Republic of Iraq

Ministry of Higher Education
and Scientific Research
University of Babylon
College of Engineering

Civil Engineering Department

A Comparative Study of the Structural Performance
Between Steel and Glass Fiber Reinforced Polymer Bars
for Reinforced Concrete Elements.

A Thesis

Submitted to the College of Engineering at University of Babylon
inPartial Fulfillment of the Requirements for the Degree of Master
science in Engineering/ Civil Engineering /Structures

By
Zahraa Luay Azeez Shubbar

Supervised by

Prof. Dr. Haitham H. Muteb Al-Daami

2023A.D 1444 A.H






Dedication

On behalf of the times that I faltered and then

upraised...

On behalf of the times that I bewildered and then

perceived...

On behalf of the calls Yaa Zahraa when be at one’s
wit's end. ..

On behalf of my father's hopes and mother’s prayers. ..

On my behalf, my sire...

I inscribed this insignificant worR,..

waiting for Al-Faraj



Acknowledgments

In the name of Allah, the most gracious, the most merciful

All thanks and praise to Allah who enabled me to achieve this research work.
Firstly, 1 would like to express my sincerest gratitude to my supervising
professor, Dr. Haitham H. Muteb Al-Daami, for his invaluable insight, wisdom,

and guidance,

| would like to thank the support staff of the Department of Civil Engineering
of Karbalaa University to the technical staff of the structural laboratories for

their assistance during the undertaking of my experimental program.

| would like to acknowledge the friendly support and assistance of my

fellow graduate students who made my overall experience more gratifying.

Finally, a special thanks and gratitude to my family for their care, and
patience, in particular: my parents, my brother, and my sisters who have been
by my side throughout this entire endeavor. Without their love, encouragement,

and support | would not have been able to complete this academic achievement.

Zahraa Luay Azeez Shubbar
2023



Abstract

Corrosion of the reinforcing steel is the most common cause of reinforced
concrete structure deterioration. Glass fiber reinforced polymer (GFRP) was
utilized in place of steel rebar. It has high strength, is lightweight, and corrosion
resistance. With a good mechanical performance. The experimental program
including many experimental tests the concrete specimens were classified into
two groups of different element types for beams, and two-way slabs were test.
Also, the mechanical properties for the alternative reinforcement, three beams
under a two-point loading system. Four two-way slab specimens were also
placed and tested until they failed under concentric loading. Additionally, the
bond slip is studied here by testing six specimens three of them for steel rebars
and three for GFRP bars.

The beam group was reinforced by steel rebars and GFRP bars separately
in this group the behavior of the alternative reinforcement was studied under
the effects of shear and bending behavior. All the beams have a rectangular
cross-section of 150200 mm, and the span between the supports was 1200 mm.
To avoid shear failure, steel stirrups were used with an adequate amount @6
@2100mm, two nominal 6mm rebars were used as top reinforcement. The main
parameters investigated were the type and amount of reinforcement. The
findings show that flexure failure occurs from tensile rupture of the bars at the
midsection or under the applied point load. The data indicated that RC beams
with GFRP bars deflect more than beams made of steel, while the GFRP beam
has a wider crack width than a steel RC beam.

The slab group includes the first and second slabs, which consist of 7-@6
bars in two-way from GFRP and steel with a reinforcement ratio of 4.5% and
3.8%, respectively, for GFRP and steel. The third and fourth slabs consist of
14@6 bars from GFRP and steel with a reinforcement ratio of 9% and 7.5% of
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GFRP and steel bars, respectively. The main parameters studied were the type
of reinforcement and the effect of flexural reinforcement spacing on the flat
slab. The specimens were squares with a clear span of 1000 mm and a depth of
70 mm. Simple support was used for all specimens acting on all four edges.
According to the failure modes, high reinforcement ratio slabs fail by punching
shear, whereas low reinforcement ratio slabs fail by flexural failure. When
compared between the slabs reinforced with steel and GFRP bars that failed due
to punching shearing and flexural failure, the resistance of the slabs with steel
rebar increased by 34% and 30%, respectively.

The bond group includes only GFRP and only steel cubes. The main
variables studied in pull-out cubes were embedment length, GFRP bar, and steel
bar (5, 7.5, and 10 times bar diameter). The pull-out cube's geometric
dimensions were 200 x 200 x 200 mm. Helical wrapping was used to test the
surface texture of GFRP bars for pull-out. The bar was centered in the concrete
cube. The specimens that contained GFRP bars failed due to bar pull-out from
the concrete cube because of slippage between the GFRP bar and concrete. This
is a result of weak bonding between GFRP bars and concrete. The specimens
contained steel bars that failed due to bar cutting in different places. The cutting
point is the point where the reinforcing steel and concrete connection, the end
of the concrete cube, or the point where the holding arm and the bar connection.

This is a result of the steel bars and concrete's good bond.



LIST OF CONTENTS

Acknowledgments

Abstract

List Of Contents

List Of Tables

List Of Figures

Notation

Abbreviations

CHAPTER ONE

INTRODUCTION

1.1 Introduction:

1.2 GFRP Reinforcement

1.3 Considerations for the use of fibre reinforced polymer (FRP)

reinforcing bars:

1.3.1 Benefits of Fiberglass Rebar

1.3.2 Differences between GFRP and steel

1.3.3 Where should FRP bars be considered?

1.4 Aims of the study

1.5 Applications:

1.5.1 Marine Structures

1.5.2 Parking Garages

1.5.3 Bridges

1.5.4 MRI Hospital Room

1.5.5 Rail Plinths for Airport Link

1.5.6 Using GFRP in Airport Runways

vV




1.5.7 Using GFRP in Precast Concrete Constructions 13
1.5.8 Using GFRP in Special Structures 13
1.5.9 Structures Temporarily 14
1.6 Thesis Layout 15
CHAPTER TWO 16
LITERATURE REVIEW 16
2.1 Introduction 16
2.2 Properties of FRP Composite Bars 16
2.2.1 Physical Properties of FRP Composites 16
2.2.2 Mechanical Properties 17
2.2.2.1 Tensile Behavior 17
2.2.2.2 Compressive Behavior 18
2.2.2.3 Transverse Shear Behavior of FRP Bars 19
2.2.2.4 Bond Behavior 19
2.3 Time-Dependent Behavior 20
2.3.1Creep Rupture 20
2.3.2 Fatigue 20
2.3.3Durability 21
2.4 RC Element Reinforced by GFRP Bars 21
2.4.1 Flexure Behavior Beams 21
2.4.2 Bond Slip Behavior 26
2.4.3 Flexural Behavior of Two-Way Slab 29
CHAPTER THREE 34
EXPERIMENTAL WORK 34
3.1 Introduction 34
3.2 Description of Specimen 34




3.2.1 Dimensions of Specimens 35
3.2.1.1 Group One Beam specimens 35
3.2.1.2 Group Two Slab Specimens 36
3.2.1.3 Group Three Bond Slip Specimens 38
3.3 Material of The Experimental Work 40
3.3.1 Concrete 40
3.3.1.1 Cement 40
3.3.1.2 Fine Aggregate (Sand) 41
3.3.1.3 Coarse Aggregate (Gravel) 42
3.3.1.4 Mixing Water 43
3.3.2 Reinforcing Bars 43
3.4 Preparation of Specimens 44
3.4.1 Mix Design 44
3.4.1.1 Concrete Mix Design 44
3.4.2 Mix Procedure 45
3.4.2.1 Mix the Normal Concrete Procedure 45
3.4.3 Placement of Reinforcement, Casting and Curing Process 46
3.5 Mechanical Properties of Hardened Concrete 50
3.5.1 Compressive Strength (fcu) 50
3.5.2 Modulus of Rupture (Flexural Strength Test 52
3.5.3 Splitting Tensile Strength (fsp) 53
3.6 Test Procedure 55
3.6.1 Beams Testing 55
3.6.1.1 Design of flexural 57
3.6.2 Slab Testing 61
3.6.3 Bond Testing 64

VI




CHAPTER FOUR

70

RESULTS AND DISCUSSION 70
4.1 Introduction 70
4.2 Mechanical Properties of Concrete 70
4.3 Test Result of Specimens 71
4.3.1 Beam Specimens 71
4.3.1.1 Ultimate Load Capacity 71
4.3.1.2 Load Deflection at Mid Span 72
4.3.1.3 Failure Modes 74
4.3.1.4 Cracking Behavior 75
4.3.1.5 Ductility Index 77
4.3.1.6 Flexural Stiffness 78
4.3.2 Slab Specimens 79
4.3.2.1 Study the Influence of The Major Parameters 79
4.3.2.2 Reinforcement Ratio 89
4.3.2.3 Molds of Failure 89
4.3.2.4 Crack Pattern 90
4.3.2.5 Ductility Index 91
4.3.2.6 Stiffness Criteria 93
4.3.3 Bond-slip 94
4.3.3.1 Bond Failure Modes 96
4.3.3.2 Bond stress-slip relationships 96
CHAPTER FIVE 119
CONCLUSIONS AND RECOMMENDATIONS 119
5.1 Conclusions 119
5.2 Recommendations: 121

VI




LIST OF TABLES PAGE
Table (2-3): Typical tensile properties of reinforcing bars [2] 18
Table (3-1): Chemical analysis and main compounds of cement. 40
Table (3-2): Physical properties of cement 41
Table (3-3): Fine aggregate grading and properties 42
Table (3-4): Coarse aggregate grading and properties 42
Table (3-5): Test results of steel reinforcing bars. 43
Table (3-6): Mixture proportions for the selected concrete mix. 45
Table (4-1): Mechanical properties of the hardened concrete. 71
Table (4-2): Experimental flexural test results 72
Table (4-3): Ductility Index of tested beams 78
Table (4-4) Stiffness Criteria of Tested Subjected 79
Table (4-5): Experimental test results for slabs 80
Table (4-6): mold of failure 90
Table (4-7): First Crack and Ultimate Load 90
Table (4-8): Ductility Index of tested slabs 92
Table (4-9) Stiffness Criteria of Tested Subjected 93
Table (4-10): Experimental pullout test results 98

VI




LIST OF FIGURES PAGE
Figure (1-1): Corrosion in Steel Reinforcement [1] 1
Figure (1-2): GFRP Bars 4
Figure (1-3): Construction of Seawall with GFRP Bars.[1] 7
Figure (1-4): Honopapiilani Highway Retaining Sea Wall South 8
(Lahaina, Maui Hawaii).[3]

Figure (1-5): GFRP Reinforced-Concrete for Ice Harbor Lock and 8
Dam Fish Weir (Walla Walla, Washington). [3]

Figure (1-6): GFRP Reinforcing in The Two Water Tanks.[1] 9
Figure (1-7): GFRP Rebar for Parking Garage.[5] 9
Figure (1-8): Emma Park Bridge Deck Panel with GFRP 10
Reinforcing Bars, Top and Bottom Mat. [2]

Figure (1-9): Bridge Over State Ave. (Kansas City, KS).[2] 10
Figure (1-10): GFRP Reinforced-Concrete Slab for MRI Rooms In 11
Hospital (York, Maine) [6]

Figure (1-11): GFRP Bars Used in Rail Plinths. [2] 12
Figure (1-12): Istanbul International Airport.[7] 12
Figure (1-13): Culvert Bridge in City of Rolla, Phelps County, 13
Missouri. [8]

Figure (1-14): Pyramid Shaped Winery in British Columbia. [6] 14
Figure (1-15): Hindu Temple Design with Service Life Of 1000 14
Years.[6]

Figure (1-16): GFRP Reinforced-Concrete Soft-Eye for Tunnel 15
Excavation TBM Emerges (London, UK). [3]

Figure (2-1): Typical Stress-Strain Relationship 17




Figure (3-1): Reinforcement and Test of Beam 36
Figure (3- 2) Geometry Reinforcement of Slabs’ Specimens 38
Figure (3-3) Pull-Out Cube Bond 39
Figure (3-4): Testing Machine of Steel Reinforcement. 44
Figure (3-5) Wooden Mold and Reinforcement 49
Figure (3-6) Casting and Compacting of Concrete By External -
Vibrator.

Figure (3-7) Compressive Strength Machine. 52
Figure (3-8) Flexural Tensile Test Setup 53
Figure (3-9) Splitting Tensile Test Setup 55
Figure (3-10) Test of Beam 56
Figure (3-11) View of The Controlling Program 57
Figure (3-12) Strain and Stress Distribution at Ultimate 50
Conditions.[2]

Figure (3-13) slab specimen and Steel Plate 61
Figure (3-14) Simple Support frame for the specimens 62
Figure (3-15) LVDT in Mid Span of the specimens 63
Figure (3-16) Test of Slab 64
Figure (3-17) Frame of Pullout Testing 66
Figure (3-18) Testing of Pullout 66
Figure (3- 19) Location of LVDTs 66
Figure (3-20) LVDT Holder 67
Figure (3-21) Wooden Board 67
Figure (3-22) The Inside Gradation for Hollow Tube 68
Figure (3-23) Tube and Epoxy 69
Figure (3-24) Connect the Tube to The Base of The Test Machine. 69

X




Figure (4-1): Load Deflection Curve 74
Figure (4-2) Load Crack Width Curve 75
Figure (4-3) cracking patterns beams 77
Figure (4-4): A Comparison in ductility Index for tested beam 78
Figure (4-5): A Comparison in Stiffness Criteria for Tested Beam 79
Figure (4-6) First Crack of SS14 81
Figure (4-7) Specimen SS14 at Failure Stage 81
Figure (4-8) Punching under Load Cell 82
Figure (4-9) Load Deflection Curve for specimen SS14 82
Figure (4-10) Specimen SS7 at Failure Stage 83
Figure (4-11) Failure Crack Patterns 84
Figure (4-12) Load Deflection Curve specimen SS7 84
Figure (4-13) First Crack for SG14 85
Figure (4-14) Specimen SG14 at Failure Stage 86
Figure (4-15) SG14 Load Deflection Curve 85
Figure (4-16) First Crack for SG7 87
Figure (4-17) Specimen SG7 at Failure Stage 87
Figure (4-18) Load Deflection Curve of Specimen SG7 88
Figure (4-19) Load Deflection for All Slabs 88
Figure (4-20) Post Failure Crack Patterns 91
Figure (4-21): A Comparison in Ductility Index for Tested Slab 92
Figure (4-22): A Comparison in Stiffness Criteria for Tested Slab 93
Figure (4-23): Bond Mechanisms (A) Chemical Adhesion, (B) o
Friction, And (C) Mechanical Interlock [51]

Figure (4-24): Typical Bond Stress Versus Bar Slip Relationship 0

for Steel and GFRP Bars [51]

Xl




Figure (4-25): PG30 Free End

99

Figure (4-26): PG30 Loaded End 99
Figure (4-27) PG30 Shear Slip Curve 100
Figure (4-28): PG45 before testing 101
Figure (4-29): PG45 Loaded End before Testing 102
Figure (4-30): PG45 Free End before Testing 103
Figure (4-31): PG45 Free End after Slip 104
Figure (4-32): PG45 Shear Slip Curve 104
Figure (4-33): PG60 Free End after Slip 105
Figure (4-34): PG60 Shear Slip Curve 105
Figure (4-35): Shear Slip Curve for GFRP Bars 106
Figure (4-36): PS30 After Bar Cutting 107
Figure (4-37): PS30 Shear Slip Curve 108
figure (4-38): PS45 Before Testing 109
Figure (4-39): PS45 Free End before Testing 110
Figure (4-40): PS45 Loaded End after Testing 111
Figure (4-41): PS45 After Upload Loadcell 113
Figure (4-42): PS45 Cut at the End of the Concrete Cube 113
Figure (4-43): PS45 Free End after Testing 114
Figure (4-44). PS45 Shear Slip Curve 115
Figure (4-45): PS60 Before Testing 116
Figure (4-46): PS60 Cut at the Contact Area Between the Holding 117
Arm and The Rod

Figure (4-47): PS60 Shear Slip Curve 118
Figure (4-48): Shear Slip Curve for Steel Bars 118

Xl




Notation

A = cross-sectional area, mm2

Af = area of fiber-reinforced polymer (FRP) reinforcement, (mm?)

a = depth of equivalent rectangular stress block, (mm)

b = width of rectangular cross section, in. (mm)

b, = perimeter of critical section for slabs and footings, in. (mm)

bw = width of the web, in. (mm)

¢ = distance from extreme compression fiber to the neutral axis, in. (mm)
Cp = distance from extreme compression fiber to neutral axis at balanced
strain condition, (mm)

d = distance from extreme compression fiber to centroid of tension
reinforcement, (mm)

dy, = diameter of reinforcing bar, (mm)

p =steel reinforcement ratio

pp = steel reinforcement ratio producing balanced strain conditions

pt = fiber-reinforced polymer reinforcement ratio

pm = fiber-reinforced polymer reinforcement ratio producing balanced strain
conditions

g = strain in concrete

&y = Ultimate strain in concrete

ef = strain in FRP reinforcement

ey = design rupture strain of FRP reinforcement, defined as the guaranteed
tensile rupture strain multiplied by the environmental reduction factor.
Ec= modulus of elasticity of concrete, (MPa)

Ef = modulus of elasticity of FRP (MPa)

Es= modulus of elasticity of steel, (MPa)
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fc' = specified compressive strength of concrete, (MPa)

fi = stress in FRP reinforcement in tension, (MPa)

fr, = design tensile strength of FRP, (MPa)

fy = specified yield stress of non-prestressed steel reinforcement, (MPa)
h = overall height of flexural member, (mm)

k = stiffness (kN/mm)

{ = span length of member, (mm)

te = embedded length of reinforcing bar, in. (mm)

Mn = nominal moment capacity, (N-mm)

V¢ =nominal shear strength provided by concrete, (N)

Vn =nominal shear strength at section, (N)

Vs =shear resistance provided by steel stirrups, (N)

S = ratio of distance from neutral axis to extreme tension fiber to distance
from neutral axis to center of tensile reinforcement

S1 = factor taken as 0.85 for concrete strength fc' (30 MPa).

