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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. 



iii 
 

 

 

 

 

 

 

With love and gratitude  

to my children Sarah & Ruben  

and my parents Martin & Yolande 



 
 

iv 
 

 
Acknowledgements 

During my Ph.D. studies, I spent many moments thinking about how to express 

my deep appreciation to the exceptional individuals who supported me over the last three 

years. I have met so many people, with whom I shared many different experiences and 

who have supported me in many different ways. I speak from personal experience: One 

cannot complete a Ph.D. study without the help and support of family, friends, and good 

advisors who challenge and can convince one to keep the faith. I would like to deeply 

thank these individuals; they all have contributed to this very moment where I find 

myself in the University of Miami library writing my statement of gratitude after 

successfully defending my thesis and ending it all with a big smile. 

Above all, my two beautiful children, Sarah and Ruben, have made the greatest 

sacrifice. In their young years of life, they had to miss their father for long periods. 

Almost every day we had telephone contact, chatted by webcam. Fortunately, I managed 

to not miss one of their birthdays by flying over to spend time with them. I have seen 

them grow up as very talented, intelligent, and happy children and have all the confidence 

they will be very successful in life. I hope that the pursuit of my Ph.D. will serve as an 

example for them to follow their dreams and to make a contribution to the world with the 

talents they are given. 

My parents, Martin and Yolande, have taught me to be a free thinker and they 

have believed in me from the beginning. Without their lessons to use my strengths, belief 

in my capabilities, and their unconditional support, I would never have been able to 

develop my ambitions. My father’s pride and my mum’s love have been the one certainty 



 
 

v 
 

in life that I could always build on. Our family’s typical jokes, but also supportive chats, 

have been very important. I could also build on my sister, Joyce, and my two brothers, 

Kevin and Christoffel. Their support during one of the toughest periods of my life will 

never be forgotten. Chris even came over for several weeks. A special thanks goes to 

them as it is a treasure to have siblings. 

During my Ph.D. study, I was blessed to meet a wonderful person to whom I grew 

closer and closer. Rossella Ferraro is a very smart and loving person who has not only 

helped me to keep believing in myself, but has been there for me at every moment where 

the mountain sometimes seemed too high. Without her, I would not have been able to 

finish this study. I would like to give her a big kiss and special thanks for being such a 

strong and beautiful person. Together with little Spartacus, they were my joyful lights. 

I would like to give highest appreciation to my advisors, Dr. Antonio Nanni and 

Dr. Brian Metrovich. They have given me exceptional guidance. On several occasions, I 

found myself in situations where I needed the type of help which is not typically found on 

the advisors job description. They never hesitated to be understanding and made 

extraordinary exceptions to support me in even the most uncommonly difficult situations. 

Their support has my greatest respect and I am happy that they have become such close 

friends. Next to my Ph.D. studies, I have worked with Dr. Nanni on many projects and I 

would like to let him know that I admire him as a person on both a technical and personal 

level. Appreciation and gratitude also goes to the committee members, Dr. Fabio Matta, 

Dr. Jacqueline James, and Dr. Masoud Sanayei. Their technical contributions and 

friendships are gratefully acknowledged. Special appreciation goes to Dr. Sanayei who 

lifted the level of my study by his guidance during the last months. 



 
 

vi 
 

I would like to thank the people and institution for their support to make this 

research possible and especially the National Science Foundation, Doug Ruggiano of 

Metric Engineering, FYFE Company for supplying strengthening materials, and the 

Grove Isle Owners Association. 

There are a couple of individuals that absolutely deserve to be mentioned. Hetty 

and Co van de Kreeke have supported me especially in the first and toughest year. 

Without their exceptional help, I would not have made it. Hetty is not without reason 

known as “Happy Hetty” and, thanks to Co, I was able to come first time to Miami with a 

scholarship from the Netherlands Florida Scholarship Foundation in 2007. Mieke 

Grayson has been the kindest person helping me to travel to my children several times 

per year. Without her help, I cannot imagine how I would have survived. Dr. Pamela 

Deroian has become a dear friend and I would like to thank her and Patricia Rodriguez 

Gilmore for the liberating and positive talks we had throughout the last two years. My 

sincere gratitude goes also to President Donna Shalala and Dr. Patricia Whitely for their 

support and trust when it was so much needed. Dr. Monique Bakker and Professor Frans 

van Herwijnen have guided me through my Master’s studies, and they have also been my 

examples in Miami. 

On activities not directly connected to this study, I was blessed to work with Dr. 

Bart Chernow, Dr. Elizabeth Fenjves, Dr. Alexey Titov, and Dr. Christine Neipert. Dr. 

Chernow is a very exceptional individual who I greatly thank for his trust and belief in 

me. It has been the greatest honor to work with them and I hope we can together continue 

developing the integrated roof wind energy invention. 



 
 

vii 
 

Great memories are connected with my time in Miami. I have established many 

friendships. Sean October has become a very close friend, as well as Angelica 

Echavarria, Antonio De Luca, Tommy Kiger, Matthew Trussoni, Navid Nem, Tayla 

Aryai, Daniela Delgado, Carole Kavooras, Bill Jacobs and so many more. Dr. Carol 

Hays, Dr. Rodrigo Mora, and Dr. Fernando Tinoco are thanked for their support and 

friendship. My roommate, Nicola Saner, is thanked for all her help during this last 

semester. I wish her great success in pursuing her business degree. Keen appreciation is 

felt for the valuable assistance and friendship of especially Derek Schesser and Tom 

Makowski, and my students Stephanos Stephani, Ben Schulte, Santiago Rodriguez, 

Caitlin Lundell, Ida Qu, and Brian Law. I have made many more friends with whom I 

shared wonderful Orange-Green times during UM and ASCE activities, which bring me 

to my final words: “GO CANES!” 



viii

Table of Contents 

List of Figures ............................................................................................................ xii

List of Tables ............................................................................................................ xvi

1. Introduction ..................................................................................................................1

1.1 Preface ................................................................................................................. 1

1.3 Objectives ........................................................................................................... 5 

1.4 Significance......................................................................................................... 5 

1.5 Dissertation Outline ............................................................................................ 6 

2. Study I – Physical Assessment Studies and In-Service Monitoring with Acoustic 
Emission ...............................................................................................................................8

Synopsis ....................................................................................................................... 8 

2.1. Background ..................................................................................................... 9 

2.1.1. Literature Review...................................................................................10 

2.1.2. Objectives ..............................................................................................11 

2.1.3. Fair Isle Bridge ......................................................................................12 

2.2 Phase 1 – Assessment Studies before Repair .................................................... 16 

2.2.1. Physical Evaluation Methods .................................................................16 

2.2.2 Physical Evaluation Results ...................................................................21 

2.2.3. Discussion of Deteriorated Condition in Slab 3 and 6 ...........................31 

2.4 Phase 2 - Acoustic Emission ............................................................................. 32 

2.4.1 AE Monitoring .......................................................................................33 

2.4.2 Discussion of AE Results.......................................................................38 

2.5 Conclusions ....................................................................................................... 39 



ix

3. Study II - Probabilistic Identification of Corrosion Damage in a Concrete Deck .....41 

Synopsis ..................................................................................................................... 41

3.1 Background ....................................................................................................... 42 

3.1.1 Literature Review...................................................................................44 

3.1.2 Structure of Study ..................................................................................46 

3.1.3 Objectives ..............................................................................................47 

3.2 Part 1 - Physical Assessment Studies after Repair............................................ 48 

3.3 Spatial Analysis ................................................................................................ 64 

3.3.1 Numerical Spatial Analysis ....................................................................64 

3.3.2 ArcGIS Spatial Analysis ........................................................................75 

3.4 Part 2 - Bridge Load Test .................................................................................. 82 

3.4.1 Fair Isle Bridge Test Setup ....................................................................82 

3.4.2 Crawl Speed Truck Load Testing ..........................................................83 

3.4.3 Structural Response ...............................................................................86 

3.4.4 Results and Discussion of Strain and AE Relation ................................90 

3.4.5 Results and Discussion of Spatial Analysis and AE ............................100 

3.5 Conclusions ..................................................................................................... 107 

4. Study III - CFRP Strengthened RC Beams at Different Corrosion Stages ..............109 

Synopsis ................................................................................................................... 109

4.1 Background ..................................................................................................... 110 

4.1.1 Literature Review.................................................................................111 

4.1.2 Structure of Study III ...........................................................................113 

4.1.3 Objectives Study III .............................................................................113 

4.2 Specimens and Specifications ......................................................................... 115 

4.3 Evaluation before Corrosion ........................................................................... 116 

4.3.1 AE Attenuation Testing .......................................................................116 



x

4.3.2 Physical Assessment Studies ...............................................................118 

4.4 Corrosion Conditioning .................................................................................. 122 

4.4.1 AE Monitoring of Concrete Cracking ..................................................123 

4.4.2 Visual Inspection .................................................................................124 

4.5 Evaluation after Corrosion .............................................................................. 126 

4.5.1 Physical Assessment Studies ...............................................................126 

4.5.2 Spatial Analysis ...................................................................................131 

4.5.3 AE Attenuation Testing .......................................................................137 

4.5.4 Repair & Strengthening .......................................................................139 

4.6 Structural Testing ............................................................................................ 141 

4.6.1 Results and Discussion of Structural Response ...................................144 

4.6.2 Results and Discussion of AE monitoring ...........................................150 

4.6.3 Results and Discussion of Spatial Analysis and AE ............................157 

4.7 Conclusions ..................................................................................................... 161 

5 Conclusions ..............................................................................................................162

6 Future Work .............................................................................................................164 

References ........................................................................................................................167

Appendices .......................................................................................................................178

Appendix I – Study I ................................................................................................ 178 

Appendix I.A – Physical Assessment Results at Deeper Level............................178 

Appendix I.B – Chloride Content Results Fair Isle Bridge ..................................180 

Appendix II - Study II .............................................................................................. 181 

Appendix II.A - Complete Crack Map .................................................................181 

Appendix II.B - Complete Air Voids Map ...........................................................183 

Appendix II.C - Amplitude Results Attenuation Test ..........................................184 

Appendix II.D - 3D Visualization AE Attenuation ..............................................191 



xi

Appendix II.E - Volumetric Attenuation Visualization ........................................193 

Appendix II.F - Matrices of Blocked Layers Before Repair ................................196 

Appendix II.G - ArcGIS Visual Output Before and After Repair ........................201 

Appendix II.H – Static Truck Load Test Results .................................................204 

Appendix II.I – Truck Weight Documentation ....................................................207 

Appendix II.J – Comparison of Moving Average Sampling ................................208 

Appendix II.K - Crawling Speed Truck Load Tests Results ................................209 

Appendix III - Study III ........................................................................................... 224 

Appendix III.A - Attenuation Test Results Before Corrosion ..............................224 

Appendix III.B - Physical Assessment Results Before Corrosion .......................226 

Appendix III.C - AE Monitoring Corrosion Conditioning ...................................227 

Appendix III.D - Visual Inspection and Carbonation ...........................................231 

Appendix III.E - Normalized Assessments Results After Repair ........................232 

Appendix III.F - Example Calculation for Beam Specimens ...............................233 

Appendix III.G - Strain and AE Results B0, B1 and B2 ......................................239 



xii

List of Figures 

Figure 2.1 - Adopted plan and elevation of Fair Isle Bridge ..................................... 14 

Figure 2.2 - Fair Isle Bridge from South-East direction ............................................ 14 

Figure 2.3 - Cross section and plan of PC and RC section ........................................ 15 

Figure 2.4 - 24 by 24 in. [610 by 610 mm] grid on deck soffit ................................. 17 

Figure 2.5 - Layer (A): Visual inspection map .......................................................... 22 

Figure 2.6 - Areas with spalled concrete and damaged strands ................................. 23 

Figure 2.7 - Field exploration for carbonation detection ........................................... 23 

Figure 2.8 - Layer (B): Carbonation map .................................................................. 26 

Figure 2.9 - Layer (C): Active steel corrosion potential map .................................... 27 

Figure 2.10 - Layer (D): pH level map ...................................................................... 29 

Figure 2.11 - Layer (E): Chloride content map ......................................................... 30 

Figure 2.12 - AE sensors on deck soffit of the bridge ............................................... 34 

Figure 2.13 - AE Amplitude for sensors 1 to 8 .......................................................... 35 

Figure 2.14 - AE Energy vs. Time for sensors 3 and 6 ............................................. 37 

Figure 2.15 - AE Duration vs. Energy for sensors 3 and 6 ........................................ 37 

Figure 3.1 - Plan view and deck cracks ..................................................................... 49 

Figure 3.2 - Layer (F): Density specified deck cracks map ....................................... 51 

Figure 3.3 - Layer (G): Air voids under CFRP laminates map ................................. 53 

Figure 3.4 - AE sensor and pencil lead break locations ............................................ 55 

Figure 3.5 - Average Amplitude attenuation vs. traveling distance .......................... 58 

Figure 3.6 - Comparison AE attenuation RC slab with PC slab 8 ............................. 58 

Figure 3.7 - Comparison parallel, diagonal and random direction ............................ 59 



xiii

Figure 3.8 - AE attenuation volumetric visualized ranges ........................................ 63 

Figure 3.9 - Layered maps before and after repair, (A) to (H) .................................. 65 

Figure 3.10 - Deviation RC deck for Blocking Statistics .......................................... 73 

Figure 3.11 - Mean values with 1x1 spatial analysis ................................................. 74 

Figure 3.12 - Mean values with 1x3 spatial analysis ................................................. 74 

Figure 3.13 - ArcGIS output before and after repair combined ................................ 80 

Figure 3.14 - ArcGIS output 10 class reclassification (6 to 10) ................................ 80 

Figure 3.15 - 1x3 mean Blocking Statistics (ArcGIS) ............................................... 81 

Figure 3.16 - 1x3 standard deviation Blocking Statistics (ArcGIS) .......................... 81 

Figure 3.17 - Test setup crawl speed truck load test .................................................. 84 

Figure 3.18 - Load truck for load testing ................................................................... 85 

Figure 3.19 - AE sensors and strain gauges on the deck soffit .................................. 85 

Figure 3.20 - Slab section and load position .............................................................. 88 

Figure 3.21 - Influence lines ...................................................................................... 89 

Figure 3.22 - Measured and analytical strains (N-B2a) ............................................. 92 

Figure 3.23 - Strains and unfiltered AE Duration (N-B1b) ....................................... 92 

Figure 3.24 - Strain and AE Amplitude (N-B2a) ...................................................... 95 

Figure 3.25 - Strain and AE Energy (N-B2a) ............................................................ 95 

Figure 3.26 - Strain and AE Duration (N-B2a) ......................................................... 97 

Figure 3.27 - Strain and AE Normalized Cumulative Hits (N-B2a) ......................... 99 

Figure 3.28 - Strain and AE Normalized Cum. Energy (N-B2a) .............................. 99 

Figure 3.29 - Potential damaged areas and sensor locations ................................... 101 

Figure 3.30 - AE Amplitude hits per sensor (N-B3a) .............................................. 104 



xiv

Figure 3.31 - AE Energy hits per sensor (N-B3a) ................................................... 104 

Figure 3.32 - Most active sensors per crawl speed test ........................................... 106 

Figure 4.1 - Structure of Study III ........................................................................... 114 

Figure 4.2 - Physical assessment and AE sample points (in.) ................................. 117 

Figure 4.3 - AE attenuation Beam B0 ..................................................................... 117 

Figure 4.4 - AE attenuation test plan ....................................................................... 120 

Figure 4.5 - Combined normalized results before corrosion ................................... 120 

Figure 4.6 - Top and side view test setup corrosion conditioning ........................... 121 

Figure 4.7 - Corrosion conditioning setup ............................................................... 121 

Figure 4.8 - Visual inspection after corrosion (B1 to B3) ....................................... 125 

Figure 4.9 - Attenuation before (a) and after (b) corrosion (B3) ............................. 130 

Figure 4.10 - Damage potential combined layers after corrosion ........................... 133 

Figure 4.11 - Damage comparison RC slab and beams ........................................... 133 

Figure 4.12 - Classification of damaged areas ......................................................... 136 

Figure 4.13 - Attenuation, sensors and breaks on CFRP ......................................... 138 

Figure 4.14 - Attenuation, sensors on concrete, breaks on CFRP ........................... 138 

Figure 4.15 - Local removal of concrete cover (B1 to B3) ..................................... 140 

Figure 4.16 - Corrosion observations ...................................................................... 140 

Figure 4.17 - Concrete patching chipped areas (B1 to B3) ..................................... 140 

Figure 4.18 - Four-point bending test setup ............................................................. 142 

Figure 4.19 - Prescribed load cycle series program ................................................. 143 

Figure 4.20 - Load-displacement (B0) ..................................................................... 146 

Figure 4.21 - Load-midspan strains (B0) ................................................................. 146 



xv

Figure 4.22 - Positive moment-strains (B0 to B3) ................................................... 147 

Figure 4.23 - Load-displacement (B0 to B3) ........................................................... 147 

Figure 4.24 - Test setup wit bended specimen close to failure ................................ 149 

Figure 4.25 - Failure modes beam specimens ......................................................... 149 

Figure 4.26 - Strain and AE Amplitude in time, complete test B3 .......................... 153 

Figure 4.27 - Strain and AE Amplitude, B3 Series A-C ......................................... 153 

Figure 4.28 - Strain and AE Energy in time, complete test B3 ............................... 154 

Figure 4.29 - Strain and AE Energy, B3 Series A-C ............................................... 154 

Figure 4.30 - Strain and AE Hits in time, complete test B3 .................................... 155 

Figure 4.31 - Strain and AE Hits, B3 Series A-C .................................................... 155 

Figure 4.32 - Strain and AE Cumulative Hits, complete test B3 ............................. 156 

Figure 4.33 - Strain and AE Cumulative Hits, B3 Series A-C ................................ 156 

Figure 4.34 - Visual indication AE activity and spatial analysis ............................. 159 

Figure 4.35 - Crack map with failure and AE sensor locations ............................... 159 



xvi

List of Tables 

Table 1.1 - Overview of publications .......................................................................... 7 

Table 2.1 - Original design, expansions and repair details ........................................ 13 

Table 2.2 - Threshold levels indicating corrosion/concrete damage ......................... 31 

Table 3.1 - Repair actions for FRP blisters and delamination spots .......................... 52 

Table 3.2 - Thresholds indicating corrosion or concrete damage .............................. 66 

Table 3.3 - Numerical translation lost reinforcement ................................................ 67 

Table 3.4 - Numerical translation carbonation .......................................................... 67 

Table 3.5 - Numerical translation active corrosion potential .................................... 67 

Table 3.6 - Numerical translation pH level ............................................................... 67 

Table 3.7 - Numerical translation deck crack density ............................................... 69 

Table 3.8 - Numerical translation air voids ............................................................... 69 

Table 3.9 - Numerical translation AE conductivity ................................................... 69 

Table 3.10 - Cells with highest mean with standard deviations ................................ 70 

Table 3.11 - Mean values before and after repair combined ..................................... 71 

Table 3.12 - Standard deviations before and after repair combined .......................... 71 

Table 3.13 - Reclassification lost reinforcement bars ............................................... 76 

Table 3.14 - Reclassification pH level ....................................................................... 76 

Table 3.15 - Reclassification carbonation ................................................................. 77 

Table 3.16 - Reclassification active corrosion potential ............................................ 77 

Table 3.17 - Reclassification air voids ...................................................................... 77 

Table 3.18 - Reclassification AE conductivity .......................................................... 77 

Table 3.19 - Reclassification deck cracks .................................................................. 78 



xvii

Table 3.20 - CFRP strengthened RC deck capacity .................................................. 87 

Table 3.21 - AE Peak and mean values selection per test ....................................... 102 

Table 3.22 - Sensor selection highest AE activity per test ...................................... 102 

Table 4.1 - Reinforcement material specifications .................................................. 115 

Table 4.2 - Steel mass loss ....................................................................................... 123 

Table 4.3 - Visual inspection reinforcement results ................................................ 126 

Table 4.4 - Carbonation detection results ................................................................ 127 

Table 4.5 - pH level results ...................................................................................... 127 

Table 4.6 - Active corrosion potential results .......................................................... 127 

Table 4.7 - Chloride content results ......................................................................... 128 

Table 4.8 - Crack density results ............................................................................. 128 

Table 4.9 - AE attenuation conductivity results ...................................................... 129 

Table 4.10 - Numerical translation chloride content ............................................... 131 

Table 4.11 - Mean values combined results (B0 to B3) .......................................... 132 

Table 4.12 - Standard deviations combined results (B0 to B3) ............................... 132 

Table 4.13 - Structural estimations and experimental results .................................. 144 

Table 4.14 - Experimental strain data ...................................................................... 145 

Table 4.15 - Peak and mean value selection per specimen ...................................... 157 

Table 4.16 - Sensor selection highest AE activity per specimen ............................. 158 



 
 

1 
 

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 [I/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 
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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. 
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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].  
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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.   
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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: 

� 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; 

� Analyze corrosion induced damage in controlled laboratory conditions to develop 

recognition and prediction of AE patterns; 

� 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. 
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1.5 Dissertation Outline 

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. 
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Table 1.1 - Overview of publications 

Study Title Journal Status 
 
Study I 
 
 
 

 
Non Destructive Evaluation Techniques and Acoustic 
Emission for Damage Assessment of Concrete Bridge 
in Marine Environment 
 

 
ACI-Special 
Publications 
 
 

In Press 
 
 
 

Study II-1 
 
 
 

Probabilistic Identification of Corrosion Damage in a 
Concrete Deck 
 
 

Materials in 
Civil 
Engineering 
 

Writing 
 
 
 

Study II-2 
 
 

Bridge Load Test of RC Deck Marine Environment 
 
 

Structural 
Engineering 
 

Writing 
 
 

Study III 
 
 

CFRP Strengthened RC Beams at Different Corrosion 
Stages 
 

Construction 
and Building 
Materials 
 

Writing 
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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 
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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 

� 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; 

� Introduce a novel mapping tool that offers spatial verification and correlation of 

physical and chemical assessment results; 

� Identify areas of urgent concern for concrete damage and steel reinforcement 

corrosion by different layers; 

� 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 
Construction 

1961 

Expansion 
1972 Repair 1998 Repair 2008 

Total width (ft) 22.5 33.25 No change No change 
Section width (in.) 30 10.75 No change No change 

Section height (in.) 15 18 Repair spall Repair spalled 
concrete 

Cover (in.) 3 3 Patching Patching 
Top deck [in.] 0 3 Fill cracks No change 

Design  PC RC Patching Patching, CFRP 
strengthening 

Bar diameter  (in.) 0.5 1.25 Shear 
strengthening 

Adhesively 
bonded CFRP 

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 Böhni 

[Elsener and Böhni, 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; 

Räsänen 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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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. [5 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. 

  



 

 

 

 

Figure 2.10

 

 
 

0 - Layer (D)): pH level mmap 

29 

 



 

 

 

 

Figure 2.11 - L

 
 

ayer (E): Chhloride conteent map  

30 

 



31 
 

 
 

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) pH level � 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. 
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An event at time t = 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 t = 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 E = 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 t = 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: 

� 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; 

� 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; 

� 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. 
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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 
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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 
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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 

� Evaluate and compare chemical assessment methods with AE monitoring to 

localize areas of concern, both repaired and unrepaired, for corrosion and concrete 

damage; 

� 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; 

� 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; 

� Evaluate correlation between strain and AE activity during a nondestructive 

isolated load test, both static and ambient at service level loading; 

� 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 Part 1 - 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 II.B. 

According to ACI-440.R2 [2008] (Table 3.1); an air bubble smaller than 2 in2 [13 

cm2] can be ignored (blue), except when there are 10 or more in 10 ft2 [1 m2] (red dash-

dotted square); an air void with an area between 2 and 25 in2 [13 and 160 cm2] should be 

filled with resin (magenta); and air voids with an area larger than 25 in.2 [160 cm2] 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 in2 [160 cm2] in area O-2 and L-6. Also one 

10 ft2 [1 m2] 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] 
< 2 in2 Acceptable 

10 spots <2 in. per 10 ft2 Inject or Replace 
2 to 25 in2 Inject 

> 25 in2 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 16th 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. 
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Figure 3.7 - Comparison parallel, diagonal and random direction 
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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 II.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 

II (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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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 

St
ud

y 
I 

(A) Visual Inspection Bars missing (%) 
(B) Carbonation detection no pink coloration 
(C) Active corrosion potential < -350 mV 
(D) pH level � 9.0 
(E) Chloride content > 2% 

(not included)   

St
ud

y 
II

 

(F) Deck cracks Relative density ratio 
(G) Air voids under CFRP � 2 in2, or 10 per 10 ft2 
(H) AE attenuation conductivity Relative Number of Hits ratio 

 

Table 3.3 shows the translation of remaining reinforcement (A) in the RC slab 

(RCn,m). 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 (CAn,m) to relatively 1.0 or 0 (Table 3.4). Layer (C) with active corrosion 

potential (CPn,m) indicates active corrosion with 90% probability when values are 

measured -350 mV or lower. Although, Elsener and Böhni [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 (pHn,m) with a damage probability of 1.0 (Table 3.6). 
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Table 3.3 - Numerical translation lost reinforcement 

Observation RCn,m 
0 0 
1 0.33 
2 0.66 
3 1 

 

Table 3.4 - Numerical translation carbonation 

Observation CAn,m 
Yes 0 
No 1 

 

Table 3.5 - Numerical translation active corrosion potential 

Observation CPn,m 
� -350 0 
< -350 1 

 

Table 3.6 - Numerical translation pH level 

Observation pHn,m 
> 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 nn,i times the length indicated in the 

specific mini grid cell Ln,m  (in.) (Table 3.7). The crack density ratio (CDn,m) 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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(1)

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 

(AVn,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 in2 [13 and 160 mm2] and with a single air void area 

of 25 in2 [160 mm2] 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 

AEn,m is calculated by dividing the Number of Hits counted per grid point Nn,m,hits 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. 

����� � � � ���������	��
  (2)
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Table 3.7 - Numerical translation deck crack density 

Observation CDn,m 

Length cracks CD Ratio by 
equation (2) 

 

Table 3.8 - Numerical translation air voids 

Observation AVn,m 
< 2 in. 0 
2 to 25 in. 0.5 
> 25 in. 1 
�10 spots/10 ft2 1 

 

Table 3.9 - Numerical translation AE conductivity 

Observation AEn,m 

Number of Hits Hits Ratio by 
equation (1) 

 

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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����� � ������ � ����� � ����� � ����� � ����� � ����� � �����	�� !"�  
(3)

#��� � $�� % &''��( � ��)*+
�,-�(,-  

(4)

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 

  ��> 0.70 0.60 < �� < 0.70 
  K-1 K-3 K-12 M-4 K-5 M-3 
Mean 0.74 0.73 0.74 0.72 0.61 0.65 
Standard Deviation 0.36 0.26 0.36 0.39 0.41 0.45 
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Table 3.11 - Mean values before and after repair combined 

K L M N O 
1 0.74 0.17 0.37 0.45 0.24 
2 0.53 0.48 0.59 0.16 0.37 
3 0.73 0.32 0.65 0.36 0.11 
4 0.50 0.54 0.72 0.41 0.15 
5 0.61 0.58 0.56 0.17 0.33 
6 0.36 0.48 0.33 0.06 0.52 
7 0.59 0.52 0.49 0.10 0.11 
8 0.51 0.32 0.19 0.22 0.24 
9 0.39 0.24 0.21 0.19 0.22 
10 0.50 0.41 0.21 0.22 0.27 
11 0.45 0.49 0.29 0.38 0.27 
12 0.74 0.50 0.38 0.40 0.41 

 

Table 3.12 - Standard deviations before and after repair combined 

K L M N O 
1 0.36 0.34 0.48 0.46 0.42 
2 0.42 0.41 0.42 0.22 0.48 
3 0.26 0.37 0.45 0.45 0.29 
4 0.42 0.45 0.39 0.47 0.26 
5 0.41 0.42 0.44 0.37 0.47 
6 0.39 0.50 0.47 0.17 0.50 
7 0.45 0.47 0.50 0.25 0.29 
8 0.41 0.37 0.38 0.40 0.42 
9 0.40 0.37 0.39 0.38 0.40 
10 0.37 0.44 0.39 0.40 0.46 
11 0.43 0.42 0.40 0.49 0.46 
12 0.36 0.42 0.49 0.50 0.52 
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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).  

./� 01222222�3���3( � �''�3���3(	�� !"�  
(5)

.��41222222���3* � �''���3*	�� !"�  
(6)

Appendix II.F 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 

  



 

 

 

Figure

Figure

e 3.11 - Mea

e 3.12 - Mea

 
 

an values wit

an values wit

th 1x1 spatia

th 1x3 spatia

al analysis 

al analysis 

 

74 

 



75 
 

 
 

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 II.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 

0 66 1188 19.8 26.62 1 0-33 0.33 12 
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 

0 100 2400 40 49.40 7.67 7.67-9 100 24 
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Table 3.15 - Reclassification carbonation 

Data Classes Reclass Count Min Max Sum Mean St. Dev. 
No 0 0 37 0 100 2300 38.33 49.03 Yes 0-1 100 23 

 

Table 3.16 - Reclassification active corrosion potential 

Data Classes Reclass Count Min Max Sum Mean St. Dev. 
330 0-349.9 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 

0 100 1700 28.33 39.45 50 50-99 50 12 
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 90 3460 57.66 18.44 

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 
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 

10 100 1350 22.5 20.96 

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 
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. 
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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 

error.  

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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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.H 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 II.I). 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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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. 
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Table 3.20 - CFRP strengthened RC deck capacity 

Steel loss Situation Moment EI w midspan Vc 
% ft-kip/ft. lb/in2/ft. in. kip 

0% 
Cracking 22.825 8.11E+10 0.032 

23.75 

Yielding 80.99 5.22E+09 1.761 

33% 
Cracking 21.789 8.40E+10 0.029 
Yielding 67.88 4.51E+09 1.707 

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.
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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 II.J. 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 �-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 (�-strain) is given on the 

left axis to indicate the loading pattern of the span with the horizontal time axis, while the 

AE Duration (�-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 �-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-B1a, N-B3a, and N-B3b 

with characteristic Durations above 15,000, 9000, and 9000 �-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 �-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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Figure 3.27 - Strain and AE Normalized Cumulative Hits (N-B2a) 

 

Figure 3.28 - Strain and AE Normalized Cum. Energy (N-B2a) 
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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 

Test 
Amplitude (dB) Energy (J.) Duration (�sec.) Nr. of Hits 

Peak Mean Peak Mean Peak Mean Sum Mean 
N-B1a 69 47 167 17.3 9414 2756 39 1.37 
N-B1b 80 45 513 17.1 7774 2200 52 1.83 
N-B1c 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 

Crawl Speed Tests (N) 
  B1a B1b B1c B2a B2b B2c B3a B3b B3c 

Pe
ak

 Amplitude 4 6 13 6 6 13 6 13 8 
Energy 4 6 13 6 6 13 3 13 8 
Duration 6 9 13 3 9 6 3 13 8 

C
um

ul
at

iv
e Amplitude 1 1 1 1 3 1 3 13 3 

Energy 1 6 1 6 3 1 3 13 8 
Duration 1 1 1 6 1 6 3 13 6 
Hits 1 1 1 1 3 1 3 13 3 

R
es

ul
t 

Peak Sensors 4 6 13 6 6 13 3 13 8 

Cum. Sensor 1 1 1 1 3 1 3 13 3 
 

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-B1a, N-B1c, 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 

� 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; 

� 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; 

� Numerical AE signal activity correlation with spatial assessment outcomes could 

be performed with the parameters Amplitude, Energy, Duration and Number of 

Hits; 

� 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. 
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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 

� Assess performance of RC beams under laboratory conditions with corrosion 

damage, repair, and CFRP strengthening; 

� Evaluate AE response in relation to strain, deflection at increasing and repeating 

load cycle series; 

� Evaluate failure modes and ultimate strength of CFRP strengthened RC beams 

under different stages of corrosion; 

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

location and areas previously rated for high potential damage. 



 

 

 

Figure 4.

 
 

1 - Structuree of Study IIII 
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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, 

f’c, 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, fc, 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. in2 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 B0-A, B0-J, and B0-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 B0-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 III.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/cm2) 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), Iapp is the current density (Amp/cm2), T 

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

5� � 67�889:  
(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 G01 [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. �Amp/cm2 gram Weight Faraday 
B0 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 
B0 0 0 0 0 0 0 0 0 0 0 0 
B1 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 0.4 0.5 0.2 0.8 0.8 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 
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length [300 mm] and showed similar results (Appendix III.D).  Only few additional 

locations are indicated with a pH level equal or lower than 9.0 (Table 4.5). Beam B1, 

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

pH level of ~9.0.  

Table 4.4 - Carbonation detection results 

A B C D E F G H I J K 
B0 0 0 0 0 0 0 0 0 0 0 0 
B1 0 0 0 0 0 0 0 0 0 0 0 
B2 0 0 0 0 0 0 0 0 0 0 0 
B3 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 
B0 9.0 11.0 11.0 10.7 10.0 11.0 10.3 11.0 10.0 9.0 8.3 
B1 10.3 9.3 9.0 9.3 9.2 9.5 9.0 9.8 9.3 9.8 10.5 
B2 9.0 9.0 8.8 11.0 11.7 11.7 11.7 11.7 11.3 11.7 10.0 
B3 9.0 9.0 9.3 10.7 10.0 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.  

Table 4.6 - Active corrosion potential results 

A B C D E F G H I J K 
B0 0 0 0 0 0 0 0 0 0 0 0 

B1 -649 -649 -647 -643 -647 -618 -626 -647 -627 -624 -607 

B2 -545 -517 -533 -529 -510 -512 -498 -516 -515 -499 -485 

B3 -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 
B0 0.00% 0.00% 0.00% 
B1 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 
B1 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 
B0 0.05 0.10 0.09 0.02 0.01 0.01 0.04 0.08 0.12 0.14 0.00 
B1 0.45 0.28 0.17 0.14 0.14 0.14 0.15 0.19 0.24 0.31 0.10 
B2 0.12 0.15 0.16 0.14 0.14 0.14 0.14 0.14 0.14 0.24 0.19 
B3 0.45 0.45 0.43 0.39 0.38 0.38 0.38 0.36 0.39 0.69 0.57 
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(a) 

(b) 

Figure 4.9 - Attenuation before (a) and after (b) corrosion (B3) 
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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 CCn,m ; 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 AVBi,n is 

replaced by the chloride content layer CCBi,n. 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 B0 to 

0.35, 0.41 to 0.58 in Beam B0 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 

B0 0.15 0.01 0.01 0.00 0.00 0.00 0.01 0.01 0.02 0.16 0.14 

B1 0.41 0.35 0.48 0.36 0.36 0.22 0.54 0.34 0.35 0.24 0.24 

B2 0.53 0.39 0.39 0.39 0.53 0.53 0.56 0.39 0.25 0.26 0.27 

B3 0.72 0.72 0.75 0.51 0.67 0.51 0.57 0.54 0.46 0.51 0.45 

 

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

A B C D E F G H I J K 

B0 0.38 0.04 0.03 0.01 0.00 0.00 0.01 0.03 0.04 0.37 0.38 

B1 0.45 0.45 0.49 0.46 0.46 0.35 0.48 0.46 0.44 0.36 0.39 

B2 0.48 0.44 0.43 0.47 0.48 0.48 0.50 0.47 0.37 0.38 0.37 

B3 0.39 0.39 0.45 0.43 0.38 0.44 0.42 0.41 0.45 0.43 0.45 
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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 B0 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 ����<=>?�� relative to 

specimens B0 to B3, where ��<��� is the mean value of each cell, and 5@�<=>? is the 

maximum value of all specimens.  
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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 III.E. 

����<=>?�� � ��<���5@�<=>? (2)

����<��� � ��<��� � 5A	<�5@�<� � 5A	<� (3)

The second approach identifies areas with highest damage probability relative to the 

condition of each specimen. The Concrete Corrosion Damage Potential ����<��� relative 

to each single specimens is given in equation (3), where the difference of mean value of 

each cell (��<���) and overall minimum of the specimen 5A	<� is divided by the range; 

maximum of each beam 5@�<� minus minimum 5A	<�. 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 B0-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 B0 is able to record from 

greater distances.  
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Figure 4.13 - Attenuation, sensors and breaks on CFRP 

 

 

Figure 4.14 - Attenuation, sensors on concrete, breaks on CFRP
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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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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 B0 to B3, ACI 

estimations at estimated corrosion levels with two plies of CFRP strengthening 

(Appendix III.F), and in addition an uncorroded and unstrengthened specimen (C) 

[Napoli 2010].  

Table 4.13 - Structural estimations and experimental results 

Corrosion f'c My My,i/My,c Mu Mu,i/Mu,c wy wu Failure 
Level psi k-ft % k-ft % in. in. Mode 

A
C

I, 
an

al
yt

ic
al

 C - 4346 12.6 - 13.2 - 1.18 3.26 YS-CC 
B0 - 4346 27.3 - 34.2 - 1.39 1.56 YS-LD 
B1 7.24% 4346 26.4 - 32.0 - 1.38 1.59 YS-LD 
B2 12.14% 4346 25.8 - 33.9 - 1.37 1.61 YS-LD 
B3 19.90% 4346 24.9 - 33.7 - 1.35 1.65 YS-LD 

Ex
pe

rim
en

ta
l C - 3926 13.0 104% 17.4 132% 1.00 3.61 YS-CC 

B0 - 4346 26.0 95% 29.8 87% 1.21 2.33 YS-LD 
B1 7.24% 4346 24.1 91% 27.8 87% 1.21 1.67 YS-LD 
B2 12.14% 4346 25.2 97% 29.0 86% 1.21 1.61 YS-LD 
B3 19.90% 4346 22.0 88% 24.1 71% 1.15 1.29 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 



145 
 

 
 

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 B0 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 [56kN]. At this point, steel 

reinforcement starts to yield. Steel yielding is recorded by internal strain gauges on rebars 

for Beam B0 (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 f'c �y,s �y,c �y,f 
Level psi (��) (��) (��) 

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 B0 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. 
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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 B0 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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4.6.2 Results and Discussion of AE monitoring 

The relationship between strain and AE was found during crawl load testing in Study 

II 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 A1; 6.7% of Mu) 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 

Test 

Amplitude (dB) Energy (J.) Duration (�sec.) Nr. of Hits 

Peak Mean Peak Mean Peak Mean Sum Mean 

B0 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 1.43 
 

 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 B1 B2 B3 

Pe
ak

 Amplitude 1 3 5, 6 1,8,12 

Energy 1 3 6 1 

Duration 12 5 6 14 

C
um

ul
at

iv
e Amplitude 1 4 12 8 

Energy 1 4 4 8 

Duration 1 4 4 8 

Hits 1 4 12 8 

R
es

ul
t 

Peak Sensors 1 3 6 1 

Cum. Sensor 1 4 4,12 8 
 

 



 

Figure 4.34 

Figure 4.35

- Visual ind

5 - Crack ma

 
 

dication AE a

ap with failur

activity and 

ure and AE se

spatial analy

ensor locatio

ysis 

ons 

159 

 

 



160 
 

 
 

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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Chapter 5 

 

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: 

� Complexity of different material types, concrete designs and marine exposure 

deterioration are overcome by using combined NDE methods interpreted after 

spatial mapping.  

� 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; 

� 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.
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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: 

� 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; 

� 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;  

� 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; 
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� 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.B – Chloride Content Results Fair Isle Bridge 

 

Table I.B - Chloride content results Fair Isle Bridge 

Sample Material 
type 

Age 
(years) 

Temperature °F 
[°C] 

Chloride 
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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Table II.C1 - Average amplitude (dB) in parallel transmission 

Sensor 
Distance (in.) 

24 48 72 120 144 
S1 50.67 58.50 42.50 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 54.75 41.00 32.00 31.00 
S7 68.50 55.00 49.33 31.00 
S8 60.50 55.00 42.67 37.00 
S9 63.25 49.00 39.33 32.00 
S10 65.67 47.50 33.67 31.00 
S11 63.25 49.67 42.33 30.00 
S12 48.50 34.00 32.50 30.00 
S13 67.25 64.00 40.50 34.50 34.00 
S14 61.50 41.00 
S15 65.33 41.00 37.00 

Average 60.16 49.55 39.32 33.59 32.00 
St Dev. 6.49 8.42 5.06 4.60 2.00 

 

Table II.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 II.C3. - Average amplitude (dB) in diagonal direction 

Sensor 
Distance (in.) 

34 68 102 
S1 53.50 49.44 
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 42.33 
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 
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Table II.C4 - Average amplitude (dB) in random direction 

Sensor 
Distance (in.) 

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 43.75 44.50 39.67 34.00 35.00 35.00 43.00
S5 36.50 34.50 31.00 
S6 32.75 34.50 31.00 
S7 59.00 44.83 44.00 39.00 30.00 33.00 
S8 42.75 40.75 32.50 36.33 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 34.75 31.00 33.00 30.00 31.00 
S12 32.50 35.00 48.00 
S13 47.00 43.33 31.00 43.50 42.00 
S14 37.00 33.00 
S15 49.00 31.33 33.00 34.00 

Average 41.53 38.44 35.29 36.38 34.96 32.75 33.00 43.00
St Dev. 6.94 5.34 4.25 3.62 5.38 2.63 
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Table II.C5 - Average amplitude (dB) in random direction 

Sensor 
Distance (in.) 

144 146 152 161 170 193 217 
S1 30.00 
S2 
S3 32.00 36.00 
S4 
S5 
S6 
S7 
S8 
S9 30.00 
S10 
S11 
S12 39.00 
S13 34.00 31.00 42.00 37.00 31.00 
S14 31.00 
S15 

Average 32.00 31.00 36.00 30.50 40.50 37.00 31.00 
St Dev. 2.00 0.71 2.12 
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Appendix II.F - Matrices of Blocked Layers Before Repair 

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

K L M N O 
1 0.92 0.08 0.50 0.50 0.00 
2 0.67 0.58 0.75 0.00 0.25 
3 0.92 0.33 0.75 0.25 0.00 
4 0.67 0.83 0.75 0.25 0.00 
5 0.67 0.83 0.75 0.25 0.50 
6 0.17 0.58 0.50 0.00 0.75 
7 0.67 0.83 0.75 0.00 0.00 
8 0.42 0.33 0.25 0.25 0.25 
9 0.17 0.33 0.25 0.25 0.25 

10 0.42 0.58 0.25 0.25 0.25 
11 0.42 0.58 0.25 0.50 0.25 
12 0.92 0.58 0.50 0.50 0.50 

 

K L M N O 
1 0.43 0.15 0.55 0.55 0.00 

2 0.51 0.51 0.55 0.00 0.45 

3 0.43 0.43 0.55 0.45 0.00 

4 0.51 0.47 0.55 0.45 0.00 

5 0.51 0.47 0.55 0.45 0.55 

6 0.30 0.51 0.55 0.00 0.55 

7 0.51 0.47 0.55 0.00 0.00 

8 0.47 0.43 0.45 0.45 0.45 

9 0.30 0.43 0.45 0.45 0.45 

10 0.47 0.51 0.45 0.45 0.45 

11 0.47 0.51 0.45 0.55 0.45 

12 0.43 0.51 0.55 0.55 0.55 
 

(a) Normalized means (b) Normalized standard deviations 

Tables II.F.2 – Combined layers after repair 1x1 

K L M N O 
1 0.50 0.30 0.19 0.39 0.56 
2 0.36 0.35 0.38 0.38 0.52 
3 0.49 0.31 0.51 0.51 0.26 
4 0.28 0.14 0.68 0.62 0.35 
5 0.54 0.24 0.31 0.07 0.11 
6 0.61 0.33 0.11 0.15 0.22 
7 0.48 0.11 0.15 0.22 0.26 
8 0.65 0.31 0.11 0.19 0.22 
9 0.69 0.11 0.15 0.11 0.19 

10 0.62 0.18 0.15 0.19 0.30 
11 0.49 0.36 0.35 0.22 0.30 
12 0.50 0.39 0.22 0.26 0.30 

 

K L M N O 
1 0.45 0.51 0.32 0.35 0.51 
2 0.34 0.31 0.16 0.16 0.50 
3 0.08 0.27 0.43 0.43 0.45 
4 0.25 0.17 0.29 0.40 0.31 
5 0.41 0.25 0.17 0.13 0.19 
6 0.35 0.58 0.19 0.26 0.38 
7 0.50 0.19 0.26 0.38 0.45 
8 0.31 0.27 0.19 0.32 0.38 
9 0.27 0.19 0.26 0.19 0.32 

10 0.11 0.23 0.26 0.32 0.51 
11 0.43 0.34 0.31 0.38 0.51 
12 0.45 0.35 0.38 0.45 0.51 

 

(a) Normalized means (b) Normalized standard deviations 

 



197 
 

 
 

Tables II.F.3 - Combined layers before and after repair 1x1 

K L M N O 
1 0.74 0.17 0.37 0.45 0.24 
2 0.53 0.48 0.59 0.16 0.37 
3 0.73 0.32 0.65 0.36 0.11 
4 0.50 0.54 0.72 0.41 0.15 
5 0.61 0.58 0.56 0.17 0.33 
6 0.36 0.48 0.33 0.06 0.52 
7 0.59 0.52 0.49 0.10 0.11 
8 0.51 0.32 0.19 0.22 0.24 
9 0.39 0.24 0.21 0.19 0.22 

10 0.50 0.41 0.21 0.22 0.27 
11 0.45 0.49 0.29 0.38 0.27 
12 0.74 0.50 0.38 0.40 0.41 

 

K L M N O 
1 0.36 0.34 0.48 0.46 0.42 
2 0.42 0.41 0.42 0.22 0.48 
3 0.26 0.37 0.45 0.45 0.29 
4 0.42 0.45 0.39 0.47 0.26 
5 0.41 0.42 0.44 0.37 0.47 
6 0.39 0.50 0.47 0.17 0.50 
7 0.45 0.47 0.50 0.25 0.29 
8 0.41 0.37 0.38 0.40 0.42 
9 0.40 0.37 0.39 0.38 0.40 

10 0.37 0.44 0.39 0.40 0.46 
11 0.43 0.42 0.40 0.49 0.46 
12 0.36 0.42 0.49 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 

1-2 0.63 0.33 0.48 0.31 0.30 

3-4 0.61 0.43 0.68 0.39 0.13 

5-6 0.48 0.53 0.45 0.12 0.43 

7-8 0.55 0.42 0.34 0.16 0.17 

9-10 0.45 0.32 0.21 0.21 0.25 

11-12 0.59 0.49 0.34 0.39 0.34 
 

K L M N O 

1-2 0.39 0.40 0.45 0.38 0.44 

3-4 0.36 0.41 0.41 0.44 0.27 

5-6 0.41 0.45 0.45 0.28 0.48 

7-8 0.42 0.42 0.45 0.33 0.35 

9-10 0.38 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 
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Tables II.F.5 - Combined layers before repair 1x3 

K L M N O 

1-3 0.67 0.33 0.53 0.33 0.24 

4-6 0.49 0.53 0.54 0.22 0.34 

7-9 0.50 0.36 0.30 0.17 0.19 

10-
12 0.56 0.47 0.29 0.33 0.32 

 

K L M N O 

1-3 0.35 0.38 0.44 0.39 0.40 

4-6 0.40 0.44 0.44 0.37 0.43 

7-9 0.41 0.40 0.43 0.34 0.36 

10-12 0.39 0.41 0.41 0.45 0.46 

 

(a) Normalized means (b) Normalized standard deviations 
 

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

K-O 
1 0.39 
2 0.43 
3 0.43 
4 0.46 
5 0.45 
6 0.35 
7 0.36 
8 0.30 
9 0.25 

10 0.32 
11 0.38 
12 0.49 

 

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 

(a) Normalized means (b) Normalized standard deviations 
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 Tables II.F.6 - Combined layers before repair 1x6 

K L M N O 

1-6 0.58 0.43 0.54 0.27 0.29 

7-12 0.53 0.41 0.29 0.25 0.25 

 

K L M N O 

1-6 0.38 0.42 0.44 0.38 0.41 

7-12 0.40 0.40 0.41 0.40 0.41 

(a) Normalized means (b) Normalized standard deviations 
 

 

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

K L M N O 

1-2 0.41 

3-4 0.45 

5-6 0.40 

7-8 0.33 

9-10 0.29 

11-12 0.43 
 

K L M N O 

1-2 0.42 

3-4 0.42 

5-6 0.43 

7-8 0.41 

9-
10 0.39 

11-
12 0.44 

(a) Normalized means (b) Normalized standard deviations
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Tables II.F.8 - Combined layers before repair 5x3 

K-O 

1-3 0.42 

4-6 0.42 

7-9 0.30 

10-12 0.39 

 

K-O 

1-3 0.42 

4-6 0.43 

7-9 0.40 

10-12 0.43 

 

(a) Normalized means     (b) Normalized standard deviations 

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

K-O 

1-6 0.42 

7-12 0.35 

 

K-O 

1-6 0.42 

7-12 0.42 

 

(a) Normalized means     (b) Normalized standard deviations 
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Appendix III - Study III 

Appendix III.A - Attenuation Test Results Before Corrosion 

 

Figure III.A.1 - Attenuation results Beam B1 

 

Figure III.A.2 - Attenuation results Beam B2 
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Figure III.A.3 - Attenuation results Beam B3 
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Appendix III.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. 

Table III.B.1 - pH level 

A B C D E F G H I J K 
B0 9.0 11.0 11.0 10.7 10.0 11.0 10.3 11.0 10.0 9.0 8.3 
B1 11.0 11.0 11.0 11.0 11.0 11.0 11.0 11.0 11.0 11.0 11.0 
B2 11.0 11.0 11.0 11.0 11.0 11.0 11.0 11.0 11.0 11.0 11.0 
B4 11.0 9.0 10.0 11.0 11.0 11.0 11.0 11.0 11.0 11.0 11.0 

 

Table III.B.2 - Active corrosion potential 

A B C D E F G H I J K 
B0 -233 -178 -129 -120 -144 -110 -99 -28 -61 -56 -118 
B1 -289 -213 -111 -28 17 13 28 3 -109 -40 -96 
B2 -276 -179 -82 -37 -37 -6 9 -20 40 33 26 
B4 -284 -202 -117 -136 -104 -65 -111 -98 -118 -104 -128 

 

Table III.B.3 - Chloride content 

A B C D E F G H I J K 
B0     0.06%     0.05%     0.02%     
B1     0.04%     0.04%     0.02%     
B2     0.04%     0.01%     0.01%     
B4     0.02%     0.01%     0.02%     

 

Table III.B.4 - Attenuation conductivity 

A B C D E F G H I J K 
B0 0.05 0.10 0.09 0.02 0.01 0.01 0.04 0.08 0.12 0.14 0.00 
B1 0.04 0.01 0.09 0.04 0.02 0.01 0.04 0.02 0.01 0.01 0.04 
B2 0.06 0.02 0.01 0.02 0.01 0.01 0.02 0.08 0.12 0.02 0.00 
B4 0.01 0.10 0.09 0.02 0.01 0.01 0.04 0.10 0.12 0.10 0.01 
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Appendix III.C - AE Monitoring Corrosion Conditioning 

 

Figure III.C1a – AE Amplitude corrosion Beam B1 

 

Figure III.C1b - AE Amplitude corrosion Beam B1 

 

Figure III.C1c - AE Number of Hits Beam B1 
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Figure III.C2a - AE Amplitude corrosion Beam B2 

 

Figure III.C2b - AE Amplitude corrosion Beam B2 

 

Figure III.C2c - AE Number of Hits Beam B2 
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Figure III.C3a - AE Amplitude corrosion Beam B3 

 

Figure III.C3a - AE Amplitude corrosion Beam B3 

 

Figure III.C3c - AE Number of Hits Beam B3 
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Table III.C1 - Most active sensors during corrosion conditioning 

Acoustic Emission Observations Visual 
Amplitude Number of Hits Initiation Activity Inspection 
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S9 S9 

B
ea

m
 B

2 

12
.1

4%
 S15 S15 S9 S9 S12 

S11 S12 S15 S12 S13 
S11 S15 

B
ea

m
 B

3 

19
.9

0%
 S14 S9 S13 S13 S11 

S11 S11 S14 S14 S12 
S9 S15 S13 
S10 S10 S14 

 



 

Fi

Figur

Figu

Append

igure III.D.1

re III.D.2 - C

ure III.D.3 - 

dix III.D - V

1 - Visual ins

Core evaluat

Core evalua

 
 

Visual Inspec

spection Bea

tion of concr

ation of conc

ction and C

am B0 to B4

rete carbonat

crete carbona

Carbonation

 

4 before corr

 

tion before c

 

ation after co

n

rosion

corrosion 

orrosion 

231 



232 
 

 
 

Appendix III.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 
B0 1 0 0 0 0 0 0 0 0 1 1 
B1 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 III.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 
B1 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 III.E.3 - Chloride content 

A B C D E F G H I J K 
B0 0 0 0 0 0 0 0 0 0 0 0 
B1 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 III.E.4 - Crack density 

A B C D E F G H I J K 
B0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
B1 0.4 0.2 0.2 0.4 0.4 0.4 0.6 0.2 0.2 0.4 0.6 
B2 0.6 0.6 0.6 0.6 0.6 0.6 0.8 0.6 0.6 0.6 0.6 
B4 0.6 0.6 0.8 0.8 0.8 1.0 0.8 0.6 0.8 0.8 0.6 
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