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ABSTRACT

Increase in the use of fiber-reinforced polymer (FRP) composite materials for
strengthening and retrofitting of concrete columns and bridge piers has urged the
development of an effective non-destructive evaluation (NDE) methodology. Radar
technologies have shown great potential for assessing the structural and material integrity
of FRP-confined concrete systems. In developing such technology, an interdisciplinary
approach must be pursued by integrating contributions of various engineering fields.
Under this framework, this thesis aims at establishing fundamental knowledge in two
particular research areas: the mechanics and damage behavior of FRP-confined concrete
and the characterization of electromagnetic (EM) properties for concrete and FRP
materials. Research on mechanics and damage behavior of FRP-confined concrete
involved a thorough literature survey on the state-of-the-art understanding of the subject
and the execution of an experimental program for load-deformation characterization of
FRP-confined concrete cylindrical specimens subjected to monotonic axial compressive
loads. Based on the experimental results and comparative studies with recent analytical
models, the experimental program was extended to the characterization of specific
damage levels using a volumetric deformation metric. Visual inspection of the concrete
core of specimens previously loaded to levels close to ultimate failure revealed the
existence of significant residual volumetric strains, which upon the removal of the FRP
jacket could provoke severe concrete cracking and catastrophic failure. Research on
dielectric property characterization of concrete and FRP materials led to the development
of an integrated methodology for estimating the complex permittivity of low-loss
materials in general using free-space measurements of EM wave transmission. Such
development required theoretical modeling of EM wave propagation through dielectric
media and experimental measurements of transmission coefficients. Validation studies
were performed using Teflon, Lexan, and Bakelite materials whose dielectric properties
are established in literature. The methodology was then applied to concrete and FRP
materials. Establishing minimum criteria for specimen dimensions and optimal frequency
bandwidths is still required before the proposed methodology can be used in field
applications. Additionally, exploratory research on the assessment of FRP-confined
concrete using radar technologies was conducted. Preliminary results indicate potential of
such technologies for detecting features related to the presence of rebar, air cavities,
delaminations, and mechanical damage in FRP-confined concrete columns.
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Title: Professor of Civil and Environmental Engineering



I



ACKNOWLEDGMENTS

I would like to express my most sincere gratitude and appreciation to my advisor, Prof.
Oral Buyuk6zturk, for his guidance, encouragement, and patience throughout the
completion of my SM education and thesis work. Not only have I been part of his work
group and conducted valuable research, but I have also learned from him many valuable
scholarly skills.

I am thankful to the National Science Foundation (Grant CMS-0324607) and MIT -
Lincoln Laboratory Advanced Concepts Committee (Grant ACC-376) for their financial
support to this research. In particular, I am sincerely thankful to Dennis Blejer from MIT
- Lincoln Laboratory for introducing me to the radar aspects of this project. His
mentorship, friendship, and valuable comments are greatly appreciated. I also want to
thank Tzu-Yang Yu and Alex Eapen for their collaboration with the dielectric property
characterization and radar measurement aspects of this thesis. I am also sincerely
thankful to Prof. J. Bryan Evans, postdoctoral student Xiaohui Xiao, and graduate student
Nicholas Austin from the Department of Earth, Atmospheric, and Planetary Sciences for
their mentorship and collaboration with the visual and microscopic observation studies of
the internal structure of FRP-confined concrete specimens.

Gratitude is extended to Fyfe Co. LLC for kindly providing the FRP materials for
conducting this research. In particular, I would like to thank Mr. Scott Arnold for his
valuable comments and guidance regarding the preparation of FRP materials. I would
like to also thank Mr. Stephen W. Rudolph for his constant support with laboratory work
and his resourcefulness for tackling experimental research issues. My sincere
appreciation is extended to all my superb UROP students: Cody Edwards, Joseph
O'Connor, LaToya McKinley, Carrie McDonough, and Hillary Dyer, who collaborated
with me throughout the development of this research. Special thanks are given to Cody
for all his hard work and creativity, and to LaToya for entrusting me part of her summer
research experience at MIT.

I would like to wholeheartedly thank all of my co-workers in the research group: Dr.
Oguz Gunes, Dr. Ching Au, Dr. Erdem Karaca, and Tzu-Yang Yu. I would not be living
this amazing experience at MIT to its fullest without their friendship, encouragement, and
wisdom. I cherish every moment, activity, and experience that I have shared with all and
each of them.

And of course, I want to thank all of those whose love makes the difference in my life. To
my parents, Alberto and Magdalena, and brothers, Andres and Ernesto, for being the
light, joy, and fuel of my existence. To my wonderful and sweet girlfriend, Carenina, for
being my constant inspiration and support. To my best friends, KC and Eduardo, for
always being there for me. And to La Clpula for making my music dreams come true.

5



6



TABLE OF CONTENTS

Chapter 1 Introduction ......................................................................... 21
1.1 Damage in FRP-Confined Concrete Systems................................................ 21
1.2 Integrity Assessment of FRP-Confined Concrete........................................... 22
1.3 Interdisciplinary Approach for Developing a Radar NDE Methodology for FRP-
C onfined C oncrete ................................................................................................ 22
1.4 R esearch O bjective ......................................................................................... 23
1.5 R esearch A pproach ......................................................................................... 24

1.5.1 Mechanics and Damage Behavior Characterization Studies ................... 24
1.5.2 Characterization of Electromagnetic Properties ...................................... 25
1.5.3 ISAR Radar Measurements...................................................................... 26

1.6 T hesis O rganization ......................................................................................... 26
Chapter 2 FRP Composites in Infrastructure Rehabilitation:
Applications and Non-Destructive Evaluation..................................... 29

2.1 Overview of FRP Composite Materials.......................................................... 29
2.2 Constituent Materials in FRP Composites..................................................... 30

2.2.1 Fiber Reinforcements................................................................................ 30
G lass F ibers................................................................................................... . 30
C arbon Fibers................................................................................................ . 31
A ram id Fibers ............................................................................................. . 31

2.2.2 Forms of Fiber Reinforcement................................................................. 33
2.2.3 M atrices................................................................................................... . 34
2.2.4 Manufacturing Methods........................................................................... 35

2.3 Mechanical and Durability Characteristics of FRP Composites..................... 36
2.3.1 Elastic Modulus ....................................................................................... 37
2.3.2 Strength ................................................................................................. . . 38
2.3.3 Energy Absorption.................................................................................. 38
2.3.4 Impact Resistance .................................................................................... 38
2.3.5 Thermal Expansion.................................................................................. 39
2.3.6 Fatigue Resistance .................................................................................. 39
2.3.7 Environmental Durability ........................................................................ 40

2.4 Structural Strengthening and Retrofitting of Reinforced Concrete Structures ... 41
2.4.1 Rehabilitation Needs of Existing Infrastructures...................................... 41
2.4.2 State-of-the-Art in Developments and Applications of FRP Composites ... 42
2.4.3 Applications of FRP Composites for Strengthening and Retrofitting of
Concrete Column Members............................................................................. 44

Design Example for Calculating the Increase of Concrete Compressive
Strength based on FRP Wrapping................................................................. 45

2.5 Non-Destructive Evaluation of FRP Retrofitted Concrete Structures............. 46
2.5.1 Challenges in NDE of FRP-Confined Concrete Structures ...................... 47
2.5.2 NDE Technologies for Civil Infrastructure ............................................. 48
2.5.3 NDE Methods Applied to FRP-Confined Concrete Systems .................. 51

Infrared Thermography.................................................................................. 51
D isadvantage........................................................................................... . 52

A coustic E m ission ......................................................................................... 52

7



A dvantages................................................................................................. 54
Disadvantages ............................................................................................ 54

Radar M icrow ave - Zoughi and Bakhtiari (1990) ......................................... 55
A dvantages................................................................................................. 55
Disadvantages ............................................................................................ 55

Radar M icrow ave - Feng et al. (2002) ......................................................... 55
A dvantage ................................................................................................ 56
Disadvantages ............................................................................................ 56

2.5.4 Radar Microwave - APS-CW Technique for NDE of FRP-Confined
Concrete Colum ns............................................................................................ 57

Chapter 3 Mechanics and Damage Behavior in FRP-Confined
C oncrete .................................................................................................... 59

3.1 M ulti-Axial Stress States in Concrete............................................................. 60
3.1.1 Modeling Concrete under Multi-Axial Compression .............................. 60
3.1.2 Nonlinear Stress-Strain Behavior for Uniaxial and Triaxial Compressive
Stress States ..................................................................................................... 61
3.1.3 Active and Passive Confinem ent in Concrete......................................... 63
3.1.4 Deformation Behavior and Damage Characterization of Concrete under
M ulti-Axial Stress States .................................................................................. 65

3.2 Concrete Confined w ith FRP Com posite M aterials......................................... 67
3.2.1 Confinement Mechanics of Circular Column Elements ........................... 67
3.2.2 Stress-Strain Response.............................................................................. 68
3.2.3 Failure M odes of FRP-Confined Concrete .............................................. 70

3.3 Review on Damage Evolution of FRP-Confined Concrete ............................. 71
3.3.1 Bi-Linear Behavior of FRP-Confined Concrete and Mechanisms of
Confinem ent...................................................................................................... 71
3.3.2 Kinking Point............................................................................................ 72
3.3.3 Localized Dam age .................................................................................. 72
3.3.4 Monitoring of Damage Evolution using Acoustic Emission Techniques.... 73

3.4 Experimental Studies on Characterization of Mechanical Behavior of FRP-
Confined Concrete ................................................................................................. 75

3.4.1 Objective and Overview ........................................................................... 75
Test M atrix.................................................................................................... 75
Sign Conventions.......................................................................................... 76
Units............................................................................................................. 76

3.4.2 M aterial Selection..................................................................................... 76
Concrete ........................................................................................................ 76
Capping M aterial ......................................................................................... 77
Cylinder M olds .............................................................................................. 77
FRP Com posites ............................................................................................ 78

3.4.3 Specim ens ................................................................................................. 79
Cylinder Configuration................................................................................ 79
FRP W rapping Configuration....................................................................... 81
Concrete Casting Procedures......................................................................... 81
FRP Com posite System Installation ............................................................ 82

3.4.4 Instrum entation ....................................................................................... 83

8



3.4.5 L oading ................................................................................................... . . 84
3.5 Experimental Results of Mechanical Behavior of FRP-Confined Concrete ...... 86

3.5.1 Load-Deformation Behavior................................................................... 86
3.5.2 Maximum Stresses and Strains ................................................................. 89
3.5.3 Differential Shortening Behavior............................................................ 90
3.5.4 Analysis of Mechanical Behavior............................................................ 91

3.6 Analytical Modeling of Mechanical Behavior of FRP-Confined Concrete........ 93
3.6.1 State-of-the-Art in Stress-Strain Modeling.............................................. 93

Sam aan et al. 1998 ........................................................................................ . 94
Spoelstra and Monti 1999 ............................................................................. 95
Lam and T eng 2003 ....................................................................................... 98

3.6.2 Performance of Existing Models and Comparison with Experimental Data99
3.7 Characterization of Damage Stages in FRP-Confined Concrete ...................... 100

5.7.1 T est M atrix ................................................................................................. 102
5.7.2 Load-Deformation Behavior and Conditioning of Specimens .................. 103

3.8 Bisection Procedures and Microscopic Observations for Determination of
Mechanical Damage in FRP-Confined Concrete.................................................... 105

3.8 .1 O bjective .................................................................................................... 105
3.8.2 Background Information on Internal Observations of Concrete................ 105
3.8.3 Experimental Procedures ........................................................................... 106

Bisection of FRP-Confined Concrete Specimens........................................... 106
3.8.4 Results of Bisection Procedures and Optical Microscopic Observations.. 108

Observations during Bisection Procedures..................................................... 108
Observations using Optical Microscopy......................................................... 109

3.8.5 C onclusions................................................................................................ 109
Chapter 4 Electromagnetic Properties of Concrete and FRP
Composite M aterials................................................................................. 113

4.1 Fundamentals of Electromagnetic Wave Theory.............................................. 113
4.1.1 Maxwell's Equations and Constitutive Relationships ............................... 115
4.1.2 Definitions of Electromagnetic Properties................................................. 117

D ielectric C onstant.......................................................................................... 117
L oss F actor...................................................................................................... 117

4.1.3 Significance of Electromagnetic Properties in Microwave Propagation,
Scattering, and N D E ........................................................................................... 118

Velocity and Wavelength of Microwaves inside Dielectric Media................ 119
Attenuation and Penetration Depth................................................................. 120

4.2 Characterization of Dielectric Properties of Concrete and FRP Materials....... 121
4.2.1 State-of-the-Art for Dielectric Property Characterization ......................... 121

Capacitor Model - Parallel Plate Capacitor Technique.................................. 121
Resonator/Oscillator Model - Resonant Cavity Technique............................ 121
Transmission Line Model - Open-Ended Coaxial Probe Technique ............. 121
Transmission Line Model - Rectangular Waveguide Technique................... 122
Free-Space T echnique..................................................................................... 122

4.3 Development of Integrated Methodology for Determining Dielectric Properties
of Concrete and FRP Materials............................................................................... 123

4.3.1 Components of the Methodology............................................................... 124

9



4.3.2 Theoretical Representation of Transmission Coefficient .......................... 124
4.3.3 Estimation Procedure based on Time Difference of Arrival (TDOA)....... 126
4.3.4 Root-Searching Procedure of Combinations of Dielectric Constant and Loss
Factor based on Param etric SI and SSE Criterion .............................................. 128

4.4 Experimental Program for Dielectric Property Measurements......................... 133
4.4.1 Sam ple Description.................................................................................... 133
4.4.2 Experimental Configuration and Measurement Parameters ...................... 134

4.5 Experimental Results and Characterization of Dielectric Properties................ 138
4.5.1 M easurements of Transm ission Coefficients............................................. 138
4.5.2 Estim ation of the Dielectric Constant using TDOA .................................. 139
4.5.3 Root-Searching Results for Loss Factor .................................................... 140

4.6 Discussion of Results........................................................................................ 142
4.6.1 Effect of Selected Frequency Bands in TDOA .......................................... 143
4.6.2 Lim itations of the Use of TDOA Information ........................................... 143

Chapter 5 Radar Measurements of FRP-Confined Concrete............ 147
5.1 Fundam entals of Radar ..................................................................................... 147

5.1.1 Radar Parameters ....................................................................................... 149
Pulse W idth and Bandwidth............................................................................ 149
Range and Cross-Range Resolutions.............................................................. 149
Polarization ..................................................................................................... 150
Decibel (dB).................................................................................................... 151
Radar Cross Section (RCS)............................................................................. 152
Near Field and Far Field ................................................................................. 152
Coherent Radar ............................................................................................... 153

5.1.2 Inverse Synthetic Aperture Radar (ISAR)................................................. 153
5.2 Important Issues related to ISAR Test Parameters ........................................... 154

5.2.1 Penetration Depth vs. Frequency ............................................................... 155
5.2.2 Bandwidth and Rotation Angle vs. Computational Cost........................... 156

5.3 Signal Processing.............................................................................................. 158
5.3.1 Fourier Transform M ethod ........................................................................ 158
5.3.2 Cross-Correlation....................................................................................... 159
5.3.3 Backprojection Im aging Algorithm ........................................................... 159

5.4 Radar M easurem ents of FRP-Confined Concrete............................................. 160
5.4.1 Radar M easurem ent Set-up........................................................................ 160
5.4.2 Experiment Param eters.............................................................................. 162

M easurement Schem es.................................................................................... 162
Radar Parameters ............................................................................................ 162

5.4.3 Test Program .............................................................................................. 165
5.4.4 Data Processing.......................................................................................... 168

5.5 Results of Radar M easurem ents........................................................................ 169
5.5.1 Frequency - Angle Imagery....................................................................... 169
5.5.2 Cross-Correlation Studies.......................................................................... 175
5.5.3 Range - Angle Im agery ............................................................................. 177
5.5.4 ISAR Im agery ............................................................................................ 181

5.6 Discussion of Results........................................................................................ 185
5.6.1 Evaluation of M easurement Parameters .................................................... 185

10



M easurement Schemes.................................................................................... 185
X- and Ku-Bands ............................................................................................ 186
Polarization ..................................................................................................... 186

5.6.2 Feature Detection....................................................................................... 187
Cavities and Delaminations ............................................................................ 187
Deform ation / M icrocracking ......................................................................... 187
R eb ar ............................................................................................................... 18 7

5.6.3 Evaluation of Data Interpretation Techniques ........................................... 188
Frequency - Angle, Range - Angle, and ISAR Im agery................................ 188
Cross-Correlation............................................................................................ 188

Chapter 6 Summary, Conclusions, and Future Work......................... 191
6.1 Sum m ary ........................................................................................................... 191
6.2 Conclusions....................................................................................................... 193

6.2.1 Mechanics and Damage Behavior of FRP-Confined Concrete ................. 193
6.2.2 Characterization of Dielectric Properties................................................... 194
6.2.3 Radar M easurements of FRP-Confined Concrete...................................... 195

6.3 Future W ork ...................................................................................................... 195
R eferences.................................................................................................. 197
A ppendix A ................................................................................................ 207

Frequency - Angle Im agery for All M easured Specim ens..................................... 207
A ppendix B ................................................................................................ 227

ISAR Im agery for Selected Specim ens................................................................... 227

11



12



LIST OF FIGURES

Figure 1-1 Interdisciplinary approach for developing a robust radar NDE methodology23
Figure 1-2 Research O bjectives .................................................................................. 24
Figure 2-1 Different types of FRP composites based on fiber length and orientation (Hull

and C lyne 1996)................................................................................................... . . 33
Figure 2-2 Schematics of basic fiber forms (a) single fiber, (b) strand or two, (c)

filament yarn, (d) roving (Gunes 2004) .............................................................. 34
Figure 2-3 Examples of manufacturing methods (Gunes 2004)................................. 36
Figure 2-4 Voigt and Reuss bounds of laminate stiffness (a) elastic modulus in

longitudinal direction, (b) elastic modulus in transverse direction, (c) laminate
stiffness as function of loading direction and fiber volume fraction ..................... 37

Figure 2-5 Typical S-N curves for unidirectional composites (Holloway 1993) ...... 39
Figure 2-6 Development of damage and stiffness reduction in a 00/900 GFRP laminate

(H ollow ay 1993) ................................................................................................... 40
Figure 2-7 Use of FRP composites in civil infrastructure (Van Den Einde et a]. 2003) 42
Figure 2-8 Methods of beam strengthening in flexure with FRP composite (Gunes 2004)

................................................................................................................................... 4 3
Figure 2-9 Failure mechanisms in FRP-confined concrete (Au 2001)......................... 47
Figure 2-10 Tomography image of a hollow concrete cylinder and one-dimensional

profile of attenuation coefficient along a white line (Martz et al. 1991)............... 49
Figure 2-11 A computer-enhanced tomogram of a wall in a building under repair

(Stanley and Balendran 1994)................................................................................ 50
Figure 2-12 Typical variation on AE counts during compression (Mirmiran et a]. 1999)

................................................................................................................................... 5 3
Figure 2-13 Effect of jacket thickness on cumulative AE counts (Mirmiran eta]. 1999)53
Figure 2-14 Effect of column size and jacket thickness on AE counts (Mirmiran et aL.

19 9 9) ......................................................................................................................... 5 3
Figure 2-15 (a) Schematic of numerical modeling, (b) Results of scanned image of a void

caused by a hole in the concrete surface (Feng et aL. 2002). ................................ 56
Figure 2-16 Schematic of the APS-CW technique .......................................................... 57
Figure 3-1 (a) Load transfer in a particle stack scenario (b) Particle interactions under

biaxial compression (van M ier 1997) ................................................................... 60
Figure 3-2 Typical stress-strain curves for uniaxial compression ............................... 62
Figure 3-3 Stress-strain curves under multi-axial compression (Palaniswamy and Shah

19 7 4) ........................................................................................................................ 6 3
Figure 3-4 Triaxial testing device (Imran and Pantazopoulou 1996) .......................... 64
Figure 3-5 Geometry of volumetric strain plots for axially loaded concrete subjected to

different levels of confinement (Imran and Pantazopoulou 1996) ....................... 67
Figure 3-6 Lateral (radial) and hoop stresses present in confining action................... 68
Figure 3-7 Stress-strain curves for FRP confined concrete for increasing and decreasing

types (Lam and Teng 2003) .................................................................................. 69
Figure 3-8 Stress-strain curves for FRP-confined concrete (a) CFRP-wrapped cylinders

(b) GFRP-wrapped cylinders (Lam and Teng 2004) ............................................. 70
Figure 3-9 Kink point in stress-strain response for GFRP-confined concrete under

uniaxial compression (Lau and Zhou 2001). ........................................................ 72

13



Figure 3-10 Localized damage zone in FRP-confined concrete (Au 2001) ................ 73
Figure 3-11 Typical variation of cumulative AE counts versus axial load (Mirmiran et

a]. 19 9 9 ) .................................................................................................................... 7 4
Figure 3-12 FRP composite system installation (a) Mixing of epoxy resin (b) Samples

curing after installation of epoxy jacket............................................................... 83
Figure 3-13 D ata acquisition system ........................................................................... 84
Figure 3-14 LV DT m ounting system ........................................................................... 85
Figure 3-15 Set-up for instrumentation mounted on a FRP-confined concrete specimen85
Figure 3-16 Baldw in loading fram e............................................................................. 86
Figure 3-17 Axial stress - axial strain and axial stress - lateral strain curves for FRP-

w rapped concrete specim ens................................................................................ 87
Figure 3-18 Axial stress - axial strain and axial stress - lateral strain curves for plain

concrete specim ens ............................................................................................... . 87
Figure 3-19 Axial stress - volumetric strain curves for FRP-wrapped concrete specimens

........................................... 88
Figure 3-20 Axial stress - volumetric strain curves for plain concrete specimens ........ 88
Figure 3-21 Overlap strengthening on one-ply FRP-wrapped concrete, specimen CCO191
Figure 3-22 Comparison of analytical models with experimental results (a) Normal view

(b) Close up to zone of interest ............................................................................... 100
Figure 3-23 Characterization of deformation stages for FRP-confined concrete

sp ecim en s ................................................................................................................ 10 2
Figure 3-24 Axial stress - axial strain and axial stress - lateral strain curves for FRP-

wrapped concrete specimens conditioned under compressive load........................ 103
Figure 3-25 Axial stress - volumetric strain curves for FRP-wrapped concrete specimens

conditioned under com pressive load....................................................................... 104
Figure 3-26 Close up of axial stress - volumetric strain curves for FRP-wrapped concrete

specimens conditioned under compressive load..................................................... 104
Figure 3-27 Photographs of equipment used for bisection of specimens ...................... 107
Figure 3-28 Examples of specimens after cutting procedure......................................... 107
Figure 3-29 Bisected cross-sections and portions of specimens (a) MD1 and (b) MD5108
Figure 3-30 Optical microscopic images for the concrete matrix of specimen MD5 using

(a) x10 zoom and (2) x 40 zoom ........................................................................... 110
Figure 4-1 Electric and magnetic field vectors for a uniform plane wave (Staelin et a].

19 9 4) ....................................................................................................................... 1 15
Figure 4-2 Overview of the proposed methodology for dielectric property

characterization (Buyuk6zturk et a]. 2005) ............................................................ 125
Figure 4-3 Two-dimensional model for EM wave transmission analysis ...................... 125
Figure 4-4 Illustration of theoretical framework for TDOA estimation........................ 128
Figure 4-5 Experimentally measured transmission coefficient for a concrete slab

sp ecim en ................................................................................................................. 130
Figure 4-6 Effect of dielectric constant on predicted transmission coefficient (layer

thickness d, = 50 m m , loss factor Z = 0.0) .......................................................... 130
Figure 4-7 Effect of loss factor on predicted transmission coefficient (layer thickness dI

= 50 m m , loss factor c = 6.0)................................................................................ 131

14



Figure 4-8 Effect of layer thickness on predicted transmission coefficient (dielectric
constant 4 = 6.0, loss factor e = 0.0) .................................................................. 131

Figure 4-9 Estimation error surface using parametric SI and SSE criterion for concrete
slab specimen. Color coding represents log(SSE) .................................................. 132

Figure 4-10 Result of root-searching procedure for identification of loss factor for
concrete slab specim en ........................................................................................... 133

Figure 4-11 Experimental set-up for dielectric property measurements a) Network
analyzer, b) Transmit horn, c) FRP sample, d) FRP sample and receive horn
(Pictures courtesy of Dennis Blejer)....................................................................... 136

Figure 4-12 Radar measurement schemes for EM wave propagation at 0* and 300
incid en ce ................................................................................................................. 137

Figure 4-13 Radar measurements of transmission coefficients ..................................... 139
Figure 4-14 Estimation of time difference of arrival (TDOA) ...................................... 140
Figure 4-15 Estimation error surfaces using parametric SI and SSE criterion.............. 141
Figure 4-16 Results of root-searching procedure for identification of imaginary part of

com plex perm ittivity ............................................................................................... 142
Figure 4-17 Comparative study of different phase velocity representations................. 145
Figure 5-1 Block diagram of a typical coherent radar (Sullivan 2000) ......................... 148
Figure 5-2 Linear frequency modulated pulse waveform.............................................. 149
Figure 5-3 Reflection and transmission of a TE or HH-polarized wave in a semi-infinite

m ed iu m ................................................................................................................... 15 1
Figure 5-3 Spotlight SAR (W ehner 1995)..................................................................... 154
Figure 5-4 Dielectric constant, loss factor, and conductivity for concrete at X- and Ku-

band frequencies (Rhim and Buyuk6zturk 1998) ................................................... 157
Figure 5-5 Photographs of the MIT- Lincoln Laboratory Compact RCS/Antenna Range

facility, Building 1718: reflector and feed horn antenna (top), and Styrofoam tower
(bottom ) (Courtesy of Dennis Blejer) ..................................................................... 161

Figure 5-6 ISAR measurement schemes (a) sample resting on its end cap, (b) sample
resting on its side. ISAR measurement scheme notations (c) normal incidence, (d)
oblique incidence .................................................................................................... 163

Figure 5-7 Specimen configurations (all dimensions are in mm) .................................. 167
Figure 5-8 Photographs of selected specimens.............................................................. 167
Figure 5-9 Frequency - angle imagery for specimen CYL-RE measured at normal

incidence, X -band, VV polarization ....................................................................... 170
Figure 5-10 Frequency - angle imagery for specimen CYL-AD1 measured at normal

incidence, X-band, HH polarization, back surface (no defect)............................... 171
Figure 5-11 Frequency - angle imagery for specimen CYL-AD 1 measured at normal

incidence, X-band, HH polarization, front surface (with defect) ........................... 171
Figure 5-12 Frequency - angle imagery for specimen CYL-AD 1 measured at oblique

incidence, X-band, HH polarization, back surface (no defect)............................... 172
Figure 5-14 Frequency - angle imagery for specimen CYL-ADI measured at oblique

incidence, X-band, HH polarization, front surface (with defect) ........................... 172
Figure 5-15 Frequency - angle imagery for specimen CYL-AD2 measured at normal

incidence, X-band, HH polarization, front surface (with defect) ........................... 173
Figure 5-16 Frequency - angle imagery for specimen CYL-AD2 measured at oblique

incidence, X-band, HH polarization, front surface (with defect) ........................... 173

15



Figure 5-17 Frequency - angle imagery for specimen CYL-MD1 measured at normal
incidence, X -band, H H polarization ....................................................................... 174

Figure 5-18 Frequency - angle imagery for specimen CYL-MD3 measured at normal
incidence, X -band, H H polarization ....................................................................... 174

Figure 5-19 Frequency - angle imagery for specimen CYL-MD5 measured at normal
incidence, X -band, H H polarization....................................................................... 175

Figure 5-20 Autocorrelation and cross-correlation functions for selected cases: (a) and
(b) for CYL-ADI specimen measured in normal incidence, X-band, HH
polarization, (c) and (d) for CYL-AD1 specimen measured in oblique incidence, X-
band, V V polarization ............................................................................................. 176

Figure 5-20 (continued) Autocorrelation and cross-correlation functions for selected
cases: (e), (f), and (g) for CYL-MD series specimens measured in normal incidence,
X -band, H H polarization......................................................................................... 177

Figure 5-21 Range - angle imagery for specimen CYL-AD1 measured at normal
incidence, X-band, HH polarization for different incident angles.......................... 179

Figure 5-22 Range - angle imagery for specimen CYL-AD1 measured at oblique
incidence, X-band, HH polarization for different incident angles.......................... 180

Figure 5-23 ISAR imagery for specimen CYL-RE measured at normal incidence, X-
band, HH and VV polarizations at 0 and 90 deg incident angles ........................... 182

Figure 5-24 ISAR imagery for specimen CYL-AD1 measured at normal incidence, X-
band, HH and VV polarizations, front surface (with defect).................................. 182

Figure 5-25 ISAR imagery for specimen CYL-ADI measured at oblique incidence, X-
band, HH polarization, back surface (no defect) and front (with defect) at different
incident angles ........................................................................................................ 183

Figure 5-26 ISAR imagery for specimen CYL-MD1 measured at normal incidence, X-
band, H H and V V polarizations.............................................................................. 184

Figure 5-27 ISAR imagery for specimen CYL-MD5 measured at normal incidence, X-
band, H H and V V polarizations.............................................................................. 184

Figure 5-28. Example of application of change detection and cross-correlation techniques
for detection of defects in FRP-confined confined concrete. For (a) and (b),
autocorrelation signal is frequency data for 0,rf = 1600. For (c) and (d),

autocorrelation signal is frequency data for 9 ,ef = 00. ........................................... 190

Figure A-I Frequency - angle imagery for specimen CYL-ME measured at normal
incidence, X -band, HH polarization ....................................................................... 208

Figure A-2 Frequency - angle imagery for specimen CYL- ME measured at normal
incidence, X -band, VV polarization ....................................................................... 208

Figure A-3 Frequency - angle imagery for specimen CYL- ME measured at normal
incidence, K u-band, HH polarization ..................................................................... 209

Figure A-4 Frequency - angle imagery for specimen CYL- ME measured at normal
incidence, K u-band, VV polarization ..................................................................... 209

Figure A-5 Frequency - angle imagery for specimen CYL-PC measured at normal
incidence, X -band, H H polarization ....................................................................... 210

Figure A-6 Frequency - angle imagery for specimen CYL-PC measured at normal
incidence, X -band, V V polarization ....................................................................... 210

Figure A-7 Frequency - angle imagery for specimen CYL-PC measured at normal
incidence, K u-band, H H polarization ..................................................................... 211

16



Figure A-8 Frequency - angle imagery for specimen CYL-PC measured at normal
incidence, Ku-band, VV polarization ..................................................................... 211

Figure A-9 Frequency - angle imagery for specimen CYL-CC measured at normal
incidence, X-band,

Figure A- 10 Frequency
incidence, X-band,

Figure A-11 Frequency
incidence, X-band,

Figure A- 12 Frequency
incidence, X-band,

Figure A-13 Frequency
incidence, X-band,

Figure A-14 Frequency
incidence, X-band,

Figure A-15 Frequency
incidence, X-band,

H H polarization ....................................................................... 212
- angle imagery for specimen CYL-CC measured at normal
V V polarization ....................................................................... 212
- angle imagery for specimen CYL-RE measured at normal
H H polarization ....................................................................... 213
- angle imagery for specimen CYL-RE measured at normal
V V polarization ....................................................................... 214
- angle imagery for specimen CYL-ADI measured at normal
HH polarization, back surface (no defect)............................... 215
- angle imagery for specimen CYL-ADI measured at normal
VV polarization, back surface (no defect)............................... 215
- angle imagery for specimen CYL-ADI measured at normal
HH polarization, front surface (with defect) ........................... 216

Figure A-16 Frequency - angle imagery for specimen CYL-ADI measured at normal
incidence, X-band, VV polarization, front surface (with defect) ........................... 216

Figure A-17 Frequency - angle imagery for specimen CYL-ADI measured at normal
incidence, Ku-band, HH polarization, back surface (no defect)............................. 217

Figure A-18 Frequency - angle imagery for specimen CYL-ADI measured at normal
incidence, Ku-band, VV polarization, back surface (no defect)............................. 217

Figure A-19 Frequency - angle imagery for specimen CYL-ADI measured at normal
incidence, Ku-band, HH polarization, front surface (with defect) ......................... 218

Figure A-20 Frequency - angle imagery for specimen CYL-ADI measured at normal
incidence, Ku-band, VV polarization, front surface (with defect) ......................... 218

Figure A-21 Frequency - angle imagery for specimen CYL-AD1 measured at oblique
incidence, X-band, HH polarization, back surface (no defect)............................... 219

Figure A-22 Frequency - angle imagery for specimen CYL-ADI measured at oblique
incidence, X-band, VV polarization, back surface (no defect)............................... 219

Figure A-23 Frequency - angle imagery for specimen CYL-ADI measured at oblique
incidence, X-band, HH polarization, front surface (with defect) ........................... 220

Figure A-24 Frequency - angle imagery for specimen CYL-AD1 measured at oblique
incidence, X-band, VV polarization, front surface (with defect) ........................... 220

Figure A-25 Frequency - angle imagery for specimen CYL-AD2 measured at normal
incidence, X-band, HH polarization, front surface (with defect) ........................... 221

Figure A-26 Frequency - angle imagery for specimen CYL-AD2 measured at normal
incidence, X-band, VV polarization, front surface (with defect) ........................... 221

Figure A-27 Frequency - angle imagery for specimen CYL-AD2 measured at oblique
incidence, X-band, HH polarization, front surface (with defect) ........................... 222

Figure A-28 Frequency - angle imagery for specimen CYL-AD2 measured at oblique
incidence, X-band, VV polarization, front surface (with defect) ........................... 222

Figure A-29 Frequency - angle imagery for specimen CYL-AD3 measured at normal
incidence, X -band, HH polarization ....................................................................... 223

Figure A-30 Frequency - angle imagery for specimen CYL-AD3 measured at normal
incidence, X -band, VV polarization ....................................................................... 223

17



Figure A-31 Frequency - angle imagery for specimen CYL-MD1 measured at normal
incidence, X -band, H H polarization ....................................................................... 224

Figure A-32 Frequency - angle imagery for specimen CYL-MD 1 measured at normal
incidence, X -band, V V polarization ....................................................................... 224

Figure A-33 Frequency - angle imagery for specimen CYL-MD3 measured at normal
incidence, X -band, H H polarization ....................................................................... 225

Figure A-34 Frequency - angle imagery for specimen CYL-MD3 measured at normal
incidence, X -band, V V polarization ....................................................................... 225

Figure A-35 Frequency - angle imagery for specimen CYL-MD5 measured at normal
incidence, X -band, H H polarization ....................................................................... 226

Figure A-36 Frequency - angle imagery for specimen CYL-MD5 measured at normal
incidence, X -band, V V polarization ....................................................................... 226

Figure B-1 ISAR imagery for specimen CYL-ME measured at normal incidence, X-
band, H H and V V polarizations.............................................................................. 228

Figure B-2 ISAR imagery for specimen CYL- ME measured at normal incidence, Ku-
band, H H and V V polarizations.............................................................................. 228

Figure B-3 ISAR imagery for specimen CYL-PC measured at normal incidence, X-band,
H H and V V polarizations........................................................................................ 229

Figure B-4 ISAR imagery for specimen CYL-PC measured at normal incidence, Ku-
band, H H and V V polarizations.............................................................................. 229

Figure B-5 ISAR imagery for specimen CYL-CC measured at normal incidence, X-band,
H H and V V polarizations........................................................................................ 230

Figure B-6 ISAR imagery for specimen CYL-RE measured at normal incidence, X-band,
HH and VV polarizations at 0 and 90 deg incident angles..................................... 230

Figure B-7 ISAR imagery for specimen CYL-RE measured at normal incidence, X-band,
HH and VV polarizations at 180, and 270 deg incident angles.............................. 231

Figure B-8 ISAR imagery for specimen CYL-AD1 measured at normal incidence, X-
band, HH and VV polarizations, back surface (no defect) ..................................... 231

Figure B-9 ISAR imagery for specimen CYL-AD1 measured at normal incidence, X-
band, HH and VV polarizations, front surface (with defect).................................. 232

Figure B-10 ISAR imagery for specimen CYL-ADI measured at normal incidence, Ku-
band, HH and VV polarizations, back surface (no defect) ..................................... 232

Figure B- 1 ISAR imagery for specimen CYL-ADI measured at normal incidence, Ku-
band, HH and VV polarizations, front surface (with defect).................................. 233

Figure B-12 ISAR imagery for specimen CYL-ADI measured at oblique incidence, X-
band, HH polarization, back surface (no defect) at different incident angles......... 234

Figure B-13 ISAR imagery for specimen CYL-AD1 measured at oblique incidence, X-
band, HH polarization, front surface (with defect) at different incident angles ..... 235

Figure B-14 ISAR imagery for specimen CYL-AD2 measured at oblique incidence, X-
band, HH and VV polarizations, front surface (with defect).................................. 236

Figure B-15 ISAR imagery for specimen CYL-MDI measured at normal incidence, X-
band, H H and V V polarizations.............................................................................. 236

Figure B-16 ISAR imagery for specimen CYL-MD3 measured at normal incidence, X-
band, H H and V V polarizations.............................................................................. 237

Figure B-17 ISAR imagery for specimen CYL-MD5 measured at normal incidence, X-
band, H H and V V polarizations.............................................................................. 237

18



LIST OF TABLES

Table 2-1 Typical properties of glass fibers (Tuttle 2004) ........................................... 32
Table 2-2 Typical properties of commercially available carbon fibers (Tuttle 2004)..... 32
Table 2-3 Typical properties of Kevlar 49 fibers (Tuttle 2004) .................................. 32
Table 2-4 Selected properties for different types of polymeric matrices (Hull and Clyne

19 9 6 ) ......................................................................................................................... 3 5
Table 2-5 Typical mechanical properties of unidirectional laminates (Schwartz 1997) . 36
Table 3-1 Test matrix for characterization of mechanical behavior of plain and FRP-

w rapped concrete specim ens................................................................................ 76
Table 3-2 28-day compressive strength values for all concrete batches....................... 77
Table 3-3 Typical dry fiber properties........................................................................ 78
Table 3-4 Epoxy material properties........................................................................... 78
Table 3-5 Composite gross laminate properties.......................................................... 79
Table 3-6 Maximum stress and strain values for specimens under test....................... 90
Table 3-7 Input parameters for evaluation of analytical models ................................... 100
Table 3-8 Test matrix of specimens conditioned through mechanical loading to specific

dam age stages ......................................................................................................... 103
Table 4-1 Radar frequency band designations (IEEE 1984) ......................................... 114
Table 4-1 Test matrix for dielectric property characterization ...................................... 134
Table 4-2 Dielectric constant estimations based on TDOA for 8-18 GHz.................... 140
Table 4-3 Characterization of complex permittivity for all test materials..................... 141
Table 4-4 Estimates for dielectric constant using TDOA for different frequency ranges

................................................................................................................................. 1 4 3
Table 5-2 Radar measurement test program.................................................................. 166
Table 5-3 A sample of raw data collected for CYL-AD1.............................................. 169
Table 5-4 Summary of cross-correlation studies ........................................................... 175
Table 5-5 Stop-light chart: summary of radar measurement results.............................. 186

19



20



Chapter 1

Introduction

Civil infrastructure is one of the most valuable assets in any country. In the United

States, the nation's infrastructure, which was generally built in 1950s, is now

approaching the service life, and in need of urgent repair and retrofit. Approximately

27% of the nations' 600,000 bridges were reported to be structurally deficient or

functionally obsolete (ASCE 2005). Rehabilitation and upgrading of existing structures

are estimated to cost about $212 billion, prompting the urgent need for finding rapid and

cost-efficient assessment and repair technologies. In the past decades, the use of fiber-

reinforced polymer (FRP) composite materials has experienced substantial growth in

structural strengthening and retrofitting applications worldwide. With improved

mechanical and durability properties, FRP composite jacketing systems have emerged as

an alternative to traditional strengthening and repair of reinforced concrete columns and

bridge piers. A large number of civil infrastructure projects from the public and private

sectors have opted for FRP technologies. Although substantial research has been

conducted in the area of mechanical behavior characterization of FRP-confined concrete

column elements, several research issues such as improving the current understanding of

damage processes in the concrete core as well as developing reliable non-destructive

evaluation techniques for these systems require further investigation.

1.1 Damage in FRP-Confined Concrete Systems

Over the past decade, extensive research has been devoted to the understanding of the

mechanical behavior of FRP-confined concrete systems. In particular, the main emphases

of such studies have been the investigation of failure modes and ultimate conditions or

stages of damage. However, mechanical processes leading to damage or failure of the

concrete core are not well understood (Lau and Zhou 2001, Mirmiran and Yunmei 2001).

21



Furthermore, recent studies have identified that a concrete column could appear safe

without showing any visible signs of substantial damage in the FRP jacket and yet

containing a damaged concrete core (Au and Buyukozturk 2005). Thus, there is a

pressing need for better understanding of the damage extent and evolution phenomena in

FRP-confined concrete systems before they can be used widely and reliably.

1.2 Integrity Assessment of FRP-Confined Concrete

Existing evaluation methods for FRP-confined concrete systems such as visual inspection

and sample extraction are labor intensive, time consuming, and destructive to structures.

Other methods such as acoustic emission would require the continuous monitoring of the

structure in order to detect changes in performance or structural integrity. In addition,

these methods are unable to provide sufficient information regarding the extent of

damage or the presence of defects such as air cavities or FRP/concrete delaminations.

Non-destructive evaluation (NDE) methods using radar technologies have the potential

for assessing the concrete conditions inside the FRP jacket. The development of an

effective radar NDE methodology is needed to match the growing industrial applications

of FRP jacketing systems for concrete columns and bridge piers.

1.3 Interdisciplinary Approach for Developing a Radar NDE Methodology for

FRP-Confined Concrete

Developing of a robust damage assessment methodology using radar for FRP-confined

concrete systems would require synthesizing knowledge being developed in distinct

research areas such as structural engineering, materials science, electrical engineering,

and applied mathematics. Figure 1-1 shows a diagram of the different research

components of an interdisciplinary effort required for developing a radar NDE

methodology for FRP-confined concrete systems. This thesis work is devoted to

providing some of the necessary "building blocks" envisioned in the proposed

interdisciplinary and synergistic approach. The contributions of this thesis are framed in

the research efforts undertaken by the Infrastructure Science and Technology (IST)

Group at the MIT Civil and Environmental Engineering Department. Integration of the

contributions of this thesis and the results of future research endeavors could potentially
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lead to the development of a radar NDE technology suited for field applications. By

assessing the damage condition or the presence of construction defects in FRP

strengthened or retrofitted columns or bridge piers via efficient non-destructive means,

effective decisions could be made regarding time, extent, and cost of repair after the

occurrence of a seismic event or other processes causing damage to concrete

infrastructure.
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Figure 1-1 Interdisciplinary approach for developing a robust radar NDE methodology

1.4 Research Objective

Based on the framework sketched in Figure 1-1, the two main objectives of this thesis

are:

- Investigation of the mechanics and damage behavior of FRP-confined concrete

subjected to compressive loadings with an emphasis on the mechanistic

understanding of intermediate stages of damage.

- Development of a methodology for characterizing the electromagnetic properties of

low-loss materials using free-space radar measurements of EM wave trasmission.

This methodology targets the characterization of dielectric properties of low-loss (less

electrically conductive) construction materials such as concrete and certain FRP

composites used in civil engineering applications.
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Achievement of these two main objectives would fulfill tasks 1 and 2, which are

schematically shown in Figure 1-2, of the overall research approach for developing a

radar NDE methodology for assessing FRP-confined concrete column elements.

An additional objective of this thesis is to describe the methodology, experimentation,

and results of preliminary radar measurements of defective and damaged FRP-wrapped

concrete specimens using inverse synthetic aperture radar (ISAR) measurement

techniques. These laboratory measurements simulate what it is envisioned for a NDE

methodology suited for field applications using radar technologies for the assessment of

concrete columns strengthened or retrofitted with FRP materials. Achievement of this

exploratory work is one of the first steps for fulfilling task 3, which is schematically

shown in Figure 1-2.
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Figure 1-2 Research Objectives

1.5 Research Approach

1.5.1 Mechanics and Damage Behavior Characterization Studies

In order to investigate the mechanics and damage behavior of FRP-confined concrete

column elements, a thorough literature review and a comprehensive experimental

program were conducted. The literature review on the mechanical and damage behaviors

of concrete column elements subjected to active or passive confinements was conducted
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to highlight specific aspects related to the damage evolution in FRP-confined concrete

systems which have not being thoroughly treated by ongoing research. The experimental

program focused on the study of the uniaxial compressive behavior of un-reinforced

concrete cylinders wrapped with glass fiber-reinforced polymer (GFRP) jackets. Normal

strength concrete was used throughout these studies. Concrete cylinders were wrapped

with GFRP jackets using wet lay-up installation procedures. GFRP composites were used

due to expected ultimate load capacities of GFRP-wrapped concrete specimens and

limitations imposed by the experimental set-up for compression tests. In addition, the

interdisciplinary nature of this research work imposed various other constraints on the

selection of materials such as the use of non-carbon FRP fabrics and on the selection of

specimen dimensions. Specimens were tested under monotonic uniaxial compression.

Comparisons between state-of-the-art numerical modeling and experimental data on load-

deformation behaviors were also conducted for enhancing the understanding obtained

throughout the experimental program and for developing expertise in the accurate control

of imposed loads to achieve specifically selected damage levels. This former goal is

directly related to the preliminary radar measurement studies for detection of damage in

FRP-wrapped concrete specimens. Visual assessment of the integrity of concrete cores

was conducted through bisection procedures and microscopic observations.

1.5.2 Characterization of Electromagnetic Properties

It is recognized that electromagnetic property characterization of low-loss materials such

as concrete may encounter difficulties if the properties are to be inferred from radar

measurements of transmitted signals only. However, the experimental set-up required to

perform such measurements results advantageous in terms of specimen preparation and

flexibility for potential field applications. Based on these considerations, an integrated

methodology for determining the complex permittivity (dielectric constant and loss

factor) for low-loss materials using free-space radar measurements was developed. The

methodology consists of an estimation procedure of the dielectric constant using time

difference of arrival information for transmitted EM wave signals and a root-searching

technique based on parametric system identification along with an error criterion to

estimate the corresponding loss factor. Experimental measurements of EM wave
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transmission in terms of transmission coefficients for various materials were conducted.

Validation of the methodology was performed using Teflon, Lexan, and Bakelite,

materials for which dielectric properties are well established. The methodology was then

extended to the characterization of concrete and FRP materials. Additionally, studies of

EM wave transmission measurements through various types of glass and carbon FRP

materials were conducted to enhance understanding of EM wave propagation, scattering,

and transmission phenomena.

1.5.3 ISAR Radar Measurements

Exploratory ISAR measurements of various intact and damaged or defective FRP-

confined concrete specimens were conducted under laboratory conditions using a

wideband radar system. Measurements were collected over two bandwidths: X-band (8 -

12 GHz) and Ku-band (12 - 18 GHz). Three types of specimens were measured. The first

type of specimens consisted of plain concrete, reinforced concrete, and FRP-wrapped

concrete cylinders with artificially introduced air voids that simulate air cavities and

delaminations found in defective FRP-confined concrete structural elements. The second

type of specimens consisted of FRP-wrapped concrete cylinders that were previously

subjected to different levels of damage through uniaxial compressive loadings.

Manufacturing and damage conditioning of these specimens relied on the knowledge

developed throughout the studies of mechanical and damage behaviors of FRP-confined

concrete. The third type of specimens consisted of plain concrete with steel rebar

embedded at different locations. Radar measurements were conducted for this type of

specimens to test the ability of the ISAR methodology for detecting rebar. Frequency-

angle, range-angle, and ISAR imagery were generated using the radar measurement data

to detect features of defective and damaged specimens and to contrast them with the

results from undamaged specimens. Cross-correlation studies were also conducted to

compare radar measurements of intact and defective specimens.

1.6 Thesis Organization

Due to the multi-disciplinary nature of the work accomplished, this thesis document is

organized in the following manner.
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Chapter 1 presents an introduction to this thesis. The motivation, problem statement

and research needs, research objective, and research approach are discussed. The

objective of this chapter is to provide the reader with the "big picture" of this work,

which encompasses several studies on different engineering areas such as civil and

structural engineering, material science, and electrical engineering.

Chapter 2 introduces the reader to background information on FRP composite

materials and their applications to civil engineering and infrastructure. Particular

attention is given to the use of FRP composites for strengthening and retrofitting of

concrete structures. This chapter also provides a comprehensive overview of non-

destructive evaluation techniques used for damage assessment of concrete structures,

with an emphasis on potential applications to FRP-confined concrete column elements.

Chapter 3 is devoted to the investigation of the mechanics and damage behavior in

FRP-confined concrete systems. A theoretical survey on active and passive confinement

of concrete subjected to multi-axial stress states is presented. An experimental program is

also implemented to develop data for load-deformation behavior of FRP-confined

concrete cylindrical specimens. After developing this data, a consistent metric for

characterizing specific damage levels in the FRP-confined concrete system was

established. The results from visual and microscopic observations of the concrete core of

FRP-confined concrete specimens are also reported.

Chapter 4 presents a comprehensive study on electromagnetic properties of concrete

and FRP materials. The importance of understanding such properties is stated as a link

between the material composition of FRP-confined concrete systems studied in Chapter 3

and the radar measurements and signal processing studies related to the non-destructive

evaluation of those systems described in Chapter 5. A new methodology for

characterizing the dielectric properties of low-loss materials, which may be applicable to

concrete, FRP, and other construction materials, is described in this chapter.

Development of the methodology, experimental and theoretical results, and the

advantages and limitations of this methodology are discussed.

Chapter 5 presents the results of exploratory research related to the implementation of

a radar NDE methodology for assessing FRP-confined concrete laboratory specimens.

Radar measurements of intact specimens, mechanically damaged specimens, defective
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specimens, and specimens with rebar are described and analyzed. Various signal

processing and imagery techniques are applied for interpreting the radar measurements

and to contrast characteristic features between various specimens.

As noted by the reader, Chapters 3, 4, and 5 are devoted to three independent studies,

each of them in different engineering research areas. However, the author has attempted

to draw links between the analyses and results presented in these chapters as the goals of

each specific study enhance and complement the overall research objectives described in

Chapter 1. It is worth noticing that these three chapters provide the necessary background

information in the particular research area at the introductory levels.

In Chapter 6, a summary of the research performed, conclusions, and

recommendations for future work are provided.
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Chapter 2

FRP Composites in Infrastructure Rehabilitation:
Applications and Non-Destructive Evaluation

The aim of this chapter is to provide the necessary background information relevant to

the scope of this thesis work. Due to the interdisciplinary nature of the research herein

presented, several topics across the subject areas of structural engineering, materials

science, and electrical engineering are introduced. The first sections of this chapter are

devoted to providing a detailed overview of the mechanical and durability aspects of

fiber-reinforced polymer (FRP) composite materials followed by a discussion on specific

applications for strengthening and retrofitting of concrete structures. The later sections of

this chapter are devoted to presenting developments and challenges for non-destructive

evaluation (NDE) of concrete structural elements retrofitted with FRP composites.

Several types of NDE techniques are discussed and evaluated. Special emphasis is given

to applications to these techniques to FRP-confined concrete column elements.

2.1 Overview of FRP Composite Materials

FRP composites are defined as the combinations of high strength and stiffness fibers in a

polymeric matrix material with distinct interfaces between them. Thus, each of the

constituents retains their mechanical and chemical properties while exhibiting enhanced

combined properties. Generally, the fibers are considered as reinforcements and serve as

the principal members for sustaining loads and controlling strains. The polymeric matrix

material governs the thermal stability. Other roles of the matrix material are:

- Bind the fibers together

- Provide the physical shape of the composite

- Protect the fibers from aggressive environments
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- Transfer and redistribute stresses between fibers, plies, and in areas of load or

geometrical discontinuities (Tuttle 2004).

The properties of FRP materials are directly related to the properties of the constituents,

the relative quantities of the constituents, and the manufacturing process of the composite

material. Appropriate control and selection of these variables is the key feature of FRP

composites. An optimum selection of fiber, matrix, and interface conditions can lead to

the manufacturing of a composite with enhanced mechanical and durability properties

comparable or better than many conventional materials.

2.2 Constituent Materials in FRP Composites

2.2.1 Fiber Reinforcements

Fibers are used in composites because of their light weight, high stiffness, and high

strength. Fibers are stronger than the corresponding bulk material due to the preferential

orientation of molecules along the fiber direction and the reduced number of defects in

the fiber. In the case of unidirectional composites, fibers are used as continuous

reinforcement by aligning large numbers of them in order to form a thin plate called

lamina, layer, or ply (Barbero 1999). A unidirectional lamina shows its maximum

strength and stiffness along the fiber direction and its minimum properties perpendicular

to the fiber direction. Alternative fiber orientations are also manufactured when similar

properties are desired in specific orientations. The most common fibers in FRP

composites are glass, carbon, and aramid. The choice of a specific fiber type is dependent

on the mechanical and environmental properties required for the application in mind, as

well as the cost of the fibers.

Glass Fibers

Glass fibers replicate the properties of typical glass such as hardness, corrosion

resistance, inertness, improved flexibility, lightweight, and low-cost. Due to this array of

properties, glass fibers are the most commonly used type in low-cost industrial

applications. The enhanced strength of glass fibers is related to the low number and small

size of defects on the surface of the fiber. All glass fiber types show similar stiffness

values but different strength and environmental resistance values. E-glass fibers (E stands
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for electrical) are used in applications where high tensile strength and improved chemical

and electrical resistance are required. E-glass fiber reinforcement is the preferred choice

for structural applications due to the combination of mechanical properties, corrosion

resistance, and low cost, which could range between $1 - $6/lb (Gunes 2004). S-glass

fibers (S stands for structural) have the highest strength; however, their use in structural

large applications is limited due to their high costs. In general, glass fibers are isotropic.

Selected mechanical and physical properties of typical E-glass and S-glass fibers are

listed in Table 2-1.

Carbon Fibers

Carbon fibers are characterized by their lightweight, high strength, and chemical

resistance. The properties of carbon materials depend on the raw material and the

manufacturing process. The main two raw materials used are polyacrylonitrile (PAN) and

pitch. Pitch fibers are less expensive but show lower strength values than PAN fibers.

Maximum operating temperatures of carbon fibers vary from 315 *C to 537 *C (Schwartz

1992). Carbon fibers show improved stiffness values compared to glass fibers, while

providing better fatigue resistance characteristics to the composite by reducing the

amount of strain in the polymer matrix for a given load (Barbero 1999). Carbon fibers are

good electrical conductors, and hence, galvanic corrosion could take place if carbon fiber

composites are in electrical contact with metals. One important limiting factor for the

wide use of carbon fibers is their elevated cost, which could range between $9 - $20/lb

(Gunes 2004). Another issue that may affect the use of carbon fibers in certain structural

applications is their lower ultimate strain capacity compared to glass and aramid fibers.

Selected mechanical and physical properties typical of low-modulus, intermediate-

modulus, and ultra-high-modulus fibers are listed in Table 2-2.

Aramid Fibers

Aramid fibers are the most commonly known organic type of fibers. Examples of aramid

fibers are produced by DuPont under the trade name of Kevlar. Aramid fibers are the

ideal choice for impact and ballistic protection because of their high energy absorption

characteristics during failure. Additional attractive properties of aramid fibers are their

high tensile-to-weight ratio and high modulus-to-weight ratio, which makes them
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specially suited for aircraft and body armor applications. Some of the disadvantages of

aramid fibers are their low compressive strength, creep development, moisture

absorption, and sensitivity to UV light. Mechanical properties of aramid fibers also vary

with temperature, with a 75-80% reduction in tensile strength at 177 0C compared to

room temperature (Barbero 1999). Various types of aramid fibers offer distinctive

material properties, being Kevlar 49 the most widely used. Selected mechanical and

physical properties of Kevlar 49 are presented in Table 2-3.

Property E-Glass j S-Glass
Specific gravity 2.6 2.5
Young's modulus, GPa (Msi) 72 (10.5) 87 (12.6)
Tensile strength, MPa (ksi) 3450 (500) 4310 (625)
Tensile elongation, % 4.8 5.0
Coefficient of thermal expansion, 5.0 (2.8) 5.6 (3.1)

um/m/*C (uin/in/*F)

Table 2-1 Typical properties of glass fibers (Tuttle 2004)

Low Intermediate Ultra-high
Property modulus modulus modulus
Specific gravity 1.8 1.9 2.2
Young's modulus, GPa (Msi) 230 (34) 370 (53) 900 (130)
Tensile strength, MPa (ksi) 3450 (500) 2480 (360) 3800 (550)
Tensile elongation, % 1.1 0.5 0.4
Coefficient of thermal expansion, -0.4 (-0.2) -0.5 (-0.3) -0.5 (-0.3)

um/m/0C (uin/in/*F)

Table 2-2 Typical properties of commercially available carbon fibers (Tuttle 2004)

Property Kevlar 49
Specific gravity 1.44
Young's modulus, GPa (Msi) 124 (18)
Tensile strength, MPa (ksi) 3700 (535)
Tensile elongation, % 2.8
Coefficient of thermal expansion, -2.0 (-1.1)

um/m/C (uin/in/*F)

Table 2-3 Typical properties of Kevlar 49 fibers (Tuttle 2004)
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2.2.2 Forms of Fiber Reinforcement

FRP composite materials are produced in various forms depending on the volume

fraction, length, orientation, and type of fibers in the matrix (Hull and Clyne 1996). The

fibers may be either discontinuous or continuous and can be aligned in one or more

directions or randomly distributed in two or three dimensions. Figure 2-1 shows samples

of forms of fiber reinforcement that are used in composites.

Discontinuous fibers are short in length and are obtained by chopping continuous

fibers. The orientation of short fibers is not controlled and they are assumed to be

randomly distributed. Composites made with short fibers arranged randomly have nearly

isotropic properties in the plane of the laminate. In general, short fiber composites are

used for lightly loaded structural applications, whereas continuous fiber composites are

considered high-performance materials.

Fiber reinforcements are produced in small diameters to optimize their mechanical

performance. Since these so called monofilaments are extremely fragile, they are

supplied in bundles. The appropriate terminology for identifying these bundles varies

based on the type of fiber (Gunes 2004). Collections of untwisted continuous glass or

aramid fibers are called strands, whereas similar arrangements of carbon fibers are called

tows. Tow or twisted strands are called filament yams, and a bundle of strands or yarns is

called a roving. Figure 2-2 schematically illustrates these basic forms of reinforcements.

(a) continuous-unidirectional (b) continuous-woven (c) short-random

Figure 2-1 Different types of FRP composites based on fiber length and orientation
(Hull and Clyne 1996)
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(a) (b) (c) (d)

Figure 2-2 Schematics of basic fiber forms
(a) single fiber, (b) strand or two, (c) filament yarn, (d) roving

(Gunes 2004)

Rovings and tows are used to produce complex forms of fiber reinforcements using

technologies developed for the textile industry: weaving, braiding, and knitting. These

forms of reinforcement are collectively referred to as fabrics, and are commonly used for

structural strengthening applications. Advantages of the mentioned fabric reinforcement

forms are oriented strength, high reinforcement ratios, and conformability to curved

shapes. Due to advances in manufacturing processes, fabrics can be manufactured from

almost any type of fiber, using several weaving techniques, and with controllable

thicknesses ranging from 0.025 mm to 10 mm.

2.2.3 Matrices

Matrix types are divided into two general groups: thermoplastics and thermosets. In

thermoplastic matrices, the polymer molecules are held in place by weak secondary

bonds with no chemical linking. Consequently, the matrix can be repeatedly melted and

reshaped upon heat application. On the contrary in thermosetting matrices, the molecules

are chemically joined by cross-linking, forming three-dimensional network structures.

These matrices set at specific temperatures (room temperature or above) and cannot be

melt or reshaped by subsequent heat application. Selected properties of various matrix

types are provided in Table 2-4.
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Density Young's Modulus Poisson's Ratio Tensile Strength Failure Strain

Matrix (Mg m-) (GPa) I I (GPa) %
Thermosets

Epoxy resin 1.1-1.4 3.0-6.0 0.38-0.40 0.035 - 0.100 1.0-6.0
Pyers 1.2-1.5 2.0 - 4.5 0.37-0.39 0.04 - 0.09 2.0

Thermo plastics
Nylon 1.14 1.4-2.8 0.3 0.06-0.07 40-80
Polypropylene 0.9 1.0 - 1.4 0.3 0.02 - 0.04 300
PEEK J1.26 - 1.32 3.6 J 0.3 0.17 50

Table 2-4 Selected properties for different types of polymeric matrices
(Hull and Clyne 1996)

In structural applications, composites are usually manufactured using thermoset resins

such as polyester and epoxy. Polyester resins are the most widely used material in the

composites industry due to their low cost, ease of handling, and adequate balance

between mechanical, electrical, and chemical properties. However, epoxy resins are

preferred for structural applications due to their superior mechanical properties and

resistance to corrosive environments. Epoxy resins also provide excellent adhesion to a

wide range of fiber types due to their inherent polar nature. Other advantages of epoxy

resins are low levels of shrinkage attained upon curing, high toughness resistance due to

cross-linking, and no release of volatile byproducts that cause air voids during the curing

process. Some disadvantages of epoxy resins are their tendency to absorb moisture in the

uncured and cured states, as well as a relatively low elongation to failure.

2.2.4 Manufacturing Methods

The manufacturing methods utilized for making composites for infrastructure

applications can be classified as automated manufacturing process and hand lay-up

(Peters 1998). Automated manufacturing processes include techniques such as pultrusion,

resin transfer molding, compression molding, and filament winding. Hand lay-up, also

called wet lay-up, is the simplest technique for producing reinforced polymer laminates.

This manual process is suited for FRP strengthening or retrofit applications on site.

Important aspects related to the implementation of this technique are adequate surface

preparation, selection of the adhesive material and bonding, and quality control.
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(a) Automatic filament winding (b) hand lay-up

Figure 2-3 Examples of manufacturing methods (Gunes 2004)

Important advantages of this technique when used for structural applications are low cost,
flexibility, and ease of the process. Figure 2-3 shows examples of two manufacturing

processes.

2.3 Mechanical and Durability Characteristics of FRP Composites

Mechanical characteristics discussed in this section include elastic modulus, strength,
energy absorption, impact resistance, thermal expansion, and fatigue resistance. Selected

mechanical properties for several unidirectional laminates are presented in Table 2-5.
Environmental durability aspects are also addressed in this section.

Boron - HS Carbon - HM Carbon - Kevlar 49 - E-Glass -
Property Epoxy Epoxy Epoxy Epoxy Epoxy
Specific gravity 1.99 1.54 1.63 1.38 1.80
Tensile strength (MPa)

Fiber axis 1585 ] 1448 827 1379 1130
Transverse axis 63 62 86 28 96

Modulus (GPa)
Fiber axis 207 128 207 76 39
Transverse axis 19 9 14 6 5

Shear properties
Strength (MPa) 131 60 72 60 83
Modulus (GPa) 6.4 5.7 5.9 2.1 4.8

Poisson's ratio 0.21 0.25 0.20 0.34 0.30

Table 2-5 Typical mechanical properties of unidirectional laminates (Schwartz 1997)
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2.3.1 Elastic Modulus

FRP composites are known to showing various degrees of anisotropy depending on fiber

orientation. As shown in Figure 2-4 (a), the tensile strength and modulus of a

unidirectional fiber-reinforced laminate are maximum when aligned with the fiber axis

direction. Assuming strain compatibility between the fiber and matrix components, the

elastic modulus of the composite in the longitudinal direction, E, is given by (Ward and

Sweeney 2004):

Ec,=VfEf+(1-V)En (2.1)

where V, = fiber volume fraction, and E, and En = elastic modulus of the fibers and

matrix, respectively. Eq. 2.1 represents the upper bound or Voigt average modulus (Ward

and Sweeney 2004). For the case where the laminate is loaded in the transverse direction,

as shown in Figure 2-4 (b), the elastic modulus of the composite in the transverse

direction, E, based on the iso-stress assumption is given by (Ward and Sweeney 2004):

Ef EmE, = E ' '" (2.2)
m Vf + E,f(-V,

which provides the lower bound or Reuss average modulus. Figure 2-4 (c) shows

graphically the laminate stiffness as function of loading direction and fiber volume

fraction.

Ec

I t t IE, 
-------------------------

.- fiber, f Ec,

Em

'matrix, m

c,. 1

(a) (b) (c)

Figure 2-4 Voigt and Reuss bounds of laminate stiffness
(a) elastic modulus in longitudinal direction, (b) elastic modulus in transverse direction,

(c) laminate stiffness as function of loading direction and fiber volume fraction
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2.3.2 Strength

The application of arbitrary stress states to a unidirectional laminate can lead to failure by

various failure processes such as tension in the fiber direction, tension in the transverse

direction, and shear in the fiber direction (Hull and Clyne 1996). The strength of the

composite laminate parallel to the fiber direction, a, is given by:

al = V -u +(1- Vr)0a-u (2.3)

where a-fu is the fiber strength and ,,,,fu is the stress in the matrix at fiber failure strain.

The strength of the composite laminate in the transverse direction, aa is given by:

atu = U-,, -2 Ff(2.4)

where a-mu is the tensile strength of the matrix. A simple analytical solution for shear

strength prediction as function of fiber content is not available. Based on finite difference

analysis for Vf (- 0.7), the shear strength is expected to have a similar value to the

shear strength of the matrix.

2.3.3 Energy Absorption

Although the behavior of FRP composites is characterized as linearly elastic based on

their tensile stress-strain responses, their heterogeneous nature provide several energy

dissipation mechanisms on the microscopic scale comparable to yielding processes found

in structural metals (Jang 1994). Such mechanisms include matrix microcracking or

crazing, fiber rupture, interfacial debonding, and fiber pull-out. Depending on the

intensity and type of loading, these failure processes allow the composite laminate to

display a gradual deformation rather than catastrophic failure.

2.3.4 Impact Resistance

In unidirectional composite laminates, the maximum impact resistance is exhibited when

fibers are orientated in the direction of the maximum stress. Aramid and E-glass fibers

offer significant impact resistance due to their high ultimate tensile strength.
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2.3.5 Thermal Expansion

Carbon and aramid FRP composites have negative coefficients of thermal expansion,

while that of glass FRP is positive (Barbero 1998). Resins display an expansive behavior

upon heating. These differences in thermal expansion properties are of significance in

relation to residual stress development. For instance in the case of a carbon/epoxy FRP

composite, the thermal shrinkage of carbon fibers and the thermal expansion of the epoxy

resin give rise to an overall near-zero coefficient of thermal expansion.

2.3.6 Fatigue Resistance

Fatigue behavior is commonly presented through the relationship between stress and

number of loading cycles (S-Ncurve). This characterization is primarily dependent on the

properties of the constituent materials. Figure 2-5 presents a comparison of the fatigue

behavior for glass FRP (GFRP), Kevlar FRP (KFRP), and carbon FRP (CFRP). Studies

directed by Curtis (in Holloway 1993) on the strain life of four CFRP types with different

stiffness properties and the same matrix suggested that there were not significant

differences in terms of their fatigue behavior. However, the same study revealed that

different epoxy matrices alter the observed fatigue behavior by enhancing static strengths

at the expense of steeper decays in the S-N curves after certain number of cycles.

tv

020
OFA

L2- CFR P

VX0.8- GFRP

0.4 - KFRP

0 1 2 3 4 5 6 7

Log10 number of cycles

Figure 2-5 Typical S-N curves for unidirectional composites (Holloway 1993)
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For the case of a GFRP cross-ply laminate (00/900 orientations), fatigue due to damage

accumulation would cause a rapid stiffness reduction, which is directly related to the

increment in density of transverse ply cracks. This stage of rapid stiffness reduction is

followed by a linear region of reduced rate of crack density in the transverse direction,

delaminations in the ply interface, and fiber breakage in the 00 direction. The third stage

is governed by a rapid reduction in stiffness due to macro-crack formations. Figure 2-6

shows the development of damage and stiffness reduction for a symmetrical 00/900

GFRP laminate.

1,6-

1.4 - Toughened epoxy composite
~j 1.2-

-1.0 Standard epoxy composite

0.8

0 1 2 3 4 6 7

Log,0 number of cycles

Figure 2-6 Development of damage and stiffness reduction in a 0*/90' GFRP laminate
(Holloway 1993)

2.3.7 Environmental Durability

Environmental factors such as temperature cycles, moisture and chemical attack, and

ultraviolet (UV) radiation are major concerns when evaluating the adequacy of FRP

composites for specific structural applications. Although these materials have not been

widely used for a long enough time, they are known to be more durable than other

conventional structural materials such as steel, reinforced concrete (RC), and wood.

However, depending on the specific type of fiber and matrix, certain environmental

factors can cause degradation in the mechanical performance of the composite. For

instance, recent studies have shown that moisture could accelerate debonding in FRP-

bonded concrete systems when subjected to peel and shear loadings (Au 2005, Au and
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Buyukozturk 2006). UV radiation is also known to cause degradation in polymers by

scission of the polymer chains.

2.4 Structural Strengthening and Retrofitting of Reinforced Concrete Structures

2.4.1 Rehabilitation Needs of Existing Infrastructures

Civil infrastructures are the most valuable assets in any country. In the United States, the

nation's infrastructure, which was generally built in 1950s, is now approaching the

service life, and is in need of urgent repair and retrofit. An infrastructure assessment

survey conducted by the American Society of Civil Engineers (ASCE 2005) revealed that

the overall condition of the United State's infrastructure could be categorized as poor to

mediocre. As of 2003, approximately 27% of the nations' 600,000 bridges were reported

to be structurally deficient or functionally obsolete. It is expected that the cost to

eliminate all bridge deficiencies will be $9.4 billion a year for the next 20 years.

Revisions to seismic design codes are also an important contributor to categorizing

thousands of existing structures as substandard. Recent major earthquakes in urban areas

of the United States (1989 Loma Prieta, 1994 Northridge), Japan (1995 Kobe), Turkey

(1999 Kocaeli and Duzce), and Taiwan (2000 Chi Chi) have exposed the inadequacy of

old seismic design codes. Considering the cost of repairing and retrofitting all damaged

and substandard structures, it is apparent that reliable and cost-effective retrofit

technologies are needed.

FRP composite systems have emerged as an alternative to traditional construction and

strengthening and repair of existing infrastructure. The emerging field of renewal

engineering may best describe the role of FRP composites in civil engineering and

infrastructure (Van Den Einde et a]. 2003). The renewal of civil structural inventory can

be divided into (1) rehabilitation, including all applications geared towards the repair,

strengthening, and retrofit of structures, and (2) new construction with all FRP solutions

or new composite systems. Due to their enhanced properties and cost-effectiveness, FRP

composites have the potential to influence numerous aspects of the construction industry.

Figure 2-7 shows a diagram of the current use of FRP composites in the renewal of civil
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Renewal of Civil
Structural Infrastructure

Rehabilitation New Construction

F~ F_
Repair Strengthening Retrofitting All FRP New Composite Systems

Figure 2-7 Use of FRP composites in civil infrastructure
(Van Den Einde et a]. 2003)

infrastructure. The structural effectiveness of FRP composite materials has also been

demonstrated by numerous studies, although further research is needed to fully

understand complementary performance aspects such as complex loading conditions,

long-term durability, environmental degradation, and in-situ monitoring and structural

assessment. In the following section, the state-of-the-art in developments and applications

of FRP composites in civil infrastructure is further described.

2.4.2 State-of-the-Art in Developments and Applications of FRP Composites

FRP composite materials have been used for repair, strengthening, and retrofitting of

structural members in a variety of experimental and field projects since the 1980s. Early

research and application of these materials were concentrated in Switzerland, Japan, and

Germany. In the 1990s, other countries such as the United States, Canada, and Saudi

Arabia joined the research efforts and continue advancing the understanding of the

performance of FRP composite systems with respect to analysis, design, application, and

durability aspects. With reductions in cost of FRP composites and the eminent need to

strengthen existing infrastructure worldwide, external bonding and wrapping using FRP

composites for strengthening and repair of structural members, especially in reinforced

concrete applications, has emerged as a promising alternative method (Teng et aL 2003).

Additionally, the ease of application of these materials makes them tremendously

attractive for use in civil engineering applications in cases where dead weight, space, and

time constraints are common.

The choice of the strengthening or retrofit system depends on the type of structural

member, which typically derives into three categories: flexural strengthening, shear

strengthening, and confinement strengthening. Flexural strengthening of beams is
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achieved by bonding FRP plates or sheets to the soffits of the concrete beam. Figure 2-8

shows several methods of beam strengthening in flexure with FRP composite plates.

Shear strengthening of concrete beams include bonding FRP composites on the sides

of the beam and bonding U-wraps to cover both sides and the soffits using various

anchorage schemes. FRP plates and sheets have been used for shear strengthening

applications. Because of the improved mechanical properties of FRP composites in the

direction of the main fibers, their orientation could be designed as to best reinforce the

beam.

Column strengthening using FRP composites has proven to be a very effective

solution for increasing the strength of concrete columns, in particular, circular columns

(Nanni and Bradford 1995, Demers and Neale 1999, Xiao and Wu 2000, Au and

Buyuk6zturk 2005). Additionally, this technique has been widely used for seismic retrofit

of columns, where improvements in shear strength and ductility are the main concerns

(Van Den Einde et a]. 2003). FRP sheets with the main fibers oriented in the hoop

direction have been used for this application. Apart from the in-situ wrapping of columns

with FRP sheets using the wet lay-up process, prefabricated FRP tubes and shells have

also been used.

At the present time, deployment of FRP composite strengthening solutions is found

worldwide. Projects involving such technology include the strengthening of silos, pylons,

((~~ ~ II I I fl 1= r I I~ I It1 1 1 [
(a) FRP reinforcement bonded to soffit (b) anchorage with bolts

(I- 1) 15 ( II LI I J UI
(c) anchorage with U-wraps (d) anchorage with L-shaped plates

(e) anchorage with near surface monited rods (f) anchorage with mechanical clamps

Figure 2-8 Methods of beam strengthening in flexure with FRP composite
(Gunes 2004)
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and transmission towers, rehabilitation of shop and office buildings, seismic

strengthening of bridge piers, flexural strengthening of bridge decks and girders,

strengthening of brick walls and masonry domes, among others (Fyfe Co. LLC 2005,

Sika Group 2005). In the following section, FRP strengthening of columns elements is

further discussed.

2.4.3 Applications of FRP Composites for Strengthening and Retrofitting of

Concrete Column Members

For the case of reinforced concrete (RC) columns, structural problems that are mitigated

with strengthening and retrofit measures include lack of flexural strength and ductility

due to poor design of longitudinal reinforcement and lap-splices, inadequate confinement

of potential plastic hinge zones, lack of shear strength, poor design of column-beam

joints and footing connections, and inadequate strength capacity due to changes in design

codes or as a result of seismic events (Xiao et a]. 2001). Conventional retrofit solutions

include addition of RC sections for external confinement of the concrete core, and use of

steel jackets. Steel jacketing can be considered as a tubed column system, where the tube

or jacket is designed to function as transverse reinforcement. While steel jacketing is a

commonly accepted practice for structural repair and strengthening of RC columns, it is

relatively time consuming and is susceptible to environmental degradation.

A key application of FRP composites in the forms of wraps or jackets is the

confinement of RC columns in order to improve their strength and ductility

characteristics. In FRP-confined concrete systems, the FRP is primarily loaded in tension

in the hoop direction while the concrete is loaded in triaxial compression, a situation in

which both materials are used to their best advantages. As a result of the confinement

effect, both the strength and the ultimate strain capacities of the concrete can be greatly

enhanced, while the high tensile strength of the FRP is being fully utilized. Although both

materials exhibit brittle behaviors separately, FRP-confined concrete exhibits improved

deformation capabilities (Teng and Lam 2004).

Several composite jacketing systems have been developed and validated in laboratory

and field conditions. In-situ installed FRP jacketing involves hand or automated machine

placement of glass or carbon fabrics saturated with an epoxy polymer on the surface of
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the concrete column. The advantages of this type of FRP jacket systems are their

compatibility with various column geometries and the ease of installation. However,

these systems may require special attention regarding quality control of the installation

and the curing of the FRP jacket. Another category of FRP jackets is referred to as

prefabricated jacketing systems. These prefabricated jackets are manufactured by putting

together fiber sheets with fiber strands in order to form a composite laminate. This

laminate is then saturated with epoxy resin and placed into a specially designed form,

thus creating a prefabricated FRP jacket shell (Xiao et a]. 2001).

Design Example for Calculating the Increase of Concrete Compressive Strength based

on FRP Wrapping

To illustrate common practice for increasing the compressive strength of concrete

columns using FRP wrapping, a design example is presented in this section. The design

example is obtained from Fyfe Co. LLC, an established US manufacturer in the area of

structural strengthening and retrofitting using FRP composites (Fyfe Co. LLC 1999).

Design recommendations and equations are based on structural engineering principles

and experimental data collected through numerous research studies. According to the

manufacturer, this sample design serves as a general guideline; however, it should not be

applied to individual projects without the supervision of the structural engineering and

the collaboration of the composite manufacturer.

The calculation of the compressive strength increase in concrete based on wrapping

with a Tyfo* jacket with the main fibers oriented in the hoop direction is based on the

following equation:

= 2.25 + 2 -1.254 (2.5)

fc F . fe
where:

f = confined concrete strength

fL = compressive strength of plain concrete

f,= confining stress = 0.26pj$f/

p = confinement ratio for circular section = 4t/ D
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ti =jacket thickness

D =diameter of the concrete column

= 0.25, factor for sustained design stress to prevent creep effects

f = tensile strength of composite jacket

For the case of a 600 mm diameter column with a compressive strength of 24 MPa

retrofitted with a two-layer Tyfo® SEH-51 fabric jacket (custom weave, unidirectional

glass and aramid hybrid fabric, thickness = 1.3 mm / layer of SEH-5 1, tensile strength =

414 MPa), the increase of compressive strength is calculated:

f, =0.26 4- 2.6 (0.25)24)=0.466MPa
(600

__ 0.466 0.466=2.25 1+7.94 -2 -1.254=1.12
fc 24 24

Thus, the resulting increase in compressive strength of the FRP-confined concrete

column is approximately of 12%. Further discussion on the mechanics and performance

of concrete column elements confined with FRP composite jackets is presented in

Chapter 3 of this thesis.

2.5 Non-Destructive Evaluation of FRP Retrofitted Concrete Structures

In order to meet the challenges of the growing industrial applications of FRP jacketing

systems for concrete columns and bridge piers, a reliable NDE technology that is capable

of assessing the structural integrity of the FRP/concrete composite system, and in

particular the condition of the concrete inside the FRP jacket needs to be developed. In a

study performed at MIT (Au 2001, Au and Buyuk6zturk 2005), it was identified that

concrete crumbling and delaminations between the FRP jacket and concrete could occur

under various degrees of confinement provided by the FRP jacket. Figure 2-9 (a) shows

the local crumbling failure of concrete in a FRP-confined concrete cylindrical specimen

with high level of lateral confinement. Levels of high confinement are often characterized

by column strengthening purposes, should there be an opportunity of functionality or an

upgrade for seismic solutions (Nanni 1993, Priestley and Seible 1996). Figure 2-9 (b)

shows a global shear crack failure of concrete in a specimen with little lateral
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confinement. Low levels of confinement are provided using minimal number of FRP

plies. Applications of such type include repairing of columns that undergo rebar

corrosion and concrete spalling (Fyfe Co. LLC 1999). Both scenarios are equally

common in industrial practices (Howie and Karbhari 1995).

(a) Local concrete crumbling (b) global shear cracking

Figure 2-9 Failure mechanisms in FRP-confined concrete (Au 2001)

2.5.1 Challenges in NDE of FRP-Confined Concrete Structures

NDE of concrete structures is a challenging task. Some of the challenges that NDE

technologies face in field applications are the following:

- Concrete is a highly heterogeneous material, which is generally produced in the field

with limited quality control. The grain size distribution and properties of constituent

materials are significantly variable.

- Complex physical geometries and limited accessibility to the concrete member are

common in the concrete structures.

- Environment effects such as temperature, moisture, and wind may induce errors in the

field data.

- Capability of handling layered materials system, especially sub-surface defects such as

FRP-concrete debonding, air voids, concrete crumbling.

- Possible reflection and attenuation of signals from material interfaces and certain FRP

materials.
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- Handling of the equipment should be carefully considered when developing a

successful NDE technique for field conditions. Equipment set-up and recording of

measurements should not require highly skilled operators.

- NDE techniques should be efficient in terms of time. Assessment of civil infrastructure

is a task that requires measurements of large numbers of structures and structural areas.

- Need to clearly understand the differences in terms of material types, nature of

structures, and on-site conditions when applying existing NDE techniques to the

construction industry compared to applications in other industries (e.g. aerospace).

In the next sections, brief descriptions of NDE methods applied to concrete structures are

provided, followed by a discussion of application issues, advantages, and disadvantages

of each particular method. Finally, an assessment of the feasibility of these methods for

their application to FRP/concrete systems is presented.

2.5.2 NDE Technologies for Civil Infrastructure

Several NDE technologies have been under investigation and development for potential

deployment for civil engineering infrastructure applications.

Radiography is a NDE technique used to obtain a shadow image of a solid using

penetrating radiation (e.g. X-rays or Gamma-rays) (Cartz 1995). X-rays and Gamma-

rays are forms of electromagnetic radiation with corresponding wavelengths which are

small enough to penetrate all materials with some absorption and scattering during

transmission (Halmshaw 1991). The transmitting rays strike a detector, typically a

photographic film, and expose it similarly as light exposes a film in a typical camera. For

the case of concrete, the obtained image is a two-dimensional projection, providing

information about the physical characteristics of concrete such as density, composition,

and inclusions through the different degrees of attenuation. This technique has been used

to assess the location and condition of steel reinforcement, detect air voids, and

delaminations, and to inspect the grouting of post-tensioned concrete (Mitchell 1991).

Computerized tomography (CT) refers to the reconstruction of cross-sectional image

of an object based on its projections. Projections are obtained using a scanner by rotating

the object or detector 360* at specific increments. The projections are then coherently

superimposed to obtain a cross-sectional image of the object (Kak and Sianey 1988).
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Applications of CT imaging techniques of concrete have been implemented to determine

the density variations inside concrete, location of rebars and air voids, and their

corresponding sizes. Figure 2-10 shows an image of a hollow cylinder of 20 cm diameter

with a central hole, and a smaller hole (5 mm diameter). Computerized tomography is

also used for the study of fracture mechanisms in concrete-based materials. High

resolution three-dimensional X-ray computerized tomography techniques could be used

to measure internal damage and crack growth in concrete specimens subjected to

compressive loading conditions.

0.0
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Figure 2-10 Tomography image of a hollow concrete cylinder and one-dimensional
profile of attenuation coefficient along a white line (Martz et a]. 1991)

Infrared thermography (IR) techniques are most commonly used in military

applications, NDE of materials, and medical diagnosis. These technologies are based on

the principle that subsurface anomalies or defects in the material under test result in

localized differences in surface temperature caused by different rates of heat transfer at

the defect zones. Thermography perceives the emission of thermal radiation from the

material surface, and produces a visual signal related to this thermal radiation, which in

turn can be related to the size of an internal anomaly. Most infrared thermography

applications use a camera in conjunction with an infrared-sensitive detector which images

the contrasts of heat radiation (Buyuk6zturk 1998). Infrared thermography techniques

have been applied within certain limitations to NDE of civil infrastructure. Currently,

they have been used to determine the existence of air voids, delaminations, and

debonding in reinforced concrete systems. Some civil engineering applications of

infrared thermography technologies include bridges, highways, sewer systems and pipes,
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aqueducts, asphalt pavements, and indoor and outdoor thermography of buildings

(Ljungberg 1994). Figure 2-11 shows a wall covered by pre-cast concrete panels.

Thermography was used to detect separation of panels from the wall.

Figure 2-11 A computer-enhanced tomogram of a wall in a building under repair
(Stanley and Balendran 1994).

Acoustic techniques such as impact-echo (IE), acoustic emission (AE), spectral

analysis of surface waves (SASW), and ultrasound are based on elastic wave propagation

in solid materials. Sound propagation occurs in the form of compression (F5 waves,

shear (S) waves in the solid, and surface waves (also called Rayleigh waves, R) along the

surface. The acoustic emission technique is a passive condition monitoring technique

that allows for testing of the structure while in service. Acoustic emission is related to

pulses generated due to changes in elastic strain energy that occur locally in the material

structure resulting from deformation and fracture processes. Ultrasonics involves the

transmission of ultrasound waves into the concrete element using a transducer in contact

with the surface of the element. The scattered signals are then recorded and interpreted to

be used for image reconstruction. Acoustic imaging techniques are widely used in the

evaluation of concrete structures. Several ultrasonic techniques are used for

determination of concrete slab thickness (Krause et a]. 1995) and measurement of elastic

modulus (Blitz and Simpson 1996). Additionally, acoustic techniques are used for

detection and imaging of voids (Jalinoos and OIson 1995).

The principle of the radar method is to generate and transmit electromagnetic pulses

or waves towards a target medium. The electromagnetic (EM) wave propagation

phenomenon in free-space and through other media can be described by Maxwell's

coupled curl and divergence equations (Kong 1990). By incorporating the

electromagnetic properties of the material target and the appropriate boundary conditions,
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a unique solution of the forward problem can be obtained using these equations

(Buyuk6zturk and Rhim 1994). At the instance when transmitted EM waves encounter

another medium with different EM properties, a portion of that transmitted energy is

reflected from the boundary, while the rest is transferred into the new medium

undergoing some refraction depending on the properties of the new medium and the

angle of incidence (Buyuk6zturk 1998). Consequently, the scattered signals recorded at

the receiver contain information about the target's EM properties (Buyuk6zturk and

Rhim 1995a, Buyuk6zturk and Rhim 1995b). Radar techniques such as ground

penetrating radar (GPR) have been extensively used in large scale applications, which

include determination of thickness of glaciers, finding petroleum deposits, locating sewer

lines and buried objects, assessment of bed profiles of lakes and rivers, and subsurface

characterizations. In civil engineering applications, radar have been implemented in the

inspection of highways and bridge decks (Chung et a]. 1992), detection of cavities behind

concrete tunnel linings (Fenning and Brown 1995), and detection and quantification of

scour around bridge piers (Bungey et a]. 1995, Davidson et a]. 1995).

For a more complete discussion the advantages and limitations of the NDE

methodologies herein discussed, the reader is referred to Buyuk6zturk (1998).

2.5.3 NDE Methods Applied to FRP-Confined Concrete Systems

While radiography and computerized tomography have not been applied to FRP bonded

concrete systems, infrared thermography, acoustic emission, and radar microwave

techniques have been initially developed for this particular application. The following

paragraphs discuss the results, advantages, and disadvantages of these techniques for the

problem at hand.

Infrared Thermography

Work on condition assessment of FRP-wrapped concrete elements has been carried out

by Starnes (Starnes et a]. 2003) at MIT. The objective of this work was to provide the

knowledge foundation for the potential application of infrared thermography to detect

defects in FRP/concrete layered systems. Several testing parameters were investigated

such as thermal input, amplitudes of signals, surface temperatures, FRP and concrete

properties, and defect dimensions. Both numerical and experimental approaches were

51



considered. The studies confirmed that the detection of voids at the FRP-concrete

interface is possible, and that flaw depths and flaw widths may be predicted when

working under controlled laboratory conditions.

Disadvantage

- Forced convection due to high wind speeds and atmospheric attenuation might have

significant effects on the thermal response of the object and on the temperature

recordings of the infrared detector, and therefore the obtained measurements may not

be conclusive.

Acoustic Emission

Mirmiran et a]. (1999) investigated the applicability of acoustic emission (AE) techniques

to hybrid FRP-concrete columns and attempted to correlate AE parameters to stress states

in the concrete core. Two types of AE data can be recorded with this technique: 1) AE

parameters such as hit count, rise time, energy, amplitude and frequency content; and 2)

AE waveforms. The rate and cumulative counts are used to determine damage levels in

the concrete (Berthelot and Robert 1987). Frequency content and signal rise time allow

for distinguishing between different damage mechanisms (Tanigawa et aL. 1977). Other

features of the AE technique is the correlation to the Felicity and Kaiser effects. The

Felicity effect is the appearance of AE signals at stress levels below a previous maximum

load. The Kaiser effect is the absence of detectable signals until a previous maximum

load is exceeded. The results of this study on over 40 concrete-filled FRP tube specimens

with different lengths, cross-section areas, and FRP jacket types and thicknesses

subjected to uniaxial compression showed potential correlations between AE activity and

damage extend in the specimens. The relation between the rate of change of cumulative

AE counts and the applied load could help quantify accumulated damage. Figure 2-12

shows a typical variation of AE counts versus time along with the load-history for a FRP

tubed specimen (6 layers of GFRP). Large AE counts are recorded at the initial phases of

compression, followed by a low level of counts, and finally a rapid increase in the final

stages of damage. Longer specimens and specimens with ticker FRP jackets showed

higher AE activity. Figures 2-13 and 2-14 show the effects of jacket thickness on
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cumulative AE counts and the effects of column size (length/diameter ratio) and jacket

thickness on AE counts, respectively. It was proposed that the Felicity ratio can be used

to investigate damage extent while the Kaiser effect was not present during cyclic

loading.

Advantages

- AE techniques could result advantageous for structural health monitoring purposes.

There are several AE parameters that could potentially be used for correlation with

damage levels and mechanisms in FRP-concrete structures.

- In principle, the AE sensors could be positioned in key locations throughout the FRP-

retrofitted column based the expected loading conditions.

- The technique also provides real-time recordings, which could be potentially processed

and analyzed on-site given the availability of adequate monitoring equipment.

Disadvantages

- The same disadvantages of acoustic imaging methods apply in this specific case. The

use of sensor in direct coupling with the FRP jacket could potentially lead to

misinterpretations of AE signals due to the variety of FRP jacket threads and fabrics

and their non-homogeneous surfaces. While in this study the FRP tubes were made of

filament wound of unidirectional E-glass fibers, FRP retrofitting techniques such as

hand lay-up are more commonly used for field applications. Surface quality and epoxy

impregnation procedures vary considerably between these techniques.

- The signal-to-noise ratio is another limiting factor for this technique. Further studies in

terms of de-noising algorithms and the use of selected frequency filters must be

undertaken before this technique can be used reliably.

- While the AE emission technique has shown potential for real-time monitoring of FRP-

confined concrete columns, NDE assessment of damage or defects in the concrete core

without previous monitoring is still needed.

Due to the important information extracted from these results, further discussion of the

AE method for damage monitoring in FRP-confined concrete is provided in Section

3.3.4.

54



Radar Microwave - Zoughi and Bakhtari (1990)

Zoughi and Bakhtiari (1990) developed a microwave NDE methodology for detecting

delaminations in layered dielectric slabs. The methodology relies on the phase properties

of measured EM wave reflection coefficients. The layered material system, however,

must be backed by a conduction plate. Applicability of the technique is limited to lossy

dielectric materials provided adequate penetration of EM waves into the different

dielectric material layers. The experimental set-up consisted of a microwave sweep

oscillator, a network analyzer, and isolator devices. The dielectric samples were placed in

the far-field to obtain a uniform plane wave scenario. Experimental measurements at X-

band frequencies were obtained on bi-layer materials combinations of plexiglass and

synthetic rubber as a function of increasing air gap (delamination). The experimental

results were in good agreement with theoretical estimates.

Advantages

- The experimental set-up is relatively simple and could be applied to cases in which the

specific arrangement of layered dielectric slabs and a conducting plate are used.

- A similar approach could be used for determining thicknesses of dielectric slabs

(Zoughi and Lujan 1990).

Disadvantages

- The need of a conducting plate as part of the layered material system imposes a

condition which might not be satisfied for a significant number of FRP/concrete

systems such as FRP-confined concrete columns or FRP-retrofitted beams.

- Interpretation of phase information obtained from reflection coefficients is dependent

on the a priori knowledge of the permittivity properties of the slabs under investigation.

Radar Microwave - Feng et al. (2002)

Feng et a]. (2002) have developed an EM imaging technology for detecting air voids and

debonding between the FRP jacket and concrete column. The proposed technology is

based on the analysis of reflections of a continuous EM wave sent toward and reflected

from the FRP-concrete medium. To mitigate the significant difference in signal intensity

between the reflections from voids and debonding compared to that from the FRP jacket,
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a lens focusing approach was proposed. This approach focuses the EM waves onto a

point at the FRP-concrete interface using dielectric lenses specifically manufactured.

Advantage

- Readings for reflections of EM waves using the lens focusing set-up provided evidence

of manufactured voids and debonding defects.

Disadvantages

- All tests were conducted using specimens with one or two voids artificially introduced

with known locations and size. No tests were conducted on damaged concrete

previously subjected to mechanical loads to realistically search for damage levels

and/or locations.

- Data processing scheme is elementary (simply a representation of raw data), which

ultimately does not provide any information about the depth location of the defects.

- The microwave lens is a passive device and may suffer from power attenuation.

- The experimental set-up requires measurements in a point-by-point basis using a

predefined grid, as seen in Figure 2-15, which might make this method not suitable for

field application.
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Figure 2-15 (a) Schematic of numerical modeling, (b) Results of scanned image of a void
caused by a hole in the concrete surface (Feng et a]. 2002).
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2.5.4 Radar Microwave - APS-CW Technique for NDE of FRP-Confined Concrete

Columns

A recent development from the IST Group (IST Group 2005) called the Automatic

Progressive Stepping - Converging Wave (APS-CW) technique has been proposed as an

alternative to the lens focusing method previously discussed. The proposed method

focuses the measured EM waves by means of data processing of the coherent scattering

signals recorded at multiple locations around test specimens. At each location, a horn

antenna transmits wide-band EM waves with a beam pattern covering partial areas of

interest. With a predetermined step size (or number of antenna locations), the antenna

moves circumferentially in a progressive manner. The proposed method is implemented

in laboratory conditions using an Inverse Synthetic Aperture Radar (ISAR) approach. In

the ISAR set-up, the object rotates using a turntable, while the radar set-up is stationary.

The ISAR set-up is more efficient for laboratory conditions, while it is equivalent to the

APS-CW method. Figure 2-16 illustrates the APS-CW technique with a mono-static set-

up for the assessment of a typical FRP-confined concrete column, where P1 through PN

represent the measurement points. Exploratory research on the laboratory application of

this radar NDE methodology is presented in Chapter 5 of this thesis, which documents its

preliminary implementation for the detection of artificial defects and mechanical damage

in FRP-confined concrete specimens.

gre2Ae

Figure 2-16 Schematic of the APS-CW technique
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Chapter 3

Mechanics and Damage Behavior in
FRP-Confined Concrete

The objective to this chapter is to shed light on the topic of the mechanics and damage

behavior in FRP-confined concrete systems. While extensive research on the global

mechanical behavior and ultimate response conditions of FRP-confined concrete column

elements under compressive loads has been conducted in the past two decades, definitive

postulates regarding the levels or extent of damage in the concrete core are still lacking.

This chapter begins with a review of general cases of multi-axial stress states in concrete

systems. Topics such as active and passive confinement of concrete and deformation

behavior and damage characterization of concrete under multi-axial stress states are

presented and reviewed. A brief description of FRP-confined concrete column systems is

then presented, followed by a comprehensive review of the state-of-the-art work for FRP-

confined concrete in terms of load-deformation behaviors, analytical modeling, and

failure mode characterization. Existing research addressing damage extent and evolution

in these systems is also reviewed. Experimental studies on mechanical behavior of FRP-

wrapped concrete cylinders were conducted. The first objective of these experiments was

to develop a physical and mechanistic understanding of the behavior of a particular FRP-

confined concrete system composed of plain concrete cylinders wrapped with glass FRP

(GFRP) fabrics. Based on these results, the experimental program was then extended to

the conditioning of the mentioned laboratory specimens at specific intermediate levels of

mechanical damage. Observations of intact and mechanically damaged concrete cores

using visual inspection and optical microscopy techniques are detailed in this chapter.

Knowledge developed through these studies directly contribute to the interdisciplinary

research approach postulated in Chapter 1 regarding the development of a radar NDE

methodology for damage assessment of FRP-confined concrete column elements.
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3.1 Multi-Axial Stress States in Concrete

Before a detailed discussion of the mechanical behavior of FRP-confined concrete

systems, adequate understanding of the mechanics and damage behavior of plain concrete

subjected to multi-axial states of stress is needed. In particular, multi-axial compression

of plain concrete is examined in the following sections since such general stress state is

encountered when investigating the mechanical behavior of FRP-confined concrete

column members subjected to compressive loads.

3.1.1 Modeling Concrete under Multi-Axial Compression

In order to understand the behavior of concrete subjected to multi-axial compression, van

Mier (1997) used a simple model referred to as particle stack model. In Figure 3-1 (a), a

cluster of interacting aggregate particles imbedded in a matrix material is shown.

Concrete can be modeled as a stack of particles which will develop splitting tensile forces

in the material structure upon application of external compressive stresses. Such splitting

forces are presumed to act as the driving forces for processes leading to fracture. In a

closer look, the interactions between four aggregate particles subjected to a biaxial

compression stress state are presented in Figure 3-1 (b).

In contrast to the uniaxial compression case (i.e. P2 = 0), the application of an

external compressive stress OC2 mitigates the wedge splitting forces resulting from the

Fd
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F

(a) (b)

Figure 3-1 (a) Load transfer in a particle stack scenario (b) Particle interactions
under biaxial compression (van Mier 1997)
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application of the perpendicular stress o,. For a triaxial compressive stress state, the

same mechanism is developed when another confining stress U3 is applied in the out-of-

plane direction. In this case, splitting tensile forces are further reduced due to the

confinement effect provided by stresses a2 and o . Thus, a higher external stress 0, will

be required to produce failure in the composite system.

3.1.2 Nonlinear Stress-Strain Behavior for Uniaxial and Triaxial Compressive Stress

States

The stress-strain behavior of concrete, which is considered a quasi-brittle material, is

affected by the development of micro- and macrocracks in the body of the material. Even

before concrete is subjected to external loading, large numbers of microcracks are present

at the interfaces between coarse aggregates and mortar. The microcracking phenomenon

is produced as a result of various mechanisms such as segregation, shrinkage, and

thermal expansion in the cement paste. Further microcracking processes may occur at the

aggregate-cement paste interface, which is regarded as the weakest interface in the

concrete composite system, upon the application of external loading. Visibility of

microcrack development is then directly related to the application of further external

loads. Progression of microcracks becomes a leading factor to nonlinear stress-strain

behavior of concrete (Chen and Han 1988).

Figure 3-2 shows typical axial stress - axial strain and axial stress - lateral strain

curves for a uniaxial compression test. According to Kotsovos and Newman (1977), there

are three distinct deformation stages generally observed in the mentioned test. The first

stage extends from the unloaded state up to 30% of the compressive strength of concrete,

f. The stress-strain behavior for this stage is characterized as linearly elastic since

cracks existing in concrete prior loading remain approximately unchanged. The second

stage extends between 30% to 75% of f. This stage is characterized by increases in

length, width, and number of bond cracks. However, crack propagation is still considered

stable until reaching a stress level of 75% of f, which is generally labeled as the onset

of unstable fracture propagation. Material nonlinearity becomes evident in this second

stage due to significant crack development. The third stage extends from 75% of Ic until
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Figure 3-2 Typical stress-strain curves for uniaxial compression

failure of the specimen. At this stage, unstable fracture of concrete is primarily related to

crack development in the mortar. Mortar cracks join bond cracks at the surface of

adjacent aggregates forming crack zones. The previously smooth deformation behavior

may now be distorted, and subsequent deformations tend to be localized. At last, major

cracks develop parallel to the applied load to finally cause global failure of the specimen.

While the previous discussion applies to the case of uniaxial compression, the three

deformation stages (i.e. linear elastic stage, inelastic stage, and localized stage) can also

be qualitatively identified in multi-axial loading cases for moderate confinement levels.

Figure 3-3 shows the axial stress - axial strain (o -cl) and the axial stress - lateral

strain (o - e2) curves for concrete subjected to various levels of confining (lateral)

pressure (Palaniswamy and Shah 1974). The results were obtained from testing of

cylindrical specimens using a triaxial cell. Due to symmetry, the cylinders were subjected

to constant lateral pressures, U2 = c73 . Based on the experimental results, it is concluded

that the confining pressure significantly alters the deformation behavior of the concrete

specimens. Larger strains were observed in the case of confined concrete specimens in.

comparison to the uniaxial compression case (Chen and Han 1988).
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3.1.3 Active and Passive Confinement in Concrete

In addition to these introductory sections aiming at establishing an adequate theoretical

background of the mechanical and damage behaviors of FRP-confined concrete through

introducing general concepts of multi-axial stress states in concrete, the topics of active

and passive confinement must also be clearly defined and understood. Research

endeavors such as those of Palaniswamy and Shah (1974), Richart et a]. (1928), Mills

and Zimmerman (1970), Pantazopoulou (1995), and Imran and Pantazopoulou (1996)

have focused on the study of compressive behavior of concrete under active confinement.

Active confinement is accomplished by maintaining a constant level of confinement

stress in the concrete specimen. An example of an active confinement test is the

compressive testing of concrete cylinders using a triaxial cell. Figure 3-4 shows a

schematic of a triaxial cell testing device. Such device allows for the application of

confinement stress through pressurized oil, while allowing the application of axial

loading.
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Figure 3-4 Triaxial testing device (Imran and Pantazopoulou 1996)

Active confinement of concrete was first studied by Richart et a]. (1928), who proposed

the well-known empirical formulas:

f,= f +4.1- f, (3.1)

CCU =CO 1+ 20.5-1J (3.2)

where f, =ultimate confined compressive strength of concrete, c =unconfined

compressive strength of concrete, f, = lateral (radial) confining pressure on the concrete

core, CeC =peak confined axial strain, and CCO = unconfined peak axial strain of concrete.

While later experimental research results and analytical modeling efforts suggest

modifications, the basic forms of these expressions are still used.

For the cases of conventional reinforced concrete (RC) and FRP-confined concrete,

the confining action is of the passive type. Confining pressure is activated by the

transverse dilation of the concrete core resulting from principal axial strains (Poisson's

effect). Passive confinement could also be characterized as constant and variable through

the axial load history (Harries and Kharel 2003). Constant confining pressure is found in

concrete reinforced by conventional transverse steel, where this confining material

behaves in a plastic manner. Variable confining pressure is found in FRP-confined

concrete, where the FRP confining material has a considerably high stiffness. A more
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elaborate discussion on the mechanical behavior of concrete subjected to compressive

loads and passively confined using FRP composites as the confining materials is

presented in Section 3.2.

3.1.4 Deformation Behavior and Damage Characterization of Concrete under Multi-

Axial Stress States

After studying and differentiating the effects of active and passive confinement types on

concrete behavior, the role of deformation in damage characterization for multi-axial

stress states is discussed. The mechanical response of concrete to triaxial stresses is

governed by several material, load, and geometric parameters. However, the

understanding and modeling of such response has not been a simple task due to the

failure in appropriately isolating all significant parameters. According to Imran and

Pantazopoulou (1996), previous research has primarily focused on strength parameters,

which resulted in the established practice of defining the triaxial response in stress

coordinates (e.g. yield and failure envelopes). Only a small number of comprehensive

experimental results on deformation and damage characteristics have been reported in

existing research.

Research results have demonstrated that damage in concrete caused by microcracking

is exhibited by volumetric expansion or dilation of the material (Pantazopoulou and Mills

1995, Imran and Pantazopoulou 1996, van Mier 1997), which can be quantified in terms

of volumetric strains (i.e. volume increment per unit of initial volume). However, partial

or total restraint against expansion through the imposition of boundary conditions has a

significant influence on the internal states of stress in the material (Pantazopoulou 1995,

Imran and Pantazopoulou 1996). In order to quantify the residual stiffness and strength of

concrete subjected to arbitrary stresses and boundary conditions, analytical models have

been proposed based on strain measurements and kinematic restraint information

(Pantazopoulou 1995). Thus, volumetric strain measurements capturing the volume

changes in concrete developed through mechanical loading are considered important

quantifiers of the history of damage accumulated in the material microstructure.

In order to illustrate how the progressive damage in the microstructure characterizes

the response of concrete to mechanical loading through cracking and volumetric
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expansion processes, the results obtained by Imran and Pantazopoulou (1996) for a

compressive experimental study plain concrete under triaxial stress and active

confinement are presented. The test program was specifically focused on the deformation

aspects of the mechanical response and damage buildup, and it consisted of 130 different

tests. Testing was performed on plain concrete cylindrical specimens using a triaxial cell

device. Core samples of 115 mm length by 56 mm length were extracted from larger

cylindrical specimens to ensure homogeneity of the concrete material. While enclosed in

the cell, a specimen was loaded axially under displacement control. The main parameters

considered in this study were: water-to-cement ratio (w/c) of the concrete mix, moisture

content, level of confining stress, and load path. The results of the investigation revealed

a consistent relationship between the volumetric strain history and the characteristics of

the compressive axial stress - axial strain curves. Figure 3-5 presents a schematic of the

shape of the volumetric strain curves for axially loaded concrete subjected to different

confinement levels, where o3 = compressive stress in the axial direction, 83 = axial

strain, 6, = 1 +62 +83 =volumetric strain, eA3 = area strain or strain of cross section

supporting the load at an axial strain of 83, and v =Poisson's ratio.

Under ideal elastic conditions, the volumetric strain -, is contractive for the case of

uniaxial stress, and it is given by (1-2v)83 (refer to Figure 3-5). However, the 6,-63

relationship becomes nonlinear during the actual response of concrete, and eventually

becomes expansive beyond the point termed 830. The descending branch of the axial

stress - axial strain curve is associated with the phase of volumetric expansion.

Additionally, the area strain EA3 increases at an associated rate compared to the rate of

softening of the stress - strain curve. The area strain represents the coordinate bound

between the e, -83 curve and a 45 degree line in the contractive quadrant. Based on

these concepts, 830 represents the critical point where the area strain is equal in

magnitude to the imposed axial strain, separating the regions of volumetric compaction

and volumetric dilation. Consequently, 63" characterizes a strain threshold beyond which

the strength of the concrete decreases from its ultimate value (Pantazopoulou and Mills

1995).
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Figure 3-5 Geometry of volumetric strain plots for axially loaded concrete subjected to
different levels of confinement (Imran and Pantazopoulou 1996)

Although this previously mentioned study dealt with the investigation of compressive

behavior of concrete under active confinement, important information can be inferred

from the research results. The strength of concrete specimens tested under triaxial states

of stress was primarily limited by the initiation of volumetric expansion. Hence,

establishment of the volumetric changes (volumetric strains) becomes one of the key

variables in characterizing the mechanical and damage behaviors of concrete material.

3.2 Concrete Confined with FRP Composite Materials

3.2.1 Confinement Mechanics of Circular Column Elements

The confining action in a FRP-confined concrete column element can be schematically

illustrated in Figure 3-6. From mechanical analysis, the lateral (radial) confining pressure

acting on the concrete core, f1 is defined as:

-, = f (3.3)

where f,, = tensile stress in the hoop direction of the FRP jacket, t = thickness of the FRP

jacket, and D= diameter of the confined concrete core. Eq. 3.3 is a rearranged version of
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the well-known vessel formula which assumes a constant hoop stress over the thickness

of the confining material (in this case, the FRP jacket). This solution is restricted to a thin

wall scenario, with 2t/ D << 1 (Gere 2000). Assuming that the FRP jacket is stressed in

hoop tension only and based on the linear elastic behavior on FRP, the hoop stress in the

FRP jacket is proportional to the hoop strain by:

fh= EFRP-h (3.4)

where EFRP= elastic modulus of the FRP laminate.

tAlD

Figure 3-6 Lateral (radial) and hoop stresses present in confining action

3.2.2 Stress-Strain Response

Extensive research has been conducted to characterize the stress-strain response of FRP-

confined concrete column members. For the vast majority of test results, it is well

established that such response features a monotonically ascending bi-linear shape. This

type of stress-strain response is termed as increasing type (Lam and Teng 2003, Au and

Buyuk6zturk 2005). Test specimens featuring the mentioned response reach their

ultimate compressive strength and ultimate strain at the same point and are also

significantly improved in comparison with the ultimate stress and strain found in

unconfined concrete. However, a post-peak descending branch has also been observed by

several researchers (Demers and Neale 1994, Xiao and Wu 2000, Au and Buyukozturk

2005). This type of stress-strain response, which is termed as increasing-decreasing type,

is characterized by minimal strength enhancement, and it was observed by Au and

Buyukozturk (2005) when studying the effects of FRP ply orientation and mix
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configurations in FRP-confined concrete. The increasing and increasing-decreasing types

of stress-strain behaviors are sketched in Figure 3-7.

For the case of load-deformation behavior of the increasing type, the FRP-concrete

composite system shows a strain hardening action at the composite system level. The

distinctive bi-linear behavior is characterized by a second branch in the stress-strain curve

with reduced stiffness compared to the first branch. The point of transition between the

two branches of the stress - strain curve has been noted as kink point (Howie and

Karbhari 1995, Lau and Zhou 2001, Au and Buyukozturk 2005). Beyond the kink point, a

steady increase in stress is observed and continues until complete failure of the specimen

under test. Another important issue when investigating the behavior of FRP confined

concrete is the choice of fiber reinforcement. As already noted in Chapter 2, FRP jackets

for civil engineering applications are commonly manufactured out of carbon (CFRP) or

glass (GFRP) reinforcing fibers. Due to their different strength and deformation

properties, the stress-strain responses for CFRP and GFRP-confined concrete differ

considerably. Lam and Teng (2004) conducted a series of experiments to investigate

ultimate performance conditions in terms of compressive strength and strain for carbon

and glass FRP-confined concrete specimens. Selected results from the experiments are

shown in Figure 3-8. Due to the inherent differences in the material properties (CFRP

Axial Stress

S - - Increasing type

Increafing-decreasing type

. Axial Strain

Figure 3-7 Stress-strain curves for FRP confined concrete
for increasing and decreasing types (Lam and Teng 2003)
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Figure 3-8 Stress-strain curves for FRP-confined concrete (a) CFRP-wrapped cylinders
(b) GFRP-wrapped cylinders (Lam and Teng 2004)

elastic modulus and tensile strength are higher than those of GFRP) and thickness values

(thicker GFRP plies) between the CFRP and GFRP composites used in the mentioned

studies, it is observed that different load-deformation behaviors are obtained. In practical

applications, the use of either composite material for strengthening or retrofitting

purposes depends on the specific needs of the project in terms of degree of access to the

structural element, target level of confinement, ease of installation, cost of the project,

among other considerations. A detailed discussion regarding the particular choice of

GFRP for the experimental aspects of this thesis work is provided in Section 3.4.

3.2.3 Failure Modes of FRP-Confined Concrete

Based on a recent study by Au and Buyuk6zturk (2005), both brittle and ductile

behaviors were observed at ultimate failure states, where the composite system failure

was characterized by a sudden reduction in load resistance. In that study, various ply and

mix configurations consisting of uni-directional and bi-directional GFRP composite

materials were investigated. Specimens with a load-deformation behavior of the

increasing type showed a brittle failure mode due to rupture of the FRP in the hoop

direction. These specimens were manufactured with at least one uni-directional GFRP

ply. FRP jacketing using uni-directional fibers, either CFRP or GFRP, is the most

commonly deployed in field applications, and thus, laboratory experiments using such

fiber direction configuration have been the most widely conducted. Rupture of the FRP

jacket due to hoop tension is the well-known failure mode for the mentioned FRP-
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confined concrete types of specimens, although premature failure due to debonding of the

FRP at the overlap joint has also been reported (Lam and Teng 2003). Ductile failure has

been encountered in FRP jackets manufactured with angular fiber wrap configurations,

which also show a load-deformation behavior of the increasing-decreasing type.

Substantial post-peak straining has been observed for axial and radial directions.

Reorientation of angular fibers to align with the hoop stress direction allowed for a more

compliant radial dilation (Au 2001).

3.3 Review on Damage Evolution of FRP-Confined Concrete

As it has been discussed in the previous sections, extensive work has been conducted by

the research community to further improve the understanding of the mechanical behavior

and ultimate failure conditions of FRP-confined concrete column elements. However,

studies dealing with specific issues such the extent and evolution of the damage processes

in the concrete core of the FRP-confined specimen under compression loads are still at

initial stages. Existing research addressing these research issues, from various research

angles and perspectives, are discussed in this section.

3.3.1 Bi-Linear Behavior of FRP-Confined Concrete and Mechanisms of

Confinement

Existing research has generally established the bi-linear character of the stress-strain

response of FRP-confined concrete cylindrical specimens subjected to uniaxial

compression. It is commonly recognized that the first region of the stress-strain curve is

mainly affected by the strength properties of the concrete core due the low level of

passive confinement provided by the FRP jacket resulting from the minimal lateral

expansion of the specimen under test. However in the second region of the stress-strain

curve, the concrete core is commonly believed to be cracked or substantially damaged,

allowing the fully activation of the FRP wrapping system (Karbhari and Gao 1997,

Toutanji 1999, Lau and Zhou 2001). It has also been hypothesized that a gradually failed

brittle zone between the matrix and the aggregates takes place for a load level

corresponding to the compressive strength of plain concrete, and that aggregates are
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heaved and the concrete core becomes a non-cohesive medium for load levels exceeding

the compressive strength of plain concrete (Berthet et a. 2005).

3.3.2 Kinking Point

Having established the general bi-linear character of the stress-strain response for FRP-

confined concrete, researchers have identified the need for better understanding the

transition point between the two regions, which has been referred to as kink point (refer

to Section 3.2.2). The kink point becomes the stage at which significant axial stiffness

reduction begins, as illustrated in Figure 3-9. Au and Buyuk6zturk (2005) proposed that

this significant reduction in axial stiffness may be a product of the damage occurring at

the concrete core level since the FRP jacket is intact, at least from the visual inspection

point of view. As noted in that study, the accurate characterization of the kink point is

essential for the proper design of FRP-wrapped concrete columns since today's practices

in this field mainly consider terminal stress-strain responses under uniaxial compression.

Design stresses beyond the kink point stress might not be justified under other different

loading conditions (e.g. seismic, cyclic).
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Figure 3-9 Kink point in stress-strain response for GFRP-confined concrete
under uniaxial compression (Lau and Zhou 2001).

3.3.3 Localized Damage

For the case of one layer of GFRP-wrapped concrete cylinder specimens, Au and

Buyfik6zturk (2005) observed severe concrete crushing focalized at the mid-height
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section of the cylinders, while the concrete core and the FRP jacket above and below the

mentioned zone seemed to remain intact. This behavior was attributed to the differential

shortening behavior, which is a product of the increase in stiffness at the FRP overlap

region in one of the sides of the specimen. Close to ultimate failure, concrete rubbles

pushed against the strained fabric locally, which was followed by fiber rupture. The FRP

jacket opened up locally, allowing crushed concrete to spall off. Some concrete was also

adhered to the fractured portion of FRP after complete failure, as observed in Figure 3-

10. Based on the findings of this study, mechanical damage in the concrete core could be

localized depending on the size of the specimen, FRP jacket configuration, and loading

conditions. However, visual inspection after ultimate failure of the FRP-confined

concrete cylinders provided some physical understanding of the state of damage in the

concrete core.

Figure 3-10 Localized damage zone in FRP-confined concrete (Au 2001)

3.3.4 Monitoring of Damage Evolution using Acoustic Emission Techniques

Monitoring of damage in FRP-confined concrete using acoustic emission techniques has

provided some valuable inside regarding the damage processes occurring in the concrete

core and FRP jacket when the specimen is subjected to compressive loading (Mirmiran et

a]. 1999). The cited work used concrete-filled FRP tubes for their experimental program.

While this construction technique also uses the same principle of FRP confinement, its

mechanical behavior differs from other types of FRP confinement due to the substantial

longitudinal stiffness inherent to the tube structure (Lam and Teng 2003). Thus, direct

comparability with other FRP retrofitting techniques of concrete columns such as hand
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lay-up may not be accurate. However, the damage evolution traits observed in this cited

work are in line with the proposed damage evolution discussions previously presented.

For a brief introduction of the work of Mirmiran et a]. (1999), refer to Section 2.5.3.

Three stages of damage evolution as functions of applied compressive load were

experimentally identified, as seen in Figure 3-11. This figure shows a plot of cumulative

AE counts versus axial load for a concrete cylinder encased in 6-ply GFRP tube. The

three proposed stages in the damage response are:

- Stage 1: The initial stage corresponds to a swift propagation of microcracks within

the concrete core. A large number of AE counts are observed.

- Stage 2: This stable stage is characterized by a gradual increase in AE counts.

Existing cracks open at a rate controlled by the stiffness of the FRP tube rather than

appearance of new crack formation processes.

- Stage 3: This unstable stage is characterized by a rapid increase of AE counts near

failure. Several processes take place such as growth of internal cracks, flow of resin,

shear cracks in the FRP tubes, and pore compaction in the concrete core.

Having developed a comprehensive theoretical understanding of the state-of-the-art

research on FRP-concrete systems regarding several topics such as general stress states in

concrete under multi-axial compressive loads, mechanics of concrete under FRP

confinement, its load-deformation behaviors, ultimate failure modes, and various research
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Figure 3-11 Typical variation of cumulative AE counts versus axial load
(Mirmiran et a]. 1999)
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initiatives addressing the damage development, evolution, and characterization in such

systems, an experimental program dealing with the mechanical behavior and damage

characterization of FRP-confined concrete is described in the following sections.

3.4 Experimental Studies on Characterization of Mechanical Behavior of FRP-

Confined Concrete

3.4.1 Objective and Overview

This experimental work aims at examining and characterizing the mechanical behavior of

FRP-confined concrete members subjected to monotonic concentric axial compressive

loading. In particular, this study focuses on normal strength, plain concrete cylindrical

specimens wrapped with a one-ply GFRP jacket mounted using wet lay-up installation

procedures. The objectives of this experimental study are to obtain an adequate

understanding of the mechanical and deformation behaviors of the particular FRP-

confined concrete system previously mentioned and to show that specimens

manufactured using the procedures hereafter described display a consistent and

repeatable performance behavior for the case of monotonic concentric axial loading. The

results from achieving the two mentioned objectives will serve as the basis for damage

conditioning of the same type of GFRP-concrete specimens and subsequent damage

assessment using visual and microscope observations of specimen cross-sections (Section

3.8) and the exploratory radar NDE technology described in Chapter 5.

Test Matrix

Characterization of the mechanical behavior of FRP-confined concrete was performed

according to the test matrix described in Table 3-1. In addition to FRP-wrapped

specimens, plain concrete specimens were also tested to draw comparisons between the

two different types of specimens in terms of strength and deformation behavior. Detailed

descriptions of material selection, specimen configuration, instrumentation, and loading

conditions related to the compression tests of the specimens described in Table 3-1 are

provided in the following sections.
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Specimen Type Individual Notation
Plain concrete PCO1, PC02, PC03

FRP-confined concrete CCO1, CC02, CC03, CC04

Table 3-1 Test matrix for characterization of mechanical behavior of
plain and FRP-wrapped concrete specimens

Sign Conventions

As it will be observed in the forthcoming sections, measurements of both axial and lateral

(radial) strains were performed. For simplicity and clarity, these measurements are

sometimes presented in plots simultaneously. Axial shortening is assigned positive

values, while lateral dilation is assigned negative values. The sign conventions will also

apply to any subsequent calculations based on these measurements (e.g. stress-strain

plots, volumetric deformations).

Units

The SI unit system is used for consistency with the radar measurements, dielectric

materials property assessment, and electromagnetic wave propagations aspects of this

thesis. The following conversion factors may be useful to reader for comparison with the

English unit system:

1 MPa=145.04 ]bf/in'

1 N=0.224811bf
I mm=0.03937 in

1 kg/m3 = 0.062426 lbm/ft

3.4.2 Material Selection

Concrete

Normal strength concrete was used throughout the mechanical studies (described in this

chapter), electromagnetic property characterization studies (described in Chapter 4), and

radar NDE assessment studies (described in Chapter 5). The concrete was produced using

mix proportions of Portland cement Type I / sand / coarse aggregate = 1.0 / 2.5 / 3.2 by

weight with a water-to-cement ratio, wi c = 0.60. Adequate workability and consistency

was achieved during the production of the concrete and no admixtures were included in
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the mixing process. The average 28-day compressive strengths from 100 mm diameter by

200 mm length cylinder tests and the corresponding standard deviations for each batch of

concrete are presented in Table 3-2. The concrete mix characteristics are in line with the

works of Rhim (1995) and Au (2001) related to non-destructive evaluation of concrete

using wideband microwave techniques and behavior of FRP-confined concrete,

respectively. Similar mechanical and electromagnetic properties of concrete between

these previous works and the present work are crucial to the use and extension of the

existing knowledge base. One important requirement that was accomplished in this work

was the need for adequate consistency in material characteristics and mechanical

performance among all specimens. This aspect becomes imperative in our efforts to

develop fundamental knowledge in terms of damage detection and assessment of FRP-

confined concrete systems through studies of artificially-introduced damage (such as air

cavities or delaminations) and mechanically-introduced damage scenarios.

Batch Mean, p [MPa] Sta Dev, a- IMPa]
1 25.8 1.2
2 26.8 1.4
3 25.2 2.0
4 25.0 1.7

Table 3-2 28-day compressive strength values for all concrete batches

Capping Material

Due to the vertical orientation of the molds during specimen manufacturing, the top end

of the cylinders used in this study did not have a reasonably flat and smooth surface.

Additionally, compressive loading testing requires all cylindrical specimens to have

parallel top and bottom surfaces in order to approximately provide a uniaxial loading

scenario. Consequently, cylindrical specimens were capped with gypsum-plaster as

stipulated in ASTM C617 - 98 (2003). Careful preparation of the capping was necessary

to satisfy the 6 mm maximum average thickness of the cap.

Cylinder Molds

Two types of molds were used in this study. Cylindrical specimens used for 28-day

compressive strength testing for the purposes of checking consistency among batches
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were cast on 100 mm diameter by 200 mm length reusable plastic molds in accordance to

ASTM C39/C39M - 04 (2004). Cylindrical specimens used for mechanical behavior

characterization, both plain and FRP-wrapped specimens, were cast on non-standard 150

mm diameter by 380 mm length molds. These molds were manufactured using disposable

cardboard tubing and a reusable wooden base. The mentioned molds served to provide a

poor finish to the specimen surfaces, which in turn would provide adequate bonding

between the concrete and FRP materials. The wooden base was design to tightly fit on the

tube and thus prevent water leakage.

FRP Composites

All FRP composite materials used in this study were manufactured by Fyfe Co. LLC. The

jacketing system used for mechanical behavior characterization of FRP-confined concrete

was Tyfo® SEH-5 1A Composite. This system consists of Tyfo* S epoxy and Tyfo® SEH-

51A reinforcing fabric. Tyfo® SEH-51A is a custom wave, unidirectional glass fabric

with yellow glass cross fibers at 900. Tyfo® S is a two-component epoxy matrix material

used for bonding applications. The mix ratio prescribed for the epoxy system is 100

component A / 34.5 components B, by weight. The suggested minimum curing time for

the epoxy is 72 hours at room temperature. Typical properties of this composite system

are provided in Tables 3-3 through 3-5 (Fyfe Co. 2002).

Tensile strength, GPa 3.24
Tensile modulus, GPa 72.4
Ultimate elongation, % 4.5

Density, g/cm 3  2.55

Weight, g/m 2  915
Fiber thickness, mm 0.36

Table 3-3 Typical dry fiber properties

Property Typical Test Value ASTM Method
Tg 600 C, post cure 24 hours 820 C D-4065

Tensile strength, MPa 72.4 D-638, Type I
Tensile modulus, GPa 3.18 D-638, Type I

Elongation, % 5.0 D-638, Type I
Flexural strength, MPa 123.4 D-790
Flexural modulus, GPa 3.12 D-790

Table 3-4 Epoxy material properties
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Property Typical Test Value Design Value ASTM Method
Ultimate tensile strength in 575 460 D-3039

primary fiber direction, MPa
Elongation at break, % 2.2 2.2 D-3039
Tensile modulus, GPa 26.1 20.9 D-3039

Ultimate tensile strength 900 to 25.8 20.7 D-3039
primary fiber, MPa

Laminate thickness, mm 1.3 1.3

Table 3-5 Composite gross laminate properties

3.4.3 Specimens

Cylinder Configuration

The choice for the concrete cylinder configuration was determined after a detailed

analysis of several constraints imposed by the interdisciplinary character of this research

work. Although this chapter deals with the mechanical response characterization of FRP-

confined concrete cylindrical specimens, their geometric and material configurations

have a direct impact on the radar NDE exploratory studies described in Chapter 5.

In terms of the geometric configuration, both the diameter and height of the

specimens were chosen based on the following considerations. Because of the inherent

characteristics of the compressive test set-up used in this study, an elastic mismatch and

the presence of frictional forces between the steel plates and the end caps of the

cylindrical specimens would interfere with the uniaxial loading character of the test. The

mentioned phenomenon imposes additional constraints in the system leading to complex

stress states near the ends of the cylinder caps. This is commonly recognized as the main

factor for shear cone formation in cylinder compression tests, which ideally would fail

under vertical fracture if subjected to pure uniaxial compressive loads. Based on

experimental findings developed by several researchers for uniaxial compression testing

of concrete prism elements with steel plates, van Mier (1997) concluded that reasonable

results could be obtained when the aspect ratio of the specimens is between 2.5 and 3.0.

While a direct comparison may not be appropriate, equivalent cylindrical specimens with

a height-to-diameter ratio of 2.5 could represent optimal for the proposed work.
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Another important factor influencing the response and performance of the FRP-

wrapped concrete cylinders is the radius of curvature. Previous research (Yang et a].

2001, De Lorenzis and Tepfers 2003, Lam and Teng 2004) has identified the influence of

the radius of curvature on the tensile strength of FRP composite jacket. Results indicated

that the tensile strength of the laminate decreased with decreasing corner radius (Yang et

a]. 2001). Consequently, the choice for the diameter of the cylinder specimens should be

as large as possible to avoid the mentioned losses in strength capabilities of the FRP

composite wraps. Directly related to the choice of specimen diameter is the capacity

available from the loading device in use. As it will be noted in Section 3.4.5, the Baldwin

loading frame could provide compressive forces up to 890 kN. Based on the experience

gathered from the work of Au (2001) and on the results of preliminary analytical

modeling of FRP-confined concrete, the choice of a 150 mm diameter cross-section could

ensure an adequate strength analysis of the FRP-confined concrete cylinder specimens.

Lastly, important geometrical constraints are related to the experimental set-up used

for the radar NDE measurement aspects of this project. As it will be discussed in Chapter

5, radar measurements required the FRP-confined concrete cylinders to have large

dimensions in order maximize radar cross section (RCS) signals, while at the same time

keep the weight of the specimens bellow 45 kg (due to the maximum weight allowed on

top of a Styrofoam tower supporting the specimen during measurements). After analysis

of all the mentioned geometry-related criteria, cylindrical specimens of 150 mm diameter

by 380 mm length were chosen for mechanical behavior characterization of FRP-confined

concrete.

In terms of the material configuration, the choices of plain concrete cylinders or

reinforced concrete cylinders were analyzed. Although in field applications reinforced

concrete is the necessary choice for column applications, laboratory experimentation with

reinforced concrete might not be a feasible choice. Demers and Neale (1999) concluded

in their study that compressive testing on FRP-confined plain concrete specimens was

sufficient to achieve their research objectives due to the lesser contribution of transverse

steel reinforcement in FRP-confined RC concrete specimens as long as the stirrup

spacing was medium to large. Consequently, plain concrete specimens are selected for

the herein discussed experimental program.
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FRP Wrapping Configuration

The choice of one layer of Tyfo® SEH-51A Composite system for confining the concrete

specimens is substantiated from two different points of view. From the mechanics point

of view, mechanical properties and the number of layers or plies of the FRP laminate

directly affect the strength and deformation responses of FRP-confined concrete. Based

on previous experience and preliminary analytical modeling, the strength of a specimen

manufactured with one layer of GFRP (in this case, Tyfo® SEH-5 lA) wrapped around the

proposed 150 mm by 380 mm concrete cylinders would almost match the maximum load

provided by the loading frame used in this study, and thus it becomes the limiting

constraint on the number of plies that could be used. Another aspect related to the FRP

wrapping configuration is the appropriate choice for the overlap length. Fyfe Co. LLC

suggests an overlap length of at least 150 mm in the primary fiber direction (Fyfe Co.

LLC 2005). Such overlap length is assumed effective for appropriate epoxy bond strength

and shear transfer developments. However, for the case of a 150 mm diameter cylinder,

the proposed overlap length would be unrealistic from the perspective of developing a

uniformly distributed stress state in the hoop direction of the wrapped specimen. Based

on previous experience, an overlap of 75 mm would ensure appropriate performance of

the specimens, although some minor differential displacements are expected.

From the non-destructive evaluation point of view, the choice of the fiber used for

jacketing has a significant influence on the application of a specific type of NDE

methodology. Obvious choices for FRP retrofitting of concrete columns are GFRP and

CFRP composites. However, the application of radar NDE techniques on CFRP jackets

presents additional challenges. As it is discussed in Section 4.5.1, wave propagation

through one layer of CFRP fabric shows significant signal attenuation. Consequently, the

choice of a glass-based material is justified.

Concrete Casting Procedures

All concrete cylinder specimens were cast in four batches. For each batch, six 150 mm x

380 mm cylindrical specimens and nine 100 mm x 200 mm cylindrical specimens were

cast. All casting procedures were in accordance with ASTM C192/C192M - 02 (2002). A

power-driven concrete mixer was used. Plastic sheets were used to cover the specimens
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to keep them moist until demolding. The cast specimens were allowed to cure for a 24-

hour period in the molds. After demolding, the specimens were submerged in a water

bath for a 7-day curing period, after which they were left to cure at room temperature

until completing the 28-day curing period. Compressive tests on 100 mm x 200 mm

cylinders were conducted within eight hours after the 28-day curing period. The results of

compression tests are tabulated in Table 3-2. Specimens were then capped and wrapped

with FRP composite.

FRP Composite System Installation

The installation of the FRP composite system onto the concrete cylinders was conducted

in accordance with the Quality Control Manual for the Tyfo* Fibrwrap* System (Fyfe

Co. 2005). Additionally, relevant questions about specific installation issues were

appropriately addressed by the engineering team at Fyfe. Co. LLC. The first step in the

installation process was the surface preparation. For the case of column applications, the

surface shall be free from fins, sharp edges, and protrusions that could cause air voids or

damage the fibers. Although large voids or uneven surfaces would have to be filled with

epoxy filler, small pinholes or micro-bubbles in the concrete surface do not require

special detailing, which implied that our specimens did not require any epoxy filling. The

surfaces had to be free of moisture before application. The specimens were hand cleaned

to remove any dust. Following the cleaning process, one prime coat of thickened Tyfo* S

epoxy was applied to the concrete surface. To prepare the epoxy matrix, the two

components were uniformly mixed with a mechanical mixer for approximately five

minutes at 400 rpm (see Figure 3-12). Based on the experience of the manufacturer, the

expected workable time for the epoxy mix is approximately three hours. After application

of the prime coat, the specimens were left to cure for approximately one hour.

The second step in the installation procedure was the fabric saturation. The FRP

fabric sheets were cut to the appropriate lengths. Because of the size of the experimental

program, manual saturation was suggested without compromising the quality of the final

outputs. The pre-cut fabric sheets were placed in a saturation bath frame. The epoxy was

then worked into the fabrics using a paint roller.

The last step was the saturated fabric installation using the wet lay-up technique.
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(a) (b)

Figure 3-12 FRP composite system installation (a) Mixing of epoxy resin
(b) Samples curing after installation of epoxy jacket

After the fabrics were saturated with epoxy from both sides, they were rolled in such a

way that during installation the fabrics will be unrolled while being placed around the

concrete cylinder with a constant pull. Hand pressure was applied to ensure good

adhesion between the saturated fabric and the prime coated concrete surface and to

prevent the formation of air voids. The cylinders were watched for approximately one

hour to check that overlaps were perfectly adhered. As suggested by the manufacturer,

the specimens were allowed to cure at room temperature for 72 hours.

3.4.4 Instrumentation

The data acquisition system consisted of a desktop computer, data acquisition software,

and a connection box, which served as the interface between all measuring devices and

the computer. This system collected displacement and load measurements from all linear

variable displacement transducers (LVDTs), extensometers, and the load cell in real time

with a logging time step of one second. The basic measurement principle for all devices

was the differences in voltage due to load and displacement changes. All the devices
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were calibrated and tested before the experiments. A picture of the data acquisition is

presented in Figure 3-13.

Two Trans-Tek LVDTs were used to record the radial expansion of the cylinder

specimens. The LVDTs were mounted on especially-designed spring systems. A sketch

of the spring system is shown in Figure 3-14. Measurements of radial expansion were

recorded with the LVDTs at mid-height and at 50 mm bellow mid-height level. Axial

displacements were recorded with two 90 mm extensometers, one placed on the overlap

region, and the other place 1800 apart from the first one. Both extensometers were placed

at mid-height level with the aid of rubber bands to prevent any slippage. A picture of the

instrumentation mounted on a FRP-confined concrete specimen is provided in Figure 3-

15.

Figure 3-13 Data acquisition system

3.4.5 Loading

Compressive load testing under monotonic conditions was accomplished with the aid of a

Baldwin 890 kN loading frame. The load frame operates based on hydraulic principles

and it is controlled through a computer interface. During testing, the crosshead remains

stationary while the platform moves upward to provide compressive loads. The steel plate

attached to the crosshead of the loading frame can be adjusted to be fixed or released for

free rotational motion. For the case of this work, the plate was allowed free motion in
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Figure 3-14 LVDT mounting system

Figure 3-15 Set-up for instrumentation mounted on a FRP-confined concrete specimen
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order to capture any differential motions due to the overlap in the FRP jacket. The two

basic modes of operation are load-control and displacement-control testing. For this

study, displacement-control was chosen in order to capture the plastic deformation of the

FRP-confined concrete specimens. The load displacement rate was adjusted to 1.27

mm/min. Figures 3-16 shows a picture of the loading frame.

Figure 3-16 Baldwin loading frame

3.5 Experimental Results of Mechanical Behavior of FRP-Confmned Concrete

3.5.1 Load-Deformation Behavior

The fundamental tool for characterizing the mechanical performance of the plain concrete

and FRP-wrapped concrete specimens is the construction of the stress-strain curves using

the data from axial load, axial deformation, and lateral deformation measurements.

Figures 3-17 through 3-20 show the stress-strain curves for the specimens detailed in

Table 3-1. The PC-series correspond to plain concrete specimens, and the CC-series
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Figure 3-17 Axial stress - axial strain and axial stress - lateral strain curves
for FRP-wrapped concrete specimens
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Figure 3-18 Axial stress - axial strain and axial stress - lateral strain curves
for plain concrete specimens
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Figure 3-19 Axial stress - volumetric strain curves for FRP-wrapped concrete specimens
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Figure 3-20 Axial stress - volumetric strain curves for plain concrete specimens
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correspond to FRP-wrapped concrete specimens. In Figures 3-17 and 3-18, the curves

whose strains are positive correspond to axial stress - axial strain behavior, while the

curves whose strains are negative correspond to axial stress - lateral (radial) strain

behavior. Physically, the specimens undergo axial shortening and radial dilation under

axial compressive loading. While these deformations could be intuitively related to

negative and positive values respectively, the sign convention used in Figures 3-17 and 3-

18 is widely used to depict the axial and lateral deformation behaviors. The computation

of axial stresses, axial strains, and lateral strains was based on the concepts of

engineering stresses and engineering strains in which the load and deformation changes

are characterized in terms of the original geometry of the specimen (i.e. original cross-

section areas and original lengths). Values for axial deformation were obtained by

averaging the measurements of the two extensometers located at the mid-section of the

specimen. Values for radial deformation were obtained by averaging the measurements of

the two LVDT devices.

Figures 3-19 and 3-20 show plots of axial stress - volumetric strain behavior.

Volumetric strains were computed from the axial and lateral strain measurements. By

definition, the volumetric strain for a specimen of cylindrical geometry is:

Evol - Eaxial + Cradial +&6hoop (3.5)

Based on mechanics principles and symmetry arguments, it can be shown that the lateral

(radial) strain is equal to the hoop strain, thus:

Evol - -axial +2radia (36)

3.5.2 Maximum Stresses and Strains

Table 3-6 provides a summary of the maximum stresses and strains developed in the

specimens under test. A key aspect in these characterization studies of global stress-strain

behavior is the fact that FRP-confined concrete specimens, which were listed in Table 3-

1, could not be loaded up to ultimate failure that is commonly characterized by fiber

rupturing and catastrophic collapse of the jacketed system. This situation is reflected in

the values for ultimate stresses and strains of FRP-wrapped concrete specimens (CC
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specimen series). The reason for this limitation is directly related to the capacity of the

available loading frame used in this experimental study. The Baldwin loading frame has a

capacity of 890 kN (described in Section 3.4.5). Strengthening of the plain concrete

specimens with one ply of GFRP composite material resulted in an increased capacity

surpassing the maximum load available from the loading frame. It was decided that

testing must stop once the load level reached 890 kN. From additional studies, it was

determined that FRP-wrapped concrete specimens ultimately failed at relative short

periods of constant-loading after the maximum load available from the loading frame was

reached. Testing the FRP-confined concrete samples up to load levels slightly lower than

ultimate loading does not significantly alter the objectives of the proposed research since

this thesis work aims at the understanding of the damage development and evolution in

FRP-confined concrete specimens and to mechanical conditioning these type of

specimens in a repeatable and consistent manner for later assessment through visual

inspection, microscope observations, and radar NDE technologies. No availability of

experimental data on ultimate loads and deformations partially affected the analytical

modeling component of this work, discussed in Section 3.6

. Axial Stress Axial Strain Lateral Stress Volumetric Strain
Specimen [MPa] [mm/mm] [mm/mm] [mm/mm]

PCO1 29.5 0.0019 -0.0004 0.0011
PC02 29.6 0.0022 -0.0007 0.0008
PC03 33.3 0.0018 -0.0007 0.0003
CCO1 48.4* 0.0139 -0.0117 -0.0095
CC02 48.3* 0.0181 -0.0142 -0.0102
CC03 48.5* 0.0149 -0.0131 -0.0112
CC04 48.6* 0.0124 -0.0103 -0.0083

* Strength capacity of specimen exceeded the maximum load supplied by load frame

Table 3-6 Maximum stress and strain values for specimens under test

3.5.3 Differential Shortening Behavior

Another important aspect related to the results of the mechanical behavior

characterization of plain concrete cylinders wrapped with one layer of GFRP composite

is the overlap strengthening phenomena, which was previously observed in the

experimental work of Au and Buyukozturk (2005). Figure 3-21 shows the axial stress -
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axial strain curve for specimen CCO1. It is observed that axial strain values measured by

the extensometer on the bond overlap region are smaller than those measured opposite to

the overlap region. Thus, differential shortening behavior occurred during uniaxial

compression testing. Based on the data collected from the four FRP-confined concrete

specimens, an average value for the differences between the two measured axial strains

corresponded to approximately 20%. This type of response was expected due to the

wrapping of the concrete specimens with only one ply of FRP. In practice, retrofitting

with FRP composite fabrics would require several plies for adequate confinement. If

several individual fabrics are used for the retrofitting job, these are placed such that bond

overlaps are distributed around the circumference of the column, which ideally would

mitigate differential deformation effects.

40 r

30
-- - - -- - -- -- - - - - - - -- ----- ----- - -- - -

Extensometer on overlap
- Extensometer opposite to overlap

0 0.005 0.01
Axial Strain, saxial

0.015 0.02

Figure 3-21 Overlap strengthening on one-ply FRP-wrapped concrete, specimen CC01

3.5.4 Analysis of Mechanical Behavior

From the results presented in Table 3-6, the enhancement in strength and deformation

characteristics of plain concrete specimens when wrapped with one layer of GFRP

composite is clearly observed. The stress-strain behavior of the FRP-confined concrete

specimens showed the distinctive bi-linear form as it is commonly observed in existing
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research (refer to Section 3.2.2). The kink point was clearly observed at a stress level

slightly above 30 MPa. At the kink point, a drastic change in the stiffness behavior of the

composite system occurred. Furthermore, this change in stiffness behavior is

experimentally related to the large dilatational lateral strain values developed after the

kink point for all specimens under test. The best way to understand this behavior is to

focus on the volumetric strain development plotted in Figure 3-19. Up to a load level of

approximately 30 MPa, both plain concrete and FRP-confined concrete specimens follow

similar axial stress - volumetric strain responses. The effect of the FRP wrapping appears

minimal up to that point, except for specimen CC04. Plain concrete specimens failed at

30 MPa showing no signs of significant dilation behavior. On the contrary, FRP-confined

concrete specimens displayed changes in volumetric deformation, shifting from a

compaction-dominated behavior up to the kink point to a dilation-dominated behavior.

For load levels higher than approximately 35 MPa, these specimens underwent

significant volumetric dilations. Thus, the net effect of axial shortening due to axial

compressive loads is dominated by the lateral expansion due to the confinement provided

by the FRP jacket. It is important to notice that the dilatational behavior herein discussed

is only related to the specific case of FRP wrapping with one ply of GFRP fabric. FRP

jacket configurations with two or more plies may result in significantly different

behaviors, some of which are characterized by continuous compaction for the cases of

large numbers of FRP plies (Teng and Lam 2004).

One of the important aspects in the stress-strain behavior studies is the observed

consistency and repeatability in performance among the FRP-confined concrete

specimens. As already mentioned in Section 3.4.1, one of the goals of these experiments

was to manufacture specimens with highly similar characteristics in terms of mechanical

performance. It has been noted in existing literature that scattering in experimental results

could be expected when investigating the mechanical responses of GFRP-confined

concrete specimens (Au 2001, Lam and Teng 2003). Thus, these results provide the

necessary reliability when expanding this work to the investigation of intermediate stages

of mechanical damage, .in which accurate control over load-deformation behaviors is

necessary for adequate conditioning of specimens for selected mechanical damage levels.

These studies are presented in Section 3.7
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3.6 Analytical Modeling of Mechanical Behavior of FRP-Confined Concrete

Extensive analytical modeling of FRP-confined concrete (Saadatmanesh et al. 1994,

Miyauchi et aL 1997, Saafi et al. 1999, Spoelstra and Monti 1999, Samaan et aL. 1998,

Toutanji 1999, Shahawy eta]. 2000, Xiao and Wu 2000, Harries and Kharel 2002, Moran

and Pantelides 2002, Lam and Teng 2003) has been carried out over the past decade to

advance the understanding of its mechanical behavior when subjected to compressive

load scenarios. For practical applications, adequate modeling of FRP-confined concrete

stress-strain behavior is necessary for the reliable design of structural column elements.

In this section, the performances of three representative existing models are evaluated in

view of the experimental results obtained and presented in the previous section. As it was

already mentioned, a limitation of the experimental work related to characterizing the

stress-strain behavior was the inability to load the FRP-confined concrete specimens up

to ultimate conditions due to the maximum load capacity of the loading frame. Thus, a

complete stress-strain curve could not be measured. However, comparisons of the three

analytical stress-strain models herein described with the experimental results will deliver

important knowledge of the fundamental mechanical behavior and trends of FRP-

confined concrete. Due to the different notations for equation parameters used among

researchers, a common notation has been adopted in this work for easier comparison

between different models. Additionally, all formulations herein presented are referenced

to SI units.

3.6.1 State-of-the-Art in Stress-Strain Modeling

Three analytical models of the axial stress - axial strain behavior of FRP-confined

concrete systems are described in this section. These models correspond to the works of

Samaan et al. 1998, Spoelstra and Monti 1999, and Lam and Teng 2003. While the

descriptions of these models will provide sufficient information regarding the overall

principles of each model, the reader is referred to the mentioned journal publications for

further details of each formulation.
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Samaan et aL. 1998

Modeling of the stress-strain curve was based on the work of Richard and Abbott (1975),

which assumed a four-parameter relationship of the following form:

I+L(E - E2
)eccn'l

where: fc and Ec = concrete axial stress and strain respectively, E, and E2 = slopes of

the first and second portions of the curve, f, = reference plastic stress at intercept of

second slope with the stress axis, and n = curve shape factor which controls the

transition between the two main segments of the curve. The ultimate stress state is

defined by the relationship between the compressive strength of concrete, fL and the

effective lateral confinement stress provided by the FRP, f, as follows:

fcc = f± +k f, (3.8)

where k, = coefficient of effectiveness, f, = 2 fFt FRp = tensile strength of the FRP
d

jacket, t = thickness of the jacket, and d = diameter of the concrete core. Samaan et aL

proposed that although several models use a constant value for the k, parameter,

confinement effectiveness decreases at high levels of confinement. Thus, this parameter

was defined as:

k, = 6.0 fg-o 3 [MPa] (3.9)

The first slope of this model is assumed to be uniquely dependent on the strength of

unconfined concrete. The secant modulus formula proposed by Ahmad and Shah (1982)

for estimating the elastic modulus was used:

E, = 3,95017 [MPa (3.10)

The second slope was estimated based on the assumption that for stress states

surrounding the unconfined strength of plain concrete and beyond microcrack

propagation results in a complete activation of the FRP jacket. Therefore, the second
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slope is mainly dependent on the stiffness of the FRP jacket and less dependent on the

unconfined strength of concrete.

E 2 = 254 .61 f 2 +1. 34 56EFRP [MPa] (3.11)
d

where EFRP = elastic modulus of the FRP in the hoop direction. The intercept stress is

related to the unconfined concrete strength and the confining pressure as follows:

f, =0.872 fI +0.371f, + 6.258 [MPa] (3.12)

The ultimate strain of the composite system is defined as:

CCU = f " (3.13)
E2

The curve-shape factor n was set to 1.5. The calibration of this model was based on

experimental results of FRP-encased concrete specimens.

Spoelstra and Monti 1999

This stress-strain model of concrete with elastic confinement follows an incremental-

iterative formulation. The confined concrete model developed by Mander et a]. 1988

serves as the theoretical basis for this formulation. The Mander et a]. model defines the

confined concrete stress as:

fCC = fCC x- r (3.14)
" r--1+x'

where:

x c= (3.15)
CC

r= Ec (3.16)
Ec - Esec

Esec = -25 (3.17)
CC

c i(3sCC =o E I+ 5 - 1 (3.18)
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where ee = ultimate compressive strain of unconfined concrete, and Ec = 4,730J7 .

The compressive strength of FRP-confined concrete is defined in terms of a constant

confining pressure as follows:

fcc = f 2.254 +7.94 2 -1.254 (3.19)

However, this model is suitable for a confining action such as that created by steel where

a constant confining pressure is more realistic during material yielding phases. As

described in previous sections, FRP confinement is a type of passive confinement, and

thus, pressures are increasing as the axial load on the FRP-confined specimen increases.

Spoelstra and Monti proposed this behavior could be better represented by axial

compressive stresses, fcc and lateral strains, c, which are dependent on updated values

of axial strains, &ee and confining pressures, f,. Mathematically, this can be represented

as:

6, (6 ) Ecec - fcckcl fl) (3.20)
2pfcjse, fl)

where 8 is related to a concrete property definition proposed by Pantazopoulou and

Mills (1995) used in characterizing uniaxial compression behavior of unconfined

concrete. An alternative estimate of this parameter is given by:

= E 1 (3.21)

Calculating the lateral strain, 6, allows for corresponding calculation of the current

lateral confining pressure by:

f,= EFRP(3.22)

This updated lateral pressure is then used in an iterative scheme until convergence to an

stable value occurs. This procedure is repeated for each axial strain value, e,. The

iterative procedure can be summarized as follows:

1. Impose a value for e,

2. Update value of lateral confining pressure: fMiter=i =itef=i-i
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3. Calculate c( ,[iter) using Eq. 3.19

4. Calculate current stress state fcc(ficlterj) using Eq. 3.14

5. Update lateral strain ei(fc|ter) from Eq. 3.20

6. Update f, using Eq. 3.22

7. Check for convergence fter = f If convergence is not achieved, then

repeat steps 2 through 7.

Finally, the ultimate stress and strain states are calculated using the Mander et a]. model

and the definition of the maximum confinement pressure available through the FRP

jacket. The following set of equations provides the necessary parameters for such

calculations:

fil = 2 fFRpt (3.23)
JU d

S= 1±2.254 1+7.94§ -2  -. 2 41 (3.24)

icc = CCO I+5 -1 (3.25)

Eecu = (3.26)
1+2,6 FRP

EFRP

Esec = (3.27)
gcc

Using Eqs. 3.23 through 3.27, we obtain:

Esec (Ec - E E,
eCU = [ ( e)] u (3.28)

cc " Esecu(Ec - Esec(

fcc = Esecuscu (3.29)
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Lam and Teng 2003

The proposed model was built upon the analysis of large database of FRP-confined

concrete studies available in the open literature. The main assumptions of this model are

the following:

- The stress-strain behavior is characterized by a parabolic first segment and a linear

second segment

- The tangent modulus at zero axial strain is that of unconfined concrete and stiffness

properties of the subsequent parabolic segment are influenced by the FRP jacket

- A smooth transition between the two segments is accomplished

- The ultimate condition for the FRP-confined concrete specimen is defined by a point

for which the ultimate compressive strength and ultimate axial strain are met.

The proposed model is defined by the following set of equations:

Ec -(E- E2 Y 2 0e <e
Iee = Ecu4 f " " ' (3.30)

fo+E2ecc

where fI = intersection point of the second segment with the stress axis, E, = strain at

the transition of the two segments, E2 = slope of the linear second segment.

Additionally, the last two parameters are defined as:

E = 2 (3.31)
'.E - E2

E2 = c co (3.32)
Ecu

Three parameters need further definition, namely f,, fc = ultimate compressive

strength of FRP-confined concrete, and ec = ultimate axial strain. Extensive analysis of

these parameters was conducted in order to explicitly incorporate the effects of FRP

jacket stiffness contributions and FRP rupture behaviors in these systems, which

significantly differs to those characterized by material tests such as flat coupon tests.

Using the dataset of compressive behavior of glass, carbon, and aramid FRP-confined

concrete specimens, the following expression were developed:

fo = fC (3.33)
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= f 1+2 (3.34)

0.45~

= £C{1.75+ 6.K0 -- EFRP I(3.35)CCU ~ ~ ~ f E O0--(FRPCco

The above set of equations has been adjusted to the values of GFRP experiments, which

differ from the results obtained for other types of FRP jacketing.

3.6.2 Performance of Existing Models and Comparison with Experimental Data

After describing each of the three analytical models for FRP-confined concrete column

members, their performances are evaluated in the context of the experimental results

presented in Section 3.5. Table 3-7 summarizes all the geometric and mechanical

property values corresponding to the plain concrete and FRP composite jacket that are

necessary for the evaluation of the analytical models. Figure 3-22 shows the comparison

of the stress-strain behaviors predicted by each of the three analytical models with the

experimental data corresponding to the four FRP-wrapped concrete specimens previously

introduced in Table 3-2.

It is observed that while predictions of the ultimate stress and strain conditions differ

significantly among the three models, the overall shapes of the stress-strain curves are

highly similar. As mentioned in Section 3.6.1, the aim of this comparative study between

analytical models and the generated experimental data is not the analysis of ultimate

stress-strain states or conditions, but instead, such comparative study could further

enhance the understanding of the mechanical behavior of FRP-confined concrete

systems. Representative analytical models such as the three works mentioned in this

section are developed based on large arrays of experimental observations and

comparisons with other previous research efforts. The close comparisons between the

experimental data described in Section 3.5 and the analytical predictions presented in this

section provide a reliable framework for the study of intermediate damage stages in FRP-

confined concrete. Based on the experimental expertise developed in manufacturing and

testing, a test matrix of FRP-wrapped concrete cylinder specimens which are conditioned

under different levels of compressive mechanical loads is developed in Section 3.7. These
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conditioned specimens will be used for the damage characterization studies using visual

and microscopic observations and a radar NDE technology.

Ultimate strain, = 0.002 mm/mm
unconfined concrete _ _

Compressive strength, = 30.8 MPa
unconfined concrete C

Diameter of specimen d = 152 mm
Thickness of FRP jacket t = 1.3 mm
Ultimate tensile strength fFRP = 460 MPa

in hoop direction
Tensile elastic modulus EFRP = 20,900 MPa

Table 3-7 Input parameters for evaluation of analytical models
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10 0 Samaan et al. 1998 10 - 0 Samaan et al. 1998
D Spoelstra and Monti 1999 ] Spoelstra and Monti 1999

Lam and Ten 2003 Lam and Ten 2003
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Axial Strain, EaxI Axial Strain, Exht

(a) (b)

Figure 3-22 Comparison of analytical models with experimental results
(a) Normal view (b) Close up to zone of interest

3.7 Characterization of Damage Stages in FRP-Confined Concrete

Damage assessment of complex systems such as the case of concrete wrapped with FRP

composites subjected to diverse loading scenarios could encounter several potential

difficulties related to the appropriate choices of damage quantification parameters, the

implementation of sound measuring techniques, and more fundamentally, the knowledge

of the exact types of behaviors, responses, or features that are being quantified. Based on

the literature review presented in previous sections, damage behavior of FRP-confined
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concrete systems was shown to be closely related to its load-deformation response, which

in experimentation could be quantified in terms of axial, lateral, and volumetric strain

histories. The test program described in the previous section helped enhancing the

understanding of mechanical behavior of FRP-confined concrete cylinder specimens

subjected to monotonic axial compression loads from an experimental point of view.

Based on the developed knowledge from the experimental and theoretical studies,

characterization of damage stages in FRP-confined concrete is accomplished through the

use of volumetric deformation information. Volumetric stress-strain measurements are

regarded as important information related to the damage accumulation and evolution in

the FRP-confined concrete system under compressive loads (refer to Section 3.1.4).

Based on the consistent mechanical behavior of FRP-confined concrete observed in the

experiments (refer to Section 3.5) and the research conclusions found in existing

literature (refer to Section 3.3), the following specific deformation stages in the

volumetric stress-strain behavior of the FRP-confined concrete specimens tested in this

current work are identified:

1. Intact sample: The FRP-confined concrete specimen is load-free

2. Maximum volumetric contraction: The deformation of the FRP-confined

concrete specimen is mainly due to the axial shortening contribution.

3. No apparent volumetric change: The net contributions of axial shortening and

lateral expansion equate to zero. The stress level at this stage directly

corresponds to the kink stress noted in previous discussions.

4. Volumetric expansion: The FRP-confined concrete specimen undergoes clear

volumetric expansion. It is hypothesized from existing research that the concrete

core has already failed at this deformation level.

5. Close to ultimate failure: FRP-confined concrete is close to reaching its ultimate

load bearing capacity. In our particular experiments, the FRP jacket did not

rupture at this deformation level.

These different deformation stages are schematically shown in Figure 3-23. Due to the

consistent load-deformation response of the tested FRP-confined concrete specimens,

deformation stages 3 through 5 could be correlated to different stages of damage in the
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Figure 3-23 Characterization of deformation stages for
FRP-confined concrete specimens

specimen. While the FRP jacket may not show any signs of deterioration or damage, the

concrete core experiences several stages of deformation ranging from pure dilation (stage

2) to pure expansion or dilation (stages 4 and 5). The key incentive for developing this

characterization scheme based on volumetric deformation measurements of FRP-

confined concrete specimens is to establish a reliable benchmark for two studies which

are included in this thesis work. The first study refers to visual and optical microscopic

observations of the concrete matrix for selected damage stages (refer to Section 3.8). The

second study refers to the non-destructive evaluation of selected FRP-confined concrete

specimens using a broadband radar methodology (refer to Chapter 5). The series of

specimens that were mechanically conditioned to selected damage levels for use in the

two mentioned studies are discussed in the next sections.

5.7.1 Test Matrix

The test matrix of samples that will be used in microscope and radar studies for damage

assessment of FRP-confined concrete is presented in Table 3-8. Two specimens were

conditioned for each damage level: one sample for each damage assessment study.
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Specimen Type Damage Stage Individual Notation Number of Specimens
FRP-confined concrete 1 MD1 2
FRP-confined concrete 3 MD3 2
FRP-confined concrete 5 MD5 2

Table 3-8 Test matrix of specimens conditioned through mechanical loading
to specific damage stages

5.7.2 Load-Deformation Behavior and Conditioning of Specimens

The load deformation responses for each of the two MD3 and MD5 types of specimens

are presented in Figures 3-24 through 3-26. The conditioning levels for each of the

specimens were determined as in Figure 3-23. Such conditioning levels were achieved by

subjecting the specific FRP-confined concrete specimen to monotonic axial compression

loads as described in Section 3.4.5. Once the stress level corresponding to the specific

damage stage was reached, the experiment was immediately stopped and the load

subsequently released.

50
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------------ - --
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Figure 3-24 Axial stress - axial strain and axial stress - lateral strain curves
for FRP-wrapped concrete specimens conditioned under compressive load
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Figure 3-25 Axial stress - volumetric strain curves for FRP-wrapped concrete specimens
conditioned under compressive load
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Figure 3-26 Close up of axial stress - volumetric strain curves for FRP-wrapped concrete
specimens conditioned under compressive load
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3.8 Bisection Procedures and Microscopic Observations for Determination of

Mechanical Damage in FRP-Confined Concrete

3.8.1 Objective

The objective of these studies is to investigate the concrete core condition of selected

FRP-confined concrete specimens through visual assessment of their cross-sections.

Assessment of concrete cores was performed through visual inspection and via optical

microscopic observations once specimens were bisected. In what follows, a brief

summary of previous research related to the inspection of concrete matrices through

bisection procedures and microscope techniques, the particulars of the experimental

procedures used in this work to assess concrete core conditions of FRP-confined concrete

specimens, and the results of the visual and microscope inspections are discussed.

3.8.2 Background Information on Internal Observations of Concrete

While extensive research for concrete materials has been conducted in several areas such

as mechanical, chemical, and structural properties and behaviors of these materials, there

is still some uncertainty with regards to the physical understanding of the internal

processes that lead or control such properties or behaviors. Experimental and theoretical

understanding of controlling mechanisms such as fracture, slip, crushing, crack

propagation, friction, pore growth and dilation are commonly inferred from indirect

measurements and surface observations (in Karihaloo and Jefferson 2001). Research on

the particular area of internal observations of concrete matrices after induced damage has

developed over the years in order to bring answers to the missing link between visual

observation and understanding of the actual phenomena under investigation and

development of measurement techniques and theoretical models.

Hsu et a]. (1963) investigated the microcracking phenomenology for plain concrete

specimens through direct microscope observations and x-ray photographs. The objective

of this work was to relate the microcracking evolution to the shape of the stress-strain

response for plain concrete specimens subjected to uniaxial compression loads. Some of

the main results of this work were related to the understanding of how microcracking,

bond cracking, and continuous cracking processes take place in the concrete matrix
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leading to ultimate failure of tested specimens. Several other later experimental studies

(van Mier 1991, Hornain et a]. 1996, Ammouche et a]. 2001, Karihaloo 2001) for

concrete were conducted for understanding damage evolution in the microstructure using

advanced visualization techniques under several loading conditions such as compression

and fracture. Visualization techniques range from using common optical microscopes

with x10 to x80 zoom capacities to using scanning electron microscopy (SEM)

techniques. In summary, most of the defects and cracks found in several studies are of

characteristic lengths in the scale of micrometers to tenths of micrometer. However, most

of the studies focus on crack formation and propagation in fracture experiments.

3.8.3 Experimental Procedures

Bisection of FRP-Confined Concrete Specimens

The bisection procedures were carried out using a wet saw located in Building 54, MIT

campus. The wet saw is capable of producing smooth cuts through rocks and other solids

due to relatively low and consistent operating speeds. The cutting blade has a diameter of

600 mm. The bottom of the machine was filled with water in order to keep the blade wet

through out the experiment and to allow for reduced friction between the surface of the

blade and the material's surface. Photographs of the equipment are provided in Figure 3-

27. The specimen is positioned on the wet saw as seen in Figure 3-27, and the cutting

procedure is executed. Cutting one cross-section of the by 150 mm diameter by 380 mm

length FRP-wrapped concrete specimens lasted for approximately 1.5 h. The end result

was a very smooth cut across the cross-section of the specimens. Examples of the

bisected specimens are shown in Figure 3-28.

Cross-sections of approximately 25 mm in height (disk configuration) were extracted

from each specimen for further treatment before microscopy studies. Using a table saw,

each cross-section was cut into smaller portions that would fit in the microscope device.

Figure 3-29 shows the results of the mentioned procedure for MD1 and MD5 cross-

sections. Having completed the bisection and sawing procedures, microscope

observations were conducted.
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Figure 3-27 Photographs of equipment used for bisection of specimens

Figure 3-28 Examples of specimens after cutting procedure
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(a) (b)

Figure 3-29 Bisected cross-sections and portions of specimens (a) MD1 and (b) MD5

3.8.4 Results of Bisection Procedures and Optical Microscopic Observations

Observations during Bisection Procedures

After specimens were bisected according to the previously mentioned procedures, visual

inspection of the uncovered cross-sections was performed. All surfaces appeared alike to

the naked eye and no apparent differences in terms of grain or cement matrix distribution

were noticed. However, specimen MD5 (subjected to damage level 5) seemed to show a

deteriorated surface texture as several large aggregate particles fell out of their positions

in the concrete matrix with the handling of the specimen. Another important finding was

related to the time for drying after the specimens were cut and set aside. The exposed

surfaces of specimens MD1 and MD3 dried faster than that of specimen MD5. It was

observed that water diffused into the concrete matrix of the later specimen and complete

drying of the surface lasted for a longer period of time. This behavior was consistent for

all surfaces created after bisection procedures were executed.

Another important finding that shed light on the different responses between

specimens was the observed behavior of the cross-sections during the sawing of smaller

sections for later microscopic observations. One can notice in Figure 3-29 (b) that severe

cracking had taken place for specimen MD5. The observed cracking comes as a result of
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the longitudinal cut made on the cross-section. As the sawing procedure was taking place,

the FRP jacket wrapped around the cross-section showed a pre-stressed nature. This was

confirmed upon final stages of sawing. Once the FRP jacket was cut at both ends, it

snapped back as if releasing stresses present in the hoop direction. The smaller portion

(top part of the sample in Figure 3-29 (b)) showed severe cracking in the mid-section due

to the stress release in the FRP jacket. The corresponding behavior was also observed in

the larger portion of the specimen (bottom part of the sample in Figure 3-29 (b)) in which

the FRP jacket also shortened after the mentioned stress release. This action could only

be physically accommodated by redistributing the stresses in the concrete matrix which

ultimately created cracking due to tension stresses. On the contrary specimens MD1 and

MD3 did not show fracture formation, and intact sections could be created after sawing,

as observed in Figure 3-29 (a).

Observations using Optical Microscopy

Prepared specimen sections were observed using a LEITZ Metallux II optical microscope

with x 10 to x 40 optical zoom capabilities. Only small pieces sectioned from the

complete cross-sections were investigated. Observations were conducted at several

locations in each sample in order to understand the nature of the different concrete

matrices of specimens MD1, MD3, and MD5. After exhaustive observations, no

significant differences were detected. Representative images of the concrete matrix for

specimen MD5 seen under the x 10 and x 40 lens are presented in Figure 3-30. The

pictures were taken using a Cannon EOS 20D camera. The microscope and camera

equipment were readily available at Rock Mechanics Laboratory on Building 56, MIT

Campus. Grains (identified with darker color in the images) appeared intact, and the

mortar matrix (identified with lighter color in the images) showed consistent features

throughout the observations. Using the x 40 zoom, one could assess the grain/mortar

interfaces. For the vast majority of observations, such interface appeared intact, and no

signs of microcracking could be observed.

3.8.5 Conclusions

Important understanding was gained regarding the condition or state of the concrete core
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(a)

(b)

Figure 3-30 Optical microscopic images for the concrete matrix of specimen MD5 using
(a) x 10 zoom and (2) x 40 zoom
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of intact and mechanically damaged FRP-confined concrete specimens through bisection

procedures and optical microscopic observations. During the bisection procedures,

loosening of aggregates and increased water absorption of the cross-section of specimen

MD5 were observed. Although the concrete core appeared intact for all specimens, the

concrete matrix in MD5 might have lost part of its cohesiveness. This behavior could be

explained by assuming that the binding of the aggregates through the mortar matrix must

have changed and deteriorated during the compression loading experiments. The

mechanisms related to material integrity inherent to an intact concrete matrix could have

evolved into other mechanisms governed by the confinement action of the FRP jacket.

The effect of the confining action of the FRP jacket on the concrete matrix was

corroborated during the sawing procedures for partitioning of cross-sections for

microscopic observations. Release of residual stresses present in the FRP jacket of

specimen MD5 was observed at the moment the FRP jacket was cut loose. Contraction of

the FRP caused the concrete to fracture in order for a new equilibrium state to be reached.

Specimen MD3 did not show a similar behavior to MD5 although it was subjected to

significant compression loads (specimen MD3 was subjected to approximately 70% of

the load imposed on specimen MD5).

Although differences between specimens MD1 and MD3 and specimen MD5 were

observed during the bisection procedures, optical microscopy experiments did not reveal

any apparent differences. Concrete matrices seemed to have similar features in terms of

grain integrity, mortar matrix integrity, and porosity distribution. Thus, no visible

mechanisms of failure could be deduced from the microscopic observations. Damage

processes such as microcracking, which from the understanding gain through the

literature review is one of the main drivers for structural collapse of the concrete matrix,

would have to be investigated at smaller scales. The use of scanning electron microscopy

(SEM) techniques could allow further understanding of what damage processes are

present at the different damage states in FRP-confined concrete subjected to compressive

loads.
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Chapter 4

Electromagnetic Properties of
Concrete and FRP Composite Materials

While applications of FRP composites for strengthening and retrofitting of concrete

structures are growing rapidly, characterization and fundamental understanding of

electromagnetic (EM) properties of concrete and FRP materials is constantly under

development. Furthermore, existing research has shown that characterization of certain

construction materials such as concrete present some challenges due to wave dispersion

and attenuation effects. For the purposes of characterizing the electromagnetic properties

of concrete and FRP composites, an integrated methodology has been developed based

free-space radar measurements of EM wave transmission. The results and knowledge

established in this study represent a crucial advancement in the interdisciplinary approach

outlined in Chapter 1 for developing a robust radar NDE technology for assessment of

FRP-confined concrete. In applications of radar technologies for NDE purposes,

characterization and understanding of the electromagnetic properties of the materials

under investigation becomes crucial due to the essential role such properties play in the

wave propagation and scattering phenomena as well as in the analysis and interpretation

of radar measurements.

4.1 Fundamentals of Electromagnetic Wave Theory

The term microwave is used to define all EM radiation waves for frequencies ranging

from 0.3 to 300 gigahertz (GHz) (McIntire 1986). These frequencies correspond to a

range of free-space wavelengths ranging from 1.0 m to 0.001 m, respectively. In vacuum,

microwaves travel at the velocity of light, c= 2.997 x 108m/sec. Microwaves occupy the
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section of the electromagnetic spectrum between radio waves and infrared radiation.

Microwaves are commonly used for communications, radio and television signals,

microwave ovens, radar (radio detecting and ranging), and non-destructive evaluation.

The range of microwave frequencies is subdivided into bands. The designations of each

band according to the Institute of Electrical and Electronics Engineers (IEEE 1984)

Standard 521-1984 are presented in Table 4-1.

Band Designation Frequency Range (GHz)
HF 0.003 - 0.03

VHF 0.03-0.3
UHF 0.3-1

L 1-2
S 2-4
C 4-8
X 8-12

Ku 12-18
K 18-27

Ka 27-40

Table 4-1 Radar frequency band designations (IEEE 1984)

Electromagnetic waves emitted by radars are harmonic in time. The electric and magnetic

field strengths of an electromagnetic wave vary sinusoidally with time and distance. If the

frequency of the source is denoted by f, the electric and magnetic fields have the

following forms:

E= E0 cos(cot-kR) (4.1)

H,= HO cos(ct --kR) (4.2)

where:

E, =electric field, (volts/meter, V/m)

H, =magnetic field, (amperes/meter, A/m)

EO = maximum amplitude of the electric field

HO =maximum amplitude of the magnetic field

co = 2;rf = angular frequency of the wave
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k = 2ff =wave number

A =wavelength

R = distance measured from a specific origin

Mathematically, it is convenient to describe EM waves using complex representation,

E, = Eoe j(tt-kR)

H,= Hoeawt-kR) (4

1.3)

A.)

where j = VfiY . From complex notation, the representations of Eqs. 4.1 and 4.2 are the

real parts of Eqs. 4.3 and 4.4, respectively. The negative sign in the second term inside

the exponentials of Eqs. 4.3 and 4.4 is interpreted as a positive phase angle. The electric

and magnetic fields of EM waves are perpendicular to each other and to the direction of

propagation, as shown in Figure 4-1. Thus, electric and magnetic fields are vector

quantities having intensity as well as a direction.

E(ge .0)

AI

Figure 4-1 Electric and magnetic field vectors for a uniform plane wave

(Staelin eta]. 1994)

4.1.1 Maxwell's Equations and Constitutive Relationships

Propagation of electromagnetic waves in free-space and in any media is governed by a set

of coupled partial differential equations called Maxwell's equations (Kong 1990). These
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equations fundamentally describe the relations of electric and magnetic fields to each

other and to the position and motion of charged particles. Maxwell's equations in

differential form are written as:

V x E(, t)=- a '(,t) (Faraday's law) (4.5)
at

- aD(7 t)-V x H(7, t)= ' + J(7, t) (Ampere's law) (4.6)at
V x D(Y, t) = p(1, t) (Gauss's law) (4.7)

V x R(T, t)= 0 (Gauss's law) (4.8)

where the field variables are:

E =electric field (volts/meter, VM)

H =magnetic field (amperes/meter, A/m)

B = magnetic flux density (tesla, 7)

D =electric displacement (coulombs/meter2 , C/n3)

I=electric current density (amperes/meter, A/n3)

p =electric charge density (coulombs/meter , C/M)

Except for the scalar charge density p(T, t), all fields are vector fields. After analysis of

Maxwell's equations, which are media independent, there are three scalar equations for

each curl equation, Eqs. 4.5 and 4.6, and one for each divergence equation, Eqs. 4.7 and

4.8. However, the divergence equations can be derived from the curl equations (Staelin et

a]. 1994). Thus, there are a total of six independent equations. In terms of independent

scalar-field variables in Maxwell's equations, there is a total of twelve unknowns, one for

each component of E, D, H, and B in three dimensions. Consequently, the six

independent equations from the set of Maxwell's equations are not sufficient to solve for

the twelve unknowns. The six remaining equations that are needed to solve the problem

at hand are called constitutive relations. Physically, the constitutive relations provide

information about the media in which electromagnetic fields occur (e.g. free-space,

water, plasma). A homogeneous and isotropic medium can be characterized by its

complex permittivity, e (farads/meter, F/m) and complex permeability, p

(henries/meter, H/m) as follows:
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D = eE (4.9)

E = pR (4.10)

There are three independent equations obtained from Eqs. 4.9 and 4.10. Theoretically,

both the permittivity and permeability must be determined to characterize a homogenous

and isotropic material. However, common materials such as concrete, FRP, and other

construction materials are nonmagnetic, which means that their permeability is very close

to that of free-space, po = 41r x 10' H/m. Therefore, determination of the complex

permittivity is sufficient to characterize the mentioned materials, which are then termed

as dielectric materials.

4.1.2 Definitions of Electromagnetic Properties

Dielectric Constant

The complex permittivity for a dielectric medium is described as:

.8 =68-J8" (4.11)

where E' and e" are the real and imaginary parts of the complex permittivity,

respectively. Dividing both sides of Eq. 4.11 by the free-space permittivity,

16 =8.854 x102- F/M, which is a real quantity, the complex permittivity could be also

expressed in a dimensionless form:

,= Er -j," (4.12)

where the subscript r means relative to free-space permittivity. The real part of the

complex permittivity is referred to as dielectric constant. Physically, the dielectric

constant provides an indication of how polarizable the medium is, or alternatively, how

much energy is stored in the medium when an electric field is imposed on it.

Loss Factor

The imaginary part of the relative complex permittivity, 6," in Eq. 4.12 is referred to as

loss factor. The loss factor is a measure of how lossy or dissipative a medium is when

subjected to an external electric field, and it is usually much smaller than the dielectric

constant. The ratio of the energy lost to the energy stored in a material is referred to as

loss tangent:
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tan5= (4.13)
Cr

Mathematically, a medium is referred to as a good conductor if tan >>1 and a good

insulator if the reverse is true. It is important to note that the dielectric constant and loss

factor are not constant quantities, since they are highly dependent on several factors such

as frequency, temperature, moisture content, and composition of the material.

4.1.3 Significance of Electromagnetic Properties in Microwave Propagation,

Scattering, and NDE

The interaction of a material with electromagnetic fields is entirely dependent on the

material's electromagnetic properties. The amount of EM wave reflection and

transmission at material boundaries, velocity and wavelengths of waves inside the

material, and degrees of wave intensity attenuation are elements of microwave

propagation and scattering that are determined by the electromagnetic properties. A set of

simplified mathematical expressions describing EM wave propagation in free-space are

subsequently provided, since the previously mentioned elements of microwave

propagation and scattering are based on derived versions of these expressions.

For the case of a time-harmonic uniform plane EM wave in free-space propagating in

the z-direction with an electric field P pointing in the x-direction, the solution to the

wave equation form of Maxwell's equations has the form:

E = cEO cos(t - k, z) (4.14)

where E is the magnitude of the electric field and ko is the wave number which is

determined from the dispersion relation for free-space:

k2 = 2 POO (4.15)

The spatial period of the EM wave is referred to as wavelength, A given by:

A = =1r 2z (4.16)
ko cfpo __

As already mentioned in Section 4.1, this wave representation is periodic both in time and

space. In order to trace a certain point on the EM wave, one has to move in space at a

velocity such that the field intensity is constant (i.e. cot- koz = constant). Thus, an
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expression for the wave velocity in free-space can be obtained by differentiating the

displacement with respect to time, as follows:

dz wV=--= -c(4.17)
dt ko

where the right hand side of Eq. 4.17 can be obtained from the dispersion relation in Eq.

4.15:

- 1 = C (4.18)

where c represents the velocity of EM waves in free-space.

Velocity and Wavelength of Microwaves inside Dielectric Media

In dielectric materials such as concrete and other construction materials, EM waves travel

with velocities lower than the velocity in free-space depending on the dielectric

properties of the material. Correspondingly, their wavelengths are also shorter than their

corresponding ones in free-space. Generalizing the free-space dispersion relation in Eq.

4.15, we obtain:

kP = CO2 PC (4.19)

After calculating the square root of Eq. 4.19, substituting the complex permittivity from

Eq. 4.11, and noting that the permeability for most construction materials is to close to

that of free-space, po , (refer to Section 4.1.1), the complex wave number k is expressed

as:

k = cvp e 1- jtan 8 (4.20)

Applying the Taylor expansion - xI 1- x/2 for small x, Eq. 4.20 is approximated

for small loss tangent values (Kong 1990):

k = 10I - jtan 5 for (tan<<1) (4.21)

Based on this approximation, the velocity of microwaves in construction materials, given

by replacing the real part of Eqs. 4.21 in 4.17, can be approximated as:

1V~ for (tan5<<1) (4.22)
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or more conveniently, it can also be expressed in terms of the free-space velocity and the

dielectric constant of the material using Eq. 4.12:

V~ for (tan5<<1) (4.23)

Following the same approximations and noting that co = 2rf , where f is the frequency

in Hz, the microwave wavelength inside a construction material is given by:

2 2;rc C for (tan<<1) (4.24)

Attenuation and Penetration Depth

Microwaves dispersing in a lossy material experience a decrease in field amplitude. The

rate of decrease is dependent on the conductivity of the medium, which in turn is directly

dependent on the loss factor. The significance of microwave attenuation in NDE

applications is that inhomogeneities or defects located at certain depths inside the

material under test may remain undetected since their reflections may decay below noise

levels. The degree of wave attenuation in lossy media is often expressed in terms of a

penetration depth parameter, d, which is defined as the distance over which the wave

amplitude decays by 1/ e, and it is expressed as (Kong 1990):

d, = for (tan5<<1) (4.25)

where u = a( f) =conductivity of the dielectric medium. Attenuation and penetration

depth responses are often functions of frequency, which suggests that there are limits to

frequency ranges that can be used in microwave radar applications for predetermined

depths. Higher frequencies above the mentioned limits will not provide additional useful

NDE information due to wave attenuation. However as it will be discussed in Chapter 5,

resolution in microwave radar measurements is directly proportional to working

frequencies and frequency bandwidths. Consequently, the trade-off between penetration

capability of the NDE radar technology and the achieved resolution becomes an

optimization problem.
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4.2 Characterization of Dielectric Properties of Concrete and FRP Materials

4.2.1 State-of-the-Art for Dielectric Property Characterization

The appropriate measurement and characterization of dielectric properties is significantly

important due to the influence of dielectric properties in non-destructive monitoring and

evaluation of materials undergoing physical or chemical changes (Venkatesh and

Raghavan 2005). Property characterization of dielectric materials could be accomplished

through the application of various available measuring techniques. A brief review of

selected techniques is presented hereafter.

Capacitor Model - Parallel Plate Capacitor Technique

The complex permittivity of materials can be measured using a perfect capacitor model.

The specimen is placed between two parallel plates made of perfect conductive materials,

and a uniform electric field over a large volume of space is generated (Al-Qadi et a].

1995). This technique requires the specimen to be of a certain shape, with flat surfaces on

the two sides contacting the two parallel plates. The constraints on the shape of specimen

and measurement condition limit the use of this technique, making it appealing for

laboratory rather than in situ material characterization.

Resonator/Oscillator Model - Resonant Cavity Technique

The resonant cavity technique is proposed by the American Society for Testing and

Materials (ASTM) as standard D252 (ASTM 2001). Baker-Jarvis et a]. (1998) performed

measurements of dielectric properties of low-loss materials whose loss tangent is less

than 0.005 using closed and open cavity resonator methods to determine the real and

imaginary parts of the complex permittivity. This technique can provide accurate results

compared to other broadband techniques, but the results are obtained for single

frequencies only. This implies the need for significant measurement effort when a wide

range of frequency responses is expected. Additionally, this technology cannot measure

sample sizes greater than the resonator capacity.

Transmission Line Model - Open-Ended Coaxial Probe Technique

The coaxial probe technique is based on the use of a cut-off section of a transmission

line. The material is measured by placing the probe on its machined flat surface. The EM
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fields at the end of the probe change when the probe comes in contact with the material,

and thus the material's permittivity can be computed from the measured reflected signals

(Gershon et a]. 1999). The coaxial probe technique requires intimate contact between the

probe and the specimen to eliminate measurement errors induced by air gaps. The surface

area, homogeneity, and thickness of the material are also constrained for the use of this

technique. For example, Arai et a]. (1995) suggested that the specimen surface roughness

should be less than 0.5pm to minimize the air gap error. This technique is ideal for liquid

and semi-solids, but could encounter difficulties in the characterization of materials with

rough surfaces.

Transmission Line Model - Rectangular Waveguide Technique

The waveguide technique is categorized as a type of two-port measurement (transmission

line) techniques. A material sample needs to be machined to fill in the contact area of the

waveguide, and the EM wave transmission through the material is measured. The

complex relative permittivity, e and complex relative permeability, p* of the specimen

are determined using the formula provided by Nicholson and Ross (1970). Waveguides

can only operate in designated frequency bands associated with certain wave propagation

modes. Several different samples are needed when measurements are conducted over a

large frequency range. Inaccuracies in the measurements may occur due to air gaps

between the waveguide and the specimen (Deshpande et a]. 1997).

Free-Space Technique

In principle, free-space techniques are non-contact and non-destructive, and they require

little sample preparation. Broadband characterization on isotropic or anisotropic materials

under various incident angles, polarizations, and temperature conditions can be

accomplished by this technique. The free-space technique can be further categorized into

reflection-transmission (Maurens et a]. 1992), reflection-only (Ghodgaonkar et a]. 1989,

Seo et aL. 2004), and transmission-only (Aurand 1995) methods, depending on the

corresponding experimental set-ups. Two types of measurements can be made using the

free-space technique: reflection coefficients and transmission coefficients.

Estimation of dielectric properties based on reflection data could encounter potential

difficulties when the radar operates at high frequencies. For instance, multiple reflections
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occurring at boundaries between layers in multi-layered systems need to be treated, and

surface conditions of the material become crucial for wave reflection at high frequencies.

In contrast, the use of transmission coefficient in the estimation of dielectric properties

avoids these difficulties. However, the measurement of transmission coefficients cannot

uniquely determine the complex permittivity of lossy construction materials such as

concrete due to multiple combinations of the real and imaginary parts of the complex

permittivity for the same transmission coefficient at single frequencies (Ghodgaonkar et

a]. 1989, Zhang and Huang 1999, Jose et aL. 2000, Millard et a]. 2002).

4.3 Development of Integrated Methodology for Determining Dielectric Properties

of Concrete and FRP Materials

Based on the previous discussion, several experimental methods can applied to the

measurement of material dielectric properties. Although each method has its own features

and constraints, among these, the free-space technique appears to be more applicable for

in situ measurements. In free-space measurements, transmission and reflection

coefficients of the material under test can be measured, depending on the measurement

scheme.

In order to find the value of complex permittivity, both the real and imaginary parts

must be determined. Since there are two unknowns in the complex permittivity, two

conditions are required for a mathematical determination. A unique determination of the

complex permittivity may not be accomplished even with the availability of complex

transmission coefficient from measurements. This is because one cannot explicitly derive

relationships between the real and imaginary parts of the complex permittivity with the

respective real and imaginary parts of complex transmission coefficient. Typical

approaches to solve this problem are the use of root-searching or optimization techniques,

which search for the most reasonable (optimal) combination within a given range of

parameter values. An error evaluation criterion is often needed to resolve the object

function. For lossless materials such as Teflon (related to poor or no conductivity, which

is also related to loss factor), a unique optimal combination can be expected after the

application of root-searching techniques at a single frequency. However, for lossy

materials such as concrete and other construction materials, multiple combinations of real
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and imaginary parts of complex permittivity for the same transmission coefficient at

single frequencies are observed (Ghodgaonkar et a]. 1989, Zhang and Huang 1999, Jose

et a]. 2000, Millard et a]. 2002).

The objectives of this chapter is to introduce an integrated methodology for

determining unique combinations of complex permittivity for low-loss materials such as

concrete, FRP, and other construction materials in general using free-space transmission

coefficient measurements. The proposed methodology has been recently developed by

the Infrastructure Science and Technology Group at MIT (Buyuk6zturk et aL. 2005).

4.3.1 Components of the Methodology

The methodology consists of two main components: (1) an estimation procedure of the

real part of complex permittivity based on time difference of arrival (TDOA)

information, and (2) a root-searching procedure of possible combinations of real and

imaginary parts of the complex permittivity based on a theoretical representation of

transmission coefficient (which is derived from EM wave theory), parametric system

identification (SI), and an error sum of squares (SSE) criterion. Figure 4-2 illustrates the

overview of the methodology. Each of the components is discussed in detail in the

remainder of this section. The description of the theoretical representation of transmission

coefficients is introduced first, as it provides the required framework for developing the

TDOA estimation procedure.

4.3.2 Theoretical Representation of Transmission Coefficient

The EM wave transmission analysis is based on theoretical transmission coefficients for a

two-dimensional model of EM uniform plane wave propagation through a dielectric

medium proposed by Kong (1990). A schematic of this model is provided in Figure 4-3.

By solving Maxwell's equations (refer to Section 4.1.1) and applying energy

conservation principles with appropriate dispersion relations for the particular case at

hand, the expression of the complex transmission coefficient Tr for transverse electric

(TE) waves is given as follows:
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Figure 4-2 Overview of the proposed methodology for dielectric property
characterization (Buyuk6zturk et a]. 2005)
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4ej(k ko)dl (4.26)
(1+ p"')(1+ pm)(I+ RO1 e"') (4.26)

where,

koz = e0 u cos0

klz =k V,* -sin2 0

ko z A1o *kOz

_o -- 1 _

1+ poI R 0

dl = thickness of the specimen

c = wave angular frequency

0 = angle of incidence

po = the permeability of free-space

p* = the complex relative permeability of the specimen

.6= the permittivity of free-space
= r - J.r = complex relative permittivity of the specimen,

r and Zr are its real and imaginary parts, respectively.

The EM wave propagation phenomenon through a dielectric material specimen is

modeled as a two-dimensional problem. The use of this model is justified by the choice

of an appropriate corresponding experimental set-up, in which uniform plane wave

conditions are achieved by satisfying the far field condition (which is discussed in

Section 4.4.2). Additionally, the assumption of material homogeneity in the theoretical

model leads to a global description of dielectric properties for the specimen under

investigation.

4.3.3 Estimation Procedure based on Time Difference of Arrival (TDOA)

The TDOA technique is used to estimate the dielectric constant of a low-loss (less

conductive) material using experimental measurements of transmission coefficients. This

technique is conceptually based on the same two-dimensional theoretical model for EM
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wave propagation previously described. For the case of normal incidence, the time

domain representation of an EM plane wave is (Stone 1996):

E = Eo (t- z1 (4.27)
C

where E, =incident wave propagating in the z-direction, EO = amplitude of the signal,

t = propagation time, z = propagation direction, and c = speed of light. An illustration of

the EM transmission through the dielectric medium is presented in Figure 4-4.

Considering only the first peak response in the transmission measurement, the first

transmitted pulse is represented as:

Etj(t)=TOT OEC t - -At (4.28)

where To, and To are transmission factors accounting for the EM wave transmission

through both faces (front and back) of the plate specimen. Here, At is the time difference

of arrival. In this formulation the first-peak assumption holds since the loss is considered

primarily due to energy absorption in the specimen rather than transmission losses. The

difference in arrival time due to the presence of the specimen is found by setting the

argument in Eq. 4.28 to be zero, thus:

z- d _d46 = 0  (4.29)
C C

Note that Eq. 4.29 is a simplified velocity representation since the wave velocity in the

medium is assumed to be c/ f~, which is applicable when the loss factor of the

specimen is small (refer to Eq. 4.23). Further discussion on the accuracy of this

simplification is available in Section 4.6.2 later in this chapter. Assuming that z =0 at

the first boundary of the dielectric medium, and after rearranging, it is found that:

At= d( Tr-1) (4.30)

where At constitutes the additional propagation time (or time difference of arrival)

between the transmitting and receiving antennas over the time corresponding to the

measurement when the specimen is not present. The estimation of At is achieved by

processing the measured transmission coefficient from frequency-domain to time-domain

using inverse Fourier transformation. Eq. 4.30 can be used as a tool for assessing the
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dielectric constant of the specimen by estimating its time difference of arrival using a set

of experimentally measured transmission coefficients over a certain frequency band. The

expression of dielectric constant can be derived from Eq. 4.30 as follows:

= I+ CAt)' (4.31)r d

The accuracy of the At estimation depends on the frequency bandwidth of the signal

being processed (further discussion presented in Section 4.6.2) and the accurate

measurement of the specimen thickness. This estimate will be the basis for the

identification of the complex permittivity that characterizes the dielectric material

specimen.

----------------- z --------------------

E E

d

Figure 4-4 Illustration of theoretical framework for TDOA estimation

4.3.4 Root-Searching Procedure of Combinations of Dielectric Constant and Loss

Factor based on Parametric SI and SSE Criterion

As noted by other research studies (Ghodgaonkar et a]. 1989, Zhang and Huang 1999,

Millard et a]. 2002), the complex permittivity cannot be explicitly represented in terms of

the S-parameter S 1 , which is a measured value of EM wave transmission. Furthermore,

the exact solution for the complex permittivity is not straightforward due to the multiple

roots associated with Eq. 4.26 for lossy materials (Jose et aL. 2000). In order to solve this

problem, a root-searching procedure involving the use of parametric system identification

(SI) and an error sum of squares (SSE) criterion are proposed. Parametric SI refers to the

use of a mathematical model to characterize the behavior of a system based on
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experimental information (Venkatesh and Dahleh 2001). Parametric SI is applied for

generating an array of theoretical estimations of transmission coefficients. Thereafter, the

SSE criterion is introduced for estimating the error between the theoretical estimations

and the measured transmission coefficients.

Experimental measurements must be conducted in coherent condition, where the

measured complex S-parameter S2*, equals the complex transmission coefficient, T*.

The coherent condition provides a non-distorted phase in the measurement of S21

(between antennas 1 and 2, Figure 4-3) such that amplitude attenuation within the

specimen does not contribute to the transmission coefficient. The magnitude of complex

transmission coefficient is expressed in decibels (dB) as:

TdB = 10 -log(S21 -21) (4.32)

where TdB is a real number and 21 is the complex conjugate of S21 . It is observed from

Eq. 4.26 that the complex transmission coefficient is a function of frequency, thickness of

the dielectric specimen, and the complex permittivity (dielectric constant and loss factor),

as well as the magnitude of complex transmission coefficient, thus:

TdB= TdB(od,erer) (4.33)

The measured TdB can be calculated by substituting the measured S21 into Eq. 4.32 to

yield T from the measurements. Figure 4-5 shows an example of T values as

functions of frequency corresponding to EM transmission measurements on a concrete

slab specimen.

The estimated/predicted TdB, denoted by TB, can be calculated by substituting

theoretical T7 into Eq. 4.32. In order to graphically illustrate the characteristics of the

wave propagation through a dielectric medium, Figures 4-6 through 4-8 show the effects

of varying layer thickness, dielectric constant, and loss factor values on the predicted

(theoretical) transmission coefficient. Parametric SI is carried out by generating a set of

TfP from possible combinations of 4 and 4. From these possible combinations, those

which will result in minimum difference between T (measurement) and T B (theory)
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Figure 4-5 Experimentally measured transmission coefficient
for a concrete slab specimen
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Figure 4-6 Effect of dielectric constant on predicted transmission coefficient
(layer thickness d, = 50 mm, loss factor g = 0.0)
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Figure 4-8 Effect of layer thickness on predicted transmission coefficient
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will be the estimates closest to the actual physical values. Estimation error between T

and T8 is evaluated using an error sum of squares (SSE) criterion. Each combination of

e and 4 generates a corresponding SSE value, which is expressed by:

(4.34)SSE(.6 ,dB= (0j -Ti ~e, ) r =r

where n is the number of frequencies in the measured frequency band. With the

assistance of the SSE criterion, an error surface is generated for various combinations of

E and e., as shown in Figure 4-9 for the same concrete specimen previously introduced

in Figure 4-5. Using the estimated dielectric constant obtained through the TDOA

technique, a corresponding error curve containing various combinations of loss factor can

be located from the error surface, as shown in Figure 4-10. The optimal loss factor is

determined by selecting the one with minimum error on the curve. Hence, the root-

searching procedure is accomplished.

40
U-

0.8!

0.6

0.4-

0.2

0 2 4 6 8 10
Dieletric Constant, Er

Figure 4-9 Estimation error surface using parametric SI and SSE criterion for
concrete slab specimen. Color coding represents log(SSE)
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Figure 4-10 Result of root-searching procedure for identification of loss factor
for concrete slab specimen

4.4 Experimental Program for Dielectric Property Measurements

In order to implement the methodology described in Section 4.3, experimental

measurements of transmission coefficients were conducted for several materials, some of

which have been previously documented in existing literature in terms of their dielectric

properties to serve as benchmark results. Concrete and various FRP composite specimens

were used in this study. In this section, details of the experimental set-up and

measurement parameters, specimen descriptions, and results of the implementation of the

methodology for dielectric property characterization are presented.

4.4.1 Sample Description

Plate-type specimens of 305 by 305 mm2 cross-section with varying thicknesses were

used. The selected width and height of the specimens meet the requirement for radar

measurements in far field condition, which is further discussed in the Section 4.4.2. Table

4-1 shows the details of the text matrix used for this study such as the material used for

manufacturing each specimen, the plate thickness, and the angle of incidence used in

radar measurements. The concrete specimen was manufactured using mix proportions of

Portland cement Type I / sand / coarse aggregate = 1.0 / 2.5 / 3.2 by weight with a water-

to-cement ratio, wi c = 0.60. The concrete mix used in this study is the same used
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throughout the mechanical and radar studies of FRP-confined concrete presented in

Chapters 3 and 5. All FRP materials were obtained from Fyfe Co. LLC. Three glass-

based and one carbon-based FRP composite systems were used. All reinforcing fabrics

were saturated with Tyfo® S Epoxy. The reinforcing fabrics were: Tyfo® SEH-51A -

custom wave, unidirectional glass fabric with yellow glass cross fibers at 90*, Tyfo*

WEB - made of 00 and 90* bi-directional weaved glass fibers with equal fiber content in

both directions, Tyfo® BC - made of bi-directional weaved glass fibers oriented at ± 45*

directions, and Tyfo® SCH-41 - custom wave, unidirectional carbon fabric with glass

cross fiber for added stability. The FRP samples were manufactured by extruding a 3660

mm 2 (1 ft2) square from the different types of fabrics, which were then saturated with

Tyfo® S epoxy. The specimens were cured for seven days before testing. Benchmark

materials were Teflon, Lexan, and Bakelite, whose dielectric properties have been

already established in existing research literature.

Specimen Material Thickness [mm] Incidence Angle during
Measurement

Teflon 6.0 00, 300
Lexan 6.0 00, 300

Bakelite 6.0 00, 300
Tyfo® SEH-51A (1 layer) 1.5 300

Tyfo® WEB (1 layer) 1.5 30*
Tyfo@ BC (1 layer) 1.5 300

Tyfo@ SCH-41 (1 layer) 1.5 300
Concrete 50.0 00

Concrete + 1 Layer of Tyfo® 51.5 00
SEH-51A

Table 4-1 Test matrix for dielectric property characterization

4.4.2 Experimental Configuration and Measurement Parameters

The experimental set-up used in this work to measure the transmission of EM waves

through a dielectric material involved a network analyzer and a pair of horn antennas.

The network analyzer was a Hewlett Packard Model 851 OC that was operated in stepped-

frequency mode. This equipment is located at the Mini-Chamber facility, Building 1715

at MIT - Lincoln Laboratory. The objective of the experiments was to obtain the
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complex transmission coefficients for a broad range of frequencies. Pictures of the

measuring equipment are presented in Figure 4-11.

Far field conditions were necessary to ensure accuracy and validity of the radar

measurements. The far field condition is required to ensure that the wave front is

approximately plane, which is directly related to the theoretical methodology herein used

for dielectric property characterization. Far field conditions also minimize complex wave

behavior in near-field between the horn antennas and the specimen. For the case of a horn

antenna of rectangular cross-section and characteristic dimension w, far field condition is

guaranteed by (Blejer, D., personal communication, 2005):

R > (4.35)

where R = distance from the horn antenna to the FRP sample, and A = microwave

wavelength. Considering the highest frequency of 18 GHz for the proposed experiments,

it was calculated that the specimen should be placed at least 0.5 m away from the horn

antennas to satisfy far field condition, and the minimum area of the slab specimens

should be greater than 160 cm2 for adequate illumination. The applied experimental set-

up meets these requirements. Direct coupling between the horn antennas was also

eliminated in this experimental set-up due to the use of the network analyzer. The

unwanted coupling between antennas is measured in free-range and stored in the phase

angle information collected by the network analyzer. This information is then used in the

calibration of all consequent measurements (Cullen 1987).

The radar measurements of complex transmission coefficients were collected using

two different measurement schemes: EM wave propagation at normal (0*) incidence and

EM wave propagation at an angle of 30* from normal incidence, as depicted in Figure 4-

12. The alternative 30* incidence angle was used to reduce the noise levels in the signals,

which would aid for a better understanding of the wave transmission capabilities of

dielectric specimens under test. However, only measurements at normal incidence are

used for dielectric property characterization, since the use of normal incidence is in line

with the framework developed for estimating time differences of arrival and theoretical

transmission coefficients.
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(a) (b)

(c) (d)

Figure 4-11 Experimental set-up for dielectric property measurements
a) Network analyzer, b) Transmit horn, c) FRP sample, d) FRP sample and receive horn

(Pictures courtesy of Dennis Blejer)

136



Transmitting
1 horn antenna

Network
Analyzer

300 incidence
angle 00 incidence

2>.....angle

Dielectric
sample

W Receiving horn
antenna

Figure 4-12 Radar measurement schemes for EM wave propagation
at 00 and 30* incidence

Transmission measurements were collected in X-band through Ku-band (8-12 and 12-18

GHz) with a frequency step of 12.5 MHz. A typical set of measurements consisted of

signal amplitudes, phase angles, and their corresponding frequencies. The amplitude and

phase information were combined using complex notation:

S 21 = 10 a0 cos(phase) j + j[ 10 sin(phase) (4.36)

Non-calibrated data in the form of Eq. 4.36 was then properly calibrated using free-range

measurements, which were conducted in the absence of the specimen. The calibrated

complex transmission coefficient was:

S21 fre- range (4.37)
S21

Finally, the magnitude of complex transmission coefficient was expressed in decibels

yielding Td by application of Eq. 4.32.
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4.5 Experimental Results and Characterization of Dielectric Properties

4.5.1 Measurements of Transmission Coefficients

Figure 4.13 shows the results of transmission coefficient measurements for all materials

for the 8-18 GHz frequency band. The transmission coefficients are presented in a dB

scale. From the information obtained from these measurements, it was concluded that

glass-based FRP (GFRP) specimens were highly transmissive, with transmission losses

of approximately up to 4 dB. In contrast, carbon-based FRP (CFRP) specimen did not

allow significant EM wave transmission, with transmission losses of approximately 30

dB. Additionally, from the measurements of the various GFRP composite laminates at

300 incidence angle, it is observed that the transmission coefficient curves show similar

trends. Thus, based on this observation and their high transmissivity characteristics,

GFRP composite materials are suited for the application of the dielectric property

characterization methodology developed in this study. On the other hand, characterization

of dielectric properties on CFRP composites becomes challenging due to their low

transmission of EM waves when using a radar microwave method. In view of these

results, the subsequent computations and discussions focus on only one type of FRP

composite: Tyfo® SEH-51A. This fabric is representative of the GFRP laminates herein

studied, and also it is the type of GFRP that was used in the FRP-confined concrete

mechanical investigations presented in Chapter 3 and the damage assessment

investigations using radar presented in Chapter 5.

Concrete, which is characterized as a low-loss material in dry conditions, registered

transmission losses ranging from 10 to 30 dB. Transmission measurements through the

concrete specimen and the concrete specimen bonded with 1 layer of Tyfo* SEH-51A

showed comparable values for power loss, which further validates the transmissive

character of GFRP composites in radar NDE applications. These results become

significantly important in view of the developments presented in Chapter 5 with regards

to damage assessment of GFRP-confined concrete elements using radar NDE. In contrast

with CFRP and concrete, all benchmark materials (Teflon, Lexan, Bakelite) showed

moderate transmission losses.
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Figure 4-13 Radar measurements of transmission coefficients

4.5.2 Estimation of the Dielectric Constant using TDOA

The TDOA technique was used to estimate the dielectric constants of materials under

investigation from both X- and Ku- bands. After performing inverse Fourier

transformation of the experimental transmission coefficient data for the 8-18 GHz

frequency band, the time difference of arrival values, At, for the materials considered in

this study were calculated. Figure 4.14 shows the results for the inverse Fourier

transformation of transmission coefficient information for free-space and for the concrete

slab specimen previously introduced in Figure 4-5 and the procedure of how At was

estimated. The results for time difference of arrival values are tabulated in Table 4-2.

Using the time difference of arrival information, application of Eq. 4.31 yielded estimates

for dielectric constants, which are also tabulated in Table 4-2. For the case of one layer of

Tyfo® SEH-51A, the TDOA technique could not provide reliable results due to the small

thickness of the specimen. Further discussion on this item is presented in Section 4.6.2
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Figure 4-14 Estimation of time difference of arrival (TDOA)

Estimated
Material At [ns]Esiae

Dielectric Constant
Teflon 0.007 1.79
Lexan 0.012 2.48

Bakelite 0.030 5.95
Tyfo® SEH-51A (1 layer) - -

Concrete 0.235 5.69

Table 4-2 Dielectric constant estimations based on TDOA for 8-18 GHz

4.5.3 Root-Searching Results for Loss Factor

Following the root-searching procedure, optimal loss factor values were calculated by

extracting an error curve using TDOA information from the error surfaces generated by

parametric SI and SSE criterion, as it was illustrated in Section 4.3.4. The loss factor

corresponding to the minimum SSE on the error curve is identified as the most

appropriate value or characterization. The estimated loss factors thus found are provided

in Table 4-3 for the test materials. Figures 4-15 and 4-16 show the implementation of

parametric SI, SSE criterion, and root-searching procedures used to obtained the data in

Table 4-3.
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. Estimated Estimated Dielectric Constant Loss Factor
Dielectric Constant Loss Factor from Literature from Literature

Teflon 1.79 0.04 2.0 [ 0.0008 [1

Lexan 2.48 0.04 2.8 (2-

Bakelite 5.95 0.28 3.6 [1] 0.2 [11

Concrete 5.69 0.62 4.4 - 7.2 [3] 0.3 - 0.7 1

Harrington 2001, 2 Power Corporation 1996, 3 Rhim and Buyuk6zturk 1998

Table 4-3 Characterization of complex permittivity for all test materials
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Figure 4-15 Estimation error surfaces using parametric SI and SSE criterion
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Figure 4-16 Results of root-searching procedure for identification of
imaginary part of complex permittivity

4.6 Discussion of Results

From the results for benchmark materials Teflon, Lexan, and Bakelite, it was found that a

unique combination of real and imaginary parts of the complex permittivity can be

obtained through the application of the proposed methodology. For low-loss materials

such as concrete, the problem of non-uniqueness of real and imaginary parts of complex

permittivity was observed and subsequently resolved, and appropriate values were

predicted using the developed methodology. Based on the results presented in Table 4-3,

the estimated dielectric constant values of Teflon, Lexan, Bakelite, and concrete are in

agreement to reported values or within reported ranges. However, it should be

emphasized that the values found using the proposed methodology for dielectric

constants and loss factors do not exactly correlate with the reported values in the
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literature because of the differences in applied measuring techniques and frequency

ranges used in experimental measurements. This is especially true for loss factor values.

Note that in Table 4-3, not all loss factor comparisons could not be made because of the

lack of information in the literature. Also, loss factor values are generally more sensitive

to measurement frequency and experimental parameters.

4.6.1 Effect of Selected Frequency Bands in TDOA

Time difference of arrival estimates were obtained using the entire sets of measurements

over the X- and Ku- bands. For potential practical applications of this methodology, the

question arises as to what would be the optimum frequency band needed to provide a

sound estimate for the dielectric constant. Table 4-4 presents a summary of different

estimates of dielectric constant using time difference of arrival values that were

calculated for various frequency bands. Calculations were conducted in 1 GHz intervals

covering the range from 8 GHz to 18 GHz. After comparing the results presented in Table

4-4 with the dielectric constant estimates from Table 4-3, it is observed that estimates

calculated from narrow frequency ranges may provide poor estimates for dielectric

constant values. Accurate estimates using the TDOA technique may require the use of

wide frequency ranges for uniquely identifying the dielectric constant that characterizes

the specimen under investigation. The accuracy of such estimation is critical to the

subsequent assessment of the loss factor.

Material Fre quency Range [GHz]
8-9 9-10 10-11 11-12 12 -13 13 -14 14 -15 15-16 16-17 17-18

Teflon 1.42 5.80 1.89 1.89 2.37 1.18 1.32 2.28 2.28 2.34
Lexan - 6.05 6.96 2.25 2.53 2.06 4.53 3.61 2.41 3.23

Bakelite - 0.96 14.75 5.38 8.86 8.17 5.45 4.69 9.76 -
Concrete 4.80 6.03 6.64 5.30 5.01 4.66 8.04 6.76 5.99 4.47

Table 4-4 Estimates for dielectric constant using TDOA for different frequency ranges

4.6.2 Limitations of the Use of TDOA Information

From the results for the one-layer Tyfo* SEH-51A specimen, it was observed that the

thickness of the sample critically affects the performance of TDOA technique. Thus, a

minimum thickness limitation might be necessary to the accurate characterization of

dielectric constant of construction materials using the proposed methodology. Based on
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the presented investigation, measurements of specimens of 6 mm or larger would provide

acceptable results.

Another potential limitation of the use of TDOA information could be related the

accuracy of the wave velocity approximation used in the theoretical development of the

TDOA technique. From EM wave theory it is known that the wave (phase) velocity of

EM waves is the function of the material's dielectric properties. For instance, the phase

velocity, v,, for lossy materials within a medium is (Kong 1990):

-- 1/2

k- f_6 1+ +1 (4.38)

where kR =real part of the complex wave number, k=kR +i*k. The first order

expansion of v, provides:

V ~ - 1+, - (4.39)

For lossless materials the electrical conductivity, a is zero, and the wave velocity then

becomes:

1 Cv= ~- -(4.40)

For non-magnetic materials such as concrete, v, becomes c/e7 , which is the wave

velocity representation used in the TDOA estimation. Eq. 4.29 is used in the TDOA

procedure because of its simplicity, and it is considered as a convenient approximation of

Eq. 4.38 when a/-1e <1. To investigate the accuracy of this approximation, a

comparative study was performed. Wave velocities using Eqs. 4.38, 4.39, and 4.40 were

calculated with respect to different values of a-/we ranging from 0 to 20, as shown in

Figure 4-17. It is observed that the differences between Eqs. 4.38 and 4.40 or between

Eqs. 4.39 and 4.40 may be substantial when a-/we is greater than 1. Nevertheless, in the

range of investigation where (a/we) = 0.1 which applies to applications of

construction materials, the mentioned differences are not significant as demonstrated in
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Figure 4-17 (b). Hence, the use of Eq. 4.40 in the methodology for dielectric property

characterization of construction materials is justified.
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Figure 4-17 Comparative study of different phase velocity representations
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Chapter 5

Radar Measurements of FRP-Confined Concrete

The objective of this chapter is to present an exploratory research effort dealing with the

application of high resolution radar technologies for detecting and assessing defect and

damage features in FRP-confined concrete specimens. The experimental program focused

on inverse synthetic aperture radar (ISAR) measurements of various specimen

configurations such as plain concrete, reinforced concrete, intact FRP-confined concrete,

and defective or mechanically-damaged FRP-confined concrete. Measurements were

conducted at X- and Ku- frequencies band to achieve high resolution and surface

penetration. Frequency - angle, range - angle, and range - cross-range imagery was

generated using the radar measurement data. Cross-correlation studies were also

conducted to evaluate and compare radar measurements of intact and defective

specimens. The first sections of this chapter are devoted to introducing concepts related

to the fundamentals of radar, its parameters, SAR and ISAR methodologies, and basic

signal processing techniques. Then, details of the exploratory experimental program for

radar measurements of FRP-confined concrete specimens are presented. Analyses and

discussions of measurement results are then provided.

5.1 Fundamentals of Radar

The main purposes of radar are detection and location of objects through the use of radio

waves. Currently, new applications of modern radar extend to identification,

classification, and imaging of target objects, weather detection, automobile speed

detection, air traffic control, astronomy, and a variety of non-destructive evaluation

techniques (Knott et a]. 1993, Bungey and Millard 1996, Kingsley and Quegan 1999).

147



The four basic radar system elements are: a transmitter, an antenna, a receiver, and an

indicator. The transmitter subsystem creates the required waveform to be transmitted and

it is typically composed of a power supply, a modulator, and a radio-frequency (RF)

amplifier. The types of transmitter and power source are selected depending on the power

requirements, cost, and specific details of the application (Knott et a]. 1993). The type of

waveform is also selected depending on the specific application and it can range from an

un-modulated continuous wave to a complex frequency, phase, and time code modulated

wave as in the case of advanced radars (Rhim 1995). The antenna is the device which

couples the energy between the transmission lines in the radar and the free-space. The RF

energy is converted by the transmitting antenna into a beam of a given shape which will

illuminate the desired target. The receiving antenna receives the EM signals from specific

directions and guides that energy to the receiver. In most radar systems, the transmission

and reception tasks are performed by the same antenna. The receiver subsystem performs

the detection and signal processing tasks. The received RF signal is mixed down to a

lower intermediate frequency (IF) for further data analysis and processing (Knott et a].

1993). The indicator is the final radar component which conveys the target information to

the user or operator. Figure 5-1 shows a simplified block diagram of a coherent radar.

Further discussions on radar systems are presented in Eaves and Reedy (1987), Edde

(1993), Knott et a]. (1993), Scheer and Kurtz (1993), and Kingsley and Quegan (1999).

Grnu Miennr

(basband (mod lated) (< P(modltd)'

Oscillator IIF (Unmodu ated) fLO fRF - lW

PReferenr

Figure 5-1 Block diagram of a typical coherent radar (Sullivan 2000)
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5.1.1 Radar Parameters

Pulse Width and Bandwidth

A linear frequency modulated waveform generated by radar consists of a rectangular

pulse of duration T = t2 - t as shown in Figure 5-2 (a). The carrier frequency f is swept

over the pulse length by an amount B which represents the bandwidth, as shown in

Figure 5-2 (b). For the case of a compression pulse length similar to T, the swept

bandwidth and the achievable pulse are related by (Eaves and Reedy 1987):

T 1 1 (5.1)
(f2 - fl) -B

where f, and f, are the starting and ending frequencies, respectively.

Amplitude Frequency

T

-------- ---- ---

t T t2 Time t t2 Time

(a) (b)

Figure 5-2 Linear frequency modulated pulse waveform

Range and Cross-Range Resolutions

Range resolution is related to the line-of-sight range, and it is often obtained by

processing the transmitted pulse. Cross-range resolution is related to the resolution

perpendicular to the line-of-sight of the radar along the target's surface, and it is obtained

by integrating the reflected energy from the target medium as the radar sweeps alongside

the area of illumination (Wehner 1995). The relationships for the range and cross-range

resolutions associated with radar are given by the following expressions, respectively:

Pr~C (5.2)
2B

Pxr 2 ACad (5.3)
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where c = speed of light in free-space, B = bandwidth, A, = wavelength at center

frequency, and A O,,, = angular rotation of the target during processing time. Eq. 5.2 is

the commonly accepted measure of resolution. Precise expressions are dependent on

more specific definitions of resolution (Mensa 1981). It is worth noticing that the range

and cross-range resolutions expressed by Eqs. 5.2 and 5.3 are valid for free-space.

Approximations of these equations when the medium under test is a dielectric material

(e.g. concrete) are given by (Rhim 1995):

p, ~ (5.4)
2 B

Pxr ~2A (5.5)

where er = dielectric constant of the dielectric medium and f, = center frequency.

Polarization

Polarization is related to the orientations of the electric and magnetic fields and their

variations with respect to time. In some applications, the polarization is referenced to the

localization of the radar site itself. In other applications, the polarization is referenced to

the characteristic dimension of the target under test (Knott et a]. 1993). For the instance

when the target under test is an infinite cylinder (treated as a two-dimensional structure),

the incident field is referred to as VV-polarized or TM (transverse magnetic) when the

electric field is parallel to the axis (infinite dimension) of the cylinder. The other

polarization option is then HH-polarized or TE (transverse electric) when the electric

field is perpendicular to such axis. For the case of a semi-infinite space and EM plane

waves as shown in Figure 5-3, the mentioned polarizations are defined in terms of the

plane of incidence. In Figure 5-3, the plane of incidence is denoted by the x-z plane. The

incident electric field vector Fincident is perpendicular to the plane of incidence. Such

incident wave is called TE wave or HH-polarized. When the incident electric field vector

is parallel to the plane of incidence, such wave is called TM wave or VV-polarized. In the
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two mentioned polarization options, the orientation of the electric field does not change

with increasing distance, thus, they are termed linear polarizations. Circular polarization,

on the contrary, allows for the electric and magnetic field orientations to rotate about the

direction of propagation with increasing distance. The availability of the HH and VV

polarizations is a key advantage of radar methodologies for NDE applications on

anisotropic materials whose properties are dependent on the direction of measurement

(Rhim 1995).

Z
reflected "transmitted

Hreflected
transmitted

incident

incident

Free-space Dielectric medium

Figure 5-3 Reflection and transmission of a TE or HH-polarized wave
in a semi-infinite medium

Decibel (dB)

In radar measurements, variability of radar parameters may extend over several orders of

magnitude. For instance, transmitted signal powers could be on the megawatt range,

while received signal powers could be on the picowatt range (Knott et aL. 1993). In

addition, visualization of wide dynamic range RCS (radar cross section) plots could

become cumbersome for data sets expanding several orders of magnitude. Thus in radar

work, a logarithmic unit referred to as decibel (dB) is used. Such unit expresses power

ratios in the following manner:

P(dB)=0logio -Pj (5.6)
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where P = reference power level. For power measurements, reference units such as 1

watt and 1 milliwatt and their corresponding notations dBW and dBm are used. The

common reference unit for RCS measurements is 1 M2 . A decibel referenced to 1 M' is

designated as dBsm. Table 5-1 shows useful references for selected power ratios and their

corresponding dB values which will be observed in the studies documented in this

chapter.

Power Ratio 0.01 0.10 0.32 0.79 1.00 1.26 3.16 10 100
dB -20 -10 -5 -1 0 1 5 10 20

Table 5-1 Selected power ratios and corresponding dB values

Radar Cross Section (RCS)

Estimation of the input signal strength received by a radar receiver requires the

knowledge of the signal strength decay of radiated waves from transmitting sources, the

excitation of a wave reflection by a remote obstacle, and the dispersion of the reflected

waves by the obstacle. A single function o-, referred to as radar cross section (RCS)

characterizes the obstacle reflection (Eaves and Reedy 1987). Formally, RCS is the

defined as:

0-= lim 4ffr 2 IFseati2 (5.7)

where E"' and E'"c are the scattered and incident electric fields (Knott et aJ. 1987). By

its definition, RCS provides information about the target's characteristics and removes

the effects of the transmitted power, receiver sensitivity, and the relative distance

between the transmitter and receiver.

Near Field and Far Field

Antenna patterns vary in shape depending on the distance from the antenna, noted as R,

and with the look direction. In the extreme case of a large distance from the antenna, the

shape of the antenna pattern over a sphere of constant radius is independent of R . A

common accepted criterion for independence between the range and the pattern shape is

when:
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R> (5.8)

where D =diameter of the smallest sphere that completely contains the antenna or the

target extent facing the radar and A = wavelength of the transmitted wave (Eaves and

Reedy 1987, Wehner 1995). Values of A larger than Eq. 5.6 are said to be in the far field

of the antenna, while smaller values are said to be in the near field. For the latter case,

antenna patterns vary significantly as the distance R decreases.

Coherent Radar

The characteristic feature of coherent radars is the generation of sinusoidal waveforms

from a source within the radar (referred to as stable local oscillator, or STALO) that

maintain a constant frequency over several pulses. Using the STALO phase information

and the recorded phases of the returned pulses, relative phases between pulses can be

calculated (Sullivan 2000). From a radar signals perspective, coherent processing of a

sequence of pulses refers to the situation when their phase information at the carrier

frequency is known and stable (Kingsley and Quegan 1999). Coherent radar systems are

widely used, and their application becomes necessary when requiring precise radar

measurements especially for target velocity estimations (Sullivan 2000).

5.1.2 Inverse Synthetic Aperture Radar (ISAR)

Synthetic aperture radar (SAR) is a radar mapping technique that generates high

resolution maps in both range and cross-range. The SAR mapping is obtained through the

processing of the reflectivity data collected as the radar device moves over the target of

interest. Thus, this scheme resembles the function of several antennas that are arranged in

a linear antenna array. The fundamental principle that underlies the SAR method is the

relationship between the cross-range position of the target of interest and the

instantaneous Doppler shift of the energy reflected and scattered by such target. Inverse

synthetic aperture radar (ISAR) refers to a modification of the SAR scheme. ISAR

techniques have been applied for the imaging of ships, aircrafts, space objects and the

RCS evaluation of targets and target models (Wehner 1995). In the ISAR scheme, the

backscattering data is collected while the target rotates and is illuminated by the radar

beam. The ISAR scheme can be understood by visiting one particular scenario of SAR
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application called spotlight SAR. As shown in Figure 5-3, spotlight SAR is achieved

when the radar antenna consistently tracks the target of interest. In this case, the radar

antenna is moving along an angular section V/ around the target. Similar data could be

obtained for the case when the target object rotates and the radar antenna remains static,

which is what occurs in ISAR implementation. A potential application of spotlight SAR

technique for non-destructive evaluation of civil infrastructure is that mentioned in

Section 2.5.4. Currently, research on the development of the APS-CW technique is still at

preliminary stages. A first step in the further development of such technique is the

laboratory implementation of ISAR techniques to achieve the same non-destructive

evaluation objectives of the APS-CW technique for damage and defect detection in FRP-

confined concrete specimens.

TARGET
AREA

Figure 5-3 Spotlight SAR (Wehner 1995)

5.2 Important Issues related to ISAR Test Parameters

Before the implementation of the ISAR methodology for radar NDE measurements,

range and cross-range resolution criteria need to be established. The resolution to be
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achieved using radar techniques is highly dependent on the specific problems at hand and

the type of feature to be resolved. In NDE applications, ground penetrating radar

techniques have been applied for the detection of defects in pavement and highway

systems, tunnel linings, and the quantification of scour around bridge piers (refer to

Section 2.4.2).For these cases, relatively low resolutions could be sufficient to detect

defects of sizable configuration, and thus the use of low frequencies (large wavelengths)

would be appropriate. However, other applications (e.g. the radar NDE case documented

in this thesis) might require higher resolutions due to the smaller characteristic sizes of

the defects under investigation, and thus the use of high frequencies (short wavelengths)

would be required. From Eqs. 5.4 and 5.5, it is apparent that the key radar parameters to

be considered when designing ISAR experiments are the central frequency fe, the

frequency bandwidth B, and the angle of rotation AOad. Due to the inverse

proportionality of these parameters to the range (pr) and cross-range (px) resolutions,

high center frequency and frequency bandwidth values and large rotation angle values

will improve the range and cross-range resolutions of the ISAR measurements. However

in practical applications, there are important constraints to the values of these parameters

that need to be considered.

5.2.1 Penetration Depth vs. Frequency

In lossy media, such as concrete, power is dissipated as the EM waves propagate through

the media. For the case of a plane wave traveling in the z-direction, the power attenuation

is related by:
2z

P 7i
- - = e _p (5.9)
PO

where P = incident power, z = depth inside the medium, and d, = penetration depth. The

penetration depth is defined as the depth at which the power attenuates by 1/ e2. For the

case of a slightly conductive medium, the penetration depth can be approximated by

(Kong 1990):

d, = 2 C (5.10)
a pu
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where c', p , and o- represent the dielectric properties of the medium at hand, namely

the dielectric constant, permeability, and the conductivity, correspondingly. For the

specific case of concrete, its dielectric properties have been found to be highly dependent

on frequency as shown in Figure 5-4. It is worth noticing that the dielectric properties

shown in Figure 5-4 developed by Rhim and Buyuk6zturk (1998) were measured using a

different methodology (open-ended coaxial probe) than that proposed in Chapter 4. The

objective of the first study was to determine the frequency dependency of dielectric

properties for concrete and mortar materials, while in the second study effective dielectric

properties of several materials were determined over specific frequency bandwidths. For

further comparison between the two particular methodologies, the reader is referred to

Section 4.2. After observing the relatively decreasing behavior of the dielectric constant

and the increasing behavior of the conductivity as functions of frequency, their

compound effect would equate to decreasing values for the penetration depth. As a result,

an optimization problem arises when choosing the center frequency and bandwidth.

While higher frequencies could yield high resolutions radar measurements, radar wave

penetration in dielectric lossy media such as concrete is negatively affected.

5.2.2 Bandwidth and Rotation Angle vs. Computational Cost

As already mentioned, data processing of large frequency bandwidths and rotation angles

for ISAR measurements would yield improved range and cross-range resolutions. In

applications where the target of interest presents symmetry properties (cylindrical

configurations such as FRP-wrapped concrete columns), the need for measurement of

large rotation angles could be reduced due to the axisymmetric characteristics of the

specimen at hand. However, the improvements in resolution due to large frequency

bandwidths and measured rotation angles also result in extensive number of

measurements, time consuming data processing and imaging, and other related

computational costs. These issues become significantly important when new technologies

are being developed for field applications, where number of measurements and

computational time directly translate into monetary costs. A balance between cost issues

and the desired resolution achieved by radar measurements is required.
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5.3 Signal Processing

5.3.1 Fourier Transform Method

The description of physical processes could be achieved mathematically in two distinct

forms. In time domain, a process is quantified by a some quantity h as a function of time

t, represented as h(t). The same process could also be described in frequency domain

where the process is quantified by an amplitude H (generally a complex number

composed of magnitude and a phase component) as a function of angular frequency W,

represented as H(o). The Fourier transform method allows a mathematical connection

between the two different domain descriptions of the same process. The Fourier

transform of h is a function of H depending on frequency (Strang 1986):

H(o)= f h(t)e-j'dt (5.11)

The inverse Fourier transform of H brings the original function h back by:

h(t) = 1 f H()e'' do (5.12)
2r =-_o

For the case when the frequency domain description is given in cycles per second, the

relation between o and f is given by:

OJ= 2;rf

H(co)= H(ff (5.13)

and Eqs 5.11 and 5.12 become

H( f)= fh(t)e-2iftdt (5.14)

h(t) f H( f)e 2 z' df (5.15)

When the Fourier transform method is applied to discrete processes in which a finite

number of sample points are given, discrete Fourier transformation methods need to be

applied. Fourier transformation processing is implemented for the radar measurement

herein described (which are conducted in the frequency domain) in order to generate

range-angle imagery, and thus investigate the detection of different types of defects and

damage in FRP-confined concrete specimens.
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5.3.2 Cross-Correlation

Correlation of signals is a technique often used in signal processing for estimating the

frequency content of noisy signals, as well as detection of targets from radar signals. Two

cases of correlation are encountered: autocorrelation, in which the correlation is

performed on the original signal with itself, and cross-correlation, in which two different

signals are correlated. Cross-correlation can be mathematically described by the

following relationship (Phillips et a]. 2003):

R,(p) = Ix(m)yAp+ m) (5.16)

which is similar to the definition of discrete-time convolution:

y(m)= x(k)h(n -k)= x(n)* h(n) (5.17)

The maximum value in the correlation function determines a coefficient which is used in

this study as a metric for correlating two signals. In the autocorrelation, the maximum

value of the correlation function is normalized by itself, yielding a correlation coefficient

of unity, whereas for the comparison of two different signals, the maximum value in the

correlation function is normalized by that of the autocorrelation of the benchmark signal.

Consequently, the correlation coefficient will be less than unity. For the case of

correlation of two-dimensional arrays A(Ma,Na) and B(MbNb), the equation for two-

dimensional discrete cross-correlation is (Mathworks 2005):
(Ma-i) (Na-i)

C(, j)= ( ZA(m,n)- conj[B(m± i,n+ j)] (5.18)
im- n=O

For further information on correlation functions and cross-correlation, the reader is

referred to Orfanidis (1996).

5.3.3 Backprojection Imaging Algorithm

Imaging algorithms used to treat SAR data are classified in two broad categories: Fast

Fourier Transform (FFT) based methods, and backprojection (time domain) methods.

While FFT methods are computationally less expensive, they suffer from several

limitations: the method might not be universally applicable, assumptions are needed in

terms of target motions, and data interpolation is required. Several of these deficiencies
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are overcome through the use of backprojection algorithms at the price of greater

computational effort (Yegulalp 1999). Such algorithms are capable of producing high

resolution range - cross-range imagery through the full utilization of the EM wave

reflection and scattering response information embedded in SAR or ISAR measurements.

A backprojection algorithm developed at MIT - Lincoln Laboratory was used in this

work to generate ISAR imagery for selected specimens.

5.4 Radar Measurements of FRP-Confined Concrete

The objective of the exploratory experimental program described in the following

sections is the application of high resolution ISAR radar technologies for the detection

and assessment of defect and damage features in FRP-confined concrete specimens. The

experimental set-up, description of test parameters, sample configurations, and data

processing, analysis, and interpretation are discussed.

5.4.1 Radar Measurement Set-up

The radar measurements of FRP-confined concrete specimens were performed at MIT -

Lincoln Laboratory using the Compact RCS/Antenna Range facility located in Building

1718. The experimental set-up consists of a horn antenna, stepped-frequency radar and

network analyzer systems, and a Harris Dual-Shaped reflection system, Model 1606,

designed for conducting far field studies. Photographs of this experimental facility are

shown in Figure 5-5. The facility can achieve high signal-to-noise ratio measurements for

a large frequency bandwidth ranging from UHF (0.7 GHz) to 100 GHz. This radar system

is capable of producing a 20-m quiet zone, different antenna radiation patterns, and full

polarimetric RCS measurements. Specimens are placed on top of a Styrofoam tower that

is capable of fully rotating the target at predetermined angular steps. The measurements

were conducted in stepped-frequency mode by sweeping from a starting frequency 1 to

an end frequency f2 in 0.02 GHz increments at a fixed angle. The target is then rotated to

the next angular step and the frequency sweeping is again performed. The ISAR

measurement scheme herein described emulates the measurement scheme described in

Section 2.5.4, namely the APS-CW technique in which the radar antenna is rotated

around the specimen under test.
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Figure 5-5 Photographs of the MIT- Lincoln Laboratory Compact RCS/Antenna Range
facility, Building 1718: reflector and feed horn antenna (top), and

Styrofoam tower (bottom) (Courtesy of Dennis Blejer)
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5.4.2 Experiment Parameters

Measurement Schemes

For radar measurements, the cylindrical specimen under investigation was placed on top

of a Styrofoam tower in two alternative orientations: 1) having the specimen rest on one

of its ends, referred to as vertical position, and 2) having the specimen rest on its side,

referred to as horizontal position. Schematics of the two measurement schemes are

presented in Figures 5-6 (a) and (b). Because of the two different orientations in which

the specimen can be measured, it is more precise to define the measurement scheme in

terms of the EM wave relative angle of incidence, as seen in Figure 5-6 (c) and (d). In

Figure 5-6 (c), the angle of incidence 0 is at 900 with the lateral surface of the cylinder,

thus the corresponding radar measurements are always made at normal incidence as the

specimen is rotated around its z-axis. This measurement scheme is termed as normal

incidence, and it corresponds to the scheme presented in Figure 5-6 (a). In Figure 5-6 (d),

the angle of incidence # will vary as the specimen is rotated around its y-axis. Only

when the incident waves and the lateral surface of the specimen are perpendicular to each

other (referred to # = 90'), normal incidence is achieved. For all other incidences, the

wave will meet the specimens in an oblique fashion. Thus, this measurement scheme is

termed as oblique incidence, and it corresponds to the scheme presented in Figure 5-6 (b).

Both measurement schemes were designed to capture different EM wave scattering

behaviors, and consequently investigate their effectiveness when radar techniques are

applied for damage or defect detection in FRP-confined concrete elements.

Radar Parameters

Radar measurements were conducted at X- and Ku-band frequencies (8-12 and 12-18

GHz, respectively) to achieve optimized resolution and surface penetration capabilities.

From Eq. 5.2, the range resolution is directly related to the bandwidth of processed radar

signals. For X- and Ku- bands whose bandwidths are 4 and 6 GHz respectively, the

corresponding achieved range resolutions are 38 mm and 25 mm. These resolutions are

deemed as ultra-high for conventional radar applications. For cross-range resolution, the

total angular rotation of the target A ,ad, was determined as to obtain the same range and
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Figure 5-6 ISAR measurement schemes (a) sample resting on its end cap, (b) sample
resting on its side. ISAR measurement scheme notations (c) normal incidence,

(d) oblique incidence
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cross-range resolutions. For the X- and Ku- bands, the minimum angular rotation needed

for ISAR imaging with high resolution was 22.920. The corresponding angle increment

was 0.2'. It is worth noticing that these computed space resolutions are valid in free-

space. When EM wave propagates in dielectric media, such as the test specimens herein

investigated, the resolution would actually be improved due to the effect of the dielectric

constant of the media being greater than unity. This is mathematically expressed in Eqs.

5.4 and 5.5.

While the resolution achieved in the radar measurements is significantly high, the

trade-off is evident in terms of penetration capabilities. Using the definition of

penetration depth for a dielectric, non-magnetic material expressed in Eq. 5.10, the

penetration depth is controlled by the permittivity of the material and the measurement

frequency. When dielectric losses occur in the material due to conduction currents, the

equivalent conductivity o- is expressed as (Rhim 1995):

o-= 2rr ,"e0 f (5.19)

For the specific case of the specimens discussed in this chapter, the dielectric properties

of the concrete material used for manufacturing the FRP-confined concrete specimens

were characterized using the methodology described in Chapter 4. The results for

dielectric constant and loss factor from the proposed dielectric property characterization

methodology are 5.69 and 0.62, respectively. As a first approximation of penetration

depth values, constant dielectric properties over the X- and Ku- bands are assumed.

Using Eqs. 5.10 and 5.19, the estimated penetration depths are approximately 50 mm and

22 mm for 8 and 18 GHz frequencies, respectively. As mentioned in Section 5.2.1, the

use of high frequency radar waves will result in shallow penetration depths as

demonstrated by the previous calculations. However, the proposed X- and Ku- bands

were originally selected in view of the need to detect near-surface defects, FRP-concrete

delaminations, and mechanical damage in the concrete core regions close to the FRP

jacket.

Two types of polarizations were used in the radar measurements: HH-polarization

and VV-polarization. The purpose of using two different polarizations is to explore

detection capabilities of damage or defect features oriented in different directions. This is
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especially important for rebar detection purposes in which stronger radar signatures are

collected when the magnetic field is oriented parallel to the steel rebar.

One of the important features of the performed radar measurements is the application

of the far field condition (refer to Section 5.1.1). The experimental set-up used in this

study is inherently designed to achieve such condition since one of the key operational

objectives of the Compact RCS/Antenna Range facility is to simulate radar

measurements of airborne objects. Far field conditions simplify the wave propagation

phenomena by reducing complex antenna radiation patterns to plane wave scenarios.

From the perspective of this research work, it is intended to first demonstrate the

applicability of radar NDE technologies for defect and damage detection in FRP-confined

concrete elements for a well-established experimental scenario. The use of such

technologies for potential field applications will require radar measurements in near field

conditions, which are out of the scope of this thesis.

5.4.3 Test Program

Table 5-2 shows the test program of radar measurements. Several types of specimens

were selected for radar measurements to investigate the following particular features of

interest:

- ME Series- An aluminum cylinder was measured as an example of a metallic

specimen.

- PC Series: A plain, intact concrete cylinder was measured as the first example of

a dielectric specimen.

- CC Series: An intact FRP-confined concrete cylinder was measured as the first

example of a dielectric specimen wrapped with a FRP composite jacket.

- RE Series- A plain concrete cylinder with steel rebar at different depth locations

was investigated to explore the rebar detection capabilities of the proposed radar

methodology.

- AD Series- Three specimens with distinctive defects were measured to test the

capability of the radar methodology for detecting air cavities and delaminations in

FRP-confined concrete specimens.
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- MD Series: Three specimens with different levels of mechanical damage were

measured to test the capability of the radar methodology for detecting cracking

and volumetric deformation of FRP-confined concrete specimens.

Specimen dimensions, measurement scheme (normal or oblique incidence), and

frequency band used for the measurements of each specimen are also provided in Table

5-2. All the concrete and FRP-wrapped concrete specimens were manufactured using the

same materials, mixing ratios, and other procedures outlined in Chapter 3. For the AD

series specimens, defects were artificially introduced by using Styrofoam inserts during

the concrete casting procedures. Once the concrete cured, such inserts were removed, and

the specimens were subsequently wrapped with GFRP fabric. Specimen CYL-AD3

shown in Table 5-2 was measured for future studies on EW wave simulations. Only

limited analysis of this case is presented in subsequent sections. For the MD series,

specimens were subjected to controlled compressive loads. Specimens MD1, MD3, and

MD5 correspond to damage levels 1, 3, and 5 as described in Section 3.7.1.

Consequently, specimen MD1 corresponds to intact FRP-confined concrete, MD3

corresponds to a zero net volumetric deformation (which is also related to the kink point

in the axial stress - axial strain curve, see Section 3.3.2), and MD5 corresponds to a

damage state close to ultimate failure. Schematics and photographs of selected specimen

configurations are provided in Figures 5-7 and 5-8, respectively.

Specimen Description Dimensions Measurement Frequency
Length [mm] Diameter [mm] Setup Band

CYL-ME Aluminum cylinder, 6 mm thick wall 305 152 Normal K

Normal Ky
CYL-PC Plain concrete cylinder 305 152 Normal X

CYL-CC FRP-confined concrete cylinder 305 152 Normal X
CYL-RE Plain concrete cylinder, rebar at different locations 380 152 Normal X

Normal X
CYL-ADI FRP-confined concrete cylinder, 35mm x 35mm x 25 mm cavity 305 152 Normal Ku

Oblique X

CYL-AD2 FRP-confined concrete cylinder, 75mm x 75mm x 5 mm delamination 380 152 ol X

CYL-AD3 FRP-confined concrete cylinder, 380 mm x 25 mm x 25 mm cavity 380 152 Normal X
CYL-MD1 FRP-confined concrete cylinder, intact 380 152 Normal X
CYL-MD3 FRP-confined concrete cylinder, mechanical damage (stage 3) 380 152 Normal X
CYL-MD5 FRP-confined concrete cylinder, mechanical damage (stage 5) 380 152 Normal X

Series: ME - metal, PC - plain concrete, CC - confined concrete, RE - rebar, AD - artificial damage, MD - mechanical damage

Table 5-2 Radar measurement test program
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5.4.4 Data Processing

The ISAR raw data collected at MIT - Lincoln Laboratory consisted of HH and VV

polarization measurements as functions of frequency at fixed incident angles. For each

polarization, an amplitude entry (A) and a phase entry (p) were recorded at each

frequency step. Table 5-3 shows a sample of raw data that was collected for specimen

CYL-AD1 at oblique incidence during ISAR measurements. The data was then converted

into complex number format using the following relations (Blejer, D., personal

communication, 2005):
A A

P=10 -cos() Q=10 -sin((p) (5.20)
H=P+j-Q

Once the raw data was processed using Eq. 5.20, data analysis could be carried out using

various methodologies, namely: frequency - angle imagery, cross-correlation functions,

range - angle imagery, and ISAR imagery. Each of these methods could be thought of, in

a hierarchical order due to their increased complexity in implementation, as means for

processing and displaying the rich information embedded in the reflectivity

measurements due to the EM wave scattering from the cylindrical specimens.

An important aspect regarding the interpretation of the results for each methodology

is the correct understanding of the values for the incident angles for both normal and

oblique incidences. For normal incidence measurements, 0 describes the angular position

of the specimen with respect to the radar antenna system. The convention for specimens

measured in normal incidence was shown in Figure 5-7. Incidence angle 0=00 is

located in what is referred to as front surface. For FRP-wrapped concrete specimens, the

location of the overlap is always in the back surface (i.e. 9=1800). Artificial defects

were consistently centered around 0=00 and at the mid-height of the specimens. For

oblique incidence measurements, positive # values describe measurements made on the

specimen when the defect was facing the radar antenna system. This is referred as front

surface. Negative V values describe measurements made on the specimen on its non-

defective side, referred to as back surface. As already mentioned, # = ±900 refer to the

unique situation when the incident waves hit the specimen under test in a perpendicular

fashion.
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VV HH
Aspect Frequency Amp Phase Amp Phase
(Deg) (MHz) (dB) (Deg) (dB) (Deg)
-120.0 8000 -36.80 -24.00 -31.61 -58.33
-120.0 8020 -36.63 -28.11 -31.53 -60.04
-120.0 8040 -35.76 -34.64 -30.86 -62.40
-120.0 8060 -37.82 -48.02 -31.03 -64.90
-120.0 8080 -36.72 -54.69 -30.77 -65.89
-120.0 ... ... ... ...
-119.8 8000 -35.03 -14.15 -31.12 -53.21

Table 5-3 A sample of raw data collected for CYL-ADI

5.5 Results of Radar Measurements

Due to the vast amount of ISAR measurements, this section is limited to the display of

the results of the signal processing and imagery methodologies previously described.

Corresponding analyses and discussions of these results are presented in a Section 5.6.

5.5.1 Frequency - Angle Imagery

Frequency - angle imagery refers to the graphical representation of the raw ISAR data as

a function of frequency and incident angle. Thus, this method becomes the first and

coarser data processing that can be carried out for ISAR data. While EM wave reflection

and scattering information is presented in frequency domain, from which intuitive

understanding of what the return signals might mean may not be easily drawn, direct

comparisons could be established between the radar signatures of intact and defective

specimens. Once the raw data is processed as explained in Section 5.4.4, the intensities of

the EM wave return signals H (see Eq. 5.20) at specific frequencies and incident angles

are calculated using Eq. 5.6 as follows:

Amplitude(dBsm) = [10 log 0 (H - f (5.21)

where H* is the conjugate pair of H. For each frequency - angle plot, measured

amplitudes are normalized by the maximum amplitude in the data set. Frequency - angle

imagery for selected measurement cases is presented in Figures 5-9 through 5-19. For a

complete display of frequency - angle plots for all measured specimens, the reader is

referred to Appendix A.
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Figure 5-10 Frequency - angle imagery for specimen CYL-ADI measured at
normal incidence, X-band, HH polarization, back surface (no defect)
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Figure 5-11 Frequency - angle imagery for specimen CYL-AD1 measured at
normal incidence, X-band, HH polarization, front surface (with defect)
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Figure 5-14 Frequency - angle imagery for specimen CYL-ADI measured at
oblique incidence, X-band, HH polarization, front surface (with defect)
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Figure 5-15 Frequency - angle imagery for specimen CYL-AD2 measured at
normal incidence, X-band, HH polarization, front surface (with defect)
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Figure 5-16 Frequency - angle imagery for specimen CYL-AD2 measured at
oblique incidence, X-band, HH polarization, front surface (with defect)
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fname: CYLMD1, HH Pol., max[dBsm] = -4.26
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Figure 5-17 Frequency - angle imagery for specimen CYL-MD1
measured at normal incidence, X-band, HH polarization
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Figure 5-18 Frequency - angle imagery for specimen CYL-MD3
measured at normal incidence, X-band, HH polarization
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fname: CYLMD5, HH Pol., max[dBsm] = -4.28
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Figure 5-19 Frequency - angle imagery for specimen CYL-MD5
measured at normal incidence, X-band, HH polarization

5.5.2 Cross-Correlation Studies

Cross-correlation studies between intact and defective/damaged specimens were

performed. Advanced signal processing tools available in MATLAB* computer software

allowed the implementation of the two-dimensional cross-correlation calculations. First,

an autocorrelation calculation was conducted for the two selected intact structures that

served as benchmark for comparison, namely, CYL-AD1 specimen (back, non-defective

surface) and CYL-MD1 specimen (intact FRP-confined concrete). The cross-correlation

calculations were then performed for an array of cases which are listed in Table 5-4. The

normalization procedures and the estimation of the cross-correlation parameter were

discussed in Section 5.3.2. Sample plots of cross-correlation functions are presented in

Figure 5-20.

Benchmark Region Defective Region Meaurement Frequency Polarization Cross-Correlation
________ j Setup Band _ __ _ _ _

Normal X HH 0.274
VV 0.261

CYL-ADI CYL-ADI Normal Ku HH 0.308
back surface front surface VV 0.294

Oblique X HH 0.718
VV 0.679

CYL-MD1 CYL-MD3 Normal X 0.816

CYL-MD1 CYL-MD5 Normal X HH 0.920
_____________ ____________ _______ ________ VV 0.919

5-4 Summary of cross-correlation studies
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Figure 5-20 Autocorrelation and cross-correlation functions for selected cases: (a) and
(b) for CYL-AD1 specimen measured in normal incidence, X-band, HH polarization, (c)
and (d) for CYL-ADi specimen measured in oblique incidence, X-band, VV polarization
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Figure 5-20 (continued) Autocorrelation and cross-correlation functions for selected
cases: (e), (t), and (g) for CYL-MD series specimens measured in normal incidence,

X-band, HH polarization

5.5.3 Range - Angle Imagery

Range - angle imagery was generated for selected cases from the proposed test program.

This type of imagery is developed by the application of Fourier transform techniques,

which process the frequency domain radar information into time domain information.

Thus, range resolution is resolved for each incident angle. Using the results of raw data

processing using Eq. 5.20, the radar measurements for HH and VV polarizations for

either X- or Ku-band as functions of frequency are Fourier transformed into RCS

amplitudes (in dBsm) as function of time. The time scale is then adjusted to range scale

by factoring the velocity of light propagation, c in free-space (see Section 4.1). This

process is repeated for each incident angle. The main response observed in the plots is

related to the first reflection of the geometry under test. For all studied cases, the main
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response was shifted to Range= Om. Due to the radar capability of processing phase

information, time lags (or alternatively space separations) can be identified in the range -

angle information, which in principle could be related to the presence of defective or

damage features in specimen surfaces. Figures 5-21 and 5-22 show representative cases

of range - angle imagery. In Figure 5-21, range - angle imagery of CYL-ADI measured

at HH polarization, normal incidence, and X-band is presented. In Figure 5-22, range -

angle imagery of CYL-AD1 measured at HH polarization, oblique incidence, and X-band

is presented. These two cases were selected due to the notorious differences in the radar

scattering data and the resulting information and understanding that can be extracted from

such data.

For all angles shown in Figure 5-21, there are minor differences in terms of RCS

magnitude and space responses. This behavior, which will be further explained in Section

5.6, is directly related to the magnitude of the returned signals at normal incidence, or

specular returns. For the case of normal incidence measurements, the receiving antenna

records the wave reflection behavior from the specimen profile directly in front of the

radar (in this case, such profile is a rectangular region of 380 by 152 mm2 ). Being this

profile constant throughout the ISAR measurements at normal incidence, any responses

generated by the presence of defects, damage, or geometrical distortions must be of the

same order of magnitude of the specular returns in order to be detected. As observed in

Figure 5.21, the main responses are therefore dominated by specular returns and any

other responses are of secondary order and do not appear significant. These results were

consistent for all normal incidence measurements independent of the specific damage or

defect feature under investigation.

For the selected case in Figure 5-22, the specular response is captured as well,

however, oblique incident measurements show different signatures for recorded signals

from the side with the defect (or front surface) and from the side with no defect (or back

surface). The two selected cases displayed in this section are for HH polarization

measurements. After examination of the entire data set using the proposed imagery

technique, the use of different polarizations did not provide any additional enhancements

in the data interpretation efforts. Further discussion of range - angle imagery results will

be presented in Section 5.6.
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Figure 5-21 Range - angle imagery for specimen CYL-AD1 measured at normal
incidence, X-band, HH polarization for different incident angles
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Figure 5-22 Range - angle imagery for specimen CYL-ADI measured at oblique
incidence, X-band, HH polarization for different incident angles
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5.5.4 ISAR Imagery

ISAR imagery was produced for selected measurement cases. For this purpose, a

backprojection algorithm developed at MIT - Lincoln Laboratory was used. ISAR

imagery was exclusively processed by Dennis Blejer and Alex Eapen, both from MIT -

Lincoln Laboratory. Specific details regarding the backprojection algorithm are out of the

scope of this thesis. The reader is referred to the work by Yegulalp 1999 (see Section

5.3.3) for further details of the imaging formulation. As already mentioned in Section

5.3.3, the backprojection algorithm allows for a full utilization of the information

embedded in the radar measurements in order to produce ultra high resolution imaging in

range and cross-range. While the use of such signal processing methodology is extremely

accurate, less computationally-intense algorithms could be used for implementation of

radar NDE technologies in field applications.

Figures 5-23 through 5-27 show ISAR imagery results for selected measurement

cases. In Figure 5-23, the case of rebar embedded in concrete was investigated. Figures 5-

24 and 5-25 are related to the radar measurements for specimen CYL-AD1 (air cavity)

for both normal and oblique incidence schemes, respectively., Finally, Figures 5-26 and 5-

27 are related to the radar measurements for mechanically damaged specimens MD 1 and

MD5, respectively, for normal incidence. For the complete set of ISAR imagery

generated for this thesis work, the reader is referred to Appendix B. Discussion of the

ISAR imagery results is presented in Section 5.6.
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Figure 5-23 ISAR imagery for specimen CYL-RE measured at normal incidence,
X-band, HH and VV polarizations at 0 and 90 deg incident angles
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Figure 5-24 ISAR imagery for specimen CYL-AD1 measured at normal incidence,
X-band, HH and VV polarizations, front surface (with defect)
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Figure 5-26 ISAR imagery for specimen CYL-MD1 measured at normal incidence, X-
band, HH and VV polarizations
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Figure 5-27 ISAR imagery for specimen CYL-MD5 measured at normal incidence,
X-band, HH and VV polarizations
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5.6 Discussion of Results

Due to the vast amount of radar measurements and the various data analysis and imagery

techniques, only qualitative assessment of the ability of the proposed radar NDE

technique for defect and damage detection in various concrete and FRP-confined

concrete specimens is offered in this section. A stop-light chart, shown in Table 5-5, has

been developed for such purposes. Aided by a color code, the chart provides a qualitative

assessment of the success or failure of the NDE technique to detect the various defect and

damage features under investigation as functions of the imagery technique, polarization,

frequency band, and measurement scheme used. Green color labeling was used for the

cases of positive detection of the features under investigation. Yellow color labeling was

used for cases in which an inconclusive assessment was reached. Red color labeling was

used for cases in which the features under investigation were not detected. Finally, gray

color labeling was assigned to the cases for which no studies were conducted. Four

distinctive features were coded: air cavity, delamination, deformation / microcracking

(due to induced mechanical damage through compressive loads), and presence of rebar.

For each available radar measurement, three types of imagery were developed: frequency

- angle ( f - 0), range - angle (p - 0), and range - cross-range or ISAR imaging

(p - p,,). The results of the cross-correlation studies are treated separately in subsequent

sections.

In what follows, discussions on the effects of measurement parameters on the positive

or negative detection of defective features or presence of rebar and evaluations of data

analysis and imagery techniques used to interpret the developed ISAR measurements are

provided.

5.6.1 Evaluation of Measurement Parameters

Measurement Schemes

As mentioned in Section 5.5.3, the magnitude of the specular return for normal incidence

measurements, which could be interpreted as an interfering signal, overshadowed any

possibilities of feature detection for all defective or mechanically-damaged specimens.
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Cavity Delamination Deformation!Cavity jMicrocracking

HH _p-T

X-Band

VV _2p_
Normal PPxr

Incidence f - 0
HH p-#

Ku-Band fx
f-#b

VV __-_ _

Oblique
Incidence X-Band

HH

VV

f--b

P -Pxr
f--0

P Pxr

frequency - angle Detectable
range - angle
ISAR image

Table 5-5 Stop-light chart: summary

Inconclusive Non-detectable Not studied
assessment

of radar measurement results

While additional studies need to be conducted, oblique incidence measurements showed

potential to better resolve the presence of defect or damage features.

X- and Ku-Bands

Based on early studies of CYL-ME, CYL-PC, and CYL-AD1 specimen series, it was

observed that measurements using Ku-band frequencies did not enhance the detection

capabilities of the proposed radar NDE technique. Results of such measurements were

significantly scattered, and therefore, allowed for limited interpretation of the

measurements.

Polarization

For the majority of measured cases, small differences in terms of imagery and cross-

correlation results were observed between HH and VV polarizations. While for the case

of rebar detection in which the VV polarization was expected to yield better results due to

the specific alignment of the EM wave fields with the vertically oriented rebar, both

polarizations showed successful rebar detection.
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5.6.2 Feature Detection

Cavities and Delaminations

As already mentioned before, large specular returns were the main factors affecting the

delectability of defect or damage features for normal incidence measurements. Being the

characteristic sizes of the air cavity and delamination defects smaller than the specimen

largest cross-section, measurements in normal incidence were dominated by specular

returns. While additional studies and measurements need to be conducted, oblique

incidence measurements could overcome this difficulty, as they already showed success

in detecting the two mentioned near-surface defects.

Deformation /Microcracking

Using previous arguments, measurements under normal incidence were dominated by

specular return signals. For the case of mechanical damage in FRP-confined concrete

specimens previously subjected to particular compressive load levels, damage detection

was not positively determined. As discussed in Section 3.8, the mechanical damage

induced on the concrete core seemed to be defined by microcracking development or

other small-scale processes. Measurements using the oblique incidence scheme could

provide potential opportunities for delectability of this type of damage.

Rebar

Rebar detection measurements were conducted for normal incidence only. While the

specular return has been the dominant effect frustrating damage detection in all other

measured cases at normal incidence, rebar was detected for both HH and VV

polarizations. VV polarization was expected to yield improved results compared to the

HH polarization due to the specific alignment of electric fields with the vertically

oriented rebar. However from ISAR imagery, HH and VV polarization measurements

showed positive feature detection when compared to the intact specimen case. At this

point, adequate interpretation of the observed responses in the ISAR imagery is pending

due to the complex rebar arrangement in only one specimen and the newness of such type

of measurement, i.e. radar measurements of a dielectric material combined with metallic

objects at different positions. Such scenario is of great interest to the civil and radar
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engineering communities due to the potential benefits of locating buried metallic objects

or rebar detection in concrete structural elements.

5.6.3 Evaluation of Data Interpretation Techniques

Frequency - Angle, Range - Angle, and ISAR Imagery

From Table 5-5, it is observed that for the measured cases in which positive detection is

confirmed, both frequency - angle and ISAR imagery show similar positive results.

Range - angle imagery did not yield the same level of certainty when assessing the

presence of defects after comparing radar signatures of intact and defective specimens. A

distinction between frequency - angle and ISAR imagery must be made due to significant

differences in computational effort. In view of potential applications of this radar NDE

methodology for field studies, adequate interpretation of frequency - angle data would be

ideal due to the inexpensive data processing involved. Additional radar measurements for

other significant test cases may result advantageous for building a database of radar

signatures for different types of damage features and enhance their adequate

interpretation.

Cross-Correlation

As mentioned before, cross-correlation studies need to be further extended for enhancing

the data interpretation aspects of this technique. From the results presented in Section

5.5.2, clear differences were registered between intact and defective or damaged

specimens. Cross-correlation parameter thresholds have not been established to directly

relate such metric to specific types of damage. However, the application of cross-

correlation techniques for contrasting radar signatures is extremely important, especially

in view of potential applications of the proposed radar NDE technology for field studies.

For instance, for the case in which an operator would be conducting measurements of a

large column element with unknown damage characteristics, change detection techniques

could be applicable. Radar signatures of the measured element may not be directly linked

to the level of damage present in the element; however, the presence of damage could, in

principle, be detected if a minimum number of measurements are conduced. Having
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scanned the structural element at various locations, cross-correlation techniques could be

applied to contrast the radar signatures obtained from different surfaces.

An example of this hypothetical scenario is presented in Figure 5-28 using the data

for one of the measured cases: specimen CYL-AD1 measured at normal incidence, X-

band. Specific incident angles serve as autocorrelation signals, and for this specific

example, one dimensional cross-correlation is performed since frequency domain

information at individual incident angles is selected. Data for all remaining incident

angles is then cross-correlated with the benchmark signals. As observed in Figure 5-28,

the cross-correlation parameter varies significantly as a function of incident angle for two

cases with different reference incident angles: 1600 and 00. For the first case,

measurements in the back surface (1500 < 0 < 2100 where no defect is present) gave

cross-correlation values of approximately 0.8, while in the front surface (- 30* < 9< 300

where the air cavity is present) cross-correlation values were approximately 0.6. Similar

qualitative results are observed for the second case in which the incident angle of

references is 00. For envisioned field applications, this methodology could be potentially

successful for vertical scans of FRP-wrapped concrete column elements with the radar

antenna positioned for oblique incidence measurements. Similar change detection and

cross-correlation techniques used in this example could be applied to such cases.
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Figure 5-28. Example of application of change detection and cross-correlation techniques
for detection of defects in FRP-confined confined concrete.

For (a) and (b), autocorrelation signal is frequency data for 0,,f = 1600.

For (c) and (d), autocorrelation signal is frequency data for 0,,f = 01.
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Chapter 6

Summary, Conclusions, and Future Work

6.1 Summary

This thesis represents an interdisciplinary research effort aimed at establishing part of the

fundamental knowledge required for developing a robust NDE methodology for the

assessment of FRP-confined concrete column elements using radar technologies. In

particular, the two main objectives of this research are investigating the mechanics and

damage behavior of FRP-confined concrete subjected to compressive loads and

developing a methodology for dielectric property characterization of low-loss materials

such as concrete and certain FRP composites using free-space radar measurements.

Additionally, exploratory research on radar measurements for a variety of concrete,

reinforced concrete, and FRP-wrapped concrete specimens was conducted for the

detection of rebar, defects such as air cavities and delaminations, and mechanical

damage.

Research on mechanics and damage behavior of FRP-confined concrete subjected to

compressive loadings involved a thorough literature review on the current understanding

of the subject and the execution of a comprehensive experimental program. In the

literature review, characteristic behaviors of active and passive confined concrete systems

were investigated and compared to the state-of-the-art behavioral understanding for FRP-

confined concrete column elements. Research findings regarding the load-deformation

behavior exhibited by FRP-confined concrete under compressive loads, observed failure

modes, and applied damage monitoring techniques were examined from across current

research to shed light on the damage processes that occur in FRP-confined concrete

subjected to compressive loads. The experimental program involved the characterization

of the mechanical behavior of plain and FRP-wrapped concrete specimens. A
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comparative study between the obtained experimental data and various analytical models

was also performed. The experimental program was then extended to the characterization

of specific damage stages through the use of a consistent metric based on volumetric

deformation measurements. Visual observations of the concrete core after bisection of

selected specimens and microscopic observations of the concrete microstructure were

also conducted to enhance the understanding of damage extent and evolution in the

investigated FRP-confined concrete system.

Research on the characterization of dielectric properties for concrete and FRP

composite materials involved the development of an integrated methodology for

estimating their complex permittivity and that of low-loss materials in general using

experimental measurements of EM wave transmission. Such development required

theoretical modeling of EM wave propagation phenomena through dielectric media and

experimental measurements of EM transmission coefficients for various materials. The

estimation procedure of the complex permittivity consisted of two components: (1)

implementation of a time difference of arrival (TDOA) technique for estimating the

dielectric constant (or real part of the complex permittivity), and (2) a root-searching

procedure involving parametric system (SI) identification and an error sum of squares

(SSE) criterion for estimating the loss factor (or imaginary part of the complex

permittivity). The proposed methodology was validated for Teflon, Lexan, and Bakelite

materials for which their dielectric properties are established in the literature.

Implementation of the methodology to low-loss construction materials such as concrete

and glass FRP was accomplished. Applicability and limitations of the proposed

methodology were discussed. In addition to the scope of the experimental measurements

for dielectric property characterization, measurements of EM wave transmission for

various types of FRP materials were performed to evaluate which types of FRP jacket

systems commonly used for strengthening and retrofitting of concrete columns could be

potentially assessed through the application of radar technologies.

Exploratory research on the assessment of FRP-confined concrete involved the

application of high resolution ISAR technologies for detecting defects and damage

features in FRP-confined concrete cylindrical specimens. The experimental program was

carried out with the collaboration of MIT - Lincoln Laboratory. Radar measurements
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were conducted at X- and Ku- frequency bands to achieve high resolution and adequate

surface penetration. Two ISAR measurement schemes were used: normal incidence, and

oblique incidence. Several types of specimens (plain concrete, reinforced concrete, intact

FRP-confined concrete, and defective or damaged FRP-confined concrete) were

measured to investigate various features of interest such as rebar location, air cavities,

FRP/concrete delaminations, and mechanical damage. Specimens having predetermined

levels of mechanical damage were manufactured based on the expertise developed

through the mechanics and damage behavior characterization studies for FRP-confined

concrete subjected to compressive loads. Various signal processing and imagery

techniques were applied for interpreting the ISAR measurements. Evaluations of radar

parameters and types of damage/defect features, as well as advantages and limitations of

measurement schemes and data interpretation techniques were discussed.

6.2 Conclusions

Based on the results of mechanical testing of FRP-confined concrete specimens,

dielectric properties characterization, and preliminary radar measurements for NDE of

the FRP-confined concrete, the following conclusions are drawn:

6.2.1 Mechanics and Damage Behavior of FRP-Confined Concrete

" While extensive efforts have been made by the research community for understanding

ultimate stages of damage in FRP-confined concrete column elements, there exists a

lack of definitive understanding regarding the mechanics and damage behavior of

such structural elements for damage levels other than ultimate failure or structural

collapse.

" Deformation behavior information could serve as a metric for relating corresponding

compressive load levels applied to the structural element to the degree or extent of

damage existing in its concrete core. Consistent volumetric deformation behavior was

observed in experiments performed for GFRP-confined concrete cylindrical

specimens subjected to monotonic compressive loads. The volumetric strain

development was linked to important features observed in common axial stress -
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axial strain tests such as the ultimate compressive strength of plain concrete and the

kink point.

The previously mentioned experiments also revealed no apparent signs of exterior

damage on the FRP jacket until ultimate failure had taken place. However from visual

observation studies of specimen cross-sections obtained by bisection procedures, it

was inferred that significant residual volumetric strains could be present in the

concrete core after a specimen had been loaded to levels close to its ultimate load

capacity. Release of the FRP jacket for specimens that had been loaded to such load

levels provoked severe cracking in the concrete core. No definitive assessments were

made regarding the extent of damage in FRP-confined concrete specimens loaded to

various compression load levels through the use of optical microscopic observations.

Further work needs to be pursued in this area.

6.2.2 Characterization of Dielectric Properties

* An integrated methodology for the characterization of dielectric properties (dielectric

constant and loss factor) of low-loss materials using radar measurements of EM wave

transmission was developed. The methodology is on measurements of transmission

coefficients in free-space for a broad band of frequencies.

* The proposed methodology was evaluated using various benchmark materials

providing acceptable dielectric property estimates comparable to those from existing

literature.

" Measurements on construction materials such as concrete and GFRP fabric were also

conducted. The estimated values for complex permittivity of concrete were in good

agreement with previous research. However, the methodology was not applicable to

thin slabs as in the case of a one-ply GFRP specimen. Consequently, the proposed

methodology needs further evaluation for adequate criteria to be established regarding

minimum acceptable specimen dimensions.

" The proposed methodology has great potential for in situ applications due to the

flexibility of the experimental set-up. In principle, this methodology could be used for

assessing bulk dielectric properties of complex materials systems such as concrete or

masonry walls and slabs.
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6.2.3 Radar Measurements of FRP-Confined Concrete

" Preliminary ISAR measurements of FRP-confined concrete specimens having various

levels of mechanically-induced damage and various types of near-surface defects

such as air cavities and delaminations were conducted. Additionally, measurements

aiming at the detection of rebar in concrete were also conducted.

" Various imagery and data analysis techniques were implemented for processing and

interpreting radar measurement data. Frequency-angle imagery was found to be

advantageous as a first tool to interpret data even though it is the coarser imagery

technique from those implemented.

* Radar measurements taken at oblique incidence angles were found optimal for

detection of near-surface defects. Measurements at normal incident angles were

dominated by specular returns, resulting in poor damage/defect detection capability.

" Although measured at normal incidence, detection of rebar in plain concrete cylinders

was feasible. However, understanding of the measured radar signals and

corresponding imagery of this test case requires further work.

6.3 Future Work

The research activities recommended to expand this present work are the following:

" Implementation of advanced techniques such as epoxy-dye impregnation in

combination with scanning electron microscopy (SEM) observations could reveal

what are the mechanisms involved in the deterioration and damage of the concrete

matrix in FRP-confined concrete subjected to compressive load levels other than

ultimate conditions.

" Investigations of mechanics and damage behavior of FRP-confined concrete column

elements should be conducted for other alternative loading scenarios such as eccentric

and cyclic compressive loadings to better simulate important service conditions found

in actual concrete infrastructure.

* Further validation of the proposed dielectric property characterization technique is

needed. A parametric study with specimens of varying thickness would be required to
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establish adequate criteria for specimen dimensions in view of potential field

applications.

* The results from the exploratory radar NDE studies showed promising opportunities

for the methodology to be used in field applications. Various important research

issues related to radar parameters, measurement schemes, and data processing and

imagery were established. Future research activities should involve additional radar

measurements of specimens subjected to various degrees of mechanical damage

levels. Specifically, these measurements should be performed using oblique

measurement schemes which proved to be optimal for detection of near-surface

defects. Additionally, analytical studies and numerical simulations of EM wave

propagation could result advantageous for complementing, validating, and

interpreting the results from experimental ISAR radar measurements.
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Appendix A

Frequency - Angle Imagery for All Measured Specimens

207



fname: CYLME, HH Pol., max[dBsm] = 4.77
0

-5

-20 -10 0
0 [Deg]

10 20 30 -1o

Figure A-1 Frequency - angle imagery for specimen CYL-ME
measured at normal incidence, X-band, HH polarization
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Figure A-2 Frequency - angle imagery for specimen CYL- ME
measured at normal incidence, X-band, VV polarization
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Figure A-3 Frequency - angle imagery for specimen CYL- ME
measured at normal incidence, Ku-band, HH polarization
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Figure A-4 Frequency - angle imagery for specimen CYL- ME
measured at normal incidence, Ku-band, VV polarization
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fname: CYLPC, HH Pol., max[dBsm] = -3.34
12

11

10

9

8
-30 10 20 30 -lo

Figure A-5 Frequency - angle imagery for specimen CYL-PC
measured at normal incidence, X-band, HH polarization
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Figure A-6 Frequency - angle imagery for specimen CYL-PC
measured at normal incidence, X-band, VV polarization
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Figure A-7 Frequency - angle imagery for specimen CYL-PC
measured at normal incidence, Ku-band, HH polarization
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Figure A-8 Frequency - angle imagery for specimen CYL-PC
measured at normal incidence, Ku-band, VV polarization
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Figure A-9 Frequency - angle imagery for specimen CYL-CC
measured at normal incidence, X-band, HH polarization
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Figure A- 10 Frequency - angle imagery for specimen CYL-CC
measured at normal incidence, X-band, VV polarization
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Figure A-11 Frequency - angle imagery for specimen CYL-RE
measured at normal incidence, X-band, HH polarization
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Figure A- 12 Frequency - angle imagery for specimen CYL-RE
measured at normal incidence, X-band, VV polarization
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fname: CYLAD1, HH Pol., max[dBsm] = -5.29
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Figure A- 13 Frequency - angle imagery for specimen CYL-AD 1
measured at normal incidence, X-band, HH polarization, back surface (no defect)
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Figure A- 14 Frequency - angle imagery for specimen CYL-AD 1
measured at normal incidence, X-band, VV polarization, back surface (no defect)
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Figure A- 15 Frequency
measured at normal incidence, X
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Figure A-16 Frequency - angle imagery for specimen CYL-AD 1
measured at normal incidence, X-band, VV polarization, front surface (with defect)
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Figure A- 17 Frequency - angle imagery for specimen CYL-AD 1
measured at normal incidence, Ku-band, HH polarization, back surface (no defect)
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Figure A- 18 Frequency - angle imagery for specimen CYL-AD 1
measured at normal incidence, Ku-band, VV polarization, back surface (no defect)
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Figure A- 19 Frequency - angle imagery for specimen CYL-AD 1
measured at normal incidence, Ku-band, HH polarization, front surface (with defect)
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Figure A-20 Frequency - angle imagery for specimen CYL-AD1
measured at normal incidence, Ku-band, VV polarization, front surface (with defect)
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Figure A-21 Frequency - angle imagery for specimen CYL-AD1
measured at oblique incidence, X-band, HH polarization, back surface (no defect)
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Figure A-22 Frequency - angle imagery for specimen CYL-ADI
measured at oblique incidence, X-band, VV polarization, back surface (no defect)
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fname: CYLAD1, HH Pol., max[dBsm] = -6.41
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Figure A-23 Frequency - angle imagery for specimen CYL-ADI
measured at oblique incidence, X-band, HH polarization, front surface (with defect)
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Figure A-24 Frequency - angle imagery for specimen CYL-AD1
measured at oblique incidence, X-band, VV polarization, front surface (with defect)
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fname: CYLAD2, HH Pol., max[dBsm] = -3.71
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Figure A-25 Frequency - angle imagery for specimen CYL-AD2
measured at normal incidence, X-band, HH polarization, front surface (with defect)
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Figure A-26 Frequency - angle imagery for specimen CYL-AD2
measured at normal incidence, X-band, VV polarization, front surface (with defect)
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Figure A-27 Frequency - angle imagery for specimen CYL-AD2
measured at oblique incidence, X-band, HH polarization, front surface (with defect)
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Figure A-28 Frequency - angle imagery for specimen CYL-AD2
measured at oblique incidence, X-band, VV polarization, front surface (with defect)
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fname: CYLAD3, HH Pol., max[dBsm] = -2.43
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Figure A-29 Frequency - angle imagery for specimen CYL-AD3
measured at normal incidence, X-band, HH polarization
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Figure A-30 Frequency - angle imagery for specimen CYL-AD3
measured at normal incidence, X-band, VV polarization
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fname: CYLMD1, HH Pol., max[dBsm] = -4.26
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Figure A-31 Frequency - angle imagery for specimen CYL-MD1
measured at normal incidence, X-band, HH polarization
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Figure A-32 Frequency - angle imagery for specimen CYL-MD1
measured at normal incidence, X-band, VV polarization
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Figure A-33 Frequency - angle imagery for specimen CYL-MD3
measured at normal incidence, X-band, HH polarization
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Figure A-34 Frequency - angle imagery for
measured at normal incidence, X-band,

specimen CYL-MD3
VV polarization
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Figure A-35 Frequency - angle imagery for
measured at normal incidence, X-band,

specimen CYL-MD5
HH polarization
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Figure A-36 Frequency - angle imagery for
measured at normal incidence, X-band,

specimen CYL-MD5
VV polarization
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Appendix B

ISAR Imagery for Selected Specimens
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Figure B-1 ISAR imagery for specimen CYL-ME measured at normal incidence, X-
band, HH and VV polarizations
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Figure B-2 ISAR imagery for specimen CYL- ME measured at normal incidence, Ku-
band, HH and VV polarizations
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Figure B-3 ISAR imagery for specimen CYL-PC measured at normal incidence, X-band,
HH and VV polarizations
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Figure B-4 ISAR imagery for specimen CYL-PC measured at normal incidence, Ku-
band, HH and VV polarizations
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Figure B-6 ISAR imagery for specimen CYL-RE measured at normal incidence, X-band,
HH and VV polarizations at 0 and 90 deg incident angles
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Figure B-8 ISAR imagery for specimen CYL-ADI measured at normal incidence, X-
band, HH and VV polarizations, back surface (no defect)
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Figure B-9 ISAR imagery for specimen CYL-AD1 measured at normal incidence, X-
band, HH and VV polarizations, front surface (with defect)
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Figure B-10 ISAR imagery for specimen CYL-ADI measured at normal incidence, Ku-
band, HH and VV polarizations, back surface (no defect)
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Figure B-11 ISAR imagery for specimen CYL-AD1 measured at normal incidence, Ku-
band, HH and VV polarizations, front surface (with defect)
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Figure B-12 ISAR imagery for specimen CYL-AD1 measured at oblique incidence, X-
band, HH polarization, back surface (no defect) at different incident angles
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Figure B-13 ISAR imagery for specimen CYL-ADI measured at oblique incidence, X-
band, HH polarization, front surface (with defect) at different incident angles
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Figure B- 14 ISAR imagery for specimen CYL-AD2 measured at oblique
band, HH and VV polarizations, front surface (with defect)
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Figure B- 15 ISAR imagery for specimen CYL-MD 1 measured at normal incidence, X-
band, HH and VV polarizations
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Figure B- 17 ISAR imagery for specimen CYL-MD5 measured at normal incidence, X-
band, HH and VV polarizations
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