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ABSTRACT

TAHA, ALAA, H, Masters : June : 2019, Masters of Science in Civil Engineering
Title:_Bond Durability of Basalt Fiber Reinforced Polymer Bars Embedded in Fiber
Reinforced Concrete under the Effect of Saline Environment and Elevated
Temperatures

Supervisor of Thesis: Dr.Wael Al nahhal.

Fiber-reinforced polymer (FRP) is promising to be an alternative solution for
conventional steel to prevent the fast infrastructures' deterioration. Moreover, FRPs are
utilized by the construction industry to improve the structural performance of concrete
structures. FRPs have many advantages over the conventional steel reinforcements as
FRPs exhibit better durability and higher resistance to aggressive environments,
particularly, when exposed to high possibility of corrosion. The high strength-to-weight
ratio of FRPs make them superior over the traditionally used materials when
considering seismic loads as an increase in the dead load of a structure yields to a higher
seismic force. One of the major parameters that significantly influence the structural
performance is the bond behavior between the concrete and the reinforcement, since
bond controls the concrete structures' capacity, serviceability and durability. Although
FRPs exhibit high resistance to corrosion, chemical, and sever weather conditions,
however unlike steel reinforcement, FRPs are anisotropic, linear elastic, and are mainly
affected by their mechanical properties, manufacturing process, materials used, etc.
Therefore, this will lead to a highly variable force transfer mechanism between the
concrete and the FRP reinforcements. Therefore, investigating their bond performance

and possible solutions to improve their bond with concrete is of a crucial importance.



This thesis is done for the purpose of investigating the influence of fiber
reinforced concrete (FRC) on the bond durability of helically wrapped Basalt Fiber
Reinforced Polymers (HWBFRP) bars subjected to harsh saline environmental
conditioning. A total of 105 Pullout specimens were tested. The parameters investigated
were: (1) the fiber type: steel and basalt fiber; (2) conditioning duration: 30,60, and 90
days; (3) conditioning temperature: 35 °C and 60 °C; and (4) the fiber volume fractions:
0.5% and 1%. Moreover, 105 concrete cylinders, with similar parameters used for
studying the bond mechanism, were tested for tracking the compressive strength when
subjected to harsh saline environmental conditioning. The results of this study revealed
that the addition of non-corrosive macro fibers such as basalt macro fibers (BMF) to
normal strength concrete improved the bond durability performance of HWBFRP bars
and showed higher retentions in the bond strength compared to plain concrete and steel
FRC after 90 days of immersion in saline solution. Whereas the addition of steel fibers
to normal strength concrete especially at low contents suggests that steel macro fibers
are to be utilized in offshore applications rather than marine structures. Moreover, the
durability test indicated that the bond performance of HWBFRP bars is significantly
influenced at high temperature with the presence of large contents of BMF in normal
strength concrete. the pullout specimens with 1 % steel fiber volume fraction showed
higher bond durability performance compared to specimens with 0.5% steel fiber
volume fraction and is more pronounced at the high temperature. The results of the
study suggest that the bond durability test of FRP bars embedded in steel FRC in saline
solution is to be carried at relatively low temperatures to avoid the influence of early
stages of steel fiber corrosion on the bond performance. Based on the results of this

study, the optimum fiber volume fractions are 1% in case of steel fiber and 0.5% in case
\Y



of BMF.



DEDICATION

“To my grandparents, parents and my dear sisters”

Vi



ACKNOWLEDGMENTS

First, 1 sincerely would like to thank almighty Allah for the grants He blessed
me with.

Also, I would like to thank, my supervisor, Dr.Wael Alnahhal for his continuous
support throughout the two years of my master degree. As without his support, this
work would have never been carried out.

The deepest gratitude after all to my dear parents for their continuous

encouragement and efforts in meeting all my needs in order to finish this work.

Vil



TABLE OF CONTENTS

DEDICATION ...ttt snn e ne e vi
ACKNOWLEDGMENTS ... vii
LIST OF TABLES ...t Xi
LIST OF FIGURES ... .ot Xii
Chapter ONne: INrOUUCTION ......c..oviiiiiiiiieiieie e 1
1.1. ReSearch SIGNITICANCE ........ccveiiiiiiiirieeiee e 1
1.3. ThesