% of the estimated nominal
moment. The steel yielding moment comes in 13% earlier than estimated. The specimen
fails by brittle concrete cover separation only 9.5% after experimental observed yielding

and 3.3% before estimated analytical yielding.

Deflection and curvature in the test setup of one of the specimens close to failure is
shown in Figure 4.24. The failure modes of specimens were all as expected by
delamination of the CFRP sheets from the ends of the sheets after steel yielding (Figures
4.25a and b), except for Beam B3 (Table 4.13). This specimen showed sudden failure by
brittle fracture (Figure 4.25c). This brittle failure by horizontal fracture most likely
existed as a results of a combination of locally deteriorated material conditions and stress

concentrations [Goa et al., 2007; Aram et al., 2008].

Inspection before repair showed bleeding surfaces and cracks from the level of
reinforcement outward through the cover (Figure 4.25a). Closer inspection of the failure
crack confirmed that, as the most likely initiator for failure, corrosion bleeding traces
were observed in the failure crack (Figure 4.25d). Stress concentrations in combination
with deteriorated material properties and existing longitudinal corrosion cracks may be
the cause of this failure mode. As failure occurred at 60% of the ultimate analytically

estimated load, this result requires further investigation.
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(c) concrete cover separation B3 (d) concrete cover delamination

Figure 4.25 - Failure modes beam specimens
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4.6.2 Results and Discussion of AE monitoring

The relationship between strain and AE was found during crawl load testing in Study
IT in terms of peak Amplitudes, Energy, Duration, and Number of Hits. AE behavior of
all load series is analyzed by same methods and parameters. Figure 4.26 shows test
results of Beam B3 for all load cycle series A to K on the horizontal time axis. Strain is
given on the left vertical axis, while AE Amplitude is given on the right vertical axis with
a threshold of 40 dB. Cycle series each consist of three repeated loading cycles and high
activity and intensity for Amplitude until 100 dB occurs for almost every first load cycle
of each series. After steel yielding, more hits with higher Amplitudes are recorded. Figure
4.27 gives the same graph, but now only for load cycle series A to C. The reduced graph
allows by the studying of the cycles and AE characteristics in greater detail, comparable
at the load-capacity level of 16.3% of the estimated ultimate load of the bridge which lies
here at the level between cycle A and B. Peak Amplitude measured during the bridge test
is 67 dB at highest recorded strain. Beam specimens have peak recordings of 80 and 99
dB when loads are exceeded for the first time. The Kaiser Effect verifies that priory
higher load levels have occurred on the field bridge than the tested one. For this reason,
the field bridge tests did not see peak Amplitudes at similar levels as in the laboratory

tests.

Figure 4.28 shows a similar graph of the complete test program of Beam B3, but now
with AE Energy on the right vertical axis. This figure shows an obvious relationship
between load cycles in terms of strain and AE activity. As in previous figures, energy
peaks are discovered at every first load cycle of each series. Energy relative to Amplitude

indicates that these events consist of primary cracks from within the structure, which are
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likely to exist through concrete cracking at increasing load levels. The Kaiser Effect tells
us that no AE hits should be recorded in reloading cycles where stresses are not
exceeding previous applied stresses [ASTM E1316, 2010]. However, emissions with
Amplitudes higher than 85 dB are recorded in reloading cycles B2, C2 and C3 of series A
to C before 82% of steel yielding and 75% of the ultimate moment has taken place. The
Kaiser Effect can unfortunately not be evaluated in its traditional fashion in terms of load
against hits as the recording systems of AE and load, strain and displacement were not
linked. In addition, Figure 4.29 gives the Energy relationship with measured strain as a
function of time. Similar observations are noticed at greater detail and the relationship

between Amplitude and Energy is clearer visible to indicate primary emissions.

Figure 4.30 and 4.31 show the same strain graph as a function of time for Beam B3.
AE Hit results as history plot are given from the right vertical axis. The first figure shows
load cycle series A to K, while the second figure only shows series A to C. The event rate
of AE sensors at the bottom of the beam gives an immediate indication of micro cracking
from the moment the load is applied [Maji and Sahu, 1994]. Micro cracks by first service
level simulated load (B3 Cycle Al; 6.7% of M,) is recorded as an event with a relatively
high Number of Hits in both graphs. At the time that load reaches about 82% of yielding
and 75% of the ultimate moment, an atypically high Number of Hits is recorded. Maji
and Sahu [1994] have done similar observations and described this as occurring at about
80 to 90% of the ultimate load capacity. This observation complies also with the Felicity
Effect [ASTM E1316, 2010], which specifies that a relationship between the Number of
Hits and previously applied load levels exists. Felicity Effect indicates that at a certain

load level, when a certain amount of damage has occurred, the Kaiser Effect is not viable
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anymore and AE Hits will be recorded for none exceeding load cycles. Usually this effect
starts occurring at around 70 to 80% of the ultimate moment. High Amplitude hits were
recorded in reloading cycles before this level was reached and may relate to the damaged
condition of specimen B3 due to corrosion. A high Number of Hits at failure directly

relates to concrete failure cracks and CFRP debonding.

Figure 4.32 and 4.33 also show the Number of Hits, but now in a cumulative fashion
as a function of time. The expectation of Cumulative Hits is usually to evaluate high
increases of activity due to exceeding stresses. By the many cycles, this behavior is not
clear in the first figure, but more obviously presented in the second. Increasing angles of
evolution indicate increasing damage rates. The angle in the first figure is more sensitive
to time. As the loading rate in load cycle series A-C is constant, comparisons can be
made. The first load cycle increases the Number of Hits 35% of the three load cycle
series. The first time increase of loading in the second and third cycle series made the
Number of Hits increase approximately 16 to 20%. Every repeating cycle only increases
the Number of Hits 4% in the first series, 6% in the second series and 8% in the third
series. At repeated load cycles with increasing series, Cumulative Hits increase
depending on the load level. Only Beam B3 is in the focus in this analysis, but similar

findings were done in the other specimens and can be found in Appendix III.H.
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4.6.3 Results and Discussion of Spatial Analysis and AE
Areas with relatively high potential damage due to corrosion, supported by NDT
layers, are localized in each specimen (Figure 4.12). As done in Study II, statistical AE
parameters are selected to point out areas of higher activity and intensity. Peak, mean and
sum are able to indicate correlations between areas of high damage potential and high AE
activity and intensity at relatively low level loading. For load and capacity comparison,

only AE data of the first three load cycle series (A to C) are used.

Table 4.15 - Peak and mean value selection per specimen

Amplitude (dB) Energy (J.) Duration (usec.) Nr. of Hits
Test  Peak Mean Peak Mean Peak Mean Sum Mean

BO 87 46 9 2.26 4707 243 9085 1.05
B1 99 47 7333 10.28 6241 237 9016 1.38
B2 99 47 4147  6.81 13202 341 9957  1.37
B3 99 46 6844  6.75 27958 276 10407 143

Table 4.15 shows selected statistical AE parameters, where specimen B0 has a peak
Amplitude of 87 dB, while the corroded specimens all have 99 dB. At the same order,
energy and duration recordings of the uncorroded specimen are considerably lower than
corroded specimens. Especially for Duration, the order of magnitude seems to follow the
rate of corrosion. The Number of Hits is discussed as the sum and the mean value. The
mean is established by dividing the specific number of hits by the test duration. An
increasing Number of Hits follows the rate of corrosion. A similar trend is found in the
total Number of Hits of cycles A to N with 33, 40, 48, and 64 thousand hits per test for

Beam B0, B1, B2 and B3 respectively.
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The identification of the most active regions is done per sensor. Figure 4.34 shows
sensor locations by dashed lines, where sensor S1 and S8 are placed in the center on top
and bottom. Sensors S1 to S7 are placed on the bottom surface on CFRP laminates, while
sensors S8 to S16 are placed on the top concrete surface. Table 4.16 gives, in relation to
the previous table, sensors where peaks and highest sums per parameter are reported. The
sensor indication seems consistent with what is seen in the bridge analysis. It is noted that
sensors placed on the CFRP covered bottom surfaces record more activity and have
higher peaks. Specimens B0, B1 and B2 are consistent in appointing most active areas
using selected parameters, while Beam B3 has higher peak Amplitudes. After deeper
investigation, it appeared that sensors S4, S11 and S14 showed peaks of 98 dB, which is

1 dB less than the opted sensors in the table.

Table 4.16 - Sensor selection highest AE activity per specimen

Laboratory Beam Specimens, Cycle Series A-C
B0 BI B2 B3

N Amplitude 1 3 5,6 1,8,12

§ Energy 1 3 6 1
Duration 12 5 6 14

3 Amplitude 1 4 12 8

% Energy 1 4 4 8

§ Duration 1 4 4 8
Hits 1 4 12 8

E Peak Sensors 1 3 6 1

& Cum. Sensor 1 4 4,12 8
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Figure 4.35 correlates both assessments and visually identifies selected areas in
relation to the physical evaluation outcomes. Note that Beam B1, B2 and B3 are mirrored
as during load testing, AE sensors were placed in opposite numbering. Each ring stands
for a sensor with dominating parameters in terms of occurrence [Table 4.16]. All beam
specimens show the highest AE activity in the maximum constant moment zone between
sensor locations 4/12 and 5/13, or cell locations E and G where the loads are applied.
However, beams B1 and B2 show apparent spatial correlation with selected statistical

parameters indicating high AE activity with high potential damaged areas (dark).

The specimens show more activity at the side were the beam was rated for
diminished condition. The most corroded specimen, Beam B3, indicates that sensors with
highest AE activity are situated in the constant moment zone at midspan where the largest
deflections are measured. However, high Amplitude hits (90-100 dB) were recorded
across the length of the specimen at relatively low level loads during first time loading
and reloading. Figure 4.35 shows the crack maps and failure locations marked with a star.
Visually detectable cracking only occurred from loads of 6 kips [26.7kN], which is
approximately 41% of the ultimate load. AE was able to detect inferior areas earlier than
the naked eye when cracks were opened by loading. All beam specimens show
correlations with areas rated for high potential damage and failure location. Beam B3
failed by horizontal shear due to concrete cover separation and this appeared directly
related to the physically deteriorated condition of the beam. Correlation between AE
activity and failure location is not obviously visible. AE emissions appear to be related to
the loading location with the highest stresses. Failure occurs at the weakest physical link

where areas are rated for highest potential damage.
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4.7 Conclusions

Potential damage by spatial analysis of the bridge field test and the laboratory test
showed similarity at different corrosion levels with the only difference that the
bridge field test includes aid voids and the laboratory test includes chloride
content. Moreover, similarity was found in the observation that localized areas
rated for highest damage potential recorded most AE activity in terms of highest
activity and intensity;

Damage levels due to corrosion conditioning could be rated, identified and
localized by spatial analysis combining different physical assessment layers;
Failure occurred at locations with highest rating for physical deterioration, while
Acoustic emission trends in terms of most active and intense parameters were able
to indicate regions with highest stresses;

Specimens with different corrosion level subjected to four-point bending tests
show different failure modes in relation to the level of corrosion;

AE attenuation was found to be especially influenced by interface properties,

material, composition, level of corrosion damage, and sensor placement.
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5 Conclusions

This research investigates corrosion damage in concrete structures and AE. Physical
assessment methods are generally accepted for field investigations to determine the
condition of structural elements in a nondestructive fashion. Combining results, after
normalizing, in spatial layered maps, offers a new tool to localize areas with high
probability of corrosion and concrete damage with an increased confidence level.
Overall, the investigation methods offer an improved means for decision making on
maintenance, repair and replacement of concrete bridge structures with a resulting
reduction of posting and closing. Additionally, the methods offer an improved and easy

interpretable communication tool. Some specific observations include:

e Complexity of different material types, concrete designs and marine exposure
deterioration are overcome by using combined NDE methods interpreted after
spatial mapping.

e Spatial mapping identifies areas with high damage potential with higher level of
confidence. This offers increased accuracy to effectively open up of the concrete
cover for further inspections;

e ArcGIS is found a useful and accessible tool for the analysis of field assessments

with layered maps and large amounts of data points;
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AE attenuation testing with repeatable signal characteristics offers a tool to
investigate the composition and repair quality, independent of its composition and
history, by AE signal conductivity of visual unreachable and undetectable areas
covered with CFRP laminates. AE attenuation properties depend on interface
material, structures composition, corrosion and damage level and sensor
placement;

AE monitoring gives indication in terms of signal activity and intensity of
locations rated for high potential damage identified by spatial analysis of
combined assessment layers;

AE signal transmission is influenced and can be interrupted by local physical
damages in a concrete structure. The method is therefore not yet reliable enough
to be used as a standalone assessment tool to assess and monitor progressing
damage of concrete structures. Together with tradition measurement methods, AE

offers a good complementing method for life time monitoring.



Chapter 6

6 Future Work

New methods, incorporated methods and new technologies such as spatial analysis
and AE should be further developed in order to provide enhanced evaluation tools for
field inspections of concrete structures. Investigations and methods performed in this
dissertation are mostly well accepted, but others need further verification. Suggestions

are given for future research to advance field inspection methods of RC structures:

e Air voids under CFRP laminates may reduce the effectiveness of the
strengthening layer and should be further investigated for numerical interpretation
and related code descriptions;

e More specific approach and choice of assessment layers is desired in order to
indicate specific physical processes and damage. Example is given by focusing on
corrosion by making use of a minimum of three layers i.e. active corrosion
detection by half-cell potential, pH-level, and carbonation. Investigations should
be followed by visual inspection and corrosion level measurement to verify
numerical results with existing assessment methods;

e Annual inspection of the study object Fair Isle Bridge is desired to verify physical
damage location by means of established tradition methods like hammer tapping.
At the time of demolition or failure, inspection should be carried out to verify

high rated corrosion and concrete damage locations;

164



165

Implementation of weight factors for different assessments layers should be
investigated under laboratory conditions in order to specify more precise spatial
analysis identification of damage potential;

Fuzzy logic should be used for interpretation and analysis of physical assessment
layers. This mathematical method offers advanced interpretation tools with
relative normalized scaling;

During accelerated corrosion conditioning by means of induced voltage,
significant heat losses in the steel reinforcement were observed. Local
temperature differences may introduce local steel volume expansion. This may
cause cracking due to other sources than steel volume expansion related to
corrosion and should be investigated to better understand and control the
accelerated corrosion conditioning process;

Pencil lead break testing can be used as a global assessment method to evaluate
the structural composition in terms of AE amplitude attenuation and composition
conductivity. This method should be further developed by means of simulated
repeatable signals on a range of different surfaces, materials, and damage types
with the use of signal generators and known inputs under laboratory conditions
with the goal to generate a knowledge base of AE attenuation and conductivity
properties relating to specific materials and structure types. Three dimensional
expression to indicate the sensor range can be a valuable tool and should be

further developed for field evaluations;
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Research to AE signal sources in RC structures should be further employed to
establish more certainty in identifying AE signal sources in order to improve AE
as a field monitoring tool. Above all, clearer differentiation should be made in
signals with external and internal sources and recognition of causes by
characterizing signal signatures. Investigation should be performed under
laboratory conditions by simulating typical field sources like moving objects and
impact loads to be able to identify the influence of these dynamic sources.

AE recorded noise is to be investigated in order to justify threshold levels. Each
AE signal has a source and needs to be analyzed in terms of recognizing source,
signal’s signature and source location in order to exclude unknown factors in field
monitoring;

Strain measurement showed correlation with AE signal activity and intensity.
This relation offers the opportunity to fuse data streams to more significantly
identify progressing damage and exclude insignificant AE recording. Fusing
methods offers more effective field monitoring, reduction of data recording and
processing, and reduction of cost. Strain, load, and displacement relations with
AE need to be investigated and exploited with field simulations under laboratory

conditions.
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Appendix I — Study I

Appendix I.A — Physical Assessment Results at Deeper Level
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Appendix I.B — Chloride Content Results Fair Isle Bridge

Table I.B - Chloride content results Fair Isle Bridge

Sample Material Age Temperature °F Chloride
type (years) [°C] content

1 RC 37 62.6 [17.0] >2.0%
3 RC 37 62.6 [17.0] >2.0%
5 Grout 11 63.3[17.4] >2.0%
6 RC 37 62.2 [16.8] >2.0%
7 Grout 11 61.9[16.6] 1.4%
10 PC 49 65.5 [18.6] >2.0%
11 PC 49 61.9[16.6] >2.0%
12 PC 49 62.2 [16.8] >2.0%
14 PC 49 64.0 [17.8] 0.5%

15 PC 49 61.9[16.6] >2.0%
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Appendix II - Study II

Appendix II.A - Complete Crack Map
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Appendix II.B - Complete Air Voids Map
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Appendix I1.C - Amplitude Results Attenuation Test
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Table II.C1 - Average amplitude (dB) in parallel transmission

Distance (in.)

Sensor 24 48 72 120 144
S1 50.67  58.50 4250 44.00 30.00
S2 50.67  40.00 33.00

S3 62.50 59.00 46.00 39.00 32.00
S4 64.50 49.50 40.00 30.00

S5 55.50  50.50  38.00

S6 5475  41.00 32.00 31.00

S7 68.50 55.00 4933 31.00

S8 60.50 55.00 42.67 37.00

S9 63.25 49.00 3933  32.00

S10 65.67 47.50 33.67 31.00

S11 63.25 49.67 4233  30.00

S12 48.50 34.00 3250 30.00

S13 6725 64.00 40.50 3450 34.00
S14 61.50 41.00

S15 65.33  41.00 37.00

Average 60.16  49.55 3932 3359 32.00
St Dev. 6.49 8.42 5.06 4.60 2.00

Table I1.C2 - Average amplitude in random direction for sensor 16

Distance (in.)
Distance 3.50 24.25 31.56 44.50 48.12 50.55 52.19

Average 99.00 63.00 44.00 41.00 56.50 39.00 42.50
St. Dev. 4.24 6.36 4.95

Distance (in.)
72.58 74.86 96.06 105.81 120.05 121.73
Average  51.50 52.00 46.50 31.00 30.00 40.50
St. Dev. 6.36 13.44 12.02
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Table I1.C3. - Average amplitude (dB) in diagonal direction

Distance (in.)

Sensor 34 68 102
S1 53.50 4944

S2 43.50 31.00

S3 50.50  40.00  33.00
S4 57.50  40.00

S5 44,50  35.00 30.00
S6 44,50  36.00

S7 64.75 47.50 36.00
S8 57.25  33.00

S9 61.75 4233

S10 58.00 41.00

S11 56.00  36.75

S12 39.00

S13 57.00  34.00

S14 56.25  33.00

S15 57.00  36.00
Average 53.40  38.22  33.00
St Dev. 7.39 5.48 3.00




Table I1.C4 - Average amplitude (dB) in random direction

Distance (in.)

Sensor 54 76 87 99 122 129 136 140
S1 38.00 49.50 36.00 40.00 36.00

S2 36.00 33.00 31.00 30.00

S3 42.50  40.25 36.00 38.00 35.00

S4 43775 4450 39.67 34.00 35.00 35.00 43.00
S5 36.50  34.50 31.00

S6 3275 34.50 31.00

S7 59.00 44.83 44.00 39.00 30.00 33.00

S8 4275  40.75 3250 3633  32.50

S9 46.25 38.00 34.75 35.67 36.00 35.00

S10 41.00 39.33 37.00 36.67 30.00

S11 39.00 3475 31.00 33.00 30.00 31.00

S12 32.50  35.00 48.00

S13 47.00 4333 31.00 43.50 42.00

S14 37.00  33.00

S15 49.00 31.33 33.00 34.00

Average 41.53 3844 3529 3638 3496 3275 33.00 43.00
St Dev. 6.94 5.34 4.25 362 538  2.63
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Table I1.C5 - Average amplitude (dB) in random direction

Sensor

Distance (in.)
144 146 152 161 170

193

217

Sl
S2
S3
S4
S5
S6
S7
S8
S9
S10
S11
S12
S13
S14
S15

30.00

32.00 36.00

30.00

39.00
34.00 31.00 42.00
31.00

37.00

31.00

Average
St Dev.

32.00 31.00 36.00 30.50 40.50
2.00 071 212

37.00

31.00
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100 +
—=—Sensor 1
90 1 ——Sensor 2
80 ——Sensor 3
70 ——Sensor 4
) ——S8ensor 5
% 60 ——Sensor 6
"g_‘ 50 - —Sensor 7
= 40 —=—Sensor 8
E ——Sensor 9
30 - —a—Sensor 10
20 - ——Sensor 11
——Sensor 12
10 -+ —e—Sensor 13
0 : ——Sensor 14
0 20 40 60 80 100 120 140 160 —x—Sensor 15
Distance (in.)
Figure I1.C.2 - Attenuation signals in parallel direction
100
90 —=—Sensor 1
——Sensor 2
80 - ——Sensor 3
70 - —<—Sensor 4
g 60 ——Sensor 5
® —Sensor 6
?g 50 - —Sensor 7
E-. 40 - ——Sensor 8
< ——Sensor 9
30 1 —a—Sensor 10
20 —+—Sensor 11
10 —+—Sensor 12
—e—Sensor 13
0~ —x—Sensor 14
0 20 40 60 80 100 120 140 160

=x=S8ensor 15

Distance (in.)

Figure II.C.3 - Attenuation signals in diagonal direction
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100
90 —=—Sensor 1
——Sensor 2
80 ——Sensor 3
70 ——Sensor 4
g ——Sensor 5
T 60
2 —Sensor 6
E 50 —Sensor 7
E‘ 40 - ——Sensor 8
< 30 ——Sensor 9
—=—Sensor 10
20 —+—Sensor 11
10 ——Sensor 12
0 —e—Sensor 13
0 20 40 60 80 100 120 140 160 180 200 220 240 < Sensorid
Distance (in.) —x=Sensor 15
Figure I1.C.4 - Attenuation signals in random direction
45
40
35
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T
‘s 25
@
2 20
£
=]
< 15
10

1 2 3 4 5 6 7 8
Sensor

Figure II1.C.5 - Number of hits per sensor of RC slab attenuation test
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Appendix I1.D - 3D Visualization AE Attenuation
3D visualized signal ranges of all sensors. The grey bottom volume is raised to
threshold level and each sensor is indicated with a randomly chosen different color. The
top view illustrates that when using a certain threshold, certain area of the RC deck can

record pencil break events by specific sensor placement, spacing, and sensor types.

AMPLITUDE (dB)
SPAN GRID 1-12

10

11
12

J K L M N O
GRID RC SECTION

Figure II.D1 - AE signal ranges for sensors 1 to 16, threshold of 40 dB
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Figure I1.D2 - AE signal ranges for sensors 1 to 16, threshold of 50 dB
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] K L M N
GRID RC SECTION

Figure I1.D3 - AE signal ranges for sensors 1 to 16, threshold of 70 dB
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Appendix IL.E - Volumetric Attenuation Visualization
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Figure I1.E.1 - Attenuation ranges sensors 1,3,4,6 and 15
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Figure I1.LE.2 - Attenuation ranges sensors 7,8,10 and 11
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Figure 311.E.3 - Attenuation range sensor 12
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Appendix ILF - Matrices of Blocked Layers Before Repair

Tables II.F.1 - Combined layers before repair 1x1

K L M N O
092 | 0.08 | 0.50 | 0.50 | 0.00
0.67 | 0.58 | 0.75 | 0.00 | 0.25
092 | 033 | 075 | 0.25 | 0.00
0.67 | 0.83 | 075 | 0.25 | 0.00
0.67 | 0.83 | 075 | 025 | 0.50
0.17 | 0.58 | 0.50 | 0.00 | 0.75
0.67 | 0.83 | 0.75 | 0.00 | 0.00
042 | 033 | 025 | 025 | 0.25
0.17 | 033 | 025 | 025 | 0.25
042 | 058 | 025 | 0.25 | 0.25
042 | 0.58 | 025 | 0.50 | 0.25
092 | 0.58 | 050 | 0.50 | 0.50

(a) Normalized means

Tables I1.F.2 — Combined layers after repair 1x1

K L M N 0
0.50 | 0.30 0.19 0.39 | 0.56
0.36 | 0.35 0.38 0.38 | 0.52
049 | 031 0.51 0.51 | 0.26
028 | 0.14 0.68 0.62 | 035
0.54 | 0.24 0.31 0.07 | 0.11
0.61 | 033 0.11 0.15 | 0.22
048 | 0.11 0.15 022 | 0.26
0.65 | 0.31 0.11 0.19 | 0.22
0.69 | 0.11 0.15 0.11 | 0.19
0.62 | 0.18 0.15 0.19 | 0.30
049 | 0.36 0.35 0.22 | 0.30
0.50 | 0.39 0.22 0.26 | 0.30

(a) Normalized means

O 0 N N L B~ W N~

—_
(=)

11
12
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K L M N 0O
043 | 0.15 | 055 | 055 | 0.00
0.51 | 0.51 | 0.55 | 0.00 | 0.45
043 | 043 | 055 | 045 | 0.00
0.51 | 047 | 055 | 045 | 0.00
0.51 | 047 | 0.55 | 045 | 0.55
030 | 0.51 | 0.55 | 0.00 | 0.55
0.51 | 047 | 055 | 0.00 | 0.00
047 | 043 | 045 | 045 | 045
030 | 043 | 045 | 045 | 045
047 | 051 | 045 | 045 | 045
047 | 051 | 045 | 055 | 045
043 | 051 | 055 | 055 | 0.55

(b) Normalized standard deviations

O 0 N N U B~ W N~

—_
S

11
12

K L M N O
045 | 0.51 032 | 035 0.51
034 | 031 0.16 | 0.16 | 0.50
0.08 | 027 | 043 | 043 0.45
025 | 0.17 | 029 | 040 | 0.31
0.41 025 | 0.17 | 0.13 0.19
035 | 058 | 0.19 | 026 | 0.38
0.50 | 0.19 | 026 | 038 | 045
0.31 0.27 | 0.19 | 032 | 0.38
027 | 019 | 026 | 0.19 | 0.32
0.11 023 | 026 | 032 | 0.51
0.43 0.34 | 031 0.38 | 0.51
045 | 035 | 038 | 045 0.51

(b) Normalized standard deviations
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Tables II.F.3 - Combined layers before and after repair 1x1

K L M N O K L M N 0]
0.74 | 0.17 | 0.37 | 0.45 | 0.24 1 036 | 034 | 048 | 046 | 0.42
0.53 | 0.48 | 0.59 | 0.16 | 0.37 2 042 | 041 | 042 | 0.22 | 048
0.73 1 032 ] 0.65 | 036 | 0.11 3 0.26 | 037 | 045 | 045 | 0.29
0.50 | 0.54 | 0.72 | 0.41 | 0.15 4 042 | 045 | 039 | 047 | 0.26
0.61 | 0.58 | 0.56 | 0.17 | 0.33 5 041 | 042 | 044 | 037 | 047
0.36 | 0.48 | 0.33 | 0.06 | 0.52 6 0.39 | 0.50 | 047 | 0.17 | 0.50
0.59 | 0.52 | 0.49 | 0.10 | 0.11 7 0.45 | 047 | 0.50 | 0.25 | 0.29
0.51 | 0.32 ] 0.19 | 0.22 | 0.24 8 041 | 037 | 038 | 040 | 0.42
0.39 | 0.24 | 0.21 | 0.19 | 0.22 9 0.40 | 0.37 | 0.39 | 0.38 | 0.40
0.50 | 0.41 | 0.21 | 0.22 | 0.27 10 0.37 | 0.44 | 039 | 040 | 0.46
0451049 | 029 | 0.38 | 0.27 11 043 | 042 | 040 | 049 | 0.46
0.74 | 0.50 | 0.38 | 0.40 | 0.41 12 0.36 | 042 | 049 | 0.50 | 0.52
(a) Normalized means (b) Normalized standard deviations

Tables II.F.4 - Combined layers before and after repair 1x2
K L M N O K L M N 0]
Dos ) LS | s ) L 20 12 039 | 040 | 045 038 | 0.44
0.61 | 0.43 | 0.68 | 0.39 | 0.13
34 0.36 | 0.41 | 041 | 0.44 | 0.27

0.48 | 0.53 | 0.45 | 0.12 | 0.43
5-6 0.41 | 045 | 045 | 0.28 | 0.48

0.55 | 042 | 034 | 0.16 | 0.17
7-8 042 | 042 | 045 | 033 | 0.35

0.45 | 032 ] 021 | 0.21 | 0.25
059 | 049 | 034 | 039 | 034 9-10 | 038 | 0.40 | 0.37 | 0.37 | 0.42
11-12 | 0.41 | 0.40 | 0.43 | 0.47 | 0.48

(a) Normalized means (b) Normalized standard deviations



4-6

10-
12

O 00 N N L B~ W N o~

—
N o= O

K

L

198

Tables II.F.5 - Combined layers before repair 1x3

M

N

0)

0.67

0.33

0.53

0.33

0.24

0.49

0.53

0.54

0.22

0.34

0.50

0.36

0.30

0.17

0.19

0.56

0.47

0.29

0.33

0.32

(a) Normalized means

K L M N O

1-3 1035 038 | 044 | 039 | 0.40

4-6 | 040 | 044 | 0.44 | 0.37 | 0.43

79 1041 | 040 | 0.43 | 034 | 0.36

10-12 | 0.39 | 041 | 0.41 | 0.45 | 0.46

(b) Normalized standard deviations

Tables II.F.6 - Combined layers before repair 5x1

K-O

0.39

0.43

0.43

0.46

0.45

0.35

0.36

0.30

0.25

0.32

0.38

0.49

(a) Normalized means

K-O
1 0.44
2 0.41
3 0.42
4 0.42
5 0.43
6 0.43
7 0.44
8 0.39
9 0.37
10 0.41
11 0.42
12 0.45

(b) Normalized standard deviations



Tables II.F.6 - Combined layers before repair 1x6

K L M N 0 K L M N 0
1-6 | 058 | 043 | 0.54 | 0.27 | 0.29 1-6 | 0.38 | 0.42 | 0.44 | 0.38 | 0.41
7-12 | 0.53 | 041 | 0.29 | 0.25 | 0.25 7-12 | 0.40 | 0.40 | 0.41 | 0.40 | 0.41

(a) Normalized means (b) Normalized standard deviations

Tables I1.F.7 - Combined layers before repair 5x2

K L M N O K L M N O
1-2 0.41 1-2 0.42
3-4 0.45 34 0.42
5-6 0.40 5.6 0.43
7-8 0.33 7-8 0.41
9-10 0.29 o 0.39
: 0 :
11-12 0.43 - 0.44
: > :

(a) Normalized means (b) Normalized standard deviations
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1-3

4-6

7-9

10-12

1-6

7-12

Tables II.F.8 - Combined layers before repair 5x3

K-O

0.42

0.42

0.30

0.39

(a) Normalized means

Tables II.F.9 - Combined layers before repair 5x6

K-O

0.42

0.35

(a) Normalized means

1-3

4-6

10-12

200

K-O

0.42

0.43

0.40

0.43

(b) Normalized standard deviations

1-6

7-12

K-O

0.42

0.42

(b) Normalized standard deviations



201

Appendix I1.G - ArcGIS Visual Output Before and After Repair

R K L M N O

—12 12 | i
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| | | |
K L M N O
Lost reinforcement bars (B) Carbonation
K LI M l\ll clh K L M N O
12 —12 12 —12
11 11 11 —11
10 —10 10 —-10
9 -9 9 9
8 — 8 8 8
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1 1 1 1
(C) Active corrosion potential (D) pH level

Figure I1.G.1 - Visual output assessment layers before repair by ArcGIS
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Figure I1.G.2 - Visual output assessment layers after repair by ArcGIS
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Figure I1.G.3 - Visual output assessment layers combined by ArcGIS
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Appendix II.H — Static Truck Load Test Results

Strain (ustrain]
w
=1

AE Ampiitude (d8)

Time {sec )

—— Strain RC-b — Strain RC-d Strain PC& + AEAmplitude

Figure II.H.1 - Strain and AE Amplitude, Test N-Ala
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P LTI ]

Strain {ustrain)
w
=

AE Ampiitude (dE}

Time (sec )

—Sirain RC-b —Strain RC.d Strain PC8 + AEAmpitude

Figure II.H.2 - Strain and AE Amplitude, Test N-Alb
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w
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AE Amplitude (dE)
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— Strain RC-b — Strain RC-4 Strain PC-8 + AEAmplitude

Figure I1.H.3 - Strain and AE Amplitude, Test N-Alc
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Srain (pstrain)
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—Strain RC-b —— Strain RC-d Strain PC8 + AEAmptude

Figure II.LH.4 - Strain and AE Amplitude, Test N-A2a
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Figure I1.H.5 - Strain and AE Amplitude, Test N-A2b
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Figure II.H.6 - Strain and AE Amplitude, Test N-A2c
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Srain (pstrain)
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~—Strain RC-b — Strain RC-4 Strain PC-8 + AEAmphiude

Figure I1.H.8 - Strain and AE Amplitude, Test N-A3b
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Figure II.H.9 - Strain and AE Amplitude, Test N-A3c
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Appendix IL.I — Truck Weight Documentation

67035152

TICKET NUMBER
&

S
CERTIFIED

THE CAT SCALE GUARANTEE.
TJIBmTSMaCommpuumnmesmalwmwllmmmrabwu What Friakes CAT SCALE
usmﬂumnRMdmﬂalemnwmmemupwguamnmmmh“ COLLECTOR

. . WEIGH WHAT WE SAY OR WE PAY® CARD
imimeciaioy Ghock our i s v L) O f our CAT Scales showed  agal weight, we INSIDE!

(1) Reir you for the cost of the ight fire © our scade is wrong, OR
mkrmmmamewwmllthMImdw as an sxpart witnass i we
believe our scale was comrect

IF LD GET AN FINE, YOU SHOULD DO THE FOLLOWING TO GET THE PROBLEM RESOLYED:

ﬁllT MA 1) Post bond and request a court date,
0 TED gg Fl:;&:%‘: Company mu(ﬂ?: hours a day at I&?;CAT%CALE:‘WI
SENC & Copy citation, CAT Scale Ticket, your namae, 3
THUCK e - you oompaw address, and phone numbsar to
SCALE COM weighls. bidow are TMGHOSS
?grsoxssu Y lindmumghadunamwngﬂl WEIGHTSN HEUW
WALCOTT, |A 52773
(563} 284-6263
www.catscale.com DATE: STEERAXLE 1
801 CRIVE AXLE 1=
67035152 SCALE O ¢
LOCATION, TRUCK SERVICE PLWHARERAXLE e Lk
PUBLIC WEIGHMASTER'S 57 AND FL A4k
IFICATE OF 4 HER FL 3254 ey lp
WEIGHT & MEASURE HIALEAH FL * CROSS WEIGHT LSy 1b
E::ﬁ?owdww :na:hlhe following dh::ubad maérchandise was weighed, counted, or measured by a
T deputy weighmaster, and w uapedy ned and sealed skall 1
accuracy of the weight shown as proscribbed by kaw. - Siat e i Fecievidence o s
IMPRINT SEAL HERE |
(IF APPLICABLE)  —

L

CUSTOMER COPY

C"}'-"'""EI'H'EVF_
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Figure 3.1

67035153

TICKET NUMBER
&

FREIGHT aLL

UVESTOCK, PRODUCE, PROPERTY, COMMODITY, ORARTIGLE WEIGHED
UNIVERSITY OF MIAMI 1900873 NONE

COMPANY v TRALER® ____ -
: WEIGHMASTER OR
FEE . WEIGHER SIGNATURE _ Fuf%\:?r?‘ =
DAIVER IN TRUGK UNLESS CHECKED HERE: _ © 1950 AT Scalo Company® 1200

1.1 - Full weight truck measured before testing

THE CAT SCALE GUARANTEE
The CAT Scale Company that aur i manmmuaw “hetm CAT SCALE
us different from other scale companias is that we bick up our guarantee with cash COLLECTOR
WEIGH WHAT WE SAY OR WE PAY® CARD
If you gat an overweight fine from the state AFTER o1 of our GAT Scales showed a legal weight, we wil INSIDE!
immediately check ou scale and we will:

Iy} Ralmb\lse you for the cost of the overwelght fine if our scale is wrong, OR
2) mmmdwfmmmmllwhmlm driver &5an expen witness if we
believe our scale was corect.

IF YOU SHOULD GET AN OVERWEIGHT FINE, YOU SHOULD DO THE FOLLOWING TO GET THE PROBLEM RESOLVED;

1) Post bond and request & court date.

2) Call CAT Scale Cempany direct 24 hours a day &t 1-877-CAT-SCALE (Toll Fres).

3} IMMEDIATELY send a copy of tha citation, CAT Scale Ticket, your name, company, address, and phone number 1o
CAT Scale Company Aftn: Guarantes Departmert.

*Thelaurwmsrmnbm smmmmls TheGRﬂSSWEIGHT;smMIRﬂHEDWEGHT
and was weighed on a full length platio All weights by CAT

TRUCK SER,
27 AND FL

aH FL

(=15

IMPRINT SEAL HERE
(IF APPLICABLE)

This Is 1o certify that the following describod merchandise was weighed, counted, or measured by a
public or deputy weighmaster, and when properly signed and sealed shall be prima facia evidence of the
accuracy of the weight shown as prescrited by law.

CUSTOMER COPY

Figure 3.11.2 - Weight back axle truck measured before testing
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Appendix II.J — Comparison of Moving Average Sampling

10

4
-6
-8
E Time (sec.)
Strain RC-b Strain RC-b MA10 ~ Strain RC--b MA30
—— Strain RC-b MAS50 —— Strain RC-b MA100 = = -Analytical Strain

Figure I1.J.1 - Superimposed strains with different sample count for moving average
filtering
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Appendix IL.K - Crawling Speed Truck Load Tests Results

Strain (jsirain]
AE Amplitude (dB)

Time {sec )

—— Sirain RC-b —— Stram RC-d Strain PC-8 - + AEAMDI

Figure II.LK.1a - Strain and AE Amplitude, Test N-Bla
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Figure I1.LK.1b - Strain and AE Energy, Test N-Bla
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Figure II.K.1c - Strain and AE Duration, Test N-Bla
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Figure I1.LK.1d - Strain and AE Cumulative Number of Hits, Test N-Bla
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Figure I1.K.1e - Strain and AE Cumulative Energy, Test N-Bla
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Figure I1.K.2a - Strain and AE Amplitude, Test N-B1b
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Figure II.K.2b - Strain and AE Energy, Test N-B1b
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Figure I1.LK.2¢ - Strain and AE Duration, Test N-B1b
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Figure I1.K.2d - Strain and AE Cumulative Number of Hits, Test N-B1b
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Figure I1.K.2e - Strain and AE Cumulative Energy, Test N-B1b
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Appendix I1I - Study IIT

Appendix III.A - Attenuation Test Results Before Corrosion
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Figure III.A.1 - Attenuation results Beam B1
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Figure III.A.2 - Attenuation results Beam B2

224



Amplitude (dB)

100

90

80

70

60

50

40

30

20

- B - Concrete Break, Sensor CFRP

—o— Concrete Break, Sensor Concrete

~— CFRP Break, Sensor CFRP
- e - CRFP Break, Sensor Concrete
N
\\
I N F
N
1 \§ h m
~~~~~ i S
20 40 60 80 100 120

Distance (in.)

Figure I11.A.3 - Attenuation results Beam B3
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Appendix II1.B - Physical Assessment Results Before Corrosion

The physical assessments before repair had results equal to zero for the layers crack

map, reinforcement loss, and carbonation. These layers and data are not illustrated below.

BO
Bl
B2
B4

BO
B1
B2
B4

BO
B1
B2
B4

BO
Bl
B2
B4

Table II1.B.1 - pH level

A B C D E F G H | J K
90 11.0 11.0 10.7 100 11.0 103 11.0 10.0 9.0 83
11.0 11.0 110 110 11.0 11.0 11.0 11.0 11.0 11.0 11.0
11.0 11.0 11.0 110 11.0 11.0 11.0 11.0 11.0 11.0 11.0
11.0 90 100 110 11.0 11.0 11.0 11.0 11.0 11.0 11.0
Table II1.B.2 - Active corrosion potential
A B C D E F G H | J K
-233  -178 -129 -120 -144 -110 -99 -28 -61 -56 ~-118
-289 213 -111 -28 17 13 28 3 -109 -40 -96
276 -179 -82  -37  -37 -6 9 -20 40 33 26
-284 -202 -117 -136 -104 -65 -111 -98 -118 -104 -128
Table I11.B.3 - Chloride content
A B C D E F G H I J K
0.06% 0.05% 0.02%
0.04% 0.04% 0.02%
0.04% 0.01% 0.01%
0.02% 0.01% 0.02%
Table I11.B.4 - Attenuation conductivity
A B C D E F G H | J K
0.05 0.10 0.09 0.02 0.01 001 0.04 0.08 0.12 0.14 0.00
0.04 0.01 0.09 0.04 0.02 001 0.04 0.02 0.01 0.01 0.04
0.06 0.02 001 0.02 0.01 001 0.02 0.08 0.12 0.02 0.00
0.01 0.10 0.09 0.02 0.01 001 0.04 0.10 0.12 0.10 0.01
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Appendix III.C - AE Monitoring Corrosion Conditioning
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Table III1.C1 - Most active sensors during corrosion conditioning

Acoustic Emission Observations Visual

Amplitude Number of Hits  Initiation Activity Inspection
—_ S12 S11 S13
T 3 su S16
s 2 S9 S9
aa}
o S15 S15 S9 S9 S12
T % su s12 s15 s12 S13
S o S11 S15
2 -
o S14 S9 S13 S13 S11
@ § S11 S11 S14 S14 S12
5§ <o S9 S15 S13
& S10 S10 S14
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Appendix IIL.D - Visual Inspection and Carbonation

Figure II1.D.1 - Visual inspection Beam B0 to B4 before corrosion

Orrosion

1/29/10

Figure II1.D.2 - Core evaluation of concrete carbonation before corrosion

Figure II1.D.3 - Core evaluation of concrete carbonation after corrosion
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Appendix IIL.E - Normalized Assessments Results After Repair
Translated results for visual inspection, carbonation and AE attenuation conductivity

layers can be found in Table 4.3, 4.4 and 4.9.

Table III.E.1 - pH level

A B C D E F G H I J K
BO 1 0 0 0 0 0 0 0 0 1 1
Bl 0 0 1 0 0 0 1 0 0 0 0
B2 1 1 1 0 0 0 0 0 0 0 0
B4 1 1 0 0 0 0 0 0 0 0 0

Table II1.E.2 - Active corrosion potential

A B C D E F G H I J K
B0 0 0 0 0 0 0 0 0 0 0 0
Bl 1 1 1 1 1 1 1 1 1 1 1
B2 1 1 1 1 1 1 1 1 1 1 1
B4 1 1 1 1 1 1 1 1 1 1 1

Table II1.E.3 - Chloride content

A B C D E F G H I J K
BO 0 0 0 0 0 0 0 0 0 0
Bl 0 0 0 0 0 0 0 0 0 0 0
B2 0 0 0 0 1 1 1 0 0 0 0
B4 1 1 1 1 1 1 1 1 1 1 1

Table II1.E.4 - Crack density

A B C D E F G H I J K
BO 00 00 00 00O 00 00 00 00 00 0.0 00
Bl 04 02 02 04 04 04 06 02 02 04 0.6
B2 06 06 06 06 06 06 08 06 06 06 0.6
B4 06 06 08 08 038 1.0 08 06 08 08 0.6




Appendix IILF - Example Calculation for Beam Specimens

BEAM TEST PREPARATATION

FLEXURAL STRENGTHENED RC CONCRETE BEAM WITH A CFRP SYSTEM

Geometrical data
Np =3

X = 100%

h:= 6.in

ot := h = 6-in
Cover = 1in

dp = 0.5in

d:=h- Cover — Ds'db = 4.75.in

df = h=6-in
by, = 12in
'-span = 10ft

Ag = X-Np2in’ = 0.6.in’
Ag = by-h=72:n’

o= 12t

Wp = 12in

te == 0.04in

Ng:=2

Af = nfwb-tf = 0.96-in2

e .4
|:= bw-—E = 216-in
3

d . 4
|y = — = 107.172:in
g 12

Number of bars

Percentage steel present
Height

Height with deck

Cover

Bars diameter

Effective depth

Depth till FRP
Width of the slab

Span

Totzl area bars

Area concrete section
Length of the laminate
Width of FRP strips
Tickness of FRP strips
Number of FRP strips

Totzl area of FRP strips

Moment of inertia

Effective moment of inertia

233



Material data
fg = 60-ksi
fo := 4346-ksi

fpi= 7.5.,[To-psi = 0.494-ksi
ff‘u:= 91k8I

Eg := 29000 -ksi

Eg = 57000,fTg-psi = 3758 x 10 ksi

Ef:= 11500ksi
N : Es 7.718
s =—_—=
EC
Ey
Nof = —= = 3.167
G
Egy = 0.003
f

f -
== =1316x10 4
c

f

S —3
£g = — = 2.069 x 10
E
s
€ = 0.0085

Steel strength

Concrete strength

Concrete fiber rupture strenght

FRF rupture strength
Elastic modulus of steel
Elastic modulus of concrete

Modulus of elasticity of FRP

Composite ratio steel concrete

Composite ratio FRP concrete

Maximum compression strain concrete

Maximum tensile strain concrete

Ultimate strain steel

Rupture strain CFRP

Step 1: Calculate the FRP system design material properties

Ppr=1
Ce=1
fry = Ce-fry = 91-ksi

efi= Cory= 85% 1072

hiot By
wp = VW 15000 _ 55,100
ft? ft
(‘“D"-spenzj
= AL 0937 ki

