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Fiber reinforced polymer (FRP) composite materials are emerging as promising
alternatives for traditional steel reinforcement in concrete structures. There is an increasing
use of glass FRP (GFRP) bars as shear and flexural reinforcements in reinforced concrete
(RC) elements especially in applications where corrosion resistance properties are required
such as bridge decks and structures in coastal regions. GFRP offers additional advantages
such as light weight, electromagnetic transparency, and ease of demolishing in temporary
applications. Over the past twenty years, GFRP bars have been proved to be an effective
solution for the dramatic and economically devastating corrosion problem of black steel
reinforcements providing more durable structures with higher service life and reduced
maintenance costs. Several aspects of GFRP behavior are still under investigation to
enhance its acceptance in the construction industry. This dissertation focuses on bond
properties, microstructure and post-fire behavior of GFRP bars.

First, the bond behavior of three GFRP bars with different surface characteristics was
investigated by performing pull-out tests. The GFRP surface enhancement and embedment
length were critical in determining the bond-slip relationship and final failure mode. GFRP
bars with highly deformed surfaces failed by concrete cracking/splitting due to the high

load transfer to concrete while GFRP bars with smoother surface exhibited the pull-through



mode of failure. Increasing the embedment length resulted in lower average bond strength
due to the generation of non-uniform bond stresses. A parametric bond-slip relationship
was proposed for the GFRP bar with sand coated and helically wrapped fiber that presented
the pull-through mode of failure in pull-out test. The parameters were found by performing
sensitivity analysis. The proposed bond-slip law was employed in an FEM model which
was capable of predicting the failure mode and investigating the bond action along the
embedment length. Additionally, the model was employed in a GFRP-RC slab to replace
the common unrealistic perfect bond assumption in analytical solutions and led to more
accurate results compared to experimental data.

In the second part of this dissertation, the microstructural patterns of four different
GFRP bar were investigated using SEM analysis. Microstructural characteristics are
crucial parameters in understanding and predicting GFRP behavior under different
environments and states of stress. As a result of different production methods and
constituents by manufacturers, each pristine bar presents different microstructure patterns
including voids, defects, and fiber distribution. Considering the lack of GFRP
microstructure knowledge, SEM imaging was performed on cross-sections of four different
commercially available pristine GFRP bars with a nominal diameter of 12.7 mm (0.5 in.).
Imaging was conducted at both low and high magnification levels and captured the 1)
existing defect/void patterns in the matrix; ii) fiber-matrix interface, and 1iii) fiber
distribution in the matrix. Each bar demonstrated a unique defect/void pattern characterized
by a combination of disconnected and continuous defect/voids at different locations of the
cross-section. In addition, panorama images of the entire cross-section were provided to

give a proper comparison between different bar types. These results can be used as a



benchmark for the microstructure of commercially available pristine GFRP bars and serve
as a base for monitoring possible changes after any conditioning or testing. In order to
investigate the effect of microstructure on GFRP durability, two of the bars were exposed
to accelerated conditioning in an alkaline solution at 60 °C (140 °F) for 1000 hours. The
horizontal shear test was performed and the results were compared with the pristine bars.
The difference in microstructural patterns was found to significantly contribute to GFRP
durability-related properties. SEM imaging and energy dispersive X-ray spectroscopy
(EDS) analysis were performed on conditioned bars to provide additional data.

Finally in this dissertation, the post-fire behavior of two different GFRP bars with
different surface characteristics was investigated. GFRP-RC slabs reinforced with two
different GFRP bars were exposed to traditional standard furnace fire tests while being
loaded at the service load in three-point bending configuration. After the cooling phase, the
GFRP bars were extracted for investigation of their residual mechanical properties.
Transverse and horizontal shear tests, transition glass temperature (7g) and microstructural
investigation using scanning electron microscopy (SEM) analysis were performed and the
results were compared to the pristine bars. GFRP bars maintained the mechanical
properties after two hours of exposure to a standard furnace fire. Additionally, a
thermomechanical finite element model (FEM) was developed. First, the temperature
distribution at different locations of the slab was determined. Next, the effect of the fire on

the structural response and concrete cracking was demonstrated.



111

To my parents and to the

Memory of my grandfather



Acknowledgements

I am extremely thankful to my advisor Dr. Suaris for his support and kindness during
my study in University of Miami. I also deeply thank Dr. Nanni, for his inspiring and
motivating approach. I was honored to be a student of Dr. Suaris and Dr. Nanni and learn
not only from their vast knowledge but also from their life experiences. I am in debt to both
of them till the end of my life.

I also thank Dr. De Caso and Dr. Mariani for their help and guidance during this research.

I gratefully acknowledge the National Science Foundation (NSF) for the support
provided to the Industry/University Center for Integration of Composites into
Infrastructure (CICI) at the University of Miami under grant [IP-1439543 and its industrial
members.

A very special thank goes to my girlfriend and best friend, Sima, with whom my journey
at University of Miami was full of love and adventure.

I am greatly thankful to Dr. Claure for being not only my teammate in most of the projects
but also being like a brother to me. I also thank my friends and CAE team members:
Vanessa, Zahra, Dr. Arboleda, Keith and Phil for their supports and help.

Finally, my deepest appreciation and acknowledgement goes to my amazing parents, my
mother for her love, my father for his passion for education, my brothers, Aref and
Amirhosein for their supports, my uncle Mehdi, for his mentorship and to my late

grandfather for his big dreams.

v



Table of Contents

Table Of CONLENLS ....cuueeiiieiiiiiiiiiiriniteisinnecssnnecsstnecsssnecsssecsssssessssssssssesssssesssssessssssssssassssses v
LSt Of FIGUIES..ccicueiiiiriiiiniiciniicisnnicssnnicsssnccssnnessssnesssssssssssessssssssssssssssssssssssssssssssssssssssese vii
LISt Of TADIES cccuuereeiineiiiiiiintiiitintennticniisnisnesssicssesssesssesssesssessssssssessssssssssssassssasssns xi
LiSt of ADDIevIations .....ceeecieiicisuiiiiniinisnicssnicssnecsssnecsssnscssseesssseesssssessssssssssssssssssssseses xii
Chapter 1-Introduction 1
SCOPE OF RESEATCH.....cuiiiiiiiiiiii e 3
GERP BAIS ..ottt sttt 4
Research SignifiCance........c.ueeiiiiiiiiiiiiiecce e et 5
Chapter 2-Bond of GFRP Bar to Concrete 7
Experimental Investigation of Bond .............coccooiiiiiiiiiiiiniiicee e 10
Pull out Test Results and DISCUSSIONS ......ccueeiuiiiiiiniiiiiieiieeieeiee e 14
GERP-H ..ottt ettt e se e e st e ebeenseenee e 14
GERP-C .ttt ettt ettt 16
GERP-A ettt ettt ettt 19
CoNCIEte MOAEIING.......viiiiiiieiiieeiee ettt e et e et eeeaae e esaeeensaeeenns 22
Concrete Damage Model .........c.oooiieiiiiiiiiiiiiictee s 28
FEM MOUEL ...ttt ettt et e b e 29
Concrete to GFRP Bond Modeling..........coocuiiiiiiiiiiiiiiieeeeeeee e 30
Parametric Bond-slip Law ........ccoooiiiiiiiiiiiiiiiccece e 31
Results Of FEM ANALYSIS ....uviiiiiieiiiieciieeciie ettt et 32
FEM Analysis of GFRP-RC SIab ........cccooiiiiiiiiiieeeeee e 39
Perfect BONd........oouiiiiiiiiieeeee e 42
Incorporating the Bond-Slip Model..........cccooviiiiiiiiiiiieieeeeeeee e 46
Bond COTTICIENT (KB) ..vveenteeiiiieiieeie et s 50
Concluding OULCOMES........eevieriiieiieeiieeieerieeteeete et estteeteeseeeeseeseaeeseessbeensaessseenseennns 51
Future ReSEArch ........coouuiiiiiiiiiee e 53
Chapter 3-GFRP Microstructural Investigation ..........ccceeeeeercueicssnnicssnnscssnnccssanscssaneces 54
GEFRP SAMPIES ....oeoniiieiiieiie ettt ettt et eae e e e e s e seseeneeenne 55
SampPle Preparation .........c..ooeuieiiiieiiiie e et s 55
SEM IMAZINE ...ttt ettt ettt et e st e bt e st e e bt e eneeeeeas 57
RESUILS ..ttt ettt et sb et ettt 57
AlKaline CONAIIONING.......cvvieriiieeiieeriieeeieeeeiee et e e eaeeeaeeesaeessaeessaeesssaeessseeensseeenns 62



Concluding REMATKS...........coviiiiiieiieiiecie ettt 69

Future ReSEarch .........oouiiiiiiiiiie e e 70
Chapter 4-GFRP Post-Fire Behavior......iceceiiccnssniicnsssnniccssssssicsssssssecsssssssesssssssecs 71
Important Factors in GFRP Fire Behavior..........ccccovviiiiiiiiiiiiicecececeeee s 74
Specimen ConfIGUIAtION .........eeeivieeiiieeiiie et eieeeeeee et eesree e reeeeaeeesseeesaeesnneeas 75
FIT@ EXPOSUIE ..ottt ettt ettt ettt e sst e enteesaaeenseensaesnseenneeenne 76
Residual Mechanical Properties of the GFRP Bars ..........ccccooveiviiiiiiniiiieeies 79
Transverse Shear Stren@th .........cooviiiiiiiiiiiece e 79
Horizontal Shear Strength...........coooviiiiiiiiiiiiciccee e 80
Transition Glass TemMPETature (Tg)......cuveeruveeerireeriiieeniieeeieeerreeeeeeeveeeireeereeesnaeees 81
Microstructural INVestIZation.........cc.eeevuiieeiiieiiieeeiie ettt eee e e esaaee e 85
Thermomechanical FEM Model ............coooiiiiiiiiiiiiicecceee e 88
Concrete Material Properties at Elevated Temperature...........cccccveeeveeecieencnieennnenn. 88
GFRP Material Properties at Elevated Temperature .............ccceeeevveeeciveeniieecieeeneen. 92
Result of the Thermomechanical ANnalysis .........c.ccooeeviiriiniriiniiniccceccecee 94
CONCIUAING NOTES....ceeiiiieiiie ettt ee et e e st e e s b eeesnbeeenaseesenseeenseeennne 98
FUture RESEATCH ......eviiiiieeeee et e 99
Chapter S-ConcClUSIONS ......coceiereeicsceicssnicssanssssanssssanssssassssssssssssssssssssssssssssssssssssssssassss 100
Bond of GFRP Bar t0 CONCIEte ........cccueiiiiiiiiiieiiieiecee e 100
GFRP MICTOSIITUCTUT®.....ccuvviiiiiieeiiie ettt et etee e st e et e e siae e e taeeeeesaeeaaeeesseessnaeeessaeenes 101
GFRP Post-Fire Behavior ........c.cccociiiiiiiiiiiiiieceeceeeee e 102
BiblIOGIrapRy .cccciceeiiciviiiisniininicnsnicnsnicssnsicssssscssssesssssessssessssssssssssssssssssssssssssssssssssssses 104

vi



List of Figures

Figure 1.1: GFRP bars in the deck of the Fate Bridge at the University of Miami’s

CAITIPUS .eniiiiiie ittt e e e e e s e b et e e s bb e e e e e tb e e e e s e tba e e e e bba e e e e s ibbaeessaaaaeeeesnaaaeeas 5
Figure 1.2: Vibrating wire gauges installed at the deck of the Fate Bridge (a), zoomed
view of the sensors used for the GFRP (b) and concrete (C) ...veeevvveeeeniieeceeeeiiieeieecieeeas 6
Figure 1.3: Data acquisition stations installed permanently below the Fate (left) and the
Innovation (right) Brid@e .......ccoviieiiiiiiieeeeeeee e e e 6

Figure 2.1: Schematic of samples, dimensions of GFRP bar for the long embedment

configuration (Note: 1 10.=25.4 TNIM) ..coouiiiiiiiiiiiiieeiiee e 11
Figure 2.2: A set of prepared samples for the pull-out test...........coceevervieniiiiniininnennn. 12
Figure 2.3: PUll-0Ut tESt SET UP .o.vveeiieiiieeiieeie ettt ettt ettt et save s e ens 13
Figure 2.4: Concrete splitting (left) and peeling of the GFRP-H surface in samples with

longer embedment [eNGth...........cccoiiiiiiiiiii e 15
Figure 2.5: Bond-slip data of GFRP-H samples with longer embedment length ............. 15

Figure 2.6: Failure of GFRP-C samples due to separation of surface enhancement layer 17
Figure 2.7: Bond-slip results at the loaded end of GFRP-C with the short embedment

LENGN. . et 18
Figure 2.8: Bond-slip results at the free end of GFRP-C with the short embedment length
........................................................................................................................................... 18
Figure 2.9: Bond-slip results at the load end of GFRP-A with the long embedment length
........................................................................................................................................... 20
Figure 2.10: Bond-slip results at the free end of GFRP-A with the long embedment length
........................................................................................................................................... 20
Figure 2.11: Bond-slip results at the load end of GFRP-A with the short embedment
31T 1 o TSP UUR RPN 21
Figure 2.12: Bond-slip results at the free end of GFRP-A with the short embedment
33T 1 o OO TSP PUURURRPRRR 21
Figure 2.13: The concrete behavior in compression implemented in Abaqus.................. 24
Figure 2.14: Concrete behavior i teNSION . .........ccveeiieriieiiierie ettt eveeeee e e 25
Figure 2.15: Concrete tensile strength vs. cracking strain adopted for different concrete
TNESI SIZES ...ttt ettt ettt h e et e ettt e et e bt et e b saneens 27
Figure 2.16: Tensile damage of concrete in softening region..........ccceceeveeerieenveenieennenns 28
Figure 2.17: The configuration of translator element ..............ccccoeeviieviieeciieeciiee e, 30
Figure 2.18: Proposed parametric bond-slip [aw ........cccccoeviiiiiiiiiiniiiiccce 32
Figure 2.19: Sensitivity analysis on parameter D1; pull-out load vs. slip at the free end
compared to the experimental TESUILS ........c..cccvieviiiriiiiiiiiiee e 33
Figure 2.20: Sensitivity analysis on parameter a; pull-out load vs. slip at free end
compared to the experimental TESUILS ..........cccuiieiiiieiiiiiee e 34



Figure 2.21: Final sensitivity analysis of parameter D1; pull-out load vs. slip at the free

end compared to the experimental reSUILS...........cceevvviiiiiiiiieiieeieeeee e 35
Figure 2.22: Sensitivity analysis on parameter 7;; Pull out load at free vs. slip at the free
end compared to the experimental TeSUILS..........cccvvieeiiieriiieiieeee e 36
Figure 2.23: Translator elements defined at the interface............coceoeviniiiiiiininnnnns 36
Figure 2.24: The overall force-displacement response at the free end and the response of
the translators at different stages of the pull-out load.............ccoooviiiiiiniiiiiinii 37
Figure 2.25: von Mises Stress (MPa) in GFRP bar and concrete...........ccceeeeeeiieniiennnnnn. 37
Figure 2.26: Cracks in the concrete due to the bond action...........c.cceecveeeiiieniiiencieennnn. 38
Figure 2.27: Splitting failure of concrete due to propagation of cracks through the entire
COVET ettt ettt ettt ettt ettt e e et e e bt e e bt eea bt e e e a bt e e eab et e eab bt e eab e e e bttt e bt e e e bt e e e bt e e e bt e e eabbeesbteenbaeena 39
Figure 2.28: Force-displacement response of the translators at the final stage of the pull-
out load for the sample with smaller concrete COVEr ..........coouevirviiniiniininieneciceecee 39
Figure 2.29: Dimension of GFRP-RC slab (Note: 1 in=25.4 mm)........cccceevvievieriieennenns 40
Figure 2.30: Load-deflection results using different concrete mesh sizes and perfect bond
........................................................................................................................................... 43
Figure 2.31: Cracks in concrete (plastic strain) in the model with the mesh size of 20 mm
........................................................................................................................................... 43
Figure 2.32: Cracks in concrete (plastic strain) in the model with the mesh size of 15 mm
........................................................................................................................................... 44
Figure 2.33: Cracks in concrete (plastic strain) in the model with the mesh size of 10 mm
........................................................................................................................................... 44
Figure 2.34: Cracks in concrete (plastic strain) in the model with the mesh size of 7 mm
........................................................................................................................................... 45
Figure 2.35: von Misses stress in the model with the concrete mesh size of 10 mm ....... 46
Figure 2.36: Translator elements defined in the GFRP-RC slabs at the concrete interface
........................................................................................................................................... 46
Figure 2.37: Load vs. mid-span deflection results of GFRP-RC slab using translator
elements at the spacing of 75 MM ........oooiiiiiiiiiiii e 47
Figure 2.38: Load vs. mid-span deflection results of the GFRP-RC slabs using the
translator elements with the spacing of 45 MM ..........coocieiiiiiiiiiiiii e 48
Figure 2.39: Load-deflection at the mid—span of the GFRP-RC slab compared to
EXPEITMENTAL TESULLS ....uvieiiiiiiieiiecit e et enne 49

Figure 2.40: Concrete cracking in the model incorporating the bond-slip relationship ... 50

Figure 3.1: Final prepared GFRP samples (from left: GFRP-A, B, C, and D)................. 56
Figure 3.2: A continuous defect at the edge of GFRP-A at magnification levels of 40x
(left) and TTOX (TIZRL)...eieeiiiieeeeee et ettt et 57
Figure 3.3: Distributed voids in the cross-section of GFRP-A: close to the edge (left),
Close t0 the CeNLET (TIZNL) ..eoovvieiieiiieiiecie et e e e 58



Figure 3.4: Connected void patterns at the edge (left) and at the center (right) of GFRP-B

........................................................................................................................................... 58
Figure 3.5: Detailed view of a defect close to the edge of GFRP-B at magnification levels
of 80x (left) and 230X (T1IZNL) ...eeeeriieeiiieee e 59
Figure 3.6: High magnification image of a void (left) and area with no void (right) of
GEFRP-B.. ettt ne 59
Figure 3.7: A defect at the edge of GFRP-C at magnification levels of 80x (left) and 150x
(TIZIE) ettt ettt ettt et e et e et e e bt eetb e e teeeabeenbeeenbeenaeeaaeeneeenne 60
Figure 3.8: Detailed view of a void in the center of GFRP-C at magnification levels of
55x (left) and 140 X (TIZIE)...ccueiiiiieeieeee et e eareeenree e 60
Figure 3.9: Area with no void of GFRP-C at magnification levels of 350x (left) and
T200X (TIZRE) ettt ettt b ettt be et ettt ebe i 60
Figure 3.10: Disconnected void patterns at the edge (left) and at the center (right) of
GEFRP-D ..ttt ettt nee 61
Figure 3.11: Higher magnification image of the area with voids (left) & area with no void
(11Zht) OF GFRP-D ..ottt ee 61
Figure 3.12: Panorama images of GFRP-A (a), GFRP-B (b), GFRP-C (c), and GFRP-D
() ettt ettt be e 62
Figure 3.13: GFRP-B (left) and GFRP-C (right) samples used in the horizontal shear test
........................................................................................................................................... 63
Figure 3.14: Horizontal shear test performed on GFRP bars............ccccoveriiniininineenn. 63
Figure 3.15: Conditioned and intact region in GFRP-C ...........c.ccoooiiiiiininiiie 65
Figure 3.16: A conditioned region of GFRP-B presenting an extensive damage in the
1SN AN ZlASS FIDETS .....viiiiiiiieiie ettt et et e e saaeesaeeaae e 66
Figure 3.17: A conditioned region of GFRP-B presenting an extensive damage in the
fibers at the vicinity of the existing defects .........ccveeviieeiiieeiiiee e 66
Figure 3.18: Result of the EDS analysis performed at the edge of GFRP-B after
accelerated CONAITIONING ........eoiuiiiiiiiiiiii ettt s 67
Figure 3.19: Result of the EDS analysis performed on pristine GFRP-B bar .................. 67

Figure 3.20: Elemental scatter of GFRP-B after exposure to alkaline solution: SEM
image of GFRP-B (a) and elemental distributions of: Cl (b), Na (c), Si (d), Ca (e), Al (f),

O (), ANA ME (K) 1ottt ettt ettt et e ba e e e e 68
Figure 4.1: Different stages of @ real fire.......occovuiiiiiiiiiiiie, 71
Figure 4.2: Schematic temperature-time curves of the ASTM E119 standard and the real

BT [ S8 ettt bbbttt eb e 72
Figure 4.3: Schematic of GFRP-RC slabs (Note: 1 in.=25.4 mm) ..........cccceevveeecnveennnenn. 76
Figure 4.4: GFRP-RC slabs facing the vertical furnace ...........ccccooceeveviiniencnicnenennns 77
Figure 4.5: Temperature-time profile of the furnace ............ccccoeceviiiiiiiinies 78
Figure 4.6: Temperature gradient in a representative fire exposed GFRP-RC slab ......... 78

X



Figure 4.7: Location of the extracted samples along the GFRP bar after fire exposure... 79

Figure 4.8: GFRP bars tested in transverse shear fiXture............ccccoeveeviieniieiienieeieennens 79
Figure 4.9: DMA test performed in 3-point bending configuration ............ccccceeeeeuveenen.. 82
Figure 4.10: Output of DMA test performed on a pristine GFRP-A sample.................... 83
Figure 4.11: Output of DMA test performed on a fire-exposed GFRP-A sample............ 83
Figure 4.12: Output of DMA test performed on a pristine GFRP-C sample.................... 84
Figure 4.13: Output of DMA test performed on a fire-exposed GFRP-C sample............ 84
Figure 4.14: GFRP samples prior to SEM imaging: GFRP-A (left) and GFRP-C (right) 85
Figure 4.15: SEM image of the GFRP-A after fire exposure at the magnification level of
200X e+ttt b bbbttt e bt bt a e bt bt et ettt ebe e 86
Figure 4.16: SEM image of GFRP-C after fire exposure at the magnification level of
TAOX ettt bbbttt b et b e bt bt bttt ettt ebe et 86
Figure 4.17: SEM image of the concrete to GFRP-A interface after fire exposure at the
magnification 1eVel 0f 23X ....coiiiiiiiiiiii e 87
Figure 4.18: SEM image of the concrete to GFRP-C interface after fire exposure at the
mMagnification 16Vel 0F 20X .......oouiiiiiiiiiiciiei et 87
Figure 4.19: Change of the concrete strength with temperature during the fire exposure 89
Figure 4.20: Compression behavior of concrete at different temperature of °C............... 90
Figure 4.21: Tension behavior of concrete at different temperature of C ....................... 90
Figure 4.22: Concrete conductivity variation with temperature ..........c.ccocceeeeveeerveeenneen. 91
Figure 4.23: Concrete specific heat at different temperatures .............coceeveeveniiinienennns 92
Figure 4.24: GFRP normalized properties at different temperature ...........cccceeevevveveeennene 93
Figure 4.25: Change of GFRP conductivity with temperature .............ccceceeeevveeieenerennnn. 94
Figure 4.26: Temperature distribution in cross-section of GFRP-RC slab...................... 95
Figure 4.27: Temperature distribution along the fire exposed slab ............ccccoeeveviniennnn. 96
Figure 4.28: Cracking in the GFRP-RC slab due to applied load of 24 kN ..................... 96
Figure 4.29: Cracks in GFRP-RC slab after the fire exposure .........c.ccceeveveeveieerciveennnnn. 97
Figure 4.30: Load-deflection result at mid-span of the GFRP-RC slab after fire exposure



List of Tables

Table 2.1: The characteristics of GFRP bars used in pull-out tests.........c..ccocevviriinennens 11
Table 2.2: Results of pull-out tests performed on GFRP-H...........ccccociiiiiniininninnnn 16
Table 2.3: Results of pull-out tests performed on GFRP-C.............ccocivviiiiiiniinirenne 19
Table 2.4: Results of pull-out tests performed on GFRP-A............cccooiiiiniiiiiiiiiiee 22
Table 2.5: Base values of the fracture energy for different aggregate sizes..................... 25
Table 2.6: Implemented parameters in the sensitivity analysis ..........cccceevveeveiieiiieennnnn. 33
Table 2.7: Different parameters implemented in sensitivity analysis..........cccceeveuveennenn. 41
Table 3.1: GFRP nominal and measured cross-sectional areas............ccccceeeveeveerieeneenne. 56
Table 3.2: Results of the horizontal shear test on pristine and conditioned GFRP samples
........................................................................................................................................... 64
Table 4.1: Average results of the transverse shear tests on fire exposed GFRP bars....... 80
Table 4.2: Average results of the horizontal shear tests performed on the fire exposed
GEFRP DTS ...ttt ettt et e et e bt et e e aeenaeenaeeneeseenseenee e 81
Table 4.3: Average Ty test results performed on fire exposed GFRP bars........................ 82

X1



List of Abbreviations

ACI
ASTM
BFRP
CICI
Cov
DMA
EDS
FEM
FPZ
FRP
GFRP
IAS
ISO
IV/UCRC
LVDT
RC
SEM

American Concrete Institute

American Standards for Testing and Materials
Basalt Fiber Reinforced Polymer

Center for the Integration of Composites into Infrastructure
Coefficient of Variation

Dynamic Mechanical Analysis

Energy Dispersive X-ray Spectroscopy

Finite Element Method

Fracture Process Zone

Fiber Reinforced Polymer

Glass Fiber Reinforced Polymer

International Accreditation Service

International Organization for Standardization
Industry/University Cooperative Research Center
Linear Variable Differential Transducer
Reinforced Concrete

Scanning Electron Microscopy

UM-SML University of Miami - Structures and Materials Laboratory

Us

United States

xii



Chapter 1-Introduction

The deterioration of concrete structures due to corrosion of traditional black steel
reinforcements has become major safety and economic concerns. Different solutions such
as galvanized and epoxy coated steel have been tried to provide a protective layer for the
black steel reinforcement. The coated layers could not solve the corrosion problem since
any damage to the coating prior to placement compromised the corrosion protection.
Replacing the steel reinforcement with glass fiber reinforced polymer (GFRP) composite
bars has been proven to be the most efficient solution. GFRP bars were first
commercialized in 1980°s due to the need of electromagnetic transparent materials in
construction [1]. The most important advantage of GFRP bars is the corrosion resistance
property which makes them suitable in aggressive environments such as bridge decks.
Additionally, being four times lighter than steel, GFRP reduces the labor cost of
construction due to ease of handling and application. The GFRP bars’ immediate cost is
comparable with epoxy coated steel rebar while it reduces the long-term costs by increasing
the service life of the structure. Different aspects of GFRP bars is still under further
investigation to expand its application [1].

This dissertation is focused on investigating the behavior of GFRP bars and GFRP-RC
structural elements through experimental studies and numerical modeling. Bond properties
to concrete, microstructural patterns and post-fire behavior of GFRP bars were studied.
First, bond properties of three different GFRP bars with different surface characteristics
were investigated through the pull-out test. The effect of surface characteristics and

embedment length on bond were investigated. A parametric bond-slip model was proposed



for the GFRP bar with sand coated surface. The parameters were found using finite
element analysis (FEM). Finally, the model was employed in a FEM analysis to predict the
structural response of a GFRP-RC member.

In the second part of this dissertation, microstructural patterns of four commercially
available GFRP bars produced by different manufacturers were investigated using SEM
imaging. Each bar presented a unique pattern of defects and voids. The effect of this pattern
on GFRP durability was investigated by conditioning two bars which presented the most
different microstructural patterns in alkaline solution at elevated temperature. The
horizontal shear strength was determined as a proper sign of durability. Energy dispersive
X-ray spectroscopy (EDS) was also performed to monitor the effect of conditioning and
change of chemical composition at the vicinity of existing defects/voids.

In the final part of this study, the residual mechanical properties of two different GFRP
bars with different surface characteristics extracted from GFRP-RC slabs exposed to
standard furnace fire were investigated. Mechanical properties including transverse and
inter-laminar shear strength, and transition glass temperature (7)) were determined and the
results were compared to the pristine bars. In addition, scanning electron microscopic
(SEM) imaging was performed on GFRP bars and at the GFRP-concrete interface to
monitor possible damage of the fibers and interfacial bond, respectively. A coupled
thermomechanical FEM analysis was developed to monitor the temperature distribution
and the effect of fire loading on concrete cracking and deflection of the RC member. By
considering proper design parameters such as concrete cover, GFRP can maintain its
mechanical properties for a sufficient time and can serve as suitable reinforcement in

structures with a possible fire scenario.



Scope of Research

Different organizations such as American Concrete Institute (ACI) and ASTM
International have provided documents, specifications, and guidelines for implementation
of GFRP bars in construction such as ACI 440.1R, ACI 440. 3R, ACI 440.8, [2-4] and
ASTM D7205 [5]. Additionally, ICC Evaluation Service (ICC-ES) has proposed
acceptance criteria for GFRP bar as an internal reinforcement in concrete (AC 454) [6].

This study covers three aspects of GFRP behavior and leads to a better understanding
of this material. The research was performed at the University of Miami-Structural and
Material Laboratory (UM-SML), an accredited facility by the International Accreditation
Service (IAS). Tests were performed in accordance with the ICC-ES and ISO 17027
standard (General requirements for the competence of testing and calibration laboratories).

The three studies in this dissertation start with a detail investigation of the bond-slip
behavior of GFRP to concrete and developing a numerical bond-slip model to be
implemented in the GFRP-RC structures.

The second study investigates the microstructural patterns of existing defects and voids
in four commercially available GFRP bars produced by different manufacturers. Each bar
presented a unique pattern of existing defects and voids as a signature of manufacturing
process. The effect of these patterns on the durability of GFRP bars was investigated.
Finally, the third study covers the post-fire behavior of GFRP bars after exposure to
standard fire tests as reinforcements in GFRP-RC slabs. The residual mechanical properties
of GFRP bars were investigated. GFRP bars can be implemented in structures with possible
fire scenarios by considering proper design parameters such as concrete cover to

sufficiently protect the bars for a required time period.



GFRP Bars

The FRP bars are mainly made of carbon, glass, aramid or basalt fibers as load carrying
constituents and the resin to protect the fibers and transfer and distribute the load among
the fibers. Vinyl ester is the most commonly used resin with the glass fibers while
thermosetting epoxies are usually used with carbon fibers [1]. GFRP is a balance of cost
and strength in FRP family. The glass fibers are available in different types such as
electrical (E-glass), high strength (S-glass) and electrical/chemical resistance (E-CR-glass)
glass. E and E-CR are the most common types of glass in GFRP bars.

Different manufacturing process such as pultrusion and braiding are used to produce
GFRP rebars. Pultrusion has recently become the most common process which also has the
advantage of producing the irregular shape continuous cross-sections. In this method, first
fibers go through a resin bath and impregnated with a liquid resin. Then, they pass through
a die to shape to the desired size. In this stage, surface enhancements such as sand coating
and fiber wrapping are added to the bars to provide an additional bond to concrete. Finally,
the bar enters the oven to cure the resin [1].

GFRP bars demonstrate a linear elastic behavior till failure characterized by high tensile
strength while the compression strength of GFRP bars is around 45% of their tensile
strength. The tensile strength of GFRP bars varies with bar diameter [1]. Typically, the
bars with larger diameter show a lower tensile strength due to shear lag effect. The strength
and stiffness in the fiber direction are greatly affected by the fiber to resin volume ratio.
Additional parameters such as the rate of resin polymerization, the manufacturing process,

and the quality control also change the mechanical properties of GFRP bars.



Research Significance

The main objectives of this research are to provide a deeper understanding of GFRP
behavior, enhance its implementation in the construction industry and ultimately to provide
more durable and sustainable structures/infrastructures.

An immediate impact of this research has led to the implementation of GFRP
reinforcements in two recently built pedestrian bridges at the University of Miami’s
campus. GFRP bars were used in the bridge deck of the Fate Bridge spanning on the
Osceola Lake as shown in Figure 1.1 and also accompanied the basalt FRP (BFRP) bars
and carbon FRP (CFRP) tendons in the Innovation Bridge at the University of Miami’s

campus.

Figure 1.1: GFRP bars in the deck of the Fate Bridge at the University of Miami’s campus

In both bridges, vibrating wire gauges were used to monitor the strain (stress) in the
concrete and FRP reinforcements (Figure 1.2) at certain time intervals after construction,

using permanently installed data acquisition stations (Figure 1.3).



Figure 1.2: Vibrating wire gauges 1nsta11ed at the deck of the Fate Brldge (a) zoomed view of the
sensors used for the GFRP (b) and concrete (c)

Figure 1.3: Data acquisition stations installed permanently below the Fate (left) and the
Innovation (right) Bridge

This research contributes to the state-of-the-art knowledge of GFRP composite
materials specifically leading to a deeper understanding of the bond properties to concrete,

microstructural patterns and post-fire behavior.



Chapter 2-Bond of GFRP Bar to Concrete

Bond development is one of the most crucial aspects of GFRP structural response as the
proper bond between concrete and reinforcement is essential to ensure the proper
functioning of RC structures [7]. The mechanism of the bond transfer between internal
FRP reinforcement and concrete has been investigated by several scholars [7-14]. GFRP
bond mechanism is different from deformed steel rebars and is affected by more parameters
[11] such as the bar type, surface profile, bar diameter, concrete strength, and embedment
length [7]. It has been documented that larger bar diameters and embedment length lead to
lower bond strength due to the generation of non-uniform bond stress [7].

In contrast to the deformed steel rebars, which have standardized ribbed surface profiles,
each GFRP bar is produced with different surface characteristics such as fine or coarse
sand coated, fiber wrapped and deformed ribbed surfaces (similar to steel rebars) to provide
the bond to concrete. Additionally, the surface of the GFRP bar is weaker and softer than
that of steel and may fracture/deform due to the bond action. The effect of the GFRP
surface properties is addressed in this study by investigating bars with different surface
characteristics.

Due to the complexity of the bond modeling, most of the scholars have considered a
perfect bond between concrete and reinforcement while ignoring any possible slippage [15-
18]. A slip mechanism accompanied with a concrete cracking model is required to provide
a precise and realistic prediction of the load-deflection response and the final failure mode

[19-21].



In the process of bond activation, first the initial contact between the concrete and
reinforcement is maintained with the interlock between the reinforcement and the
cementitious matrix. After the stress reaches a certain level, the initial bond breaks. The
load transfer is maintained due to the bearing of the reinforcement surface against the
concrete which causes the formation of cone-shaped cracks in the concrete starting at the
reinforcement surface. This stage may lead to two different failure scenarios i) if the crack
propagates through the entire concrete cover, concrete splitting failure happens which is
accompanied by the sudden drop of the bond stress, and ii) when the concrete confinement
is sufficient enough to prevent the splitting failure, the pull-through of the bar occurs and
the load transferring mechanism changes to friction [22]. Since cracking plays a critical
role in identifying the failure type, more investigations need to be conducted on the role of
bond action in the crack initiation, propagation, and final failure [23].

Concrete cracking can be modeled using either the discrete or the smeared cracking
model approaches. The discrete crack model treats the crack as a real discontinuity and was
first proposed by Ngo and Scordelis [24]. They modeled the crack by separating the
elements along the crack path. This model is useful to study the crack vicinity but it needs
a high computational effort and also constraints the crack to follow a predefined path along
the element edge. On the other hand, smeared crack modeling, proposed by Rashid [25]
and extensively used by Hillerborg and coworkers [26] and Zimmermann [27] treats the
cracked body as a continuum and captures the crack process through a constitutive
relationship. Mesh sensitivity is the main problem of the smeared crack model. In this
study, smeared crack modeling has been employed to investigate the crack initiation and

propagation in concrete.



Several scholars tried to formulate the bond model for FRP reinforcement by modifying
the bond formulation between steel and concrete by using new parameters [28-29].
Generally, analytical models are calibrated using experimental results [28] and curve fitting
techniques. The same technique has been followed in this study.

The main purpose of the present study is to investigate the bond to concrete of three
GFRP bars with different surface characteristics and to propose a bond-slip law validated
by both experimental study and finite element modeling (FEM).

First, two sets of pull-out tests with different bonded lengths were performed on GFRP
bars embedded in the concrete cylinders. The average bond-slip relationship was extracted
using the experimental data and the failure mode was investigated for each bar type. Next,
for sand coated GFRP bar, the experimental results were employed to propose a nodal
parametric bond-slip law to be implemented in the FEM simulation. While one bar type
and a specific diameter were selected for this study, the proposed methodology and
numerical modeling approach may be extended to other GFRP bar types and diameters.

The FEM model was developed in Abaqus, which provides a proper implementation of
crack modeling and material properties. The bond action between the concrete and
reinforcement was explicitly modeled. A sensitivity analysis using FEM was performed to
obtain the parameters of the bond-slip law. Different points along the embedment length
of the GFRP bar were monitored by extracting the force-displacement data in order to
investigate the bond behavior along the embedment length and to highlight the difference
between nodal and average bond-slip relationships. Finally, simulations were performed
on the samples with different concrete covers and the failure mode was predicted by

monitoring the propagation of the cracks in the concrete cover. In the last part of this study,
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the developed model was implemented in a GFRP-RC slab to accurately predict the load-
deflection response. By incorporating the bond-slip model between the concrete and
reinforcement, more accurate results were obtained compared to the model which assumed
no slippage.

Experimental Investigation of Bond

In this study, the bond-slip laws of three different GFRP bars were investigated by
performing pull-out tests. Each bar was characterized by different surface characteristics
including a sand coated and helically wrapped fibers (GFRP-A), a ribbed surface GFRP
bar similar to the steel rebar (GFRP-C) and a hollow core GFRP bar with a highly deformed
surface (GFRP-H). Table 2.1 presents the mechanical properties, nominal and measured
arca of the bars. The nominal area is based on a circle with nominal diameter, while the
average measured area was computed based on a work by Claure and coworkers [30]
following a standard test method for density and specific gravity (relative density) of
plastics by displacement, ASTM D792 [31].

Samples with two different bonded lengths of 203.2 mm (8 in.) and 63.5 mm (2.5 in.)
were tested respectively referring to the long and short embedment lengths. For each set,
five repetitions were performed.

The total length of each bar was 1524 mm (60 in.). A length of 101.6 mm (4 in.) of the
bar from the side close to the loaded end was debonded using PVC tape for samples with
long bonded length. A length of 241 mm (9.5 in.) was similarly debonded for samples with
short embedment length. It prevented both the stress concentration and the application of
a compression load on surrounding concrete. Figure 2.1 shows a schematic diagram of the

pull-out samples, the characteristic dimensions of the bar and confining concrete.
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Table 2.1: The characteristics of GFRP bars used in pull-out tests

Area (mm>) Modulus of ~ Ultimate  Poisson’s
Surface GFRP Nominal M q Elasticity Strain Ratio
Texture omina easure (GPa) (%)
Fine sand
coated 126.45 137.8 46.2 1.64 0.3
& helically
wrapped fiber
. 0.3
Ribbed surface 126.45 130.5 42.0 2.00
Highly 126.45 176.77 51.3 2.18 0.3
deformed
surface
Note: 1 mm? = 0.00155 in*; 1GPa= 145.037 ksi
Casting direction
‘—
Loaded end [ T 1 Freeend
‘ s
Taped to prevent 67" Diameter
GFRP bar aped to pr
bonding concrete cylinder

Total length (60")

t—bd >t

Debonded Embedded Free
length (4°7) length (877) end
Figure 2.1: Schematic of samples, dimensions of GFRP bar for the long embedment configuration
(Note: 1 in.=25.4 mm)

2,
A
Y
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A steel tube filled with expansive grout was mounted at the loaded end of the bar for

gripping purposes. Figure 2.2 presents a set of the prepared samples.

Figure 2.2: A set of prepared samples for the pull-out test

The tests were performed in the displacement control mode with a rate of 0.5 mm/min
(0.02 in./min) using a Baldwin universal testing frame with a load capacity of 890 kN (200
Kips). Three linear variable displacement transducers (LVDT) were used to record the slip

at the loaded and free ends of the bar as shown in Figure 2.3.
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LVDT at the Moving
Loaded End Cross-Head

| LVDT at the
Free End

Figure 2.3: Pull out test set up

The average bond stress (zave) Was calculated using the pull-out load on the bar (F),
embedment length (/), and diameter of the bar (d), as follows:

__F
ave_ﬂ_dl (21)

Samples were named in the format of X-Y-Z, where X refers to the type of GFRP bar
(A, C, and H), Y refers to the embedment length (L for 203.2 mm and S for 63.5 mm
embedment length) and Z stands for the repetition of the test (1 to 5).

Due to the low elastic modulus of GFRP bars compared to steel rebars, the elongation
at the loaded end needs to be corrected. The slip at the loaded end was adjusted by
subtracting the elongation of the bar from the LVDT support point to the level of the

bonded portion of the bar, from the measured displacement of the loaded end, given as:
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5 Fl,,

Loaded _end = UMeusured _UGI =Y Measured — E A

(2.2)

where D, 14 ona 18 the slip at the loaded end, U4 1s the measured displacement at the

loaded end, U, is the deformation of the bar, /;, is the length of the bar from the LVD

support point to the level of the bonded portion, £ is the modulus of the elasticity and 4
is the cross-sectional area of the bar.

Pull out Test Results and Discussions

GFRP-H

All the samples failed with splitting of the concrete. The highly ribbed surface profile
caused this type of failure. It generated local diagonal cracks which propagated through the
entire concrete cover.

In samples with longer embedment length, peeling off the bar surface was observed, as
shown in Figure 2.4. The bond-slip data of GFRP-H samples with the longer embedment
length is provided in Figure 2.5.

No considerable slippage was measured at the free end of the samples (less than 0.35
mm). The measuring instruments were severely damaged due to concrete splitting. The
slippage of the free end of the bar was measured only for one bar and compared to the
slippage of the loaded end. The measured slip at the loaded end was still different with the
slip measured at the free end after subtracting the elastic deformation of the GFRP bars as
mentioned in equation 2.2. The deformation of the rubber disk and steel plates which were
used to distribute the load from testing frame to the loaded end of the concrete cylinders,
significantly affected the measured slip at the loaded end of the GFRP. Table 2.2 shows

the result of the tests performed on GFRP-H.
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Figure 2.4: Concrete splittng (left) and peeling of the GFRP-H surface in samples with longer
embedment length

Bond Stress (MPa)

H-L-1
1. -2
1=

HL-4

—L3

s e H-L-1-Free End

o 5 10 15 0 15 i) 35
Slip at loaded End (mm)

Figure 2.5: Bond-slip data of GFRP-H samples with longer embedment length

As shown in Table 2.2, the average bond stress increased by reducing the embedment

length. This observation was expected due to the generation of non-uniform bond stress.
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Table 2.2: Results of pull-out tests performed on GFRP-H

Sample ID Finan e Bond Failure
’ (kN)  (MPa)  Mode

HL-1 10314 673
HL-2 10336  6.74
HL-3 10228 667 Concrete
Splitting
HL-4 9655 630
HL-5 11690  7.62
Ave 10444 681
SD 6.71 0.44
COV (%)  6.42 6.42
Hs-1 8964 1871
HS2 8471 17.68
HS3 6499  13.56 Concrete
Splitting
HS4 7351 1534
HS5  73.06 1525
Ave 7718 16.11
SD 1.97 1.85

COV (%)  11.46 11.46
Note: 1kN=0.2248 kips; 1 MPa= 0.145 ksi

GFRP-C

GFRP-C samples with the long bonded length presented the separation of the surface
profile from the core of the bar due to the high level of the applied load. The generated
shear stress exceeded the adhesion strength of the surface enhancement layer (Figure 2.6).

The test was stopped as soon as this phenomenon happened.
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Figure 2.6: Failure of GFRP-C samples due to separation of surface enhancement layer

The bond-slip results of GFRP-C samples with the short embedment length are provided
in Figures 2.7 and 2.8. The bond strength achieved at approximate slippage of 0.5 mm at
the free end, next the slippage continued accompanied by drop of the load. All samples
failed due to propagation of cracks through the entire concrete cover. The ribbed surface
of the bar transferred a sufficient load to propagate the crack through the entire concrete
cover. A considerable slippage happened at the free end of the bar since the surface of the

bar was not highly deformed as GFRP-H,
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Figure 2.7: Bond-slip results at the loaded end of GFRP-C with the short embedment length
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Figure 2.8: Bond-slip results at the free end of GFRP-C with the short embedment length

Table 2.3 shows the detailed result of the tests performed on GFRP-C.
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Table 2.3: Results of pull-out tests performed on GFRP-C

Sample Fiax Toe Bond
ID (kN) (MPa) Failure Mode
C-L-1 75.48 9.24
C-L-2 79.92 9.78
C-L-3 91.44 11.19 Bar Surface
Separation
C-L-4 100.40 12.29
C-L-5 92.78 11.36
Ave 88.00 10.77
SD 9.06 1.11
COV (%) 10.30 10.30
C-S-1 51.55 20.19
C-S-2 51.10 20.02
C-S-3 5155 20.19 Concr.ete
Cracking
C-S-4 54.23 21.24
C-S-5 44.37 17.3
Ave 50.56 19.80
SD 3.29 1.29
COV (%) 6.5 6.5

Note: 1kN=0.2248 kips; 1 MPa= 0.145 ksi

GFRP-A

All GFRP-A samples failed in the pull-through mode of failure. The concrete cylinder
provided adequate confinement that avoided the cracks to propagate through the entire
concrete cover. In addition, sand coated and helically fiber wrapped surface of the bar did
not transfer a high level of interlock that could lead to concrete splitting. The bond-slip

results of the tests performed on all GFRP-A samples are shown in Figure 2.9-2.12.
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Bond Stress(MIPPa)
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Figure 2.9: Bond-slip results at the load end of GFRP-A with the long embedment length
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Figure 2.10: Bond-slip results at the free end of GFRP-A with the long embedment length
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Bond Stress (MPa)

0 5 10 15 20 25 30 35
Slip at loaded end {mm)
Figure 2.11: Bond-slip results at the load end of GFRP-A with the short embedment length
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Figure 2.12: Bond-slip results at the free end of GFRP-A with the short embedment length

After the bond stress reached the maximum value, it gradually reduced and finally stayed
constant. The tests were stoped when an approximate slippage of 30 mm (1.18 in.) was

achieved at the free end of the bar. Table 2.4 shows the detailed results of the tests

performed on GFRP-A.
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Table 2.4: Results of pull-out tests performed on GFRP-A

Sample ID F.. e Bond Failure
kN)  (mPa) Mode
A-L-1 74.75 9.12
A-L-2 62.97 7.71
AL3 60.96 746 Pull-through
A-L-4 71.67 8.77
A-L-5 78.12 9.56
Ave 69.65 8.53
SD 6.63 0.81
COV (%) 9.52 9.52
A-S-1 42.13 16.50
A-S-2 32.27 12.64
A-S-3 39.00 15.27  Pull-through
A-S-4 33.62 13.17
A-S-5 39.44 15.45
Ave 37.29 14.61
SD 3.73 1.46

COV (%) 10.01 10.01
Note: 1kN=0.2248 kips; 1 MPa= 0.145 ksi

The average bond strength increased for samples with shorter embedment length due to
generation of more uniform bond stress.

Concrete strength played a negligible role in the bond behavior of GFRP bars with
smooth or semi-smooth surfaces (GFRP-A) by presenting the pull-through mode of failure.
The bond strength of the bars with deformed surface (GFRP-H and GFRP-C) also
depended on the concrete strength due to transfer of high mechanical interlock and the
failure occurred by concrete cracking/splitting.

Concrete Modeling
A smeared crack model was employed to model the concrete behavior. This method

was developed by Lubliner and coworkers [32] and modified by Lee & Fenves [33]. It
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combines the concepts of isotropic damage elasticity with isotropic tensile and compressive
plasticity to represent the inelastic behavior of the concrete.

For the concrete under uniaxial compression, the stress-strain relationship below,
proposed by Saenz [34], was implemented in Abaqus:

o = Eys, 2.3)

c 2
1+(E0£max _2]( gc j_'_( gc j
Gmax gmax gmax

where oc and . are the compressive stress and strain, omar and emax are the experimentally

determined maximum stress and strain which are cylindrical strength of concrete ( ﬂ) in

(MPa) for the stress and 0.002 for the strain (Figure 2.13). Concrete used for the pull-out

tests was found to have a compressive strength of fc =57.3 MPa (COV of 4.6%) obtained

by performing compressive tests on cylinders according to ASTM C39/C39M [35]. The

elastic modulus of the concrete was estimated from the cylinder compressive strength

based on the American Concrete Institute (ACI) 318 equation (i.e. E|, :47304f /. in

MPa) [36]. The resulted elastic modulus was calculated as Eo=35.8 GPa.
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g, (MPa)

0 0.001 0.002 0.003 0.004 0.005
EC
Figure 2.13: The concrete behavior in compression implemented in Abaqus

For the concrete under uniaxial tension, the stress vs. crack opening relation, proposed

by Hordijik [37], was employed to present the nonlinear portion of the stress-strain

response:
o w ’ [*CZVVVL’] w 3 .
ZL=l14| gL | [ ==L (1+¢))e (2.4)
j; WC}” WCV
w, =5.1492 (2.5)

‘
where Gr refers to the fracture energy which is the required energy to create a unit area of
the crack surface, wr is the crack opening displacement, we is the crack opening
displacement at the complete loss of tensile stress, or is the tensile stress normal to crack
direction, fr is the concrete uniaxial tensile strength. ¢;/=3.0 and c¢2=6.93 are the
experimentally determined constants.

To find the tensile strength of the concrete and fracture energy, the following estimates,

proposed by CEM-FIP [38] was employed:

1= 1.4(%) (MPa) (2.6)
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GF :GF

0

(fc j C (N/mm) 2.7)

where Gro refers to the base value of the fracture energy and depends on the maximum
aggregate size dmax (Table 2.5). In this study, dma was equal to 6mm (0.24 in) according to
concrete mix design. Any other value than those reported in Table 2.5 were interpolated
using the following formula:

1
G, =——(0.0469d* —0.5d +26) (N/ 2.8
7 1000( p p ) (N/mm) (2.8)

Table 2.5: Base values of the fracture energy for different aggregate sizes

Amax Gro
(mm) (N/mm)
8 0.025
16 0.03
32 0.058

Figure 2.14 presents the adopted model in terms of the concrete tensile strength and the

crack opening.

4.5
4.0
35
3.0
25

o (MPa)

2.0
L5
LO
0.5

0.0
0 0.02 0.04 0.06 0.08 0.1 0.12

wg (mm)
Figure 2.14: Concrete behavior in tension
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The main disadvantage of the smeared crack method is being “mesh dependent”. Since
the smeared crack model considers the cracks existing at the boundaries of the elements, it
leads to zero energy consumption during the crack propagation when the element size
approaches to zero. One of the most popular solutions for this problem was proposed by
Bazant and Oh [39-41] as the “crack band model” which relates the element size to the
constitutive law of the concrete so the fracture energy is independent of the element size.
In this model, fracture process zone (FPZ) is the domain in which the micro-cracks evolve
O<w<wer and cohesive stresses are transferred between the crack surfaces till the crack
opening reaches a critical value and then the macro-crack occurs. The stress is assumed to
decrease gradually in the FPZ with increasing the crack width (wr). Crack band theory was
implemented in this study to eliminate the mesh dependency of the post- failure part of the
stress-strain region by considering a crack width related to strain perpendicular to the
cracking. Cracking strain (e.) was considered to be uniformly distributed along the

characteristic length of the element (/) as:

w. :lchg (29)

where cracking strain is defined as total strain minus the elastic strain corresponding to the

undamaged materiale,, = ¢ -0,/ E,.

len depends on the element size, type and integration scheme. Since in this study the
concrete was modeled using the square plane stress elements (CS4R) with four integration
points and linear shape functions, characteristic length was considered to be v/2 . where /.

is the side length of the elements according to Rots [42].
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The adopted theory replaced the tensile stress vs. crack opening displacement [ vs. wr]
with a tensile stress vs. cracking strain [o: vs. &c| relation. The resulted tensile stress
relationship is mesh dependent as shown in Figure 2.15 and significantly reduces the strain

localization when the element size approaches zero.

T
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=
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E{.‘J"
Figure 2.15: Concrete tensile strength vs. cracking strain adopted for different concrete mesh
sizes

The post-tensile failure represents the load transfer from the reinforcement to concrete
across the cracks by introducing “tension stiffening”. Proper tension stiffening improves
the numerical convergence while too little tension stiffening leads to the local cracking
failure and unstable respond of the structure.

Numerical convergence problems may happen at the softening regime since the
complete non-linearity of the concrete was considered. Hence, a viscosity parameter that
allowed slightly exceeding the plastic potential surface area was implemented to regularize

the constitutive equations. The viscosity parameter plays a critical role in improving the
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convergence rate of the simulation without comprising the results. In this study, 10* was

chosen based on trial and error.

Concrete Damage Model
Tensile damage parameter (dr) was related to cracking tensile strain (&) using an
experimentally obtained parameter b, =0.1 as follows while compression damage played a

negligible role in the recent modeling [17].

-1
d=1- 0.k, 1 (2.10)
be (1/b-1)+0E,

Cracking strain (&) is modified to plastic strain (gy) by incorporating the damage

parameter in tension as follows:

C_ (2.11)

Figure 2.16 schematically shows the effect of stiffness degradation in tensile cracking

of the concrete.

v

€t

Figure 2.16: Tensile damage of concrete in softening region
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Cracks initiate at points where the tensile stress of the concrete exceeds its tensile
strength and leads to non-zero plastic strains (g,:>0).

The direction of the vector normal to the crack plain is assumed to be parallel to the
direction of the maximum principal plastic strain. Hence, the plastic strain was adopted to
present the crack orientation.

In addition to mentioned constitutive laws and material properties, the following
parameters were implemented for the concrete: Poisson’s ratio v=0.2, dilatation angle

=35, ratio of concrete strength in biaxial compression to the concrete strength under

uniaxial compression f,,/ f'=1.16. Abaqus employs an eccentricity parameter (¢) that can

be modified for each model to provide a proper convergence rate of the numerical solution.
The default value of e=0.1 was considered [43].
FEM Model

The geometry was modeled as a two-dimensional problem while a fictitious third
dimension was assumed for both GFRP and the concrete. Considering an equivalent
rectangular cross-section with the same area of the actual cross-section ensured that the
same amount of material exists in the third dimension. The fictitious width, (w) was

calculated as:
w=— (2.12)

where d is the actual diameter.
The GFRP surface was idealized by a cylindrical shape [44] and modeled as a linear-
elastic brittle material with the properties presented in Table 2.1. The concrete surface close

to the loading end was completely fixed while the concrete surface close to the free end of
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the bar was fixed in the lateral direction. A displacement control load was applied at the
loaded end of the bar. The load was applied in small increments to avoid any numerical
problems. Both GFRP and concrete were modeled using four-node plane stress elements
(CS4R). A mesh analysis was performed to investigate the effect of concrete mesh size on
the reported results. Three different mesh sizes of 15mm (0.60 in.), 10mm (0.40 in.), and
7mm (0.28 in.) square elements were studied. Since concrete cracking was presented
properly with the 7mm (0.28 in.) mesh size, it was employed to present the final results.
Concrete to GFRP Bond Modeling

Translator elements in Abaqus were implemented to simulate the bond action [45-47].
This element consists of two nodes (one in each surface). All the nodes’ degrees of freedom
are constrained to be the same except for the degree of freedom along the slip direction
(u1). Having this relative displacement as an independent variable, a force being a function
of this local variable is assigned to the translator element. Figure 2.17 presents the
kinematic configuration of the translator element accompanied by its local coordinate

definition.

—— =

Uy u,

Figure 2.17: The configuration of translator element
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Both elastic and damaged parts of the bond response are implemented in the translator
elements to present the entire bond behavior. The elastic behavior allows the translator
element to behave as a spring in the rising portion of the bond-slip law (either linear or
nonlinear). The implementation of the damage behavior covers the degrading portion of
the bond law by defining the damage initiation and evolution.

A parametric bond-slip law obtained from the pull-out tests on GFRP-A was employed
to assign the bond-slip law for the translator elements. It was assumed that the stiffness of
the translator element along the reinforcement was uniform. Assigning the load to each
translator element depends on the number of defined translators and their distribution. The

load per unit length (f) along the embedment length was calculated as:

== (2.13)

where F'is the total load and / is the total embedment length of the reinforcement.
Considering the definition of the translator with equal spacing along the reinforcement,
the force calculated for each element was found as:
F.=fxIl, (2.14)
where Fi is the force in a single translator and /i is the spacing between the translator
elements. With this procedure, a force was associated to each translator corresponding to
any slip values from the experimental pull-out test. Using the extracted data of the
translators, the force-slip response can be back calculated.
Parametric Bond-slip Law
A model consists of three stages was proposed in Figure 2.18 for GFRP-A based on the
experimental results. 7 represents the bond stress and D refers to the slip at the free end of

the bar. Five parameters were employed for the bond-slip model.
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Figure 2.18: Proposed parametric bond slip law

In the first stage, the bond stress exponentially increases to the peak value ofz, at the

slip level of D, :
D a

T=T1(—j 0<D<D, (2.15)
Dl

Where 0<o<1 is the exponential parameter.
After the stress reaches to the maximum value of 7/, in the second stage, it linearly

decreases to 72 while the slip at free end is D>:

T, —T
T=(Dz_ll)lJ(D—Dl)+rl D, <D<D, (2.16)

Finally, in the last stage, the bond stress remains constant.
T=1, D, <D (2.17)

Results of FEM Analysis

Connector elements were defined at the embedded portion of the bar at every 30 mm

(1.18 in.) and no translator was defined at the debonded portion of the bar.



33

Sensitivity analysis was performed on parameters 77, a and D; to find the bond-slip law
compared to the experimental solutions. D>=20.32 mm (0.8 in.) and 72=6.93 MPa (1.005
ksi) were extracted as bond properties from the experimental results and were kept constant
during the analysis.

Table 2.6 provides the parameters implemented in each sensitivity analysis.

Table 2.6: Implemented parameters in the sensitivity analysis

Analysis D I
D (mm) ¢ (MPa)
1.270, 1.524, 1.778,
1 5 8e 0.1 8.5
2 1.524 0.1,0.15,0.17,0.2 8.5
3 1.422, 1.524, 1.625 0.17 8.5
4 1.524 0.17 8.5,8.95,9.33

Note: 1mm=0.0393 in., 1 MPa=0.1450 psi

First, the analysis was performed on combinations of parameter a and D;. Figure 2.19
shows the results of the sensitivity analysis performed for four different values of D; while

the other two parameters were kept constant (Analysis 1).
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Figure 2.19: Sensitivity analysis on parameter D;; pull-out load vs. slip at the free end compared
to the experimental results
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D;=1.524 mm (0.06 in.) provided the most accurate model compared to the
experimental results. In Analysis 2, the simulation was performed on four different values
of a while D/=1.524 mm was kept constant chosen from Analysis 1. The result is shown

in Figure 2.20.
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Figure 2.20: Sensitivity analysis on parameter a; pull-out load vs. slip at free end compared to the
experimental results

0=0.17 provided the most accurate results compared to the experimental data. In
Analysis 3, three more values of D; were tested to find the most accurate value. The results

are provided in Figure 2.21.
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Figure 2.21: Final sensitivity analysis of parameter D;; pull-out load vs. slip at the free end
compared to the experimental results

After the first three sets of simulations, D;=1.524 mm (0.06 in.) and a=0.17 were chosen
as the final values. Finally, the sensitivity analysis was performed on three different values
of 7..

71=8.95 MPa (1.30 ksi) provided the closest result compared to the experimental ones.
The final stage of the sensitivity analysis is presented in Figure 2.22. The maximum
obtained shear stress 7/=8.95 MPa (1.3 ksi) is higher than the average value of 8.53 MPa

(1.23 ksi) over the entire embedment length (Table 2.4).
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Figure 2.22: Sensitivity analysis on parameter 7;; Pull out load at free vs. slip at the free end
compared to the experimental results

The response of the translator elements was studied at the location close to the loaded

end (T1), middle of the interface (T4) and close to the free end (T7) as shown in Figure

2.23.

!
I
3
!

Free End 1 T7 T4 g ! Loaded End

Figure 2.23: Translator elements defined at the interface

The response of the translators at different loading stages are shown in Figure 2.24. At
the peak overall load, only the translator closer to the loaded (T1) end reached the peak
load while T4 and T7 have experienced a lower load. After the peak overall load, all the

translators have reached the peak load while experiencing different displacements.
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Figure 2.24: The overall force-displacement response at the free end and the response of the
translators at different stages of the pull-out load

Figure 2.25 presents the von Mises stress in concrete and GFRP bar. The portions of the
bar closer to the loaded end experienced a higher stress and the load in the bar decreases

with the embedment length as the load is transformed to the concrete by the bond action.
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Figure 2.25: von Mises Stress (MPa) in GFRP bar and concrete

The cracking in the concrete is presented in Figure 2.26 by demonstrating the plastic
strain. As expected from the experimental results, the level of the mechanical interlock was

not high enough for the cracks to propagate through the entire concrete cover. As a result,
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the pull-through mode of failure occurred. Longer cracks were noticed in concrete sections
closer to the free end. The sections closer to the loaded end underwent more compression

due to fixed boundary conditions which resulted in delayed tensile cracking.

PE, Max. In-Plane Principal
(Avg: 75%)
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+0.000e+00

Free End Loaded End

Figure 2.26: Cracks in the concrete due to the bond action

A finite element simulation was also performed for a sample with a smaller concrete
cover. Material properties and geometries were kept unchanged while the bar was located
closer to the surface of the concrete. The concrete cover was 24.5 mm (1 in.) in this model
while it was 68.9 mm (2.75 in.) in the earlier one. The plastic strain illustrating the concrete
cracking is presented in Figure 2.27. The load-displacement response of the translators at
the final stage of the pull-out load is shown in Figure 2.28. Since the concrete cover was
not large enough, the cracks propagated through the entire concrete cover and caused the
failure by concrete splitting. The splitting happened after a negligible slippage of the free
end of the bar (1um). The applied pull out load was lower than the maximum experienced

load in the earlier case.
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Figure 2.27: Spllttlng failure of concrete due to propagation of cracks through the entire cover
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Figure 2.28: Force-displacement response of the translators at the final stage of the pull-out load
for the sample with smaller concrete cover

FEM Analysis of GFRP-RC Slab

The bond and load transfer mechanism between reinforcement and concrete plays a
critical role in RC structures which has been studied by several researchers [48-50]. It has
been demonstrated in the previous section that the employed translators properly simulated
the elastic and damaged range of the bond-slip behavior between concrete and the
reinforcement. The adopted bond-slip model was implemented in a GFRP-RC slab and the

result of the load-deflection from FEM model was compared to the experimental ones. The
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analysis was first performed by considering a perfect bond between the concrete and the
reinforcement and ignoring any slippage. Next, the bond-slip relationship was
implemented between concrete and the reinforcement.

A slab with the geometry specified in Figure 2.29 reinforced with one No. 4 GFRP-A
bar was investigated numerically using Abaqus and different effective parameters were
investigated using sensitivity analysis.

Load

ﬂ. #4 GFRP

. ] [

>

Support 337 ' Support 147 7

Coen | 667 e 6 3/4” Cover

Figure 2.29: Dimension of GFRP-RC slab (Note: 1 in=25.4 mm)

The slab was modeled as a 2D plain stress case which led to a significantly lower
computational effort [15, 17-20]. A fictitious thickness was assumed for both the concrete
and GFRP reinforcement (2.12) to ensure the same amount of material exist in the third
dimension. Due to the symmetry of the load and geometry, only half of the beam was
modeled. The symmetry condition was enforced by imposing the longitudinal
displacement at the mid-span as zero (U;=0). The other boundary condition was the roller
support which implied the vertical displacement to be zero (U2=0) at that point.

First, the self-weight gravity load was applied. Next, the external load was applied in a
displacement control configuration by imposing a negative vertical displacement at the top-

right part of the mid-span.
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The concrete was found to have a compression strength of f=31.02MPa (4500 psi)

[51]. The concrete material property was derived following the same constitutive laws and
procedures explained (equation 2-2 to 2-10).

Plain stress square element (CPS4) was chosen for both the concrete and the
reinforcement. Four different concrete mesh sizes were investigated for the concrete. To
make the concrete plasticity model effective, mesh sizes bigger than the maximum
aggregate size (dmax—6 mm) was chosen. The maximum aggregate size in the concrete was
6.35 mm (0.25 in.) As a result, mesh sizes of 20 mm (0.78 in.), 15 mm (0.60 in.), 10 mm
(0.40 in.) and 7 mm (0.28 in.) were investigated [18].

In addition to the mesh size, eccentricity and viscosity parameters in the concrete
plasticity model in Abaqus were found to have a considerable impact on the convergence
and accuracy of the result. Different values for each of these parameters were considered
and proper values were reported. It was also noticed that choosing the proper allowable
maximum time increment (#xax) is crucial for the numerical convergence and accuracy of
the results. Four different limits for maximum time increment were investigated. Table 2.7

presents a summary of all different parameters investigated in the sensitivity analysis.

Table 2.7: Different parameters implemented in sensitivity analysis

An?ll)y 819 Parameter Investigated values
1 Viscosity 104,107, 0
2 Eccentricity 0.1, 0.01
0.05, 0.005, 0.001,
3 t max (S) 0.0005
4 Mesh size 20,15, 10, 7
(mm)

Note: 1 mm=0.0393 in
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The concrete to GFRP interaction was considered both as the perfect bond and also
considering slippage at the interface. First, the above-mentioned sensitivity analyses were
performed while embedding the reinforcement in the concrete and considering the perfect
bond (no slippage) to find the proper combination of the parameters. Finally, the selected
parameters were employed in the FEM model incorporating the bond action.

Perfect Bond

Models with viscosity parameter equal to zero and 107 led to problems in convergence
rate and nonrealistic oscillations in load-deflection results. The value of 10 was selected
for this parameter. Changing eccentricity parameter (¢) from 0.1 to 0.01 led to similar
results. 0.01 was chosen due to providing a faster convergence rate.

Because of the sensitivity of the problem to the applied load increment and cracking
phenomena, using both 0.05 and 0.005 as the maximum allowable time increment did not
lead to a converged solution. #max =0.001 led to a converged solution, the same situation
resulted for the case of #mar =0.0005. In order to have a lower computational cost, the value
0f 0.001 was chosen.

The mesh sensitivity analysis was performed with three different values of concrete
mesh sizes considering the #max =0.001. The results of the load-deflection of the mid-span
are shown in Figure 2.30. FEM analysis overestimated the results at the first stage of the
test which was dominated by concrete property [52]. Concrete demonstrated a lower

strength compared to the value considered in the modeling.
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Figure 2.30: Load-deflection results using different concrete mesh sizes and perfect bond

Using the 20 mm (0.78 in.) mesh size resulted in unrealistic oscillations in the load-
deflection results while the other three mesh sizes led to acceptable solutions. Due to the
importance of concrete cracking, the contour of the plastic strain was investigated to
provide the most proper mesh size.

Figure 2.31 and 2.32 show the crack propagation in the slab using the plastic strain

contour for the concrete mesh sizes of 20 mm (0.78 in.) and 15 mm (0.60 in.), respectively.
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Figure 2.31: Cracks in concrete (plastic strain) in the model with the mesh size of 20 mm
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Figure 2.32: Cracks in concrete (plastic strain) in the model with the mesh size of 15 mm

The effect of refining the mesh on the concrete cracking was investigated. With a 20mm
(0.78 in.) mesh size, a cracked region was demonstrated instead of real cracks with proper
spacing along the slab. The cracks in the concrete below the reinforcement, were properly
demonstrated with a mesh size of 15 mm (0.60 in.). Figure 2.33 and 2.34 show the crack
propagation in the slab using the plastic strain contour for the concrete mesh sizes of 10

mm (0.4 mm) and 7 mm (0.28 in.), respectively.
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Figure 2.33: Cracks in concrete (plastic strain) in the model with the mesh size of 10 mm
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Figure 2.34: Cracks in concrete (plastic strain) in the model with the mesh size of 7 mm

Reducing the mesh size to 10 mm (0.40 in.) provided more acceptable results compared
to the mesh size of 15mm (0.60 in.). The cracked concrete below the reinforcement was
demonstrated properly instead of having a cracked region using the mesh size of 15mm.
Also, the direction of the crack tip was presented properly.

While the results using the mesh size of 7mm (Figure 2.35) presented a proper crack
direction, the number of cracks decreased. Refining the mesh did not necessarily lead to
more accurate results in numerical modeling of the structure.

Figure 2.35 presents the von Misses stress in the slab. The result of one mesh size is
presented since it was not as mesh sensitive as the strain and deflection.

Due to the linear elastic behavior of GFRP bars which did not yield, the stress increased
along the length of the bar toward the mid-span. The rupture of the bar at the mid-span

occurred when the stress exceeded the tensile strength.
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Figure 2.35: von Misses stress in the model with the concrete mesh size of 10 mm

Incorporating the Bond-Slip Model

Translator elements were defined at the GFRP to concrete interface at constant intervals
as shown in Figure 2.36. The developed bond-slip model was implemented in the translator
elements. The force was divided among the translators as explained in equations 2.12 and

2.13.

:lez‘iluzzml‘::‘\\‘:::U‘: P :1\:: A A FE R
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Figure 2.36: Translator elements defined in the GFRP-RC slabs at the concrete interface

A sensitivity analysis was performed to derive the proper spacing of the translators. The
translator spacing of 45 mm (1.77 in.) and 75 mm (2.95 in.) were implemented. The
concrete mesh sizes of 10 mm (0.40 in.) and 15 mm (0.60 in.) were implemented while the
mesh size of the reinforcement was not found to considerably affect the results. The mesh

size of 15 mm was chosen for the GFRP.
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Figure 2.37 shows the result of the load deflection at the mid-span by defining translator
elements at equal intervals of 75 mm for two concrete mesh sizes and the results are

compared to the experimental data [51].
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Figure 2.37: Load vs. mid-span deflection results of GFRP-RC slab using translator elements at
the spacing of 75 mm

Using the 75 mm spacing led to acceptable results for both concrete mesh sizes of 10
mm and 15 mm. A smaller spacing for the translators was also adopted to provide more
accurate results. As a result, spacing of 45 mm was chosen. The results are shown in Figure

2.38 and compared to the experimental data [51].
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Figure 2.38: Load vs. mid-span deflection results of the GFRP-RC slabs using the translator
elements with the spacing of 45 mm

Implementing translators at equal spacing of 45 mm led to more accurate results. The
concrete size of 15 mm provided more accurate results compared to the mesh size of 10
mm.

Figure 2.40 compares the load-deflection response of the slab at mid-span comparing
the perfect bond model, the final selected model implementing the bond-slip relationship

with the experimental results.
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Figure 2.39: Load-deflection at the mid—span of the GFRP-RC slab compared to experimental
results

As shown in Figure 2.39 ignoring any possible slippage overestimated the results.
Implementing the bond-slip provided more accurate results of the load-deflection at the
mid-span of GFRP-RC slab. At the same time, from the design point of view, the perfect
bond assumption for the GFRP-RC slab was accurate enough.

Figure 2.40 shows the cracking in the concrete (plastic strain) while implementing the

bond-slip model.
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Figure 2.40: Concrete cracking in the model incorporating the bond-slip relationship
Bond Coefficient (kp)

Crack width is one of the main serviceability limits in design of RC structures. In steel-
RC structures, limiting the crack width is critical to avoid the corrosion. In case of GFRP-
RC structures while corrosion is not an issue, crack width is still limited for aesthetic
reasons and to also avoid water leakage [1]. The maximum crack width at the tension face
of a flexural member, we, is recommended in ACI 440.1R [2] based on the work of Frosch
[53] as follows:

w, = 21 Bk, |d + (ﬁjz (2-17)
E, 2

where fr is the reinforcement stress, d is the concrete cover from tension face to the center

of the closest bar, s is the bar spacing, f is the ratio between the displacement from the

neutral axis to the tension face of the member and the distance from the neutral axis to the

centroid of the tensile reinforcement and k» is the bond coefficient.

ACI 440.1R recommends a conservative value of 1.4 when k» is not based on

experiments. Reducing this conservative parameter may lead to an efficient use of GFRP
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materials in construction, lower the economic cost and result in enhancing the use of GFR
as concrete reinforcement. Numerical modeling of GFRP-RC structures which incorporate
the bond-slip relationship between concrete and the reinforcement and capture the concrete
cracking in concrete (such as the model developed in this study) can propose a more
realistic estimation of this property'.
Concluding Outcomes

Pull-out tests were performed on three different GFRP bars with different surface
characteristics to determine the bond strength. Two sets of samples with different
embedment length were tested for each bar. Based on the reported results, the following
can be concluded:

e The GFRP bar with the highly deformed surface (GFRP-H) failed with sudden
concrete splitting. The level of the transferred load from the reinforcement to
concrete was high. The average bond strength was 6.81 MPa for samples with 203.2
mm (8 in.) of embedment length while it increased to 16.11 MPa for samples with
short embedment length of 63.5 mm (2.5 in.) due to generation of more uniform
bond stress.

e The GFRP bar with the ribbed surface (GFRP-C) failed with the separation of the
surface enhancement for samples with the long embedment length. The shear stress
generated by the bond action exceeded the shear strength of the attached
enhancement surface. The average bond strength was determined as 19.80 MPa for

samples with the short embedment length. A considerable slippage was observed

! Addressing the & factor was out of the scope of this dissertation and will be addressed in future publications.
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at the free end of the bar before the final failure. The failure occurred by concrete
cracking without any sudden splitting.
The sand coated, fiber wrapped (GFRP-A) bars demonstrated a bond strength of

8.53 MPa for samples with long embedment length which increased to 14.61 MPa
by reducing the embedment length due to generation of more uniform stress. The
concrete cover was 68.9 mm (2.75 in.) and all the samples presented the pull-
through mode of failure since the cover was large enough to prevent the splitting of
concrete.

A parametric nodal bond-slip relationship consists of five parameters was
proposed for the GFRP-A. The proposed law consisted of three different stages.
Exponentially rising, linearly descending and residual constant stress. A sensitivity
analysis was performed to find the parameters of the bond law compared to the
experimental results. The proposed explicit bond model can be applied to any
arbitrary GFRP bar with various types of surface characteristics and diameter.

The parametric bond law was employed in a finite element model which captured
the concrete cracking and was capable of presenting both pull-through of the bar
and the concrete splitting by explicitly modeling the bond action between concrete
and reinforcement. The difference between average and nodal bond-slip
relationship was investigated by monitoring the bond action at different locations
along the embedment length of the bar.

A simulation was performed on a sample with a concrete cover of 25.4 mm (1 in.).
The model predicted the splitting failure mode of the concrete emphasizing the

importance of the concrete cover on final failure mode.
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e The proposed bond-slip model was implemented in a GFRP-RC slab reinforced
with GFRP-A bars. The FEM analysis was performed for two cases of perfect bond,
and by implementing the bond-slip relationship. The results were compared to the
experimental data. Considering the slippage between the reinforcement and
concrete led to more realistic and precise predictions of the load-deflection results
compared to the case which did not consider any slippage. At the same time, the

perfect bond assumption was accurate enough for the design of GFRP-RC element.

Future Research

More experimental tests should be conducted to investigate the effect of GFRP surface
characteristics in bond properties to concrete. The future studies can address the detail
characteristics of the surface enhancements such as roughness for the sand coated bars and
rib geometry for the GFRP bars with ribbed surface. Numerical models which incorporates
the bond-slip model between GFRP and concrete can lead to more realistic bond reduction
factor (k»). Additionally, capturing the cracking in the surrounding concrete can be used in
suggesting optimized required concrete cover for GFRP bars implemented in different

applications.



Chapter 3-GFRP Microstructural Investigation

GFRP consists of the glass fibers as load carrying elements and the resin which
transfers and distributes the load among the fibers. Microstructural patterns of the fibers
and resin play a crucial role in understanding the GFRP behavior. Different manufacturing
parameters (e.g. pulling speed and dye temperature) lead to various GFRP microstructural
patterns including the presence of the voids and defects at various locations of GFRP cross-
section. These patterns present combinations of connected defects and disconnected voids
and lead to a unique pattern for each GFRP bar type. Understanding the GFRP
microstructural pattern may lead to predicting the GFRP behavior under different loading
conditions and states of stress. Since there is a lack of GFRP microstructural knowledge in
the literature, the main purpose of this chapter is to provide a documentation of GFRP
microstructure and investigate its possible contribution on GFRP durability.

In the present study, four commercially available GFRP bars with a nominal diameter
of 12.7 mm (0.5 in.), equivalent to No. 4 steel rebar, were investigated. First, samples were
properly polished and prepared for the microscopic examination. Next, SEM imaging was
employed at different magnification levels to capture different aspects of the
microstructural pattern including 1) existing defects/voids in the matrix; ii) fiber-matrix
interface; and, iii) fiber distribution in the matrix. Panorama images of the entire cross-
sections were provided to give a proper comparison between different bars. Investigations
were performed on several samples for each bar type and similar patterns were observed.

In the final section of this study, the possible effect of the microstructural patterns in
GFRP durability was investigated [54-56]. Two types of the bar that demonstrated the most

different microstructural patterns were exposed to accelerated conditioning. The horizontal
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shear test was performed and the results were compared with the pristine bars. Finally,
SEM imaging and EDS analysis were performed on the conditioned bars to provide
additional evidence of the effect of microstructural patterns on durability.
GFRP Samples

Four different GFRP bars with different surface characteristics were investigated in this
study: Fine sand coated with the helically wrapped fibers (GFRP-A), double twisted fiber
wrapped (GFRP-B), ribbed deformed surface (GFRP-C) and coarse sand coated (GFRP-
D). Table 3.1 provides the nominal and measured cross-sectional areas for all the GFRP
bar types. The nominal area is based on a circle with nominal diameter of 12.7 mm (0.5
in.). The average measured area was computed based on a work by Claure and coworkers
[30] following a standard test method for density and specific gravity (relative density) of
plastics by displacement, ASTM D792 [31].
Sample Preparation

Three GFRP samples for each bar type were cut in an approximate thickness of 7 mm
(0.27 in). The specimen surfaces were prepared by sanding using different levels (i.e., 180,
300, 600 and 1200) of sand paper and employing dedicated grinding and polishing
equipment. Fine polishing completed the specimen preparation using a wet-polishing agent
and polycrystalline diamond paste. Prior to imaging, specimens were placed in an oven at
60°C (140 °F) for 24 hours to remove moisture produced during the polishing procedure.
Samples were properly cleaned using an air-blower which also saved the SEM chamber
from being contaminated and provided higher quality images. Since GFRP was a non-

conductive material, an ion sputtering device was used to coat the samples with gold prior
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to SEM examination. Figure 3.1 provides a photo of the final prepared samples prior to the

microscopic examination.

Table 3.1: GFRP nominal and measured cross-sectional areas

Area Diameter (mm)
Specimen Nominal Measured Nominal Measured
ID GFRP 5 . 5 . . .
mm in mm in mm | in | mm in
GFRP-A - 137.8 | 0.214 12.7 | 0.522
GFRP-B - 152.6 | 0.237 13.9 | 0.549
126.5 | 0.196 12.7 | 0.5
GFRP-C - 130.5 | 0.202 12.6 | 0.507
GFRP-D - 162.6 | 0.252 14.7 | 0.567

Figure 3.1: Final prepared GFRP samples (from left: GFRP-A, B, C, and D)
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SEM Imaging

SEM was conducted at low (0-200x), medium (200-1000x) and high (>1000x)
magnification levels. Low magnification images provided a general pattern of the cross-
section by covering a higher area in each image. This level was used to measure the length
of the existing defects. The images captured in this level were stitched together to prepare
the panorama image of the entire sections. Medium level magnification images provided a
more detailed view of the section and eventually high-level magnification imaging was
mainly conducted to monitor the single glass fibers.
Results

GFRP-A displayed a continuous defect along the edge as shown at different
magnification levels in Figure 3.2. These defects were not the result of sample preparation
since similar pattern were observed in multiple samples of GFRP-A. Disconnected voids
were observed at the entire cross section. The void numbers increased at the vicinity of the

edges compared to the central portion of the section (Figure 3.3).

Wl SEI 5kV  WD8mm S$S30 x110 100pm  — %

=

Figure 3.2: A continuous defect at the edge of GFRP-A at magnification levels of 40x (left) and
110x (right)
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Figure 3.3: Distributed voids in the cross-section of GFRP-A: close to the edge (left), close to the
center (right)

GFRP-B displayed both connected defects and disconnected voids in the cross-section
including the central portion and edges while no defects were observed at the surface of
the bar (Figures 3.4-3.6). The continuous defect patterns across the entire section is
problematic for durability, especially the ones close to the edges since deterioration of the
reinforcement due to the diffusion of chemical and environmental attacks initiate at the

boundaries.

500pm

Figure 3.4: Connected void patterns at the edge (left) and at the center (right) of GFRP-B
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Figure 3.5: Detailed view of a defect close to the edge of GFRP-B at magnification levels of 80x
(left) and 230x (right)

SEI ‘3kv '  WD1SmmSS50 %9,200 A0pm ) m— ) ' 7
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Figure 3.6: High magnification image of a void (left) and area with no void (right) of GFRP-B

GFRP-C presented a continuous defect at the edge (Figure 3.7). A large void with the
length of 1.38 mm (0.054 in.) was observed at the center of the bar (Figure 3.8). The rest
of the cross-section did not show any voids/defects and the resin properly impregnated the

fibers (Figure 3.9).
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Figure 3.8: Detailed view of a void in the center of GFRP-C at magnification levels of 55x (left)
and 140x (right)

SEl 15kV  WD12mm SS30 x350 50pm SEl 15kV WD12mm S$530 x1,200 1O ——

Figure 3.9: Area with no void of GFRP-C at magnification levels of 350x (left) and 1200x (right)
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GFRP-D demonstrated disconnected void patterns in the cross-section including both
at the central portion and edges (Figure 3.10). The number of voids reduced in the central

part compared to the edges. Figure 3.11 provides higher magnification images of the voids

and the no void area.

SEI 15kV  WD14mm SS45 x130 100pim - Se— SElI 15kV  WD15mm SS45

Figure 3.11: Higher magnification image of the area with voids (left) & area with no void (right)
of GFRP-D

Finally, Figure 3.12 provides a panorama image of the entire section for all the GFRP

bars. It serves as a proper comparison purpose and demonstrates that each bar had a unique

microstructural pattern.
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Figure 3.12: Panorama images of GFRP-A (a), GFRP-B (b), GFRP-C (¢), and GFRP-D (d)

Alkaline Conditioning

GFRP-B and GFRP-C were exposed to the alkaline solution with the pH of 12.5-13 for
a duration of 1000 hours. The alkaline solution was prepared following the ACI-440.3R by
mixing 118.5 gr of Ca(OH)2, 0.9 gr of NaOH and 4.2 gr of KOH in 1 liter of deionized
water [3]. A temperature of 60 °C (140 °F) was chosen to accelerate the exposure effect
[56]. Five samples for each bar with the length of 0.5 m (19.7 in.) were placed in the
environmental chamber. The GFRP ends were sealed with epoxy to reduce the effect of the

moisture absorption through the ends. Next, the horizontal shear strength was determined
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following the ASTM D4475 standard [57], since it provides mechanical properties at fiber-
resin interface and is a useful parameter for quality control purposes. Five conditioned
samples with the length of 50.8 mm (2.0 in.) were tested for each bar type. The same test
repetition was performed on pristine samples. Figure 3.13 shows the difference of the

pristine and conditioned GFRP bars.

Figure 3.13: GFRP-B (left) and GFRP-C (right) samples used in the horizontal shear test

Test span was set as three times of the bar diameter following the standard. The load
was applied in the displacement control mode at the rate of 1.27 mm/min (0.05 in./mm).

The test Fixture is shown in Figure 3.14.

Figure 3.14: Horizontal shear test performed on GFRP bars

Table 3.2 reports the average results, where S, refers to the horizontal shear strength of

the pristine, and Se refers to the horizontal shear strength of the exposed bars. The same
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notation is used for the failure load (P). Based on the results, after 1000 hours of exposure
to the alkaline solution at 60 °C, the horizontal shear strength of GFRP-C decreased only
by 1% compared to the pristine values while GFRP-B exhibited a 15% reduction in the

horizontal shear strength.

Table 3.2: Results of the horizontal shear test on pristine and conditioned GFRP samples

P, P,
Tvpe No.of Average CoV No.of  Average Cov Sy Se Ratio
P Samples  (kN) (%) Samples  (kN) (%) (MPa) (MPa) (S/S.)
GFRP-B 5 1045 92 5 8.91 3.5 5493 4690  0.85
GFRP-C 5 1219 122 5 1207 4.0 64.16  63.55 0.9

Note: 1 kN=0.2248 kip; 1 psi=0.0069 MPa

The results obtained from the horizontal shear test was consistent with the expectations
from the SEM imaging. The entire cross-section of GFRP-B was covered with the
connected and disconnected defect patterns and it was expected to affect the durability.
GFRP-C was characterized with no connected or disconnected void/defect patterns and
demonstrated a higher resistance to alkaline conditioning. Additional evidence was
provided by performing the SEM imaging and the EDS analysis on the conditioned samples
which investigated the change in the microstructure at the vicinity of the existing defect
patterns. Figure 3.15 shows the conditioned and intact regions and the alkaline surface
penetration in GFRP-C. Microstructure of GFRP-C did not include any existing defect/void
pattern. As a result, no localized damage was observed and the alkaline surface was

penetrating from the edge toward the core of the bar.
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Alkaline Penetration {8 ‘ % Alkaline Conditioned
Surface \ A Region

SEM images of GFRP-B presented extensive damage in the vicinity of the existing
defects. Figure 3.16 shows an alkaline conditioned region of GFRP-B demonstrating the
damage in the resin and glass fibers. Additionally, Figure 3.17 presents excessive damage
in the fibers at the vicinity of an existing defect. The damaged area was not clearly
separated from the intact region. EDS analysis was performed and compared to the pristine
bars to distinguish the existing chemical elements (Figures 3.18 and 3.19). Additionally,
elemental scatter was provided to demonstrate the distribution of each element (Figure

3.20).
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Figure 3.16: A conditioned region of GFRP-B presenting an extensive damage in the resin and
glass fibers

& ¢ > e "o aus
Figure 3.17: A conditioned region of GFRP-B presenting an extensive damage in the fibers at the
vicinity of an existing defects

Na and CI were detected at the entire monitored area of the conditioned sample. Si, Ca,

Al and Mg were mainly detected in the fibers.
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Figure 3.18: Result of the EDS analysis performed at the edge of GFRP-B after accelerated
conditioning
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Figure 3.19: Result of the EDS analysis performed on pristine GFRP-B bar
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Figure 3.20: Elemental scatter of GFRP-B after exposure to alkaline solution: SEM image of
GFRP-B (a) and elemental distributions of: CI (b), Na (c), Si (d), Ca (e), Al (f), O (g), and Mg (k)
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Concluding Remarks

Scanning electron microscopy was performed at different magnification levels on four

different commercially available GFRP bars. Each bar presented a unique microstructural

pattern due to the different manufacturing process. The effect of these patterns on GFRP

durability was investigated by conditioning two of the bars in alkaline solution. Horizontal

shear tests were performed as a proper indication of durability. SEM and EDS analysis

were performed on the conditioned samples to provide additional data points. According

to the results from the SEM imaging, the following conclusions are made:

Each GFRP bar demonstrated a unique signature of the existing defect/void pattern
characterized by a combination of disconnected and continuous voids at different
locations of the cross-section due to the different manufacturing process.

GFRP-A demonstrated both disconnected voids mostly at the vicinity of the edges
as well as the defects along the edges of the bar. GFRP-B showed the most
voids/defects in the cross-section compared to the other GFRP bar types. It mostly
included connected voids at the entire area. GFRP-C presented the lowest existing
void/defect compared to the other GFRP bar types. There was a single void in the
center of the bar and a macro-defect at the edge. GFRP-D presented disconnected
voids all over the cross section while there were fewer voids at the center of the bar
compared to the edges.

After 1000 hours of exposure to the accelerated conditioning in a high pH alkaline
environment at 60 °C (140 °F), GFRP-C did not lose the horizontal shear strength

(less than one 1%) while GFRP-B demonstrated 15% loss of this property.
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e SEM imaging and EDS analysis were performed on the conditioned bars. GFRP
bars with different microstructural patterns displayed differences in the penetration
of the alkaline front. Extensive damage was observed at the vicinity of existing
defects/voids.

e GFRP microstructural pattern plays a critical role in the mechanical properties and
durability of GFRP bars while it may not be the only effective parameter.

e The results of this study can be used as a benchmark for microstructure of
commercially available pristine GFRP bars and serve as a base for monitoring
possible changes after conditioning or field use.

Future Research

Additional tests needs to be conducted to provide more evidence on effect of GFRP
microstructural patterns on its long-term behavior. Documents can be developed to
emphasize the importance of microstructural pattern as a signature of each GFRP due to
different manufacturing process. It should be suggested to GFRP manufacturers to

investigate the quality of their products using SEM imaging.



Chapter 4-GFRP Post-Fire Behavior

Fire represents one of the most severe conditions experienced during the service life of
a structure. Structures should maintain their load bearing capacity within an adequate time
to preserve life safety. It is critical to consider the fire safety in structural design to ensure
the structural integrity and stability and to minimize the global and localized structural
damages [58-59].

A real fire consists of four fundamental stages as shown in Figure 4.1. The first stage is
the incipient ignition phase where the available fuels are heated. In the growth stage, the
visible flaming combustion occurs. Next the fire develops accompanied by the increase of
temperature. When the temperature reaches the flashover point, the burning period starts
which consists of high temperature and is the most severe stage of the fire. Finally, the
available fuel starts exhausting and the fire dies out gradually in the decay stage [60].

Incipient  Growth Burning Decay
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Figure 4.1: Different stages of a real fire

Several standard test methods have been provided to validate the fire resistance of a

structure such as ASTM E119 and ASTM E1529 [61-62]. These methods usually expose
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the structural members to predefined time dependent temperature curves using gas furnace
or any other thermal sources. ASTM E119 has been the traditional standard for testing fire
resistance of the structures in the US since 1918 and is applicable to the individual
structural members such as beams, slabs, columns, floors and walls of any material [60]. It
consists of a temperature-time curve which reaches the equivalent temperature of 538 °C
(1000 °F) in almost 5 minutes. Figure 4.2 compares the temperature-time profiles of ASTM

E119 standard with a real fire.

ASTME119

Temperature

Real Fire

Time
Figure 4.2: Schematic temperature-time curves of the ASTM E119 standard and the real fire [58]

As shown in Figure 4.2, the ASTM E119 standard is not the perfect representative of
the fire scenario. It consists of an ever-increasing profile ignoring the decay stage of the
real fire. The standard fire test only simulates the most severe burning stage of the real fire.
Additionally, it does not represent a realistic rate of the temperature increase and may not
be applicable for the severe fire scenarios. In these cases, a different fire standard (ASTM
E1529) is recommended in which the temperature reaches the equivalent of 1093 °C (2000
°F) in 5 min. In addition, several parameters such as the type of combustible material,

ventilation, heat release, smoke generation/propagation are not considered in the standard
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fire tests. Standard fire tests also focus on the behavior of single members due to the
practical possibility of testing only a few members simultaneously inside the furnace. In a
real structure, forces in the failing members can be transferred to the other undamaged
members. Despite all their limitations compared to the real fire, standard fire tests are
useful comparative tools to test the relative fire resistance of structural members.

Fire safety is even more important for the structures incorporating GFRP materials
compared to the conventional steel reinforced structures since the elevated temperature
may cause severe deterioration of the GFRP mechanical and bond properties. Adequate
fire resistance of GFRP-RC elements is still a fundamental design requirement to ensure
structural integrity for a sufficient period of time [63-66].

There is a lack of reliable data on the behavior of GFRP-RC elements exposed to fire.
Moreover, there is no proper structural design code for the fire exposure of the structures
incorporating FRP materials, except the Canadian code [67] that provides a design
procedure based on a study by Kodur and Baingo [68]. Further experimental studies and
advance numerical models are required to provide more confidence in using GFRP
materials in the structures with the possible fire scenario. Updating the existing building
codes and providing suggestions should be one of the aims of these studies [69]. In the case
of steel, the design for fire resistance is based on avoiding a threshold temperature defined
as the temperature in which the bar retains only 50% of the original tensile strength. In
North America, this temperature corresponds to 593 °C (1099 °F) [63-64, 69]. This
criterion may not be applicable to GFRP due to different design procedure of the GFRP-
RC structures [69-70]. Additionally, while the material property of the steel at elevated

temperature is well studied, additional research is required for the GFRP bars. In particular,
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limited information is available on changes in the structural and material properties after
fire exposure and on the post-fire residual strength of the GFRP-RC materials [64].

The purpose of the first part of this study was to evaluate the residual mechanical
properties of the GFRP bars extracted from the fire exposed GFRP-RC slabs. To this end,
one-way slabs reinforced with two types of commercially available GFRP bars were
studied by exposing the slabs to a simultaneous service load and standard fire temperature
profile of ASTM E119 standard. Concrete samples and GFRP bar segments were extracted
after the tests to evaluate the residual mechanical properties, i) transverse shear strength;
i1) horizontal shear strength; iii) transition glass temperature (7g) since beyond this
temperature, the bond of the concrete to the bar decreases significantly due to resin
softening [71]; iv) microstructural investigation using the SEM imaging to monitor
possible microstructural degradation in the GFRP bars or loss of interfacial bond between
GFRP and concrete.

In the second part of this study, a thermomechanical FEM model was developed in
Abaqus to find the temperature distribution and to investigate the thermal loading on the
GFRP-RC structures and concrete cracking.

Important Factors in GFRP Fire Behavior

Various parameters contribute to the fire behavior of GFRP-RC members such as resin
transition glass temperature (7g), concrete cover, unexposed zone of the reinforcement and
aggregate type. The effect of each parameter is explained briefly.

Ty: The resin plays a critical role in transferring and distributing the load among the
fibers. Above a certain temperature called transition glass temperature, the resin softens,

changing from a hard glass to a soft rubber-like state. 7% is usually in the range of 65-120
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°C (150 °F-248 °F) for GFRP bars [3]. After the bar temperature reaches the 7%, the resin
loses the ability to transfer the load and the interfacial bond to concrete reduces. The GFRP
material properties start degrading even before 7, but dramatic changes occur after this
temperature [72].

Concrete cover: Concrete acts as a thermal insulator for the GFRP bars due to its low
thermal conductivity and high heat capacity resulting from chemical properties of its
constituents (cement and aggregates). The slow rate of heat transfer makes the concrete an
effective fire insulator. Proper concrete cover (the distance between the concrete surface
and edge of reinforcement) can help keeping the temperature of the internal reinforcement
below the critical temperature for a desired time period. Different required minimum
concrete cover values, ranging between 30-70 mm (1.18-2.75 in.), have been reported to
ensure the structural safety of GFRP-RC members [73-74].

Unexposed zone: Unexposed zone of the GFRP bars increases the load-carrying
capacity of the structure by avoiding the pull-out of the bar and shifting the failure mode
to bar rupture while an inadequate anchorage length leads to slippage of the reinforcement
due to the bond reduction.

Aggregate type: Carbonate based aggregates lead to higher thermal resistance
compared to the silica based aggregates due to their higher thermal capacity [75].

Concrete cracking: Cracking may cause the heat flow to penetrate in the structure and
provide significant localized damage in the reinforcement [65].
Specimen Configuration

Two GFRP bars with equivalent size and distinct surface characteristics were selected

in this study named as GFRP-A and GFRP-C (similar to the ones used in chapter 2),
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corresponding to a fine sand coated with helically wrapped fibers (GFRP-A) and ribbed
deformed surface similar to the steel rebars (GFRP-C).

GFRP-RC slabs were designed with a single GFRP bar located at the center with 19
mm (0.75 in.) of the clear concrete cover corresponding to minimum cover for the design
requirements. All the slabs were monolithically cast from a single concrete batch of normal
weight concrete consisting of type I cement with a maximum aggregate size of 6.4 mm
(0.25 in.). Average 28-day compressive concrete strength of 42.3 MPa (6135 psi) was
obtained according to the ASTM C39 [35]. Figure 4.3 illustrates the slab geometry and

location of the GFRP reinforcement and the load configuration used during fire test.
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Figure 4.3: Schematic of GFRP-RC slabs (Note: 1 in.=25.4 mm)

The slabs were designed so that the failure was controlled by the failure of the GFRP
bars (under reinforced). Internal type-K thermocouples were installed on the GFRP bar and
different depths of the concrete to measure the temperature during the fire test.

Fire Exposure

GFRP-RC slabs were placed side by side vertically at the furnace opening, with the
flexural face of the slabs facing the furnace, held on a steel frame providing simple support
conditions and tested simultaneously for two hours per ASTM E119. The gap between the
slabs and the steel frame was filled with the fire resistant insulation materials to minimize

the heat lost. A rigid deep steel spreader beam was used to distribute the load from
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hydraulic jack to each slab independently providing a service point load (Pser) of 5.78 kN

(1300 1bs) [51] at the mid-span per slab (Figure 4.4).
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Figure 4.4: GFRP-RC slabs facing the vertical furnace

The ASTM E119 standard furnace temperature-time profile is approximate as [61]:

7= 750[1 _ TS ] +170.417 + T, 4.1)

where ¢ refers to time (hours), 7 corresponds to the temperature in °C, Ty corresponds to the
ambient temperature.

The actual furnace temperature was measured during the test using the average value of
the temperature readings from nine shielded furnace thermocouples evenly distributed
inside the furnace (Figure 4.5).

The maximum temperature of 115 °C (240 °F) was recorded at the mid-plane of GFRP
reinforcement. Due to low thermal conductivity of the GFRP bars, the lower and upper
faces of the bar experienced significantly different temperatures [69]. In addition, it was

also inferred that at 76 mm (3 in.) from the exposed face, the temperature within the
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concrete slabs was not affected due to high thermal insulation properties of the concrete as

presented in Figure 4.6 [76].
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Figure 4.5: Temperature-time profile of the furnace
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Figure 4.6: Temperature gradient in a representative fire exposed GFRP-RC slab
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Multiple concrete samples and GFRP bar segments were extracted after the cooling

phase from different location along the reinforcement to provide proper repetition for

each test (Figure 4.7)
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Figure 4.7: Location of the extracted samples along the GFRP bar after fire exposure

Residual Mechanical Properties of the GFRP Bars

Transverse Shear Strength

The transverse shear strength of extracted GFRP bars from slabs exposed to the furnace
fire was determined according to the ASTM D7617 standard [77]. This parameter was used
since it provides an overall mechanical performance of the composite rebar system. Three
228.6 mm (9 in) long samples per GFRP bar type were tested using a screw-driven test
frame with the capacity of 150 N (30 kips) shown in Figure 4.8. The load was applied at

the rate of 1.27 mm/min (0.05 in./mm).

Figure 4.8: GFRP bars tested in transverse shear fixture
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The results were compared with pristine samples for each bar type. Table 3.1 presents
the summary of the average results and coefficient of variance (COV), where t’p refers to
the average transverse shear strength of the pristine bars, and 7’ corresponds to the average
transverse shear strength of the fire exposed samples.

Overall, GFRP-A and GFRP-C experienced a 5% and 11% of reduction in shear
strength, respectively. In both cases, the transverse shear strength was always higher than
the minimum accepted value of 152 MPa (22 ksi) [6]. After 120 minutes of furnace fire
exposure, the transverse shear strength of the bars was not affected significantly,
maintaining an acceptable level of the residual strength compared to the pristine bars.
GFRP-C experienced a higher reduction of shear strength compared to GFRP-A.

Table 4.1: Average results of the transverse shear tests on fire exposed GFRP bars

‘L'TP ‘L'TF
Bar Ratio
Type Sample  Average  Cov Sample  Average Cov (¢l /7,
number (MPa) (%) number (MPa) (%)
GFRP-A 5 167.40 34 3 158.78 2.5 0.95
GFRP-C 5 194.36 4.6 3 173.40 4.4 0.89

Note: 1 MPa= 0.145 ksi
Horizontal Shear Strength
The horizontal shear strength was determined following the ASTM D4475 standard
[57]. This parameter provides the mechanical properties of fiber-resin interface and is a
useful parameter for the quality control purposes. The test span was set as three times of
bar diameter following the standard. Three samples of each fire exposed slab and five
samples of pristine GFRP bars were tested for each bar type (Figure 3.14). Samples were

50.8 mm (2 in.) long. Loading was applied at a rate of 1.27 mm/min (0.05 in./mm).
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Table 4.2 reports the average results, where t/p refers to the horizontal shear strength
of the pristine, and t/r refers to the horizontal shear strength of the fire exposed bars. Based
on the results, after 120-minutes of fire exposure, the horizontal shear strength of both
GFRP bars increased by15% and 7% for GFRP-A and GFRP-C, respectively. The furnace
fire may have post-cured the resin and resulted in the increase of horizontal shear strength.
GFRP-A presented a higher increase in horizontal shear strength compared to GFRP-C.
Currently, no values have been suggested for the minimum requirements of the GFRP
horizontal shear strength. Post-curing of the resin did not resulted in increase of transverse
shear strength since it is mainly dominated by the property of the fibers.

Table 4.2: Average results of the horizontal shear tests performed on the fire exposed GFRP bars

THP ‘CHF
Bar Ratio
Type Sample  Average  Cov Sample  Average Cov (/' /7))
number (MPa) (%) number (MPa) (%)
GFRP-A 5 49.02 2.5 3 56.67 4.9 1.15
GFRP-C 5 62.53 5.7 3 67.02 1.1 1.07

Note: 1 Mpa= 0.145 ksi
Transition Glass Temperature (7%)

Transition glass temperature (7g) of the bars were measured by performing the dynamic
mechanical analysis (DMA) tests on three specimens for each bar type and the results were
compared with the pristine bars.

The T, generally varies from rebar to rebar due to the manufacturing process and curing
protocol and is desired to be higher than 100°C (212°F) [6]. The rectangular specimens of
Ix5x50mm (0.04x0.2x2.0 in.) were extracted from the bars according to ASTM E1640
standard [78]. The DMA test was performed with a three-point-bending fixture as shown

in Figure 4.9 for the temperature range of 35-150°C (95-302°F), and a heating rate of
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1°C/min (1.8°F/min). Table 4.3 shows the summary of the average results, where T, refers
to transition glass temperature of the fire exposed bars and 75" corresponds to the transition

glass temperature of the pristine GFRP bars.

Sample

Applied Oscillatory
Deflection

Figure 4.9: DMA test performed in 3-point bending configuration

Table 4.3: Average T, test results performed on fire exposed GFRP bars

T, T,
Bar Ratio
Type  Sample Average  Cov Sample  Average  Cov (r//17)
number °C) (%) number (°C) (%)
GFRP-A 3 81.1 16.6 3 119.3 5.9 1.47
GFRP-C 3 107.0 7.9 3 133.5 1.9 1.25

Note: °F=1.8 °C+32

The Ty increased by 47% and 25% after the fire exposure for GFRP-A and GFRP-C,
respectively. The fire exposure resulted in increasing the temperature of the bars (Figure
4.6) and accordingly to post-curing of the resin. As a result, the 7 of the bars increased to
values consistent with the experienced temperature during the heat exposure. Excessive
exposure to heat may over-cure the resin and degrade the mechanical properties.

Figure 4.10 and Figure 4.11 show the analysis output of the DMA test and computation

of Ty for pristine and fire-exposed GFRP-A samples, respectively. In the similar manner,
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Figure 4.12 and Figure 4.13 represent the DMA analysis output for GFRP-C samples. The

increase in 7y is evident in related diagram for both GFRP bars.
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Figure 4.10: Output of DMA test performed on a pristine GFRP-A sample
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Figure 4.11: Output of DMA test performed on a fire-exposed GFRP-A sample
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Figure 4.12: Output of DMA test performed on a pristine GFRP-C sample
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Microstructural Investigation

In addition to the mechanical tests, SEM analysis was performed on extracted GFRP
samples to investigate the effect of fire exposure on the microstructure of GFRP bars.
Microscopic examination allows monitoring possible damages at the single fiber scale by
capturing the possible deteriorations in the fibers, matrix or concrete-GFRP interface. The
extracted fire exposed GFRP samples were cut in approximate thickness of 7mm (0.27 in.).
Concrete samples were also cut to monitor the GFRP-concrete interface. The specimen
surfaces were prepared by sanding using different grit levels (i.e. 180, 300, 600 and 1200)
of sand paper and employing dedicated grinding and polishing equipment. A fine polishing
completed the specimen preparation using a wet-polishing agent and the polycrystalline
diamond paste. Specimens were placed in an oven at 60°C (140 F) for 24 hours to remove
moisture produced during polishing procedure. Since GFRP bars are non-conductive
materials, an ion sputtering device was used to coat the samples with gold prior to the SEM
examination (Figure 4.14). Imaging was performed at different magnification levels

(Figure 4.15-16).

Figure 4.14: GFRP samples prior to SEM imaging: GFRP-A (left) and GFRP-C (right)
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SEl 15kV WD15mm SS60 x200 100pum

Figure 4.15: SEM image of the GFRP-A after fire exposure at the magnification level of 200x

SEl 15kV  WD15mm SS60 x140 100pm

Figure 4.16: SEM image of GFRP-C after fire exposure at the magnification level of 140x

After monitoring the entire cross-section of several specimens, GFRP samples did not
show any microstructure degradation after fire exposure and no damage was observed in
the matrix nor in the resin-fiber interfaces. The SEM images of fire exposed GFRP bars

are identical to the pristine (unexposed) samples presented in chapter 3.
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Since, bond degradation between the concrete and reinforcement plays a critical role in
fire behavior of the structure, concrete-GFRP interface were also examined (Figure 4.17-
18). No apparent damage, degradation or loss of bond was observed. Additionally, the

resin-rich region close to the edge of the bars were intact.

Figure 4.17: SEM 1mage of the concrete to GFRP-A interface after ﬁre exposure at the
magnification level of 23x

Figure 4. 18 SEM image of the concrete to GFRP C mterface after fire exposure at the
magnification level of 20x
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Thermomechanical FEM Model

Fire tests are expensive and time-consuming to perform [79]. As a result, a numerical
modeling approach is helpful in determining the temperature field and investigating the
resulting structural behavior. Ultimately, it can provide a rational and holistic approach for
the design recommendation [80]. The material properties of concrete and GFRP at different

temperature needs to be properly considered in the model.

Concrete Material Properties at Elevated Temperature

Mechanical and thermal properties of the concrete changes with the increase of
temperature. The available experimental results are highly scattered since they are
dependent on several parameters such as the concrete strength at room temperature,
aggregate type, and rate of heating.

The concrete strength reduces with the increase of temperature. The proposed
mathematical model in Euro-Code [81] was employed to account for the change of concrete

strength due to temperature [82]:

e

1.0 7 <100
- (1.067-0.00067T) 100<T <400 @1
¢ (1.44-0.0016T7) 400 <7 <900

0 900<T

where f! is the concrete strength at the ambient temperature and £, is the concrete

strength at respective temperature 7 in °C (Figure 4.19).
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T (°C)
Figure 4.19: Change of the concrete strength with temperature during the fire exposure

Concrete strength stays constant at temperatures below 100 °C and then decreases
linearly with the increase of temperature. The rate of reduction increases after 400 °C.
When the concrete temperature reaches 900 °C, the strength reduces to zero.

The average 28-day compressive concrete strength was equivalent to 42.3 MPa (6135
psi), determined from testing five concrete cylinders as per ASTM C39 standard.

While the formulation of developing the elastic modulus, tensile strength and stress-
strain relationship of concrete based on the concrete strength (chapter 2) was originally
derived for ambient temperature, the same formulation was adopted for different
temperatures to derive the concrete stress-strain relationships (Figure 4.20 and 4.21). The

compression and tension properties were interpolated in Abaqus for other temperatures.
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Figure 4.20: Compression behavior of concrete at different temperature of °C
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Figure 4.21: Tension behavior of concrete at different temperature of 'C

The stiffness (Elastic modulus) and tensile and compressive strength of the concrete
decreases by increase of temperature as the result of bond breakage in the microstructure

of cement paste and initiation of microcracks.
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Usually, an upper and a lower range are provided for the concrete thermal conductivity.
In this study, the relationship provided in Euro-code [81] was adopted for the conductivity
of the concrete at different temperatures. The use of upper limit is suggested in design

procedures to ensure the safety.

The upper and lower range for the conductivity of normal weight concrete, respectively
shown as A" and A is determined as: (Figure 4.22)
A" =2-0.2451(T /1000)+0.0107(T /1000)> [W / mK] (4.2)
A =1.36—0.136(T /1000) +0.0057(T / 1000)* [W / mK] (4.3)
Where T is the concrete temperature in °C.

2.5

—— Upper range

lower range
’ ‘\
1.5

- @

Concrete Conductivity (W/mK)

0.5

0 200 400 600 800 1000 1200 1400
IO

Figure 4.22: Concrete conductivity variation with temperature

The specific heat of the concrete at different temperatures was also implemented using

the formulation of Euro-code as (Figure 4.23)
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900 20< T <100
900+ (6, —100)  100<T <200

C = (6. ~100) (4.4)
1000+ (6, —200)/2  200<T <400
1100 400< T <1200

where 7 is the concrete temperature in °C.

1200

1000

800

600

400

Concrete specific heat (J/kgK)

200

0 200 400 600 800 1000 1200 1400
T (°C)

Figure 4.23: Concrete specific heat at different temperatures

The specific heat of the concrete increases with the increase of temperature. The density
of concrete was considered to be constant in the current approach.
GFRP Material Properties at Elevated Temperature

The change of GFRP mechanical properties at elevated temperature is not well studied
and requires more investigation. Additionally, the available experimental results are
available only for specific tested GFRP bars and may not be applicable to the other GFRP
reinforcements due to the change in fiber, matrix, fiber/matrix ratio and manufacturing
process. [63]. Scholars have studied the change of stiffness and strength of GFRP bars at

elevated temperature [63, 83]. In the recent modeling, the mathematical model provided
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based on experimental studies of Blontrok and coworkers [72] was adopted in which

&:k EGT:K

Jo ! E; a

(1-0.0025T) 0<T <400
K, = (4.5)
v 0 400<T
1 0<T <100
1.25-0.0025T 100 <T <300
K, = (4.6)
2.0-0.005T  300<T <400
0 400<T

where fGris the GFRP strength at related temperature (7) in 'C and /G is the GFRP strength
at room temperature. Similar notations are used for the elastic modulus (£) (Figure 4.24).
It is assumed that the entire length of the embedded GFRP bar is affected by the increase
of temperature which cause a significant change in both GFRP strength and stiffness. On
the other hand, if the temperature of the anchorage portion of GFRP bar does not increase,
the bar does not experience a dramatic change of mechanical properties.
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Figure 4.24: GFRP normalized properties at different temperature



94

The tensile strength of the GFRP bars reduces constantly with increase of the
temperature while the modulus of elasticity stays constant before 100 °C and then decreases
linearly. The reduction rate of elastic modulus increases after 400 °C.

Thermal conductivity of GFRP at different temperatures provided by Bai and coworkers
[84] was implemented by neglecting the difference in the characteristics of the bars in Bai’s
study (Figure 4.25). The GFRP specific heat was considered constant as C6=0.9 kJ/kgK.

The thermal conductivity was assumed constant before 200 °C and after 400 °C and

decreased linearly between these two limits.
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Figure 4.25: Change of GFRP conductivity with temperature

Result of the Thermomechanical Analysis

The coupled thermomechanical analysis was developed in Abaqus for the slab
reinforced with GFRP-A bars. A tie constraint was used to apply the temperatures from
concrete to the GFRP bars at the shared nodes. The analysis was divided into two parts.
First, the mechanical service load (6 kN) was applied at the mid-span in three-point bending

configuration (chapter 2) and next keeping the load constant, the thermal load was applied
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to the structure. The sides of the slab were assumed adiabatic due to the presence of
insulating materials in the gap between the slabs [69]. Due to the uncertainties of the
thermal load of the furnace, the temperatures of the exposed and unexposed zones were
used as the inputs.

First, only a thermal modeling was performed on the cross-section of the slab to obtain
a proper distribution of the temperature. The maximum temperature of 300 °C was applied
at the exposed face of the slab. The temperature distribution is provided in Figure 4.26.

The temperature changed at different depths of GFRP due to the low thermal conductivity.

NTi1
+3.000e+02
+2.792e+02
+2.583e+02
+2.375e+02
+2.167e+02
+1.958e+02
+1.750e+02
+1.542e+02
+1.333e+02
+1.125e+02
+9.167e+01
+7.083e+01
+5.000e+01

Figure 4.26: Temperature distribution in cross-section of GFRP-RC slab

Next, the coupled thermomechanical analysis was performed by considering the perfect
bond between the concrete and GFRP reinforcement. Similar to chapter 2, only half of the
slab was modeled due to symmetry condition. First the service load was applied at the mid-
span. Next, the load was kept constant and the thermal load was applied. The maximum
temperature of 300 °C was applied to the exposed surface. The temperature distribution

along the slab is shown in Figure 4.27.
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Figure 4.27: Temperature distribution along the fire exposed slab

Since the service load was not high enough to initiate cracking in concrete, the
simulation was performed by applying a load of 24 kN at the mid-span to study the effect

of fire exposure on cracking and deflection (Figure 4.28).

PE, Max. In-Plane Principal

(Avg: 75%)
+8.495e-02
+7.787e-02
+7.079e-02
+6.371e-02
+5.663e-02
+4.955e-02
+4.247e-02
+3.539e-02
+2.831e-02
+2.123e-02
+1.415e-02
+7.072e-03
-7.072e-06

Figure 4.28: Cracking in the GFRP-RC slab due to applied load of 24 kN

The existing cracks propagated and new cracks were generated during the fire exposure.

It also resulted to high deflection at the mid-span of the beam (Figure 4.29)
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Figure 4.29: Cracks in GFRP-RC slab after the fire exposure

Figure 4.30 shows the load-deflection result of the FEM model at the mid-span of the

slab®. The structure experienced additional deflection due to fire exposure.
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Figure 4.30: Load-deflection result at mid-span of the GFRP-RC slab after fire exposure

2 Experimental data will be provided in the future studies to validate the developed FEM model.
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Concluding Notes

The residual mechanical properties of GFRP bar segments extracted from the GFRP-
RC slabs after 120-minute of standard furnace fire exposure per ASTM E119 was evaluated
in this study. Two type of GFRP bars with different surface characteristics were
investigated: one sand coated with a helical wrapped fiber; and the other with deformed
ribbed surface. Mechanical tests and microstructural investigation were performed to
evaluate critical factors governing the residual properties of the GFRP bars including 1)
transverse shear strength; i1) horizontal shear strength; iii) transition glass temperature, and
1v) microstructural investigation using SEM. The results from the two-hour furnace fire
exposed specimens were compared to the pristine bars (unexposed to fire).
Thermomechanical FEM analysis was developed to provide the temperature distribution
and to investigate the effect of fire on the structural response and concrete cracking. Based
on the reported results, the following can be concluded:

e For a two-hour fire exposure of GFRP-RC slabs subjected to the design load, a 19
mm (0.75 in.) cover was adequate to provide the necessary fire protection for the
reinforcement to avoid irreversible damage.

e The transverse shear strength of the fire exposed GFRP bars reduced but not
significantly, and the residual shear strength was higher than the minimum required
levels for design purposes.

e Horizontal shear strength and 7} of the fire exposed GFRP bars increased compared
to the pristine bars indicating that the resin properties may have improved after the

fire exposure.
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e Microscopic examination using the SEM imaging did not show any microstructural
degradation caused by the furnace fire within the GFRP bars or at the interfacial
bond in the GFRP-concrete interface.

e FEM analysis provided the temperature distribution. The temperature varied within
the GFRP bars due to low thermal conductivity.

e During the thermal load, additional deflection and propagation of cracks in the
concrete was demonstrated using the thermomechanical analysis.

The results presented in this paper provide a general evidence that GFRP-RC elements,

could be utilized in the structures with possible fire scenarios.

Future Research

Experimental tests need to be performed to investigate the GFRP bond to concrete at
elevated temperatures. Future experimental fire tests and numerical modeling should
address the effect of GFRP bond reduction at high temperatures and the anchorage zone
(the unexposed zone of the structural member) on structural response during the fire

exposure.



Chapter 5-Conclusions

GFRP bars are emerging as an efficient alternative for steel rebars due to the advantages
such as corrosion resistance, light weight, high strength to weight ratio and magnetic
transparency. Three different aspects of various types of GFRP bars were investigated in
this study.

First, the bond properties of GFRP bars were determined through experimental studies
and numerical modeling. Three different bars with different surface characteristics were
investigated and the effect of this parameter was addressed in detail. In the second study,
by employing SEM imaging, it was shown that each GFRP bars demonstrated unique
patterns of the cracks/voids in their microstructure. The effect of microstructural patterns
in the durability of GFRP bars was demonstrated. The following can be concluded for each
study. In the final part of this dissertation, the residual mechanical properties of GFRP bars
after exposure to two hours of standard furnace fire were investigated. Additionally,
numerical models were developed to predict the temperature distribution in the fire
exposed slabs and investigate the effect of the fire on deflection of the structural member
and crack propagation in the concrete.

Bond of GFRP Bar to Concrete

Pull-out tests were performed on three different GFRP bars with different surface
characteristics to determine the bond strength. The effect of the bar surface characteristic
and embedment length on the bond-slip relationship was investigated. The GFRP bar with
the highly deformed surface (GFRP-H) failed with sudden concrete splitting. The GFRP
bar with the ribbed surface (GFRP-C) demonstrated the separation of the surface

enhancement and concrete cracking for samples with the long and short embedment length,

100
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respectively. The sand coated, fiber wrapped (GFRP-A) bars demonstrated the pull-
through mode of failure since the cover was large enough to prevent the splitting of
concrete. Increasing the embedment length led to reduction of the average bond strength
due to generation of more non-uniform stress.

A parametric nodal bond-slip relationship consists of five parameters was proposed for
the GFRP-A. A sensitivity analysis was performed on parameters of the bond law. The
results of the simulations were compared to the experimental results to provide the
parameters. The parametric bond law was employed in a finite element model which
captured the concrete cracking and was capable of presenting different failure modes by
explicitly modeling the bond action between concrete and reinforcement. The proposed
explicit bond model can be applied to any arbitrary GFRP bar with various types of surface
characteristics and diameter.

The proposed bond-slip model was implemented in a GFRP-RC slab reinforced with
GFRP-A bars. The load-deflection results were compared to the experimental results.
Considering the slippage between the reinforcement and concrete led to more realistic and
precise predictions of the load-deflection results compared to the case which did not
consider any slippage.

GFRP Microstructure

Scanning electron microscopy was performed on four different GFRP bars. Each GFRP
bar demonstrated a unique signature of the existing defect/void pattern characterized by a
combination of disconnected and continuous voids at different locations of the cross-

section due to the different manufacturing process. GFRP microstructural pattern plays a
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critical role in the mechanical properties and durability of GFRP bars while it may not be
the only effective parameter.

GFRP-B showed the most voids/defects in the cross-section compared to the other
GFRP bar types. It mostly included connected voids at the entire area. GFRP-C presented
the lowest existing void/defects compared to the other GFRP bar types. There was a single
void in the center of the bar and a defect at the edge. The results of this study can be used
as a benchmark for microstructure of commercially available pristine GFRP bars and serve
as a base for monitoring possible changes after conditioning or field use. GFRP-B and
GFRP-C were exposed to accelerated conditioning in a high pH alkaline environment at
60 °C for 1000 hours. GFRP-C did not lose the horizontal shear strength (less than one 1%)
while GFRP-B demonstrated 15% loss of this property.

GFRP bars with different microstructural patterns displayed differences in the
penetration of the alkaline front. Extensive damage was observed at the vicinity of existing

defects and voids.

GFRP Post-Fire Behavior

The residual mechanical properties of GFRP bar segments extracted from the GFRP-
RC slabs after 120-minute of standard furnace fire exposure per ASTM E119 was evaluated
in this study. Two type of GFRP rebars with different surface characteristics were
investigated: one sand coated with a helical wrapped fiber; and the other with deformed
ribbed surface. Mechanical tests and microstructural investigation were performed to
evaluate critical factors governing the residual properties of the GFRP bars. The results

were compared to the pristine bars (unexposed to fire). The results presented in this paper
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provide a general evidence that GFRP-RC elements, could be utilized in the structures with
possible fire scenarios.

For a two-hour fire exposure of GFRP-RC slabs subjected to the design load, a 19 mm
(0.75 in.) cover was adequate to provide the necessary fire protection for the reinforcement
to avoid irreversible damage. The transverse shear strength of the fire exposed GFRP bars
reduced but not significantly, and the residual shear strength was higher than the minimum
required levels for design purposes. Horizontal shear strength and 7g of the fire exposed
GFRP bars increased compared to the pristine bars indicating that the resin properties may
have improved after the fire exposure. Microscopic examination using the SEM imaging
did not show any microstructural degradation within the GFRP bars or at the interfacial
bond in the GFRP-concrete interface.

Thermomechanical FEM analysis was developed to provide the temperature
distribution and to investigate the effect of fire on the structural response and concrete
cracking. During the thermal load, additional deflection and propagation of cracks in the

concrete was demonstrated using the thermomechanical analysis.
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