7 = average bond stress, MPa

F = tensile load, N

Cp = equivalent circumference of FRP bar, mm

| = bonded length, mm

Sc= elastic elongation, mm

Lc = length from the top of the embedded bar to the point of the attachment of
the measuring device mm

E. = longitudinal modulus of elasticity of GFRP bar, MPa
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Chapter One Introduction

CHAPTER ONE

INTRODUCTION

1.1 Introduction:

Through the last 100 years, reinforced concrete (RC) has been widely
used in construction sectors. Reinforced concrete offers superior strength
and stiffness. Although RC has these properties, drawbacks are observed
such as steel reinforcements are susceptible to corrosion, as shown in Figure

(1-1), which can cause deterioration in the RC strength and performance.

Figure (1-1): Corrosion in Steel Reinforcement [1]
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FRP reinforcement for concrete structures has been under development
since the 1960s in the United States and the 1970s in Europe and Japan.
However, it was in the 1980s that the overall level of research, field
demonstration, and commercialization became remarkable. Up to the mid-
1990s, the Japanese have the most FRP reinforcement applications, with
more than 100 demonstration or commercial projects. Fiber-reinforced
polymer design provisions are included in the design and construction
recommendations of the Japanese Society of Civil Engineering (1997Db). In
the 2000s, China became the largest user of composite reinforcement for new
construction in applications that span from bridge decks to underground
works.[2] The polymeric matrix with strong fibers embedded in it can be
used to develop new material systems. The so-called FRP composite
materials offered several advantages with respect to traditional metallic
materials. Their innovative properties, such as high tensile strength and
modulus, lightness, corrosion resistance, electromagnetic transparency, and
the possibility to “engineer” their mechanical properties by changing
constituent composition and fiber type and orientation, made FRP
composites suitable for a number of applications in different industries [2].
The aerospace industry began to use FRP composites as lightweight material
with superior strength and stiffness, which reduced the weight of aircraft
structures. Later, other industries like naval, defense, and sporting goods
started using FRP composites on an extensive basis.

FRP reinforcing bars (rebars) are anisotropic. Strength and stiffness of the
FRP rebar in the direction of the fibers are significantly affected by the types
of fibers and the ratio of the volume of fiber to the overall volume of the
FRP. The type of resin affects the failure mechanism and the fracture
toughness of the composite. Other factors influencing the properties of FRP
rebars are fiber orientation, rate of resin curing, and manufacturing process

and its quality control [3].
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Until a few decades ago, steel bars are practically the only option for
reinforcement of concrete structures. The combination of steel bars and
concrete is mutually beneficial. Steel bars provide the capacity to resist ten-
sile stresses. Concrete resists compression well and provides a high degree
of protection to the reinforcing steel against corrosion as a result of its
alkalinity.

Combinations of chlorides (depassivation of steel) and CO2 (carbonation of
concrete) in presence of moisture produce corrosion of the steel
reinforcement. This phenomenon causes the deterioration of the concrete
and, ultimately, the loss of the usability of the structure [4]. Over the second
half of the 1900s, the deterioration of several RC structures due to the
chloride-ion induced corrosion of the internal steel reinforcement became a
major concern. Various solutions are investigated for applications in
aggressive corrosion environments. These included galvanized coatings,
electrostatic spray fusion-bonded (powder resin) coatings, and polymer-
impregnated concrete epoxy coatings. Eventually, fiber-reinforced polymer
(FRP) reinforcing bars are considered as an alternative to steel bars. [3]

Composite materials made of fibers embedded in a polymeric resin, also
known as fiber-reinforced polymer (FRP), are an alternative to steel
reinforcement for concrete structures. Fiber-reinforced polymer reinforcing
materials are made of continuous aramid fiber (AFRP), carbon fiber (CFRP),
or glass fiber (GFRP) embedded in a resin matrix. Because FRP materials
are nonmagnetic and noncorrosive, the problems of electromagnetic
interference and steel corrosion can be avoided with FRP reinforcement.
Additionally, FRP materials exhibit several properties, such as high tensile
strength, that make them suitable for use as structural reinforcement. [2]

The FRP reinforcing bar became a commercially available viable solution as

internal reinforcement for concrete structures in the late 1980s, when the
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market demand for electromagnetic-transparent (therefore nonferrous)

reinforcing bars increased. [3]

1.2 GFRP Reinforcement

Glass fiber is primarily made from silica sand and is commercially
available in different grades. The most common types of glass are electrical
(E-glass), high-strength (S-glass), and alkali-resistance (AR-glass). E-glass
presents high electrical insulating properties, low susceptibility to moisture,
and high mechanical properties. S-glass has higher tensile strength and
modulus, but its higher cost makes it less preferable than E-glass. AR-glass
is highly resistant to alkali attack in cement-based matrices, but, at the
moment, sizing compatible with the thermoset resins that are commonly used
to pultrude FRP bars are not available. Composites made from glass fiber
exhibit good electrical and thermal insulation properties [3]. Figure (1-2)

shows the type used in this study.
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1.3 Considerations for the use of fibre reinforced polymer

(FRP) reinforcing bars:

1.3.1 Benefits of Fiberglass Rebar

N o g bk WD Ee

Tensile strengths greater than steel.

Electrically non-conductive.

Transparent to magnetic fields and radio frequencies.
Thermally non-conductive.

1/4th the weight of steel rebar.

Resistant to chemical attacks from chloride ions and low PH.

Low cost

1.3.2 Differences between GFRP and steel

o1

1. GFRP is anisotropic whereas steel is isotropic.

2. GFRP is linear elastic to failure whereas steel yields.
3.
4

. Due to lower modulus of GFRP bars, design for serviceability often

GFRP bars have a lower creep-rupture threshold than steel.

controls.

Different longitudinal and radial coefficients of thermal expansion.
Unlike steel, which expands and leads to a collapse of the member,
GFRP bars' degradation mechanisms are benign to the nearby concrete

should they degrade.

. Has a shorter durability time than steel in applications involving fire

and high temperatures. [2]

1.3.3 Where should FRP bars be considered?

1.

Any concrete structure that electromagnetic considerations require

nonferrous reinforcing.
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2. Any concrete structure subject to corrosion by chemicals or chloride

ions.
3. A first cost-saving measure compared to steel bars
4. As a less expensive option to galvanized and epoxy-coated

5. Where machinery will “consume” the reinforced member, mainly in

tunneling and mining

6. In hybrid applications with steel where mass concrete is exposed to

marine chlorides close to chloride exposure.

7. Applications that need thermal nonconductivity. [2]

1.4 Aim of the study

There is a need for a more sustainable alternative to traditional steel bars.
GFRP bars are a good option because they solve problems associated with
steel bars. These materials are guaranteed to be corrosion-resistant, which
reduces the lifecycle cost of concrete structures.
The main aim of this thesis is to compare the flexural behavior of steel and
GFRP reinforced concrete element experimentally. The bond behavior will
be investigated using pull-out test. The flexural test will be in two groups,
first group is reinforced with GFRP bar and the other group is reinforced
with steel bar. The beams will be subjected to flexural test until failure to
determine the ultimate load capacity, failure mode, crack pattern and crack
width attributed to each of the beam. The behavior of flat slabs reinforced
with GFRP bars subjected to a concentric load for punching shear strength.
To investigate the behavior and punching shear capacity of interior slab
column.
the aim of the study is to investigate the main comparison between the GFRP

and steel bars effects on the beams and slabs specimens through a detection
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of flexural behavior of the beams and slabs reinforced with GFRP and steel

bars, and the bond phenomena of GFRP and steel bars with concrete

1.5 Applications of GFRP bars:

GFRP rebars are suitable alternatives to steel, epoxy-coated steel, and
stainless-steel bars in reinforced concrete applications if durability,
electromagnetic transparency, or ease of demolition in temporary

applications.

1.5.1 Marine Structures

The corrosion resistance of FRP reinforcement is a significant benefit for
structures in highly corrosive environments such as seawalls as shown in
Figure (1-3) and other marine structures, bridge decks and superstructures
exposed to deicing salts, and pavements treated with deicing salts. Bridges
at sea, retaining/sea walls, ports infrastructure, and dry docks. Bridge decks
and railings where deicing salts are used. Seawalls are vertical structures
erected to protect the environment against upland erosion and flooding as
shown in Figure (1-4). Locks and dam weirs as shown in Figure (1-5). GFRP

bar is corrosion free and exhibits higher strength making it an ideal material

for marine application as shown in Figure (1-6).

\ll
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Figure (1-3): Construction of Seawall with GFRP Bars.[1]
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Figure (1-4): Honopapiilani Highway Retaining Sea Wall South
(Lahaina, Maui Hawaii).[3]

Figure (1-5): GFRP Reinforced-Concrete for Ice Harbor lock and Dam
Fish Weir (Walla Walla, Washington). [3]
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1.5.2 Parking Garages
Generally, parking garages are exposed to corrosion because vehicle
carries salt and water from the environment on their body. GFRP is an ideal

material for constructing parking garages as shown in Figure (1-7).

—
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1.5.3 Bridges

Repair and maintenance of bridges is very expensive. When steel bars
are exposed to deicing chlorides, the service of the structure is reduced.
Bridges are open to environmental and stress factors. GFRP bars are
designed in such a way there are able to sustain heavy traffic loads and also
natural disasters like earthquakes. GFRP bars used in constructing bridges

certainly reduces cost of maintenance as shown in Figure s (1-8) and (1-9).

Figure (1-8): Emma Park Bridge Deck Panel with GFRP Reinforcing
Bars, Top and Bottom Mat. [2]

¥ %

Figure (1-9): Bridge over State Ave. (Kansas City, KS).[2]

10
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1.5.4 MRI Hospital Room

Medical and information technology facilities contain equipment that
emits magnetic waves or require massive electric currents, this calls for non-
magnetic, non-metallic and non-conductive materials to be used in
constructing these facilities to avoid interference with delicate circuit or
machines. Also, the GFRP bar has twice the tensile strength of the steel bars.
In structures supporting Magnetic Resonance Imaging (MRI) as shown in
Figure (1-10) units or other equipment sensitive to electromagnetic fields,
the nonmagnetic properties of FRP reinforcement are of principal

importance.

Figure (1-10): GFRP Reinforced-Concrete Slab for MRI Rooms in
Hospital (York, Maine) [6]

1.5.5 Rail Plinths for Airport Link

GFRP bar are used in the rail plinths for airport link Glass FRP bars are
selected, as they provided electrical insolation in the rail bed as shown in
Figure (1-11).

11
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Figure (1-11): GFRP bars used in rail plinths. [2]

. g

1.5.6 Using GFRP in Airport Runways

With years airplanes are getting heavier and bigger. Achieving longer
service life should be regarded when it comes to airport runways. GFRP bars
used in reinforcing runways helps in withstanding the landing impact of
airplanes which can be over 500,000 pounds. Flexibility and strength
standards should be strictly adhered to when constructing concrete base of

airport runways as shown in Figure (1-12).

_
%

Figure (1-12): Using GFRP in Airport.[7]

12
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Reinforcing runways using GFRP bars makes it to be durable, flexible and
strong. It is not advisable to use traditional steel for runways. GFRP bars can

main the runway’s integrity for over 100 years.

1.5.7 Using GFRP in Precast Concrete Constructions

Same way RC elements are susceptible to corrosion so is precast
concrete. Using GFRP as reinforcement in precast concrete increases the
service life to over 100 years. GFRP bars are non-metallic thereby making
precast concrete elements to be non-corrodible and to avoid discoloration by

rust stain. It also makes it lighter as shown in Figure (1-13).

HITEEET ] i R LR R
Figure (1-13): Culvert bridge in City of Rolla, Phelps County, Missouri. [8]

1.5.8 Using GFRP in Special Structures

There are some special structures around the world which serve as a
landmark mainly because of their special character and appearance. Some of
the unique structures made using glass fibre reinforced polymer (GFRP) bar
can be seen in Figure s (1-14) and (1-15).
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Figure (1-15): Hindu temple design with service life of 1000 years.[6]

1.5.9 Structures Temporarily

GFRP reinforcement is the ideal material to reinforce concrete structures
temporarily, such as “soft-eyes” that have to be demolished partially by
Tunnel Boring Machines (TBMs). The “soft-eye” consists of a reinforcing
cage using GFRP bars, which can be easily cut by the TBM as shown in
Figure (1-16). [3]
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Excavation TBM Emerges (London, UK). [3]

1.6 Thesis Layout

The thesis is made up of 5 chapters:
Chapter one: gives the general information regarding reinforced concrete

and the problems associated. The aims, and thesis layout.

Chapter two: gives the in-depth information regarding fibre reinforced
polymer (FRP) bars stating their physical and mechanical properties.
Previous experimental studies done on GFRP bars will also be stated.

Chapter three: presents the experimental procedure that will be carried out

on the reinforcement materials and the reinforced beams, slabs and bond slip.

Chapter four: presents the experimental results for comparison.

Chapter five: presents the conclusions and recommendations for future

works.

15



Chapter Two



Chapter Two Literature Review

CHAPTER TWO

LITERATURE REVIEW

2.1 Introduction

The long-term durability of reinforced concrete structures has become a
major concern over the past few decades, mainly due to the corrosion risk of
steel reinforcements. Fiber-reinforced polymer (FRP) is being increasingly used
in civil engineering as a reinforcement to replace steel bars because of its rather
durable properties, especially in aggressive environments where steel
reinforcements are easily corroded. Additionally, under some special
circumstances, such as in the magnetic resonance imaging rooms of hospitals,
there is a demand for electromagnetic permeability, and such needs can be met
by FRP bars since they are non-metallic. Since FRP bars possess mechanical
characteristics different from those of steel bars (e.g., lower elastic modulus,
nonyielding properties), numerous experimental investigations have been
carried out to study the behavior of concrete members reinforced by FRP
bars.[9]

2.2 Properties Of FRP Composite Bars
2.2.1 Physical Properties of FRP Composites

The concept of polymeric resin controlling the physical nature of FRP
composites was illustrated by [3]. The most significant factors are the fibre type
and fibre-volume fraction, which is defined as the ratio of the volume of fibre

to the overall volume of the bar. The density of the FRP material is one-sixth to
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one-fourth of that of steel. The coefficients of thermal expansion of FRP bars
are different in the longitudinal and transverse directions. The longitudinal
coefficient of thermal expansion depends on the properties of the fibers, while
the transverse coefficient depends on the properties of the resin [2]. Hollaway
(2010) mentioned that the most dominant properties of polymers are physical
and in-service characteristics. Conventional thermosetting matrices are
considered to be brittle due to increase in cross-linking density observed during

polymerization [10].

2.2.2 Mechanical Properties of FRP Composite Bar
2.2.2.1  Tensile Behavior

FRP composites are brittle in nature. Unlike steel reinforcement, they do not
undergo a yielding plateau prior to rupture when they are loaded in tension.
Instead, they exhibit a linear elastic stress-strain relationship up to failure as

shown in figure (2-1).

Stress

0 Strain

Figure (2-1): Typical stress-strain relationship
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Many parameters affect the tensile strength and modulus of an FRP bar; some
of them are the type of fibers and resin, the fibre-volume fraction and the

diameter of the bar.

As shown in table (2-3), the tensile strength of the FRP composite bars is much
higher than the yield strength of the steel bars. On the other hand, the stiffness
of the FRP bars is lower than that of the steel bars.

Table (2-3): Typical tensile properties of reinforcing bars [2]

Reinforcement type Steel GFRP CFRP AFRP
Tensile strength 276-517* | 483-1600 600-3690 | 1720-2540
(MPa)

Tensile modulus 200 35-51 120-580 41-125
(GPa)

*Yield strength

2.2.2.2  Compressive Behavior

failure for FRP bars under axial compression may be triggered by transverse
tensile failure, internal buckling of the fibers, and/or shear failure depending on
the type of fibers and resin and the fibre-volume fraction. The current design
documents in North America (Canadian Standards Association 2012) and the
American Concrete Institute guideline [2]. The FRP reinforcement in
compression zones to have zero compressive strength. In general, is considered
the compressive strength and compressive modulus of FRP bars is less than the
tensile strength and modulus of the same product. The compressive strength

reduction is between 22 % - 80 % compared to the tensile strength.
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2.2.2.3 Transverse Shear Behavior of GFRP Bars

Properties of the matrix are the most dominant factors influencing the
behavior of GFRP under transverse shear loading. GFRP bars are generally
weak in transverse shear. However, shear strength can be increased by braiding
or winding additional fibers in the direction transverse to the longitudinal one.

In most cases, the shear strength of GFRP bars varies between 30 to 50 MPa
[3].
2.2.2.4 Bond Behavior

Bond stresses between the FRP bars and the concrete is transferred by the
adhesion between the concrete and the reinforcing bar (chemical bond), the
frictional resistance due to roughness of the FRP bar’s surface, the bearing of
the bar deformations against the concrete (mechanical bond/interlock), the
hydrostatic pressure exerted on the bars due to the shrinkage of the concrete and

the expansion/swelling of the bars when subjected to high temperature [11].

When an FRP-RC element is tested, the chemical bond mechanism is the
dominant mechanism transferring bond stresses between the concrete and the
bars until initial pullout/slip of the bars; thereafter, frictional bond and
mechanical interlock become the governing mechanisms depending on the

surface texture.

The bond behavior of FRP bars is fairly different from that of steel bars
because of the different surface preparations and the considerable differences
in the material properties in both longitudinal and transverse directions. A
reduction of 40% to 10% was found in the maximum bond strength of GFRP
bars compared to steel bars with the same diameter. This was attributed to the

fact that while the main contribution to the bond strength in case of steel
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reinforcement comes from the bearing of the bar rips against the concrete; the
rips of the GFRP bars do not provide enough lateral confinement since they
have different geometry and lower shear strength and stiffness than those of
steel bars [11].

2.3 Time-Dependent Behavior

These are time dependent characteristics of the FRP bars which regards to
strength, it is an important factor when designing reinforced concrete structures.

These properties are stated below.

2.3.1 Creep Rupture

Fiber-reinforced polymer reinforcing bars subjected to a constant tension
over time can suddenly fail after a time period called the endurance time. This
phenomenon is known as creep rupture or static fatigue. Creep rupture is not an
issue with steel bars in reinforced concrete except in extremely high
temperatures, such as those encountered in a fire. As the ratio of the sustained
tensile stress to the short-term strength of the FRP bar increases, endurance time
decreases. The creep rupture endurance time can also irreversibly decrease
under sufficiently adverse environmental conditions such as high temperature,
ultraviolet radiation exposure, high alkalinity, wet and dry cycles, or freezing-

and-thawing cycles.

2.3.2 Fatigue

There is various amount of data for the past 30 years stored on the lifespan
and fatigue of FRP but limited to aviation industries. No enough researches
related to RC elements [2]. Reports explained that among all type of FRPs,
GFRP is less prone to fatigue. At about a million cycle, there is a 30-50%

decrease in fatigue strength when compared to initial static strength. AFRP bar
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in concrete tends to lose 27-46% of its tensile strength at about 2 million cycles
[2]. Fatigue behavior is strongly dependent on environmental conditions such
as alkalinity, acidity and moisture in the concrete mass covering the bars.
Fatigue limit cannot be clearly determined unlike steel [12]. It is important to
keep in mind that degradation of resin or fibre interface under alkaline and moist
environment can have a detrimental effect. Generally, behavior of fatigue in

FRP largely depend on the bond between resin matrix and fibre.

2.3.3 Durability

Durability of FRP reinforced concrete element is dependent upon many
factors such as water, acidic or alkaline solutions, elevated temperature, saline
solutions and ultraviolet exposure. Stiffness and strength varies or remains
constant which depend on the exposure condition or type of material. Bond
and tensile properties are the most important parameters of FRP bars that

needs to be regarded during construction of reinforced concrete structures [2].

2.4 RC Element Strengthened by GFRP Bars

2.4.1 Flexure Behavior of Beams

Ashour (2006) [13] This paper reports the test results of 12 concrete beams
reinforced with glass fiber-reinforced polymer (GFRP) bars subjected to a four-
point loading system. All test specimens have neither transverse shear nor
compression reinforcement and are classified into two groups according to the
concrete's compressive strength. The main parameters investigated in each
group are the beam depth and the amount of GFRP reinforcement. Two modes
of failure are observed, namely flexural and shear. The flexural failure is mainly
occurred due to tensile rupture of GFRP bars either within the mid-span region
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or under the applied point load. The shear failure is initiated by a major diagonal
crack within the beam shear span. This diagonal crack extended horizontally at
the level of the GFRP bars indicating bond failure. All the beams were reported
to have failed in flexure due to rupture of FRP bars or crushing of concrete. The
average and standard deviation of the ratio between predicted and experimental
bending capacities are 0.99% and 14.6%, respectively. The predictions obtained

from the analysis are in very good agreement with the experimental results.

Lau & Pam (2010) [14] Twelve specimens consisting of plain concrete
beams, steel-reinforced concrete (SRC) beams, pure FRP beams and hybrid
FRP beams are fabricated and tested. The test results show the hybrid FRP
beams behave in a more ductile manner when compared with the pure FRP
beams. Also, it is observed that a higher degree of over reinforcement in the
beam specimen resulted in a more ductile FRP beams. Hence, the addition of
steel reinforcement can improve the flexural ductility of FRP members, and
over-reinforcement is a preferred approach in the design of FRP members.
Flexural ductility of FRP members can be improved by two methods, i.e. by
increasing the degree of over-reinforcement and by adding conventional steel
rebars. The ductility improvement by adding steel rebars is higher in over-
reinforced FRP members than in the under-reinforced counterparts, and the
increase is considerably larger in the over-reinforced member than the

balanced-reinforced counterpart.

Kalpana & Subramanian (2011) [15] The present study focuses on
gaining an insight into the behavior of concrete beams reinforced with GFRP
bars subjected to two-point loading system by varying the grade of the concrete
and diameter of the bar. The modes of failure and the crack width at each stage
of loading are observed. The results of load-deflection and load-crack width
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characteristics are discussed. The crack pattern of the GFRP beams under
loading is also reported. The comparisons between the flexural capacity of
GFRP beams and steel beams from theoretical analysis and GFRP beams with
that of the experimental are done. The reduction in stiffness of the GFRP bars
results in an increased crack width. As the concrete strength increases, the
changes in ultimate crack widths are relatively small. The increase in the width
of cracks significantly decreases with the increase in the size of the reinforcing
bar. The reduction in stiffness of the GFRP bars results in an increased crack
width.

Barris et. al, (2012) [16] experimente on GFRP reinforced concrete beams
to determine their short-term behavior in flexure using distinct ratio of
reinforcement and varying the effective depth to height ratio. They examine
some prediction models and try to compare them with experimental results.
They conclude that the beam behaved linearly until cracking as a result of
absence of plasticity of GFRP bar, but the failure is experienced at larger
displacements. The prediction by ACI 440.1R regarding flexural load at service
load level closely agree to the experimental result but that is not the case in
higher load levels. The crack width from experimental result closely fits the
minimum value proposed by ACI 440.1R which signified good bonding
between GFRP bars and concrete. All beam failed as 30 a result of concrete
crushing and the experimental ultimate capacity of the beam is more than the

expected as per the ACI standard.

Shanour et al., (2014) [17] performs experiment on beams having
dimensions of 120x300x2800mm reinforced using locally made GFRP bars and
steel reinforced beams. The main parameters of concern they regard are the
impacts of compressive strength, the ratio of reinforcement and the type of
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material used (Steel or GFRP). The beams are subjected to four-point bend tests
and concluded that mid span deflection and crack width is reduced by increasing
the ratio of reinforcement. Also, the ultimate capacity of the beam significantly
increases as the reinforcement ration increases. The test results revealed that the
crack widths and mid-span deflection were significantly decreased by
increasing the reinforcement ratio. The failure in GFRP RC beams reinforced
with more than the balanced reinforcement was compression failure due to
concrete crushing. While, Beams reinforced with GFRP ratio in order of lower
than or almost equal the balanced reinforcement ratio exhibited rupture of
GFRP reinforcement. Increasing the concrete compressive strength in the order
of 25Mpa to 45Mpa exhibit reducing in the crack width by 52%. The loads
deflection curves were bilinear for all GFRP reinforced beams. The first part of
the curve up to cracking represents the behavior of the un-cracked beams. The

second part represents the behavior of the cracked beams with reduced stiffness.

Kheni et. al, (2016) [18] performs an experimental and analytical study to
study the how GFRP RC element behave in comparison to steel RC element.
Concrete beams are made with 20MPa and 25MPa concrete and also different
reinforcement size combination. The analytical study is performed using finite
element modelling software (ATENA 3D) to simulate each of the beams.
Comparing the two results shows the ultimate capacity of GFRP reinforced
beam is higher than steel reinforced beam. They also suggested that combining

steel and GFRP bars together will result much higher ultimate capacity.

Chidananda & Khadiranaikar, (2017) [19] performs experiments on 12
beams having dimensions of 150x180x1200mm reinforced with glass fiber-
reinforced polymer (GFRP) bars subjected to a four-point loading system.

which is subjected to four-point test. The beams where in 4 groups each with
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different ratio of reinforcement. They also conclude that increasing the ratio of
reinforcement elevates the ultimate capacity of the beams and also show how

applicable the ACI standard is in beam design.

Saleh et. al, (2019) [20] two design codes for the flexural design of Fibre
Reinforced Polymer (FRP) bar reinforced concrete beams have been reviewed
and compared with the results of the experimental investigations of eight GFRP
(Glass Fibre-Reinforced Polymer) bar reinforced concrete (GFRP) beams. It has
been demonstrated that experimentally determined load carrying capacities,
maximum deflections and energy absorbing capacities have been over predicted
by the relevant code recommendations for the under-reinforced and balanced

GFRP beams while being under-predicted for the over-reinforced GFRP beams.

Moolaei et. al, (2021) [21] seven beams are reinforced with the steel and
Glass Fiber Reinforced Polymer (GFRP) bars in a hybrid system and the
experimental behavior of beams is investigated. Three groups of beams are
reinforced, including only-GFRP, only-steel, and hybrid steel-GFRP rebar
subjected to four-point bending tests, respectively. To enhance the ductility of
beams, conventional concrete is substituted with the High-Performance Fiber
Reinforced Cementitious Composites (HPFRCC). The beams of the first and
second group are separately constructed by conventional concrete and
HPFRCC; however, the third group is only consisted of HPFRCC. The results
indicated that HPFRCC concrete positively influenced on the strength, ductility,
and energy absorption of reinforced beams using composite and hybrid bars.

In (2021) Putri,[22], This paper proposes an analytical study to predict the
flexural capacity of structure elements reinforced with glass fibre reinforced
polymer (GFRP) bars. To consider the contribution of concrete under

compression, a nonlinear stress-strain curve of concrete is used. The results are
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also compared to the ACI 440.1R-15 code and validated against a published
experiment. The rupture modes predicted in the analytical investigation are
comparable to those observed in the experiment, with an average flexural
capacity ratio estimated using Todeschini's nonlinear curve ranging from 0.78
to 0.86. Furthermore, the flexural capacity calculated using Todeschini's
nonlinear stress-strain curve for specimens with reinforcement ratios greater

than the balanced reinforcement ratio outperformed the ACI code.

2.4.2 Bond Slip Behavior

Aiello & Ombres, (2000) [23] The use of a general method in the analysis
of FRP reinforced concrete beams is needed in order to take into account all
parameters influencing the structural behavior of such elements. The method is
found based on the use of moment-curvature diagrams of a concrete block
between two contiguous cracks. The local bond-slip and the tension stiffening
effects are considered. The wide variability of geometrical and mechanical
properties of FRP rebars available on the market does not allow to define a
unique model able to predict the serviceability behavior of FRP reinforced
concrete beams for any load and support condition. The use of empirical
models, such as Codes models, in some cases is not able for a reliable structural
analysis. essential for the structural analysis. Consequently, bond tests should
be considered as fundamental for the mechanical characterization of FRP
rebars. The general method predicts very well deflections of CFRP reinforced
concrete beams for low values of the reinforcement ratio, while for high values

of the reinforcement ratio it underestimates experimental values.
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Achillides & Pilakoutas, (2004) [24] This paper examines the behavior of
Eurocrete fiber-reinforced polymer (FRP)bars (glass, carbon, aramid, and
hybrid) in concrete under direct pullout conditions. More than 130 cube
specimens are tested in direct pullout where no splitting is allowed to develop.
In normal concrete, the mode of bond failure of FRP bars is found to differ
substantially from that of deformed steel bars because of damage to the resin
rich surface of the bar when pullout takes place. This paper reports in detail on
the influence of various parameters that affect bond strength and development
such as the embedment length, type, shape, surface characteristics, and diameter

of the bar as well as concrete strength.

Carvalho, (2017) [25] The steel-concrete bond is a fundamental property
in reinforced concrete structures. Although there are several studies on the steel
concrete bond, few of them have evaluated the performance of reinforcing bars
with diameters less than 10.0 mm, which includes 5.0, 6.3, and 8.0 mm
diameters, which are normally used in reinforced- concrete elements. This study
experimentally evaluates the bond between thin steel bars and concrete of
25MPa compression strength. Three types of methods of testing the bond-
strength were performed: confined bar test, pull-out test and beam test. The pull-
out test resulted in better results in terms of evaluating the bond behavior.
Regarding the specimens for the pull-out tests, a modified model with an

anchorage length equal to 10 times the bar diameter is suggested.

Cruz et.al, (2018) [26] Structures when exposed to marine environments
(e.q. ports, offshore structures, buildings located by the sea) are subjected to the
simultaneous action of several physical and chemical deterioration processes
that accelerate their degradation and greatly reduce their service life. The

program is composed of 24 direct pullout tests divided into 8 series. Studied
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parameters are (i) type of water used in the concrete composition (SW- seawater
or TP- tap water), (ii) GFRP rods diameter (@8 or @12) and (iii) anchorage
length (5@ or 100). Influence of the GFRP diameter it can be concluded that
the bond strength tends to increase with the increase of the rod diameter.
Influence of the anchorage length the results demonstrated that by increasing

anchorage length the bond strength has increased.

Gao et.al, (2019) [27] This paper presents the results of a series of pullout
tests that are performed on Glass-fiber-reinforced polymer (GFRP) bars
embedded in concrete, while providing a detailed report on the influence of
various variables that impinge upon bond behavior, such as the surface
characteristics and diameter of the bars, concrete strength, as well as the
confined effect of stirrups. The Bertero-Popov-Eligehausen (BPE) and
Cosenza-Manfredi-Realfonzo (CMR) models analyzed the bond stress (t)-slip
(s) relationship between GFRP bar and stirrups-confined concrete. The tests
results indicate that when the bond failure interface only occurs on the surface
of a GFRP bar, the bond strength is not dependent upon the concrete strength.
The improvement of concrete strength does not necessarily render an increase
in the bond strength of the GFRP bars. Moreover, the results indicate that in
comparison to specimens without stirrups, their stirrup-containing counterparts
are more prone to pullout failure with greater ductility and higher bond strength

and corresponding slip.

Solyom & Balazs, (2020) [28] This paper presents an extensive
experimental study of the effect of surface characteristics on the bond behavior
of Fibre Reinforced Polymer (FRP) bars in concrete. A wide range of
commercially available FRP bars with different surface profiles (total of 13

different surface configurations) are involved. For comparison, ribbed steel bars
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were used. To investigate whether the effect of surface characteristics is in
interaction with other factors, further parameters are included in the study such
as concrete compressive strength (35 and 66 MPa), bar diameter (6 to 12 mm)
and test type (pull-out [P-O] and direct tension [DT] pull-out). This resulted a
total of 200 P-O and 38 DT tests. The bond behavior of the bars is evaluated by
bond strength, bond stress-slip relationship, representative bond stresses and
failure mode. It is found that the bond strength as well as bond stress-slip
behavior and failure mode vary considerably depending on surface
characteristics. Furthermore, even within the same surface category the bond
strength difference can be significant (e.g., SC surface with different sand
fineness). The concrete strength influences the bond strength even if it is higher
than the limit stated in literature (approximately 30 MPa). Furthermore, the
bond strength results of all FRP bars are consistently higher than those of steel
bars. Some results reported in this paper considerably differ from those
previously reported in other papers based on testing similar bars. The difference,
in terms of bond strength, can be explained by the alteration of surface
configuration, the improvements in material properties and fabrication

processes.

2.4.3 Flexural Behavior of Two-Way Slab

In (2013) Hassan et. al, [29] The punching-shear behavior of two-way
concrete slabs reinforced with glass fiber—reinforced polymer (GFRP) bars of
various grades are examined in this work. A total of 10 full-scale interior slab-
column specimens measuring 2,500 x 2,500 mm with thicknesses of either 200
or 350 mm and 300 x 300 mm square column stubs are fabricated with normal

and high-strength concretes. The specimens are tested under monotonic
29



Chapter Two Literature Review

concentric loading until failure. The effects of concrete strength, as well as the
type and ratio of reinforcing are studied. Increased reinforcement ratio resulted
in higher punching-shear capacity, lower reinforcement and concrete strains,
and reduced deflections, according to the test results. Furthermore, because to
its high tensile strength and modulus of elasticity, the high-strength concrete
increased punching-shear capacity, significantly reduced concrete strains,

increased strains in the GFRP reinforcing bars, and reduced deflection.

In (2013) Dulude et. al, [30] An experimental study's results 10 internal
slab-column samples with dimensions of 2.5 x 2.5 m were built and tested to

failure. The followings are the test parameters:

1) reinforcement type (GFRP and steel)
2) slab thickness (200 and 350 mm)
3) column dimensions (300 x 300 mm and 450 x 450 mm)

All test samples showed punching shear failure, and the crack patterns at failure
are same regardless of reinforcing type or ratio. Furthermore, when the same
reinforcement ratio is used, the GFRP-reinforced samples have lower punching
capacity than the steel-reinforced samples due to the lower modulus of GFRP
bars compared to steel. The comparisons show that the ACI 440.1R equation

yield very conservative.

Kara & Sinani (2016) [31] an innovative solution to the corrosion problem
is the use of fiber-reinforced polymer (FRP) as an alternative reinforcing
material in concrete structures. In addition to the noncorrodible nature of FRP
materials, they also have a high strength-to-weight ratio that makes them
attractive as reinforcement for concrete structures. Extensive research programs

have been carried out to investigate the flexural behavior of concrete members
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reinforced with FRP reinforcement. On the other hand, the shear behavior of
concrete members, especially punching shear of two-way slabs, reinforced with
FRP bars has not yet been fully explored. The existing provisions for punching
of slabs in most international design standards for reinforced concrete are based
on tests of steel reinforced slabs. The elastic stiffness and bonding
characteristics of FRP reinforcement are sufficiently different from those of
steel to affect punching strength. In the present study, the equations of existing
design standards for shear capacity of FRP reinforced concrete beams have been
evaluated using the large database collected. The experimental punching shear
strengths were compared with the available theoretical predictions, including
the CSA S806 (CSA 2012), ACI-440.1R-15 (ACI 2015), BS 8110 (BSI 1997),
JSCE (1997) a number of models proposed by some researchers in the literature.
The existing design methods for FRP reinforced concrete slabs give
conservative predictions for the specimens in the database. This paper also
presents a simple yet improved model to calculate the punching shear capacity
of FRP reinforced concrete slabs. The proposed model provides the accurate
results in calculating the punching shear strengths of FRP-reinforced concrete
slender slabs. The proposed model provided the most accurate results s in
calculating the punching shear strength FRP-RC slabs among existing shear
equations considered. The theoretical results indicated that the direct
implementation of the FRP axial stiffness into the punching-shear equations

provided good predictions.

Ahmed et. al, (2017) [32] Parking garages are among the concrete
structures that suffer from corrosion and deterioration due to exposure to
deicing salts. This study provides details on the design, construction, and
performance of GFRP-reinforced-concrete (GFRP-RC) flat slabs under real
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service loads and conditions over 3.5 years. In addition, it provides a
comparative cost analysis of the steel-RC and GFRP-RC designs. The cost
comparison confirms that the initial higher cost of GFRP compared to steel does
not necessarily lead to a higher total cost and that a cost-effective design could
be achieved. No obstacles to construction are encountered as the result of using
the GFRP bars in the flat slabs. The GFRP bars withstood normal on-site
handling and concrete placement with no problems. The GFRP-RC flat slabs
showed normal structural performance in terms of strain and cracking
throughout 3.5 years of real service conditions. The maximum measured strains
in the GFRP bars did not exceed 20% of their strain capacity, but were lower
than the expected strains. The midspan sections in flat slabs should be designed
S0 as to resist the bending moments resulting from the redistributed negative

moment due to cracking and change in the flexural stiffness.

In (2017). Mohamed & Khattab,[33] Reinforcing two-way concrete slabs
with Fibre Reinforced Polymer (FRP) bars can increase service life, decrease
maintenance costs, and improve life cycle cost efficiency. Traditional
reinforcing steel is replaced by FRP reinforcing bars, which are more
environmentally friendly. Shear behavior of reinforced concrete structural
members is a complicated phenomenon that is dependent on the development
of internal load-carrying mechanisms, the magnitude and combination of which
are still being studied. Many building codes and design standards provide
design formulas for estimation of punching shear capacity of FRP reinforced
flat slabs. Building code formulas take into account the effects of the axial
stiffness of main reinforcement bars, the ratio of the perimeter of the critical
section to the slab effective depth, and the slab thickness on the punching shear
capacity of two-way slabs reinforced with FRP bars or grids. The purpose of

32



Chapter Two Literature Review

this research is to compare actual data from the literature with building code
formulae for estimating punching shear capacity of concrete flat slabs
reinforced with FRP bars. Emphasis in this paper is on two North American
codes, namely, ACI 440.1R15 and CSA S806-12. In terms of forecasting
punching shear capacity, both ACI 440.1R-15 and CSA S806-12 are shown to

be in good agreement with test results.

Ju et. al, (2018) [34] This study investigated the punching strength behavior
of two-way concrete slabs reinforced with non-corrosive GFRP bars. The
punching shear strength, deflection and crack width are examined in terms of
strength and serviceability performance. All test specimens displayed punching
shear failure. The STS specimen exhibited stiffer behavior until failure than the
GFS specimens that are reinforced using an equivalent reinforcement ratio. For
the tested service load of the GFS specimens, the load carrying capacity was
1.4-1.6 times higher than the designed service load. Additionally, the
experimental results demonstrated that the structural capacity is sufficient to
resist the concentrated design load the amount of GFRP bars is designed using
the minimum reinforcement ratio. The test results demonstrated that the two-
way concrete slabs with GFRP bars satisfied the allowable deflection and crack
width under the service load specified by the design specification even in the

state of the minimum reinforcement ratio.
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CHAPTER THREE

EXPERIMENTAL WORK

3.1 Introduction

This chapter provides the detailed explanation of the experimental work that
was done in the Laboratories of the Civil Engineering Department at the
University of Kerbala for this thesis. The details of test specimens which
includes the geometry, reinforcement details and how the specimens are
prepared is clearly stated. Compression, pull-out, punching, and flexural tests
will be performed on the specimens, and the procedure will be clearly specified.
The material properties of concrete, GFRP and steel bars are also evaluated and

reported.

3.2 Description of Specimens

The focus of this study is to investigate both the flexural of simply supported
RC beams, the punching shear of flat slab and the bond of reinforcement of bar,
therefore; three groups of specimens. The first group was designed to ensure
flexural failure in beam with GFRP bars and steel bars also rupture in concrete
in beam with GFRP bar, while the second group was designed to punching shear
failure in slab with GFRP bars and steel bars and the third group was to test the
bond between concrete and steel bar, concrete and GFRP bar.

The element types were identified by using three terms. The first term,

alphabetic term, of the identification corresponded to a beam(B) or slab (S) or

bond test pullout (P). The second term, alphabetic term, of the identification

corresponded to GFRP bar (G) or Steel bar (S). The third term, numerical term,
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represent of the identification corresponded to number of longitudinal bar or

distance of bar in concrete in pullout test.

3.2.1 Dimensions of Specimens
3.2.1.1 Group One Beam specimens

This group consists of three beams, The first beam consists of two bars from
GFRP (BG2), The second beam consists of four bars from Steel (BS4), The
third beam consists of four bars from GFRP (BG4). the bar diameter is the same

@6 for all specimens

All beams have a rectangular cross-section of 150x200 mm, with a total
length of 1300 mm The span between the supports was 1200 mm. The
specimens were tested under two-point loads, the distance between loads being
400 mm. To avoid shear failure, steel stirrups were used with an adequate
amount @6 @100mm, two nominal 6mm steel rebar were used as top
reinforcement. All beams had a similar clear cover of 15 mm from each face to

the secondary reinforcement as shown in Figure (3-1).
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a) Cross-Section of Beams
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b) Stirrups and Reinforcement
Figure (3-1): Reinforcement and Test of Beam

3.2.1.2 Group Two Slab Specimens

Four two-way slab specimens were constructed and tested under central
patch of (100x100) mm square plate load up to failure. The first and second slab
consists of 7@6 bar in two-way these specimens are SG7 and SS7 for GFRP
and steel rebars, respectively, with a reinforcement ratio of 4.5% and 3.8%
respectively GFRP and Steel. The third and fourth slab consists of 14@6 bar in
two-way these specimens are SG14 and SS14 for GFRP and steel rebars,
respectively, with a reinforcement ratio of9 % and 7.5% respectively for GFRP

and Steel as shown in Figure (3-2).
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The main parameters studied were the effect of flexural reinforcement
spacing on the punching shear strength. The concrete strength was kept constant
at around 30 MPa. The concluded specimens were a square of 1100 mm long in
both directions with a thickness of 70 mm. Simple support was used for all
specimens acting on all four edges with a clear span of 1000 mm. A patch load
was then applied to the slab by loading a square steel plate of cross-section
(100*100) mm and with 20mm thickness.
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a) Specimens SG7 and SS7
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b) Specimens SG14 and SS14

Figure (3- 2) Geometry Reinforcement of Slabs’ Specimens

3.2.1.3 Group Three Bond Slip Specimens

The test specimens consisted of six cubes. Pull-out specimens were
reinforced with three GFRP and three steel re-bars. The geometrical dimensions
of the pull-out cube of 200 mm side to this is according to ACI-440 [2] as shown
in Figure (3-3) The main parameters investigated in pull-out cubes were bar
diameter (6 mm for GFRP bar and steel bar) and embedment length (5, 7.5, and

10, times bar diameter). Surface texture for GFRP bar was helical wrapping
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testing pull-out. The bar location in the concrete cube was centric. The influence
of these factors on bond strength were analyzed and discussed to deeply

understand the bond behavior between GFRP re-bars and concrete.

200
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N
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<
o
2
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steel tube — 3

Figure (3-3) Pull-Out Cube Bond
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3.3 Material of The Experimental Work
3.3.1 Concrete

The materials used in producing concrete are locally available materials,
which includes cement, natural gravel, natural sand, and water. A C30 grade

concrete was used for the whole experimental works.

3.3.1.1 Cement

Ordinary Portland cement (Iraqi manufactured by Karasta) is used in this
study for casting all specimens and concrete testes. Its chemical composition
and physical properties supplied by the manufacturer as given in Table (3-1)
and Table (3-2), respectively, and it conforms to the Iragi specification (IQS
No. 5/2019) [35].

Table (3-1): Chemical analysis and main compounds of cement.

Chemical composition Item Test Result I-_i-mit-s of Irad
(%) specification No.5/2019
Silicon oxide SiO2 20.58 -
Aluminum oxide Al2O3 5.6 -
Ferric oxide Fe203 3.28 -
Calcium oxide CaO 62.79 -
Magnesium oxide MgO 2.79 <5.0%
Sulphur trioxide SOs 2.35 <2.8%
Loss of ignition L.O.l 1.94 <4.0%
Insoluble residue I.R 1 <1.5%
Lime saturation factor L.S.F 0.9 0.66-1.02
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Main compound composition

Tri-calcium silicate C3S 50.12 -
Di-calcium silicate C2S 21.26 -
Tri-calcium aluminate C3A 9.29 -
Tetra-calcium aluminate ferrite CAAF 9.98 -

Table (3-2): Physical properties of cement.

Iraqgi specification No.

Final (hours: minutes)

Item Test Result
5/1984
Blaine fineness (m2/kg) 314 >230
Compressive Strength
(MPa) 20.8 >20
3 days 28.0 >23
7 days
Time of setting (Vicat)
. _ 2:05 >00:45
Initial (hours: minutes)
4:20 <10:00 hrs

3.3.1.2 Fine Aggregate (Sand)

Natural sand of 4.75 mm maximum size was used in this investigation.

Before being ready to use, the sand was washed and cleaned by water

several times, later it was spread out and left to dry in air to avoid the

humidity saturation which may affect the water content extensively. Table

3-3 shows grading and properties of fineaggregate, which conforms to the
Iragi standard specification (1QS N0.45/1984) [36]
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Table (3-3): Fine aggregate grading and properties

Sieve's opening size

passing %

Fine aggregate Iragi specification N0.45/1984
10 mm 100 100
4.75 mm 92 90-100
2.36 mm 81 75-100
1.18 mm 73 55-90
600 pum 55 35-59
300 um 24 8-30
150 pm 7 0-10

SO3 content=0.35% (specification requirements up to 0.5%)

Fineness modulus = 2.68

3.3.1.3 Coarse Aggregate (Gravel)

A maximum size of 14 mm of local gravel was used in the current study.

The gravel waswashed and cleaned by water several times and left to dry in

air. Table 3-4 shows grading and properties of the coarse aggregate, which
conforms to the Iraqi standard specification (1Q. S N0.45/1984) [36].

Table (3-4): Coarse aggregate grading and properties

Sieve size (mm)

Passing %

Coarse aggregate

Iraqi specification N0.45/1984

19 100 100
14 96 95-100
10 46.6 8-50
5 5.1 0-10
2.36 02 | mmem—-

SO3 content=0.07% (specification requirements up to 0.1%)
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3.3.1.4 Mixing Water
Tap water has been used for casting and curing all the beam specimens

as well as forwashing the fine and coarse aggregates.

3.3.2 Reinforcing Bars

Tensile test was carried out on @6 mm mild deformed steel bars. Three
samples for each size were tested. at the material laboratory of Kerbala
University. The main properties of the reinforcing bars are presented in Table

(3-5) and it is in agree with the standard specification ASTM A615 [37]
The digital machineused for testing steel bars is shown in Figure (3-4).
GFRP bars with a diameter of 6 mm were used. The surface texture is helical

wrapped Ultimate Strength (896 MPa), as shown in [Appendix B].

Table (3-5): Test results of reinforcing bars.

Diameter Area Tensile Yield | Ultimate
Bar Material (mm) (mm?) modulus stress | Strength
(GPa) (MPa) | (MPa)
GFRP 6.35 (6) 31.67 46 _— 896
Steel 5.8 (6) 26.42 200 514 535
Values between brackets based on nominal diameter

43



Chapter Three Experimental Work

Figure (3-4): Testing Machine of Steel Reinforcement.

3.4 Preparation of Specimens

3.4.1 Mix Design
3.4.1.1 Concrete Mix Design

To select the mixture proportion for normal weight concrete with target
compressive strength of 30 MPa at 28 days. The selected mixture for casting all
beam specimens was (1 cement: 1.73 sand: 2.2 gravel, by weight). The average
compressive strength f,, at 28 days was 37.5 MPa. Table (3-6) shows the

mixture proportions (by weight) of the selected concrete mix.
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Table (3-6): Mixture proportions for the selected concrete mix.

Materials The selected concrete mix
Water/cement ratio 0.47
Water (kg/m3) 207
Cement (kg/m3) 423
Fine aggregate (kg/m3) 732
Coarse aggregate (kg/m3) 934

3.4.2 Mix Procedure

3.4.2.1 Mix The Normal Concrete Procedure

The mixing procedure was as follows:

1. All quantities of construction materials were weighed and packed in
clean containers prior to mixing.

2. Before placing the materials, the mixer's interior surface was cleaned
and moistened and making sure that do not contain any amount of water.

3. The coarse and fine aggregate is stocked in a horizontal rotary mixer
with a capacity of (0.04 m®) and mixed in (2/3) of the required water for
(1) minute and then the cement and rest water added and mixed for (3)
minutes.

4. Finally, the concrete was slightly poured into oiled wood molds.
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3.4.3 Placement of Reinforcement, Casting and Curing Process

The specimens were reinforced with steel bars and GFRP bars. Wooden
mold was used for casting the specimens as shown in Figure (3-5). Oil was
rubbed on the inner surface of the moulds to enable easy exit of the specimen
after setting. The reinforcement was detailed and bonded together by wires to
form the designed reinforcement. The reinforcement was inserted into the
moulds with spacer attached to achieve the concrete cover of 15mm. Each
specimen beam and slab were cast in one layer, and then vibrated by a steel
vibration rod to make sure that the concrete was adequately condensed and no
segregation would occur, as shown in Figure (3-6). The specimens were
removed from the moulds after 48 hours and inserted into curing tank
containing water at a temperature of 20+2°C. After 28days curing the specimens

were ready for testing.
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Continues

c) Rebars Cage

Continued
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Continues

d) Pull-out setup

Figure (3-5) Wooden Mold and Reinforcement
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Figure (3- 6) Casting and Compacting of Concrete by External Vibrator.

3.5 Mechanical Properties of Hardened Concrete

3.5.1 Compressive Strength (fu)

The concrete cube compressive strength of control samples (f.,) was
obtained according to the British Standard BS1881-part 116:1989 [38]. The
tests were carried out at the structural laboratories of Kerbala University.
Six cubes of (150x150%150) mm were tested at 28 days by using hydraulic
compression testers for cubes with a capacity of 2000 kN, capacity ELE
digital machine, as shown in Figure (3-7). The load was applying

perpendicular to the direction of casting at rate of 0.3 MPa per second.
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Figure (3-7) Compressive Strength Machine.

3.5.2 Modulus of Rupture (Flexural Strength Test)

Concrete prism specimens of dimensions (100x100x400) mm were tested
with third-point loading according to ASTM C78-2010 [39]. All prisms were
tested at 28 days using a universal flexural testing machine with a capacity of
150 kN, the rate of load was 1 MPa per minute. Figure (3-8) shows the modulus
of rupture test setup. An average of three samples was adopted in the
calculations. The following formula was applied to determine the modulus of

rupture:

fr= PL/bRZ (3-1)
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Where:

f- = modulus of rupture (MPa)
P = maximum applied load (N)
L= span length (mm)

b= width of specimen (mm)

h= depth of specimen (mm)

Figure (3-8) Flexural Tensile Test Setup

3.5.3 Splitting Tensile Strength (fsp)

The splitting tensile strength was carried out on cylindrical concrete specimens
of 150 mm diameter and 300 mm height in accordance with ASTM C496-2011
[40], and an average of three samples was adopted in the calculations. The
specimens were tested at 28 days by using hydraulic compression testers for
cubes and cylinders with a capacity of 2000 kN, the rate of load was 0.018 MPa
per second. Figure (3-9) shows the splitting tensile test setup. The splitting

tensile strength was calculated from the following:
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2P

foo=— (3-2)
Where:

fsp = splitting tensile strength (MPa)

P = maximum applied load (N)

d = diameter of cylinder (mm).

L = length of cylinder (mm)
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Figure (3-9): Splitting Tensile Test Setup

3.6 Test Procedure

3.6.1 Beams Testing

All beams were taken out from the curing water tank after 28 days, left to
dry, and then painted with white color, so that cracks can be easily detected.
The composite concrete beams were tested up to failure by using the testing
machine under monotonic loads, and repeated loads as shown in Figure (3-10).
The beams were loaded with four-point loads. The applied loads were
distributed on beam by using steel plates under hydraulic jack. The loads were
applied in successive increments up to failure. In every 5 kN step, the mid span

deflection was recorded.
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Figure (3-10) Test of Beam

All the test was conducted in the concrete laboratory of the civil engineering
department — University of Kerbala. A universal testing machine with (2000
kN) loading capacity designed and manufactured for the structural loading test
was used for the experimental testing program. The machine is equipped with
electronically controlled gages (linear variable differential transformer -LVVDT)
and loading cells, which collects load, deflection data using a computerized

system programmed by (LABVIEW) software.

All other sensors and load cells were linked to Lab VIEW 2018software.
This program was used to translate the electric signals to mathematic value
conversely. Also, data could be saved in the excel sheet directly. The coordinate
system, which was used here, was a data acquisition (DAQ) type NI6052E. This
device can read the signal from the sensors and translate it into the program.
This program was able to read all sensors devices, namely; load cell, and

LVDT’s at the same time. Also, this program could display the data in the
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mounter; when the values were being measured during the testing process, as

shown in Figure (3-11).

Load control and Rate of Load
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Figure (3-11) View of the Controlling Program

3.6.1.1 Design of flexural

Whether the FRP-reinforced flexural member is limited by FRP rupture or
concrete crushing determines its flexural capacity. One may determine the
governing limit state by comparing the FRP reinforcement ratio to the balanced
reinforcement ratio (psy), a ratio where concrete crushing and FRP rupture occur
concurrently. FRP does not yield, hence its design tensile strength is used to
calculate the balanced ratio of FRP reinforcement. Equation (3-3) may be used

to get the FRP reinforcement ratio, and Equation (3-4) can be used to determine
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the balanced FRP reinforcement ratio. The FRP rupture limit state takes control
if the reinforcement ratio is less than the balanced ratio (ps < psv), if not, the limit

state for concrete crushing takes control (ps > prp).

Flexural strength nominal Concrete crushing is the governing limit state
when (pr > prv), and the ACI-440 [2] rectangular stress block may be used to
approximate the stress distribution in concrete. The following can be deduced
from the equilibrium of forces and strain compatibility shown in Figure (3-12).
The nominal flexural strength may be calculated using Equations (3-5), (3-6)
and (3-7). Since the FRP reinforcement is linearly elastic at the concrete crushing
limit state, Equation (3-7) may be used to calculate the stress level in the FRP

since it is smaller than fg,.

When (pr < psb), it is possible to compute the nominal flexural strength at a
section using the formula in Equation (3-8), with the rupture of the FRP
reinforcement serving as the regulatory limit state. The analysis has two
unknowns despite the fact that the stress in the reinforcement is known: the
distance from the neutral axis ¢ and the concrete compressive strain at ultimate
when the FRP ruptures in tension (ec). The analysis gets complex and
challenging to solve using a closed-form solution when these unknowns are

present.

The maximum concrete strain (eC < ecu) may not be obtained, hence the ACI
[2] equivalent rectangular stress block criteria are also not applicable. Based on
the material properties and the FRP reinforcement ratio, the product of Bic in
Equation (3-8) varies for a specific section. When the maximum concrete strain
(0.003) is reached for a segment controlled by the limit state of FRP rupture, the

maximum value for this product, which is equivalent to Blcy,, is reached.
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Therefore, a more precise and conservative lower bound for the member's

nominal flexural strength may be determined using Equations (3-9) and (3-10).

The fiber percentage ratio is:
A
_
Pr = bd

While the balance ratio is:

ﬁ:’ Efgcu
ffu Efgcu + ffu

Prp = 0.85p;

According to that the nominal bending strength can be written:

M, = Arfy(d =)

From which

Lo
0.85£. b

Also, the strength in the fiber

;- j(Efecu)Z | 08561,

Efﬁcu - O'SEfgcu < ffu

pic
M = Agfru (4 =)

B1ich
o=t 4 2)
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(c) Failure Governed by FRP Rupture (Concrete Stress May Be
Nonlinear)
Figure (3-12) Strain and Stress Distribution at Ultimate Conditions.[2]
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3.6.2 Slab Testing

Each slab was tested by applying load up to failure. The tested specimens
were tested by applying a load at the center of slab by a solid segment of steel
with dimensions (100 * 100 * 20 mm) as shown in Figure (3-13). All specimens
were examined by simple support for all support. The simple support of the
tested concrete slab was applied by solid rod and rigid steel bases as shown in
Figure (3-14).

Figure (3-13) slab specimen and Steel Plate
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Figure (3-14) Simple Support frame for the specimens

The compatibility of the concrete and the reinforcement causes them to deflect
together under load. The load-deflection curves were obtained using LVDT
measures to the limit (100 mm) with (0.01 mm) accuracy. For all the tested
specimens, LVDT was used to measure the displacement at center of the
specimens as shown in Figure (3-15).

62



Chapter Three Experimental Work

Figure (3-15) LVDT in Mid Span of the specimens

The applied loads cause the plate to fail in punching shear, flexural tension,
or concrete crushing. four plates (1100*1100*70 mm) were tested by a bounded
load test; each plate was loaded to fail and the deflection was recorded as shown
in Figure (3-16).
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Figure (3-16) Test of Slab

Immediately prior to testing, zero readings of all the measuring devices were
taken and recorded. The axial load was increased in small increments till failure.
The locations of the crack were marked. The extension of a crack at any
particular load was indicated by the axial load at which the extension of the

crack was occurred.

3.6.3 Bond Testing

The wooden molds with sizes of (200x200x200mm) was made to cast
concrete cubes. The FRP bars were positioned vertically and centrally in the

molds and passed through a circle hole at the bottom and top of the molds to
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hold the bars as shown in Figure (3-17). The concrete has been placed in four
layers of approximately equal thickness, and rode each layer 25 times with a 16
mm-diameter tamping bar. The casting direction was parallel to the bar in cubes.
Before casting, the inner sides of molds were covered by a thin film of oil to

ease demolding of the specimens.

The pullout test is shown in Figure (3-18) The concrete cube with the
embedded bar was placed in a specially made steel frame that was positioned in
the testing machine. The device consisted of two steel plates 25 mm thick,
which were connected at the four edges with four rods 20 mm in diameter. The
bottom plate had a hole 30 mm in diameter in its center allowing the GFRP bar
to run through. On this plate were three additional holes in a triangular
arrangement around the main hole, which allowed three linear voltage
displacement transducers (LVDT), located at the loaded end of the specimen,
to touch the top surface of the concrete cube as shown in Figure (3-19a). A
fourth LVDT was attached on a small aluminum frame that was glued to the
bottom surface of the concrete cube to measure the slip at the free unloaded end
of the bar as shown in Figure (3.19b). In Figure (3-20), the LVDT holder is
shown. The top end of the device was secured in the jaws of the testing machine,

which provided the reaction to the pullout load resisted by the specimen.
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Figure (3-17) Frame of Pullout Testing Figure (3-18) Testing of Pullout

W),
i
gL

a) LVDTs in the Loaded End b) LVDT in the Free End
Figure (3- 19) Location of LVDTs
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Figure (3-20) LVDT Holder Figure (3-21) Wooden Board

Between the concrete block and the bearing steel plate, a 5-mm-thick wooden
plate was introduced to secure the contact between the top surface of the
concrete block and the steel bearing plate as shown in Figure (3-21). This was
necessary because small irregularities at the top surface of the cube might
introduce accidental bending on the bar during loading or movements caused
by local crushing. The test specimen was positioned in a testing machine, [The
load should be applied to the reinforcement bar at a rate not greater than 20
kN/min or at the no-load speed of the testing machine head of not greater than
1.3 mm/min, depending on the type of testing machine used and the means

provided for ascertaining or controlling testing speed] ACI 3R 04 [41].

As shown in Figure (3-22), the ends of GFRP bar specimens were embedded
into steel tubes filled with epoxy sikadur-330 at a 4:1 ratio of component A to
component B as shown in Figure (3-23). This facilitated gripping of the bar
specimens. The anchor tube is then threaded or gripped by the base of the testing
machine as shown in Figure (3-24). Steel tubes are 20mm diameter and 150 mm
length, and the inside gradation for hollow tubes is 8, 10, 12, 14, and 16 mm.
Each gradient is 30 mm long.to prevent slippage between the epoxy and the
tube.
67



Chapter Three Experimental Work

a) The Epoxy used Inside the Hollow Tube

Continued
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Continues

b) Tube to Fill by Epoxy
Figure (3-23) Tube and Epoxy

=

Figure (3-24) Connect the Tube to the Base of the Test Machine.
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CHAPTER FOUR

RESULTS AND DISCUSSION

4.1 Introduction

This chapter contains the detailed observations experienced during the
beam test, pull-out test, and slab test. The main objectives of the study were
to determine flexural behavior of beams and punching behavior of slabs
reinforced with steel and GFRP as well, the bond behavior of steel and GFRP
bars with concrete. Concrete of the same strength was used for the whole
work.

First, the properties of hardened concrete obtained from tests of the
control samples (cubes, cylinders, and prisms). Then, test results obtained
from specimens are represented and discussed including, ultimate load, modes
of failure, load-deflection response, and results of cracking behavior, and

ductility are also attained.

4.2 Mechanical Properties of Concrete

After duration of curing, several tests are carried out on the control
samples (cubes, cylinders, and prisms) to find the mechanical properties of
the hardened concrete, which used to cast all the beam specimens. The average
of three samples has been taken to calculate each value. Results show that, the
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experimental values are always higher than the theoretical one, which
provided by ACI-318 [43] code as shown in Table (4-1).

Table (4-1): Mechanical Properties of the Hardened Concrete.

Cube Cylinder Splitting | flexural Theoretical Theoretical
Compressive | Compressive Tensile tensile flexural Modulus of
Strength Strength Strength | Strength fr tensile Elasticity Ec
fou (MPa) | fc'(MPa)* = (MPa) | (MPa) Strength fr | (\pg)x==
(MPa)**
37.57 30.05 3.01 4.72 3.39 25764

* fc’=0.8 fcu (MPa) according to (BS8110-1-97) [42] equation (4-1)
** fr=0.62\f (MPa) according to (ACI 318-19) [43]  equation (4-2)
**% E.= 4700V f (MPa) according to (ACI 318-19) [43] equation (4-3)

4.3 Test Result of Specimens
4.3.1 Beam Specimens

43.1.1 Ultimate Load Capacity

ACI-440[2], and ACI-318[43] predicted responses of the steel and GFRP
beams that were more in line with the experimental results for maximum loads
and midspan deflections at maximum loads code as shown in Table (4-2). the
experimental maximum load for a beam with a 0.4 % reinforcement ratio,
BS4, was 55 kN ACI318 [43] predicted a force of 45.5 kKN [Appendix A] The
maximum load was 17.27% over-predicted by the ACI318[43]. The
experimental maximum load for beam BG4 with a reinforcement ratio of 0.48
percent was 111.42 kN The nominal loads estimated by ACI-440 [2] were
75.15 kKN [Appendix A] The maximum load was 32.55% over-predicted by the
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ACI-440 [2]. The experimental maximum load for beams BG2 with
reinforcement ratio 0.25% was 52.47 kN the nominal loads estimated by ACI-
440 [2] was 47.1 kN [Appendix A], the maximum load was 10.23% over-
predicted by the ACI-440 [2]. Hence, the predictions of the GFRP were twice
to the steel RC for a reinforcement ratio of 0.4% for both ACI [2,43]and
experimental results, on the other hand, the predictions of the GFRP RC were

equivalent to the steel RC for a reinforcement ratio of 0.24% and 0.48%

respectively for both ACI-440[2], and ACI-318[43].

Table (4-2): Experimental Flexural Test Results

Spacemen pYo Pu (kN) | Au (mm) | Pcr (kN) | Acr (mm) | Mode of failure
BS4 0.4 55.00 7.36 20 1.48 Flexure failure
BG4 0.48 111.42 14.90 20 2.03 Flexure failure
Flexure failure
BG2 0.24 52.47 25.78 20 6.1 )
(Rupture failure)
4.3.1.2 Load Deflection at Mid-Span

Figure (4-1) shows the load-midspan deflection behavior for all tested
beams of this group. Generally, the typical load-deflection curve can be
divided into three stages: pre-cracking, post-cracking, and ultimate stage.
In pre-cracking stage, vertical deflection increases linearly with loading
for all specimens. After reaching cracking load, i.e., stage of post-
cracking, there is also a linear relation between the load and vertical
displacement but with different slopes up to yielding of longitudinal
reinforcement. After this stage, there is a curvature in load deflection curve
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up to failure, i.e., the slope of load deflection curve reduced largely with

rapid increments in deflection, and slightly increases in loading until

failure.
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(b) BG2
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BG4
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(c) BG4
Figure (4-1): Load Deflection Curve

4.3.1.3  Failure Modes

The ACI-440[2], and ACI-318[43] predicted the failure modes of GFRP
and Steel beams. Beam BS4 with a reinforcement ratio (ps /psn) 0f 0.1837 (less
than 1) failed due to Steel bar break off, (calculated as per ACI-318 [43]).
Beam BG2 with a reinforcement ratio (ps /ps) of 0.7813 (less than 1) failed
due to GFRP bar rupture, (calculated as per ACI-440 [2]). Beam BG4 with an
over reinforced beams with reinforcement ratios (pi/ps) of 1.5625 (higher than
1.4) failed due to concrete crushing on the compression side, the crushing
failure for this specimen is not recognized clearly as it must be behaver
according to ACI-440 [2]. The code predicted that beams with an over
reinforcement ratio failure by crashing the concrete in the compression zone,
while the actual failure occurred when cracks appeared in the tension zone,
grew toward the load points, and finally flexural failure.
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4.3.14  Cracking Behavior

Due to the lower modulus of the GFRP bars compared to steel, the
flexural behavior of GFRP-reinforced concrete components displays less
stiffness and wider cracks than that of concrete elements reinforced with steel
at the same reinforcement ratio. Figure (4-2) shows load -crack width curve.
The deflection and cracking under the service load therefore dictate the design
of GFRP-reinforced concrete beams. Figure (4-3) shown the Crack width
becomes unaesthetic when it is excessive and also results to problems that
leads to degradation or damage of concrete. GFRP bars are resistant to
corrosion unlike steel bars, this makes the extensive cracks attributed to GFRP
reinforced beams to be tolerated when compared to steel reinforced beams
when the basis for crack control is corrosion. Crack width consideration is

Important when creep rupture, shear effects and aesthetics are regarded.

BEAM
100
80

60

Load (kN)

40

N

0 0.2 0.4 0.6 0.8 1 1.2 1.4
Crack Width (mm)

BG2 ——BG4 BS4

Figure (4-2) Load Crack Width Curve
From Figure (4-3) it can be conducted that the number of cracks for specimen

with the same area of steel BS4 and BG4 are the same, but the crack width for
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specimen BS4 is wider than for BG4. While the number of cracks is less for
specimen BG2 this due to that the percentage of reinforcement is less.
According to ACI 440 [2], if crack width is based on aesthetic conditions, an

acceptable range from 0.4 to 0.7mm is adopted.

(b) BG2
Figure (4-3): cracking patterns beams (continues)
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(c) BG4

Figure (4-3) Cracking Patterns Beams (continued)

4.3.1.5 Ductility Index

The ductility of a structure is defined as the capacity of the material to
sustain plastic deformation under tensile strain while still carrying a load. As
stated in [44] the ductility factor was defined as D.l = (Au/ Ay). The vertical
displacement at maximum load divided by vertical displacement at yield load
s is utilized to determine ductility index in the current reserch.

Ay= displacement at yield load (Py =0.75 Pu). [45]
The ductility index values for all beams are provided in Table (4-3), a

comparison of the ductility index for the tested beam shown in Figure (4-4).
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Table (4-3): Ductility Index of Tested Beams

Specimen Pu (kN) Au (mm) Py (kN) Ay (mm) D.1
BS4 55.00 7.36 41.25 341 2.15
BG4 111.42 14.90 83.57 11.07 1.34
BG2 52.47 25.78 39.35 14.27 1.8

2.5

1.5

[EEN

0.5

W BS4 mBG4 mBG2

Figure (4-4):A Comparison in Ductility Index for Tested Beam

4.3.1.6

Stiffness is defined as the load required for producing unit deformation in
the member. The slope of the secant drawn to the load-deflection curve at a
load of) 0.75 (times the ultimate load can be utilized as stiffness criteria [46].

The stiffness was calculated as shown in Tables (4-4), a comparison in

Flexural Stiffness

stiffness criteria for tested beam shown in Figure (4-5).
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Table (4-4) Stiffness Criteria of Tested Subjected

Specimen Pu 75% Pu A75%Pu Stiffness K
(kN) (kN) (mm) (KN/mm)
BS4 55 41.25 3.42 12.06
BG4 111.42 83.57 11.14 7.5
BG2 52.47 39.35 13.51 291

14

12

Stiffness (kN/mm)
(o)}

B BS4 mBG4 mBG2

Figure(4-5):A Comparison in Stiffness Criteria for Tested Beam

4.3.2 Slab Specimens

The results of the experimental work are presented in terms of failure

modes, punching shear capacity, and load-deflection response in this chapter.

43.2.1

In the following, the major parameters effects on the behavior and the

Study the Influence of The Major Parameters

strength and other characteristics during the progress of the testing of the slabs

were observed, reported and later discussed, cracks were marked and
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recorded:; slab deflection were recorded deflection of the slabs and the failure

mechanisms of the connections were all reported and discussed. The effect of

variables on the above characteristics and mechanism of failure is discussed

under consideration of experimental evidences as follows. Experimental test

results for slabs shown in Table (4-5).

Table (4-5): Experimental Test Results for Slabs

Specimen p% Pcr (kN) | Acr (mm) Pu (kN) Au (mm)
SS14 0.75 13.1 2.1 69.78 23.8
SS7 0.38 10.3 2.8 46.27 21.2
SG14 0.9 13.0 5.0 46.1 30
SG7 0.45 19.2 4.4 32.5 16.7

e Slab specimen SS14

The specimen was progressively loaded until the initial crack appeared.

At 13 kN as shown in Figure (4-6) on the tension face of the slab, the cracks

were first noticed; cracks (punching shear) appeared under the load point. As

the load was raised further, many shear cracks appeared in the tension zones.

The loading was increased gradually until the maximum load was reached.
When the load reached 69.78 kN, the final failure (loss of strength) happened

through a punching cone. In Figures (4-6), SS14 is shown under loading, and

in Figures (4-7) are shown cracks in the compression face of the slab.
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Figure (4-7) Specimen SS14 at Failure Stage
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Figure (4-8) Punching under Load Cell

Figure (4-9) shows the load deflection curve for slab SS14.
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Figure (4-9) Load Deflection Curve for specimen SS14.
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e Slab specimen SS7

The specimen was progressively loaded until the initial crack appeared.
At 10 kN on the tension face of the slab, the cracks were first noticed; cracks
(flexural crack) appeared under the load point. As the load was raised further,
many flexural cracks appeared in the tension zones as shown in Figure (4-10).
The loading was increased gradually until the maximum load was reached.
When the load reached 46.27 kN, the final failure (loss of strength) happened

through a flexural failure. Figure (4-11) shows the failure pattern for slab SS7.

Q) TECNOD
00 CamonT7

Figure (4-10) Specimen SS7 at Failure Stage
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Figure (4-11) Failure Crack Patterns
Figure (4-12) shows the load deflection curve for slab SS7.
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Figure (4-12) Load Deflection Curve specimen SS7.
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e Slab specimen SG14

The specimen was progressively loaded until the initial crack appeared.
At 13 kN as shown in Figure (4-13) on the tension face of the slab. As the
load was raised further, many shear cracks appeared in the tension zones. The
loading was increased gradually until the maximum load was reached. When
the load reached 46.1 kN, the final failure (loss of strength) happened through
a punching cone. In Figures (4-14), SG14 is shown under loading.

Figure (4-13) First Crack for SG14
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Figure (4-14) Specimen SG14 at Failure Stage

Figure (4-15) shows the load deflection curve for slab SG14.
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Figure (4-15) Load Deflection Curve of Specimen SG14
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e Slab specimen SG7

Slab SG7 failed in a more brittle mode at a load of about 32 kN evidenced
by the gradual loss of stiffness after the ultimate load. At 19 kN on the tension
face of the slab the cracks were first noticed, and it was sudden and branching
from the center to the midpoints of the edges, as in the Figure (4-16). This is
followed by the appearance of cracks at 32 kN and the sudden flexural failure.

as in the Figure (4-17).

Figure (4-17) Specimen SG7 at Failure Stage
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Figure (4-18) shows the load deflection curve for slab SG7.
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Figure (4-18) Load Deflection Curve of Specimen SG7

In Figure (4-19) load deflection curve for all slabs
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Figure (4-19) Load Deflection for All Slabs
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4.3.2.2 Reinforcement Ratio

traditional steel reinforcement ratio, ps, and GFRP reinforcement ratio pg.
Slab reinforcement type, Specimens (SS14), (5S7), (SG14) and (SG7):
The variables studied in this group were the slab reinforcement type, GFRP
or traditional steel and the steel reinforcement ratio. Specimen SS14 was
reinforced with steel bars with reinforcement ratio, ps = 0.75%, Specimens
SS7 was reinforced with steel bars with reinforcement ratio, ps = 0.38%, The
reinforcement ratio of the GFRP bars used to strengthen the SG14 specimens
was, pc = 0.9%, and the reinforcement ratio of the GFRP bars used to
strengthen the SG7 specimens was, pc = 0.45%. The Load Deflection Curve
Following application of loads, the following behaviors were observed in
models of reinforced concrete slabs:
The First Step: Initially, the load-deflection curve included a straight portion
(the elastic stage). At this point, the relationship between load and deflection
was practically linear. There were no cracks in the portion, and the concrete
and reinforcing were acting elastically.
The Second Stage: was a region of nonlinearity characterized by a gradual
but noticeable change in slope as deflections increased (elastic-plastic stage)
The Third Stage: nonlinear part where slight increases in load resulted in

excessively huge changes in deflection (represent the plastic stage).

4.3.2.3 Molds of Failure

According to the failure modes, high reinforcement ratio slabs fail by
punching shear, whereas low reinforcement ratio slabs fail by flexural failure,
without regard to whether the reinforcement is steel or GFRP, as shown in

Table (4-6). When compared between the slabs reinforced with steel and
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GFRP bars that failed due to punching shearing and flexural failure, the

resistance of a slabs with steel rebar increased by 34% and 30%, respectively.

Table (4-6): Mold of Failure

Specimen Pcr (KN) Pu (kN) Molde of failure

SS14 13.1 69.78 Punching shear

SSi 10.3 46.27 flexural failure

SG14 13.0 46.1 Punching shear

SG7 19.2 325 flexural failure
43.24  Crack Pattern

The crack patterns of specimens SS14 and SG14 were found to be
similar in shape, but they were different in strength. The crack patterns of
specimens SS7 and SG7 were found to be similar in shape, but they were
different in strength. Low percentages of reinforcement cause slabs to fail
suddenly and quickly. High-reinforcement slabs have a lot of cracks that are
multiple, wide-spread, and branching. In addition, the GFRP reinforced

specimens have fewer cracks, see Table (4-7) and Figure (4-20).

Table (4-7): First Crack and Ultimate Load

Specimen p% Pcr (kN) Acr (mm) Pu (kN) Au (mm)
SS14 0.75 13 2.1 69.78 23.81
SS7 0.38 10 2.8 46.27 21.17
SG14 0.9 13 5.0 46.1 30.03
SG7 0.45 19 4.4 32.5 16.72
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SG14 SG7
Figure (4-20) Post Failure Crack Patterns

4.3.2.5 Ductility Index

The ductility of a structure is defined as the capacity of the material to

sustain plastic deformation under tensile strain while still carrying a load. As
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stated in [44], the ductility factor was defined as D.I = (Au/ Ay). The vertical
displacement at maximum load divided by vertical displacement at yield load
s is utilized to determine ductility index in the current reserch.

Ay= displacement at yield load (Py=0.75 Vu) [45]. The ductility index
values for all slabs are provided in Table (4-8), a comparison of the ductility
index for the tested slab shown in Figure (4-21).

Table (4-8): Ductility Index of Tested Slabs

1.5

0.5

mSS14

SS7 mSG14 mSG7

Specimen Vu Au Vy As D.1
(kN) (mm) (kN) (mm)

SS14 69.78 23.81 52.34 13.1 1.82
SS7 46.27 21.17 34.70 5.87 3.61
SG14 46.1 30.03 34.58 19.22 1.56
SG7 325 16.72 24.38 10.26 1.63

4

3.5

3

2.5

a 2

Figure (4-21): A Comparison in Ductility Index for Tested Slab

92




Chapter four Results and Discussion

4.3.2.6 Stiffness Criteria

Stiffness is defined as the load required for producing unit deformation in
the member. The slope of the secant drawn to the load-deflection curve at a
load of (0.75) times the ultimate load can be utilized as stiffness criteria [46].
The stiffness was calculated as shown in Tables (4-9), a comparison in
stiffness criteria for tested slab shown in Figure (4-22).
Table (4-9) Stiffness Criteria of Tested Subjected

Specimen Vu 75%Vu A75%Vu Stiffness K
(kN) (kN) (mm) (KN/mm)
SS14 69.78 52.34 12.85 4.07
SS7 46.27 34.7 5.8 5.98
SG14 46.1 34.58 19.22 1.8
SG7 325 24.38 10.32 2.36

Stiffness (kN/mm)

1 .
0

mSS14 mSS7 mSGl4 mSG7

Figure (4-22): A Comparison in Stiffness Criteria for Tested Slab
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4.3.3 Bond-slip

Pull out failure occurs when heavy confinement is present or a minimum
concrete cover (5-10 times bar diameter) is provided. In this case, the bond
strength is a function of mechanical interlock between bar deformations and
the surrounding concrete.

Forces are transferred from the reinforcing bar to the concrete through
three bond mechanisms: chemical adhesion, friction and mechanical
interlock, Figure (4-23). Chemical adhesion, which is the chemical interaction
between the concrete interface and the bar, is considered to contribute
marginally to bond strength for steel as well as GFRP bars. This is why

smooth bars are avoided in practice [48].

. s N
Y i N
LAY [TRAT] M

—_— —

(a) (b) (c)
Figure (4-23): Bond Mechanisms (A) Chemical Adhesion, (B) Friction,
and (C) Mechanical Interlock [48]

However, unlike steel bars, GFRP bars are less sensitive to chemical attacks,
hence; chemical treatments of GFRP bars may improve their chemical
adhesion. Friction is developed between surfaces by deformations or sand
coating. Mechanical interlock is caused by bearing of the bar ribs on the
concrete. Bond failure of conventional steel bars is a result of bearing which

cause side splitting or shearing of concrete. In contrast, bearing stresses in
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GFRP bars can exceed the shear strength between the bar core and the surface

deformation resulting in a bond failure at this interface [48].

Where bond stress is the shear stress at the bar-concrete interface and
bar slip is the relative displacement of the bar to the undisturbed concrete, an
average bond stress - bar slip curve is used to characterize bond behavior [47].
Before the peak, mechanical interlock between bar deformations and concrete
starts to generate splitting cracks because chemical adhesion is lost and
internal transverse cracks occur. If the cracks in the concrete spread to the
surface, the concrete splits, or the bars deform, the bond will fail.

After then, the bar starts to pull and big slips start to show up on the bar. As
shown in Figure (4-24) [48], the smooth falling curve in the post-peak region

Is caused by residual bond stresses due to the presence of interface friction.

/N

ey

Average Bond Stress (MPa)

S2
Free End Slip (mm)

Figure (4-24): Typical Bond Stress Versus Bar Slip Relationship for Steel
and GFRP Bars [48]
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4.3.3.1 Bond Failure Modes

Pull out failure occurs when heavy confinement is present or a minimum
concrete cover (five times bar diameter) is provided. In this case, the bond
strength is a function of mechanical interlock between bar deformations and

the surrounding concrete [49]

4.3.3.2 Bond stress-slip relationships

When analyzing the bond behavior between reinforcement and concrete,
bond stress-slip relationships provide valuable information. The curves were
prepared by using the data registered during the pull-out tests. Bond stress is
calculated by equation (4-4) the ultimate load is replaced by the continuously
changing load. Loaded end slip is calculated by subtracting the elastic
elongation of the relevant portion of the bar (the length of the bar between
gripping of the LVVDTs and beginning of bonded zone) from the average of
the measurements of the three LVDTSs placed at the loaded end of the GFRP
bar. Free end slip is defined as the registered LVDT measurement connected
to the free end of the bar [41].

T=— (4-4)
Where:
T = average bond stress, MPa;
F = tensile load, N;
Cp = equivalent circumference of FRP bar, mm; and

| = bonded length, mm.
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At each load level, the slip at the loaded end should be calculated as the
average of the readings of the LVDTs, minus the elongation Sc of the FRP
bar in the length Lc between the top surface of bonded length and the point of
attachment of the measuring device on the FRP bar, the latter being calculated

as follows [41].

FL
SC = E'L_il (4'4)

where

Sc= elastic elongation, mm;

F = tensile load, N;

Lc = length from the top of the embedded bar to the point of the attachment
of the measuring device mm;

E. = longitudinal modulus of elasticity of GFRP bar, MPa; and

A = cross-sectional area, mm2

A total of six specimens were used to test the bond behavior of steel and
GFRP. All specimens were tested after 28 days of curing. Both the steel and
GFRP are ribbed and wrapped bars. Specimens PG30, PG45, and PG60
contained GFRP bars. The specimens failed due to bar pull-out from the
concrete cube because of slippage between the GFRP bar and concrete. as
seen in Table (4-10) this is a result of weak bonding between GFRP bar and
concrete. Specimens PS30, PS45, and PS60 contained steel bars; the
specimens failed due to bar cutting. In different places, PS30 was cut at the
contact area between the concrete and the reinforcing steel, PS45 was cut at
the end of the concrete cube, and PS60 was cut at the contact area between
the holding arm and the rod. as shown in Table (4-10) this is a result of the

excellent bond between the steel bar and concrete.
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Table (4-10): Experimental Pullout Test Results
Max _ Slip
Embedded Slip load
: Shear free | Average _
Specimen length end : Mode failure
Stress end | slip (mm)
(mm) (mm)
(MPa) (mm)
PG30 30 20.15 484 | 5.25 505 | Barpull-out
PG45 45 17.58 5.53 5.42 5.48 | Barpull-out
PG60 60 15.75 6.46 | 6.41 6.44 | Barpull-out
PS30 30 25.7 4.1 3.9 4 Bar cutting
PS45 45 16.73 4.12 4.2 4.6 | Barcutting
PS60 60 12.6 262 | 2.96 2.79 | Barcutting

e Bond-slip specimen PG30

The Figures (4-25) and (4-26) with respect to the pullout failure of the

free end and loaded end, respectively. The shear slip curve for PG30 is

shown in Figure (4-27).
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Figure (4-26): PG30 Loaded End
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PG30
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Figure (4-27) PG30 Shear Slip Curve

e Bond-slip specimen PG45

in Figure (4-28) show PG45 before testing, Figures (4-29) and (4-30)
Regarding the loaded end and free end respectively for PG45 before Testing,
Figure (4-31) shows PG45 free end after pullout failure and Figure (4-32)

shows shear slip curve for PG45.
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Figure (4-28): PG45 before Testing
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Figure (4-29): PG45 Loaded End before Testing
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Figure (4-30): PG45 Free End before Testing
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Figure (4-31): PG45 Free End after Slip
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Figure (4-32): PG45 Shear Slip Curve
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e Bond-slip specimen PG60

The failure of the free end to pull out is shown in Figure (4-33). The
shear slip curve for PG60 is shown in Figure (4-34). And Figure (4-35) shear
slip curve for GFRP bars.

Figure (4-33): PG60 Free End after Slip
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Figure (4-34): PG60 Shear Slip Curve
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Figure (4-35): Shear Slip Curve for GFRP Bars

e Bond-slip specimen PS30
The Figure (4-36) the bar cutting failure of PS30 was cut at the

contact area between the concrete and the reinforcing steel. The shear slip

curve for PS30 is shown in Figure (4-37).
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Figure (4-36): PS30 after Bar Cutting

107



Chapter four Results and Discussion

PS30

w
o

MPa)
- N N
[95] o [9,]

Shear Stress (
=
o

(%3]

o
o
N
S

6 8 10 12
Slip (mm)

free end

load end

Figure (4-37): PS30 Shear Slip Curve

e Bond-slip specimen PS45

In Figure (4-38) show PS45 before testing, Figure (4-39) PS45 free end
before testing and Figure (4-40) the loaded end for PS45 after testing, Figure
(4-41) shows PS45 after upload loadcell, Figure (4-42) shows PS45 cut at the
end of the concrete cube, Figure (4-43) shows PS45 free end after bar cutting

failure and Figure (4-44) shows shear slip curve for PS45.
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Figure (4-38): PS45 Before Testing
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Figure (4-39): PS45 Free End before Testing
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Figure (4-40): PS45 Loaded End after Testing
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Continues

Figure (4-41): PS45 After Upload Loadcell

Figure (4-42): PS45 Cut at The End of The Concrete Cube
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Figure (4-43): PS45 Free End After testing
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Figure (4-44): PSA45 Shear Slip Curve

e Bond-slip specimen PS60

Figure (4-45) shows PS60 before testing, Figure (4-46) shows PS60 cut at
the contact area between the holding arm and the rod. The shear slip curve for
PGG60 is shown in Figure (4-47).
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Figure (4-45): PS60 Before Testing
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Figure (4-46): PS60 Cut at the Contact Area Between the Holding Arm
and the Rod
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Figure (4-47): PS60 Shear Slip Curve
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Figure (4-48): Shear Slip Curve for Steel Bars
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5.1

CHAPTER FIVE

CONCLUSIONS AND RECOMMENDATIONS

Conclusions

In this chapter, conclusions are presented for the experimental results.

1.

GFRP reinforced beams have a greater ultimate load capacity than steel

reinforced beams with the same reinforcing ratios.

. It was determined that GFRP composites could be used in construction.

Given its various benefits, such as being noncorrosive, low in weight,
and high strength, it may be used as a substitute to the traditional
reinforcing material, steel, to create sustainable buildings.

described the cracking characteristics of GFRP RC members. Due to the
lower elastic modulus, the crack widths in GFRP RC members were
significantly larger than those in steel bar RC members. However, it was
also shown that with larger reinforcement ratios, the crack width was
reduced due to a more effective absorption of the energy produced when
the concrete cracked.

Because of the low modulus of elasticity of GFRP, the main factor
controlling the design of a reinforced concrete beam with GFRP is the
service requirements for cracks and deflection.

The deflection and crack width are indications of a possible rupture
before the failure of the beam, GFRP bars may be a good alternative to
steel reinforcement.

Considering the results depicted by the load deflections curves, beams

with a GFRP bars appears to have linear curves this is because that
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Chapter Five Conclusions and Recommendations

GFRP exhibits brittle behavior as opposed to the elastic and plastic
behavior of the steel bars.

7. Because GFRP bars have a low elastic modulus, their flexural strength
is higher than that of steel beams.

8. Despite having the same reinforcement ratio, steel-reinforced slabs
have a higher ultimate load capacity than GFRP-reinforced slabs.

9. The slabs with a high percentage of reinforcement tested in this paper
show brittle punching shear failure, while the slabs with a low
percentage of reinforcement show flexural failure.

10. Sudden failure in slab that contain GFRP reinforcement and low
reinforcement ratio due to it is brittle nature.

11. The punching shear ability, flexural strength, and deflection are greatly
affected by the type of reinforcement in the slab.

12. Punching shear strength was predicted very conservatively by ACI 440.
1R-15 [2].

13.Although the GFRP bar's surface is helically ribbed, which should
improve its adhesion to concrete and provide resistance, specimens PG
failed due to bar pull-out, indicating weak bonding, whereas specimens
PS failed due to bar cutting, indicating excellent bonding between ribbed
steel bar and concrete.

14. The price of GFRP bars is more economical than steel bars.
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Chapter Five Conclusions and Recommendations

5.2 Recommendations:

For upcoming works, the following recommendations are suggested:

1. It is recommended that additional research incorporate several types
of reinforcement, such as CFRP and Basalt Fibre Reinforced
Polymers bars, as the current study only examined one type of FRP
reinforcement, GFRP bars.

2. The compressive and tensile strengths of concrete can be improved
by adding improvers to the concrete mixture. It is recommended to
study the FRP-reinforced concrete behavior containing additives to
improve its strength.

3. Since GFRP bars are able to survive a lot of applied load and also
help prevent corrosion and the high maintenance costs that come with
it, it is important to spread awareness of the usage of GFRP bars as
reinforcing materials.

4. 1t would be prudent to look into how different GFRP reinforced bar
diameters affect flat slab behavior for punching shear capacity.

5. The effect of the punching shear capacity and how it reacts with other
factors including effective depth, concrete strength, column size, and

reinforcement ratio.
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Appendix A

Design of Elements

All elements were design according to ACI-Code.
A.1 Flexural-critical beam BS4

The beam consists of four bars of @6 mm as flexural reinforcement at depth (d
=176 mm) and 286 mm as top reinforcement at depth (d’= 24 mm). The width
of the cross section (b = 150 mm) and the height (h = 200 mm). The shear span
was reinforced with @6mm@100mm. The yield strength for rebars (f,) is equals
to 514 MPa for longitudinal reinforcement. The target concrete compressive
strength (f.’) is equals to 30 MPa.

e Checking flexural capacity of the section

_As  4x264
P =bd " 150+176
1 =0.85

= 0.004

_ossprle T _ggpe 30 0003 515
Pmax = 085012 =0 004 =~ %827 514 0.003 + 0.002

S P < Pmax single reinforced section analysis

_ogsple g5z 30 0003 _ 006
pe = 08 L 70,005~ °° 514 0,003+ 0.005

~p < pe tension controlled beam

Asf,  4%264+%514

0.85f/ b 0.85+30* 150 mm

a

Mn = A D 4k 2645514 106 (176 — 219
n= Sfy (d—z)— * A % * ( _T>

= 9.14kN.mm

Mext = Mn
Al



PL

p=21*%_ 4ssin
12 T

e Checking shear capacity of the section
V.= 0.17\/ft’bd — 017 +v30% 1073 150 * 176 = 24.58 kN

_Avfyd  (24264)%514%107° 176

Vs S 100

=47.76 kN

V,=V,+V,=2458+47.76 = 72.34 kN
Vext =V,
0.5P =7234

P = 144.68 kN

.. Shear failure load > Flexural failure load

.. Flexural tension failure controls

A2



p/2 p/2

+ L/3 L/3 L/3 ﬁ

+p/2

S.F.D

-p/2

+pL/6 BMD

Figure A-1: Shear and bending moment diagrams for beams of both

groups.

A3



A.2 Flexural-critical beam BG4

The beam consists of four bars of @6 mm as flexural reinforcement at depth (d
=176 mm) and 206 mm as top reinforcement at depth (d’= 24 mm). The width
of the cross section (b = 150 mm) and the height (h = 200 mm). The shear span
was reinforced with @6mm@100mm. The tensile strength for GFRP rebars (fr)
is equals to 896 MPa for longitudinal reinforcement and the yield strength for
steel rebars (fy) is equals to 514 MPa for shear reinforcement. The target

concrete compressive strength (f.’) is equals to 30 MPa.

e Checking flexural capacity of the section

A _4x3167
Pr = bd 150+176
£ Epee, 30 46000 % 0.003
= 0.85 — 0.852 = 0.0032
Pro A fra Erécu + fru 896 46000 * 0.003 + 896
o pf > 14‘pfb
(Erec)”  0.85B.f.
ff = ) + pf Efgcu —_ O'SEfgcu < ffu

Erec, = 46000 x 0.003 = 138 MPa

*138 — 0.5+ 138 | = 723.41 MPa

(138)2 0.85%0.85x*30
ff =

4 + 0.0048

Asfy  (4%31.67) % 72341

“=085Lh  0.85%30x150 mm

Ad



a
M, = Asf; (d - E) — (4%31.67) * 723.41 * 107 (176 _

= 15.03 kN.mm
Mext = Mn
PL
3 = 15.03
15.03 x 6
= T — = 75.15 kN

e Checking shear capacity of the section
Ve=0.7 [f /bd =017+ V30 + 107 150 + 176 = 2458 kN

_Avfyd  (24264)%514%107° 176

Vs S 100

=47.76 kN

Vo=V,.+V,=2458+47.76 = 72.34 kN
Vext =V,
0.5P =72.34

P = 144.68 kN

.. Shear failure load > Flexural failure load

.. Flexural tension failure controls

AS

23.96
2

)



A.3 Flexural-critical beam BG2

The beam consists of two bars of @6 mm as flexural reinforcement at depth (d
=176 mm) and 206 mm as top reinforcement at depth (d’= 24 mm). The width
of the cross section (b = 150 mm) and the height (h = 200 mm). The shear span
was reinforced with @6mm@100mm. The tensile strength for GFRP rebars (f:,)
Is equals to 896 MPa for longitudinal reinforcement and the yield strength for
steel rebars (fy) is equals to 514 MPa for shear reinforcement. The target
concrete compressive strength (f.’) is equals to 30 MPa.

e Checking flexural capacity of the section

_Ay_2+3167 _
Pr = bd " 150+176
£ Epee 30 46000 * 0.003
= 0.85 — 0.852 = 0.0032
Pro A fru Erécu + fru 896 46000 * 0.003 + 896
“ Pr < Prb
896
_ = 0.0195

v =E, ~ 46000

Ecu 0.003
cp =|——— d=< )*176=23.47mm

Ecu T Ery 0.003 + 0.0195
Bich 0.85 % 23.47
M, = Asfru (d— > )=(2*31.67)*896*10‘6 (176— > )
=942 kN.mm
Mext = Mn
PL =942
F -_ .
p=22"0_ 4r1in
12
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e Checking shear capacity of the section
V,=0.17 /fc’bd =0.17 V30 % 107> x 150 * 176 = 24.58 kN

174 _Avfyd _ (2%264)%*514%10> % 176

g - 00 = 47.76 kN

Vy=V,.+Vs=2458+47.76 = 72.34 kN
Vext =V,
0.5P =72.34

P = 144.68 kN

.. Shear failure load > Flexural failure load

.. Flexural tension failure controls

AT



A.4 Design of Slab SS7: -
By using ACI 318M-19:

Material and section properties:
As = 706 = 7 % 26.4 = 184.8 mm?

fi =30 MPa : t =70 mm
f,=514MPa , d=70-15-6=49 mm
b =1000 mm , B =100 mm

e Check Flexural: -
As 7 % 26.4

—_ — -3
P =%d " 1000x49  >77*10
o fy
Mn = pbd“f, | 1 — O.59p}7,
C

=3.77 * 1073 % 1000

514
¥ 492 + 514 % 1076 (1 —0.59%3.77 ¥ 103 E)

=448 kN.mm
P =8Mn
P =8%4.48 = 35.84 kN

e Check punching shear: -
b,=(B+d)*4=(100+49) x4 =596 mm

(71 \/3_0
V. = ?fcbod=T*10‘3*596*49=53.32kN

.. Punching Shear failure load > Flexural failure load

.. Flexural tension failure controls

A8



A.5 Design of Slab SS14: -
By using ACI 318M-19:

Material and section properties:
As = 1406 = 14 x 26.4 = 369.6 mm?

fi =30 MPa : t =70mm
fy=514MPa , d=70—15—-6 =49 mm
b =1000 mm , B =100 mm

e Check Flexural Capacity of The Section: -
As 369.6

=——_—-w---e = -3
P=pd " To00was >4*10
Mn = pbd?f, (1 —0.59 ]]:—y>

c

= 7.54 %1073 % 1000

514
¥ 492 + 514 % 1076 (1 —0.59 % 7.54 x 103 E)

= 8.6 kN.mm
P =8Mn
P =8x%x8.6=688kN

e Check punching shear: -
b,=(B+d)*4=(100+49) *4 =596 mm

(7 m
V. = gcbod=T*10_3*596*49=53.32kN

.. Punching Shear failure load < Flexural failure load

.. Punching Shear failure controls

A9



A.6 Design of Slab SG7: -

By using ACI 440-15:

Material and section properties:

As =706 = 7 * 31.67 = 221.7mm?

fi =30 MPa , t =70mm
fy = 514 MPa , d=70—15—-6 =49mm
b =1000 mm , B =100 mm

e Checking Flexural Capacity of The Section

A2y
Pr = bd T 1000%49
' E.e 30 46000 * 0.003
pry = 0.85B JooBrfeu  _ g5
fru Brécu + fru 896 46000 * 0.003 + 896
= 0.0032

o pf > 14pfb

(Erecu)”  0.85B,f,
ff — 1 + pf Efgcu — O'SEfgcu < ffu
Epesy = 46000  0.003 = 138 MPa

(138)2  0.85 * 0.85 * 30
fr = Tt oo0agy — * 138~ 0.5+138 | = 747.41 MPa

Arf, 221.7 x 747.41
a= L B = 6.5 mm
0.85f.’b  0.85 %30 %1000

a e 6.5
My = Asfy (d =) = 2217+ 747415 107 « (49 - 7)

= 7.58 kN.mm

A10



Mext = Mn

P—758
8_ "

P =8%7.58 = 60.64 kN

e Check punching shear: -
_Ef 46000

n= =—F =17
Ec  4700+/30
np, = 179 « 0.00452 = 8.1 * 1073

2
k = \/(npf) +2np, —np,
_ J(81+103)2 + 2(8.1#1073) — 8.1 1073 = 0.119

b.= (B+d)*4= (100 + 49) * 4 = 596 mm
4k — 4+0.119
Ve=—7vfebd=—F—

.. Punching Shear failure load < Flexural failure load

V30 %1073 %596 * 49 = 15.23 kN

.. Punching Shear failure controls

All



A.7 Design of Slab SG14.: -

By using ACI 440-15:

Material and section properties:

As = 1406 = 14 =« 31.67 = 443.38 mm?

fi =30 MPa : t =70mm
fy=514MPa , d=70—15—-6 =49 mm
b =1000 mm , B =100 mm

e Checking Flexural Capacity of The Section

_Ap 44338 0,009
Pf = bd T 100049
fo'  Eréey 30 46000 = 0.003
= 0.85 = 0.852 = 0.0032
Prb Z fru Erecu + fru 896 46000 * 0.003 + 896
o pf > 14pfb
(Erecw)”  0.85B.f,
fr = .+ P” Ereqy — 0.5Ereq, | < fru
Eeq, = 46000 = 0.003 = 138 MPa
(138)° + 085 » 0.85 * 30 138 — 0.5 * 138 511.6 MP
= * — U.o * = .
Jr 4 0.009 a

_ Af;  44338%5116
= 085Lh  0.85+30+1000

8.9 mm

a e 8.9
My = Agfy (d ) = 44338+ 511.6  107° » (49 — 7) = 10.1 kN.mm
Mext = Mn

§= 10.1 P =8%10.1 =80.8 kN

Al2



e Check punching shear: -

Ef 46000 17
n=—=———=—1].
Ec 470030

np, = 1.79 x 0.009 = 0.0161

k = J(npf)z +2np, —np, = \/(0.0161)2 + 2(0.0161) — 0.0161 = 0.164

b,=(B+d)*4=(100+49) x4 =596 mm

4k 4% 0.164
V. = ?\/Fbo d= T‘/?’_* 1073 % 596 % 49 = 20.99 kN

.. Punching Shear failure load < Flexural failure load

.. Punching Shear failure controls

Al3
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Appendix B

Datasheets of Material

B.1 Data sheet of Glass Fiber Reinforced Polymer (GFRP)provided by the

manufacturer

S AR 4EE ( High Durability of GFRP Bar )

EERMAMEEATERAME  REERNHRESE , ERARGBMNEESREZ
— , BIREATHLT). M. WiwESE TG, HfmRaXBnnseXIsISIAE5REA
FBATEXNBEBERDIBFALER,

We chose the high durability resin and have researched the high durability GFRP bar.
It has the property of excellent corrosion resistance and passed the highest level (D1)

of the ISIS certified.

LEFEE | OFFEEEED | HRAED | (RiE I MO | R Lol i
FRES | &4\ | Nominal Nominal Utimate Gus eed Modulus Weight | Transverse Shear
Type Na. | Size | Diameter Area Tensile Load ' Tensile Strength | of Elasticity (g/m) Strength

(mm) {mmy’) (KN) (MPa) (GPa) (MPa)
B100-6 2 6 31.67 28 896 46 774 i
B100-10 3 10 71.26 59 827 46 159 |
B100-13 RS 13 126.7 96 758 46 2813 J
B100-16 5 16 1979 143 724 46 4271
B100-19 6 19 285 197 690 46 607.2 |
B100-22 7 22 387.9 254 655 46 | 8096 | 150
B100-25 | 8 25 506.7 314 620 46 1046.2 |
B100-29 | 9 29 6413 376 | 588 46 14137 |
B100-32 | 10 32 7917 437 551 46 17114 ‘
B100-35 | 11 35 958.1 462 \ 482 46 1934.6 ‘
B100-38 | 12 38 1160 520 | 448 46 24554 ‘ ‘
B100-41 | 13 41 1338 554 1 413 46 2872.1 |

Bl



B.2 Data sheet of epoxy provided by the manufacturer

PRODUCT DATA SHEET
Sikadur®-330

HIGH-MODULUS, HIGH-STRENGTH, IMPREGNATING RESIN

PRODUCT DESCRIPTION

Sikadur®-330 is a two-component , solvent-free,
moisture-tolerant, high strength, high modulus
structural epoxy adhesive.

USES

Sikadur®-330 may only be used by experienced
professionals.

For use as an impregnating resin with the SikaWrap® Hex
106G, 113C, 117C, 230C and 430G Structural
Strengthening Systems.

CHARACTERISTICS / ADVANTAGES

» Long pot life.

» Long open time.

» Easy to mix.

» Tolerant of moisture before, during and after cure.

» High strength, high modulus adhesive.

» Excellent adhesion to concrete, masonry, metals, wood
and most structural materials.

» Fully compatible and developed specifically for the
SikaWrap® Systerms.

» High temperature resistance.

» High abrasion and shock resistance.

» Selvent-free, VOC compliant.

Product Data Sheet
Sikadur®.230

August 2008, Version 03,00
0202060400 10000004

1/4

PRODUCT INFORMATION

Packaging 3.2 gal. (12 L) kit f (2) two 1.25 gal. (4.7 L) Compenent A pails, (2] twe 0.35 gal.
(1.3 L) Component B pails

Color Light gray

Shelf Life 2 years in original, unopened container

Storage Conditions Stare dry at 4095 °F (4-35 °C).
Condition material to 65~75 *F (18-24 *C) before using.

Consistency Mon-sag paste

B2




TECHNICAL INFORMATION

Compressive Strength B0°F(16°C) 73°F(23°C) 90°F(3z2°C) [ASTM D-695)
& hour - - 8,000 psi 50% RLH.
(55.2 MPa)
1 day B,100 pzi 10,700 psi 10,600 psi
[55.8 MPa)  ([73.7 MPa)  [73.1 MPa)
3 day 11,200 psi 11,100 psi 11,000 psi
(77.2 MPa)  (76.5MPa) (758 MPa)
T day 11,600 psi 11,200 psi 11,800 psi
[B0.0 MPa)  (77.2MPa)  [81.3 MPFa)
14 day 12,400 psi 11,800 psi 11,500 psi
[B5.5 MPa)  ([B1.3MPa) [82.0 MPa)
Flexural Strength 8,800 psi (0.6 MPa) (7 days) [ASTM D-790)
T3 (237
S0% RH.
Modulus of Elasticity in Flexure 5.06 x 105 psi (3,489 MPa) (7 days) [ASTM D-790)
T3°F 2370
50% R.H.
Tensile Strength 4,900 psi (33.8 MPa) (7 days) [ASTM D-538)
TEF {23
S0% RH.
Elongation at Break 1.2 % (7 days) [ASTN D-638)
TF (23
S0% RH.
Heat Deflection Temperature 120 °F (50°C) (7 days) [ASTNA D-548)
[fiber stress.
loading=264 psi (L.8
MPa]

APPLICATION INFORMATION

Mixing Ratio Component ‘A’ : Component ‘B = 4 : 1 by weight

Coverage First coat: 40-50 ft2fgal.; Additional coats: 100 t¥/gal ; Final coat: 160 ft2/gal.
Pot Life 57 minutes (325 ml)

Cure Time Tack Free Time: 4-% hours

APPLICATION INSTRUCTIONS

MIXING

SUBSTRATE PREPARATION

The concrete surface should be prepared 1o a minimum
concrete surface profile (CSP-3) as definec by the ICRI-
surface-profile chips. Localized out-of-plane variations,
including form lines, should not exceed 1/32 in. (1 mm).
Substrate must be clean, sound, and free of surface
maisture. Remove dust, laitance, grease, oils, curing
compounds, wakes, impregnations, foreign particles,
coatings and disintegrated materials by mechanical
means (i.e. sancblasting). For best results, substraze
should be dry. Howewver, a saturated surface dry
conditicn is acceptable.

Product Data Skt
Skadur®.330
Ausgust 200 E, Versian 09.00
0202060400 10000004

2/a

Pre=mix each component. Mix entire unit, do not batch.
Pour contents of part B to part A. Mix thoroughly for 5
minutes with a 1/2 inch “Jiffy™ mixer mounted on a
rotary drill and set at a slow speed (400-600 rpm ) until
uniformly blended. Mix only that quantity that can be
used within its pot life.

APPLICATION METHOD f TOOLS

Dry Lay-Up: When installing a Sikawrap® Hex fabric in
the dry lay-up process apply the mixed Sikadur®-330
epoxy resin directly onto the substrate at a rate of 40-50
ft.2/gal. [0.95-1.18 m2/L). Coverage rate will depend on
the actwal surface profile. This equates to a thickness of
approximately 3240 mils. Carefully place the fabric into
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the applied resin with gloved hands and smoath out.
Wark out any i rregularities or air pockets with a plastic
laminating roller. Let the resin squeeze out betwean the
renvings of the Fabric. If more than one layer of fabric is
required, apply additional Sikadur®-330 at a rate of 100
ftzfgal (2.37 m2/L) and repeat as described above. This
efuates to a thickness of approximately 16 mils. Add a
final layer of Sikadur®-330 onto the exposed surface at a
rate of 160 ft2fgal. |3.7% m2/L). This equates toa
thickness of approximately 10 mils.

Wt Lay-Up: When installing a SikaWrap® Hex fabric
wertically or overhead in the wet lay-up process, mixed
Sikadur®-330 can be applied to the substrate as a
primer/tack coat to prevent the impregnated fabric from
diding down the concrete. Due toits mixed viscosity, do
not use Sikac ur® 330 with an automatic fabrie saturating
device. Consult the SikaWrap® Hex fabric technical data
sheet for information on saturating/impregnating fabric
in a wet lay-up installation.

CLEANING OF TOOLS

Clean all equi pment immediately with Sika® Colma
Ceaner. Cured material can only be removed
mechanically.

LIMITATIONS

* Minimum age of concrete is 21=28 days, depending on
curing and drying conditions.

= All repairs required to achieve a level surface must be
performed prior to application.

= Do not apply or cure Sikadur®-330 in direct sunlight.

* Minimum substrate temperature 40 °F (4 *C).
Maxi mum apgplication temperature 95 *C (35 °C)

= Do not thin with solvents.

= Matarial is a vapor barrier after cure.

= Do not encapsulate saturated concrete in areas of
freezing and thawing.

= Calor of Sikadur®-330 may alter due ta variations in
lighting and/or UV exposure.

= Due to its mived viscosity, do not use Sikadur®-330
with an automatic saturating device. Fabric must be
saturated/impregnated manually when the wet lay-up
process is used.

= At low temperatures and/for high relative humidity, a
slight aily residue [blush) may form on the surface of
the cured epoxy. If an additional layer of fabric, ora
coating is tobe applied onto the cured epoxy . This
residue must first be removed to ensure adequate
band. The residue can be removed with either a
solent wipe [e.g. MEK) or with water and detergent. In
bath cases, the surface should be wiped dry prior to
application of the next layer or coating.

= Mot an aesthetic product. Color may alter due to
variations in lighting andfor UV exposurs.

Product Data Sheet
Skagur®.330

Pusgust F01E, Vershon 03.00
DR020ED - 30 B0

3/a

BASIS OF PRODUCT DATA

Results may differ based upon statistical variations
depencing upon miking methods and equipment,
temperature, application methods, test methods, actual
site conditions and curing conditions.

OTHER RESTRICTIONS
See Legal Disclaimer.

ENVIRONMENTAL, HEALTH AND SAFETY

For further information and advice regarding
transportation, handling, storage and disposal of
chemical preducts, user should refer to the actual Safety
Data Sheets containing physical, environmental,
taxicological and other safety related data. User must
read the current actual Safety Data Sheets before using
any products. In case of an emergency, call CHEMTREC
at 1-800-424-9300, International 703-527-3887.

LEGAL DISCLAIMER

# KEEP CONTAINER TIGHTLY CLOSED
= KEEP OUT OF REACH OF CHILDREN
» NOT FOR INTERNAL CONSUMPTION
* FOR INDUSTRIAL USE DNLY

= FOR PROFESSIONAL USE OMLY

Prior to each use of any product of Sika Corporation, its
subsidiaries or affiliates ["SIKA”), the user must always
read and follow the warnings and instructions on the
product's most current product label, Product Data
Sheet and Safety Data Sheet which are available at
usa.sika.com or by calling SIKA's Technical Service
Department at 1-800-933-7452. Nothing contained in
any SIKA literature or materials relieves the user of the
obligation to read and follow the warnings and
instructions for each SIKA product as set ferth in the
current product label, Product Data Sheet and Safety
Data Sheet prior to use of the SIKA product.

SIKA warrants this product for one year from date of
installation to be free from manufacturing defects and to
meet the technical properties on the current Product
Data Sheet if used as directed within the product’s shalf
life. User determines suitability of product for intended
use and assumes all risks. User's and/for buyer's sole
remedy shall be limited to the purchase price or
replacement of this product exclusive of any labor costs.
MO OTHER WARRANTIES EXPRESS OR IMPLIED SHALL
APPLY INCLUDING ANY WARRANTY OF
MERCHANTAEILITY OR FITNESS FOR A PARTICULAR
PURPOSE. SIKA SHALL NOT BE LIABLE UNDER ANY
LEGAL THEORY FOR SPECIAL OR CONSEQUENTIAL
DAMAGES. SIKA SHALL NOT BE RESPOMSIBLE FOR THE
USE OF THIS PRODUCT IN A MANNER TO INFRINGE ON
ANY PATENT OR ANY OTHER INTELLECTUAL PROPERTY
RIGHTS HELD BY OTHERS.
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Sale of SIKA products are subject to the Terms and
Conditions of Sale which are available at
https://usa.sika.com/fen/group/SikaCorpftermsandeondi
tions.html or by calling 1-800-933-7452.

Sika Corporatian Slca Maxbcana 5.8 de TV
301 Folito Svenue Carretera Libre Celaya Km. 25
Lyndhasrss, NI D7OT1 Frace. Industrial Bakvanera
FPhone: +1-B00-933-7452 ‘Correghdora, Juerctaro

Fax: +1=20053 361 75 WP TESID

usasia.com Fhome: 52 447 I3E5800

Fam: 52 442 2250537

Sk adur-330ue ne LIS (08=20 18 Js3: 1.pd

Froduct Data Sheet
Skadur®-I30
Ausgust 2008, Wersion 03.00
02020E0400]1 0000004
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B.3 Stress Strain for Steel Bar

B6



-

DAl

bl yaad JoaS Aaluall Lluall JSp il 1 gl Y ) s mlul) apas SIS
SNV mledl) aas e Yo (GFRP) daala 3 GG (5 el el sal) aladiind o3 (g3 )
e o) bl Jaid) s SoilSae olol ae JSUN A glaa s )5 50 Adia 5 Adle 3 8 Lgal
Adlide £ i e (e gana ) Al AN il Caioat i Cus Ay el GILERY) e sl
¢ daall palecll LSSl Gl sal) ¢ Lyl aaladi¥) ld G std) a5 lie DU paliall (g
oLtV A (o gl (e e aol auda s Uil a3 Lol o )l (e Jead aldas coad GQilie) &0
o La Gla) Al o et ¢ @y ) Jalaa¥l | 58l aaiall Jaasil) chand clsd s la jladld
Ao gana 4485 25 GFRP (bl 830 5 ol s lusal gie A336 ¢ Glie Caw LA (3 )k
sl Al ) &3 Ao genall 028 3 Jiadic (S5 GFRP ludad s bl s da) 5 QlicY)
x 150 Jibaiiven i ye ahia lgd lieV) aran olini¥) 5 Gaill o gl 55 cons Jaad) sl
A0Sy 43V 58 LS ) aladdil o ¢ Gall) J8 ind) ae 1200 dibsall (g ALl S 5 ¢ a0 200
Ao )l Hplaell QS (gole H S an B dren) Glud Cuadiul g« P6 @ 100mMM Alic
Olanaill 251 (3 3a8 (g g oY) J58 o) iliil) el paludll A0eS 5 £ 53 A Lgnand i il
13 Aalusal) Agluall ClieY) o ) clibad) @ lal | Jaeadll 3kt cand ol Jans 51 andll d
Gsid (ase ol sl Glual dalud) 4l Al Qlie ) e ST sl dllici GFRP ol
caall dabial) At Al Qlie W 3 88l (e (w ST GFRP@ dalill dsilu Al Clic Y)
waalls GFRP 0o 0sadl 3 76 (e 058 S5 Y1 Cosi 4 Qe o il e sane
D6 e gl H 5 LUl o gl 4 S5 aaall s GFRP e 5l e 7.3.8 57.4.5 zlud 4wy
Sl QS aaslly GFRP (sl e 77,5 5 79 mld iy aaall s GFRP o« 14
Coghall o cliaiV) il G sacbuall il ¢ mladll g0 a Lul o a3 A )
daguy i) ladiud 35 ¢ ae 70 Glaws ae 1000 dball dealliag jo ciliall il dadaial
zeabusil) s <y ) ) Qi ¢ Qs Bl B8y e ,Y1 il sadl e e 3 il aen]
Jid ey dadiiall maludll A ) il JAS a0 il (el Gk e Al
o) (el s lid Al GFRP (laal 5 maadl dalial) o i) (g 45 Hlal) die ¢ oLiasY)

(sl e 730 5734 danty naally dalisal) Co g daglie Cal ¢ eliad¥l Jd



Leand o3 Al At Sl el S 1l 23Y 5 GilaaSa g Lak GFRP (e by Ml A gans
10 5« 7.5 ¢ 5) Gpenill Jshy 53V 58 il y GFRP Laipd (o8 dosnnall Slasal)
plaiul &3 ale 200 x 200 x 200 cisaal) aaSal dpuanighh slay¥) il (uniadll lad Cilaical
oSl 8138 e Jay 38l IS e GFRP ol sl o JUiAY g 3la i)
Sl el G lid GFRP gl e Gigial Al Gliell | Sl )
Lpd Op Bl Al G At - Al Al GFRP Ll G GYY) s (Al A
OSal (8 ¢ Glaalll alad Ca ilid Baaa el e 4 giaall il &Ll s GFRP
¢l AN Sl Ales o ¢ Al Al 5 sl das Lo L ) Al o adadl) el ddlis

Al Al 5 43V i) laadll apad) day Hl1 daii 138 capally el g1 50 oLl ddats



Gl 4 sean
el Sl g Al aaladl) 350 5
Jib dxala
il A1
Fiaal) g ad

sad gl clusad g waal) lusad o (Y &5 45 lEa A
dalocal) Alu Al palic A daala 3l GLIYL (5 g8all

Ul
Ol ks - Adigh S 1) daie

el / Ainall duigl / il & sivalall da 0 Jii cilillaia (e o 328

Jo o
B RN S,
ol

1444 £2023