MpL

T
c -
erg = 0.083. | ———in® = 5,608 x 1073
| MeEet

= |erg I srg<efy = 5€08x 1073

g otherwise

FRP strenght reduction factor
FRP environ. reduction factor

Reduced rupture stress

Reduced rupture strain

Dead load

Moment from dead load beam

Debonding strain level FRP <0.9%f.u
£f.u=0.0085 * 0.9 = 0.00765
Otherwise debonding is failure

Ultimate strain FRP

234



235

Step A: Cracking Moment

o = 34525 Xer 0= Lcr-h =2071:n

f

r _ )
Eqti= E- =1.316x 10 4 Rupture tensile concrate

c
Eori= ot =1316% 107" < 0005321

(d-xero
Coor -:—']-ec (=897 1077 <0002

9 h _ x y
(h = Xgr 0)
Xer0 _5
Eoori= T €0t =6938x 10 <0.00175
. ' h-x .

| cr.O]
fg.or= Eg-€g or = 2.602-ksi ft or = Ef-€f or = 1.566 ks
fo.ori= Eg-€g or = 0.261 -ksi Average concrete pressure
€ooor=17€gor=1179x 107 4 Strain corresponding to stress

concrete
4eoc.cr— Ccer

Bygrim ————— =0.707 Beta 1

6-€oc.or~ 2€c.cr

3 2
“€oc.crfe.or ~ fcor Alpha 1

0 o= = 0.669

3-B4 ¢r-€ocor

Aefa or + Apf !
s''s.crt Afifer
X = ( ) = 2.071-in Calculation for x.cr, should equal

a4 orfoorB1orby assumption x.cr0
Yor = d - Xgp = 2679-in
2 2
1 h h
lo= =5 bt + nS-AS-(d - 3] N nof-Af-[EJ - 257.543-in”

0
Mp ¢ = fr— = 3.961 -kip-ft Moment
' Yer
(sc.cr * Ef.cr] _5 1
Kgp = —————— = 3349 x 10 ~.— Curvature
h in
M
n.cr )
Elg:= —— = 1.419 % 10" -Ibf.in’ Stiffress
I:.cr
2
[Mn_cr'(o-f“Lspan)-] . Deflection
Wep i= —0.5 = —=0.06-Ir

Elg



Step B: Steel Yielding Moment

by = 34525 Xy_o = Ly»h =2071-in
fs )
Egyi= T = 2069 x 107
: :s
X
y.0 . _3
Eoy= T €gy = 1.6x 10
¥ g
h=Xy 0
ey = b )'Es.y: 3035 % 1073
d- Xylo
fS = 60-ksi ff_y = Ef-Ef_y = 36.111-Kksi
foyi= Eg-ggy = 6.013:ks
Cocy =17 €gy = 2725 107>
4 - g
oc. C.
Bey= YO o907

6-€o0y — 2:€cy

' 2
3-g “Epy — €
(. 0C.y "C.y “Cy )
0 y= = 0.669

3-B4.y€oc.y

(81.y)
N _ .
Mng.y = As-fs-[d - = = 12053 kip-t

B9 %
Mnf.y = Af-frlyv[df - (z;y)] = 15217 -kip-ft

Mny= Mngy + My = 27.27-Kip t

(scy * =y)

41
1= ——— T 724 10—
"y h . in
M
Ely = Y 4236« 10%1bf-in
Ky
[Mn y(05-Lspan) ] _
w,, = —05. = -1.39.in
Y El

Yielding steel

<0.00175

< 0.005321

Average concrete pressure

Strain corresponding to stress
concrete

Beta 1

Alpha 1

Calculation for x.y, should equal
assumption x.y0

Steel contribution to bending
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Step C : Concrete Crushing Moment

leq = 3367 xC1O = Lc1 -h=2.02-in
€c.of = 0.00175
(d - x°1-0) -3
€] = € o = 2365 % 10
Xc1.0
(h-%s10) _3
Efp1 = -_'60.01 = 3448 =« 10
%e1.0
fg o1 = fg = 60-ksi ft o1 = Ef-&f o1 = 41.025-ksi

fC.01 = EC'SC_C1 = 6.576-ksi

€t = 1.7+6g g1 = 2975 % 107 3

4eoc.01 ~ Sc.cf
By of = ——————————— = 0.707

6-€ac.c1 ~ 2 €c.ct

2
[3'500.01 “€c.c1~ Scol ] 066
0‘.1_01 = =
3-B4 ¢1-%0c.01
(As'fs + Af 'ff,cﬂ
o101 fe.c1B1.01°0w

Xaq = =2.02-in

(81.01%1) ,
Mns o1 = Aslfs{d - ———{= 12107 kip-ft

B1.c1%c1
Mnf o1 = At o1 {df - (2—) = 17.347-kip ft

Mn.c1=Mnsc1 + Mpf g1 = 29.454-Kip-ft

((c.c1+ #fc1) 4
Ko i= - = £.663 x 107 . —
h in
1
n.cl
Elq = ~—— = 4.08 x 16%.Ibf.in’
K1
[Mn_c‘l '[O'S'Lspan]z]
Weq = 0.5 = -1.559-in

Elgq

Concrete starts crushing

< 0.002
Yielded steel

< 0.005321

Average concrete pressure

Strain corresponding to stress
concrete

Beta 1

Alpha 1

Calculation for x.c1, should equal
assumption x.c10

Steel contribution to bending

FRF contribution to bending

Moment

Curvature

Stiffness

Deflection

237



Step E: Ultimate Concrete Moment
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Appendix II1.G - Strain and AE Results B0, B1 and B2
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Figure III.G.1a - Strain in time, Test BO
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Figure III1.G.1b - AE Amplitude (dB) in time, test BO
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Figure II1.G.1c - AE Energy (Joules) in time, test BO
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Figure II1.G.1d - AE Hits in time, test BO
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Figure III.G.1e - AE Cumulative Hits in time, test BO
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Figure I11.G.2a - Strain in time, test B1
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Figure II1.G.2b - AE Amplitude (dB) in time, test B1
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Figure I11.G.2¢c - AE Energy (Joules) in time, test B1
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Figure II1.G.2d - AE Hits in time, test B1
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Figure I11.G.2e AE Cumulative Hits in time, test B1
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Figure I11.G.3a - Strain in time, test B2
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Figure I111.G.3b - AE Amplitude (dB) in time, test B2
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Figure I11.G.3d - AE Hits in time, test B2
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Figure II1.G.3e - AE Cumulative Hits in time, test B2
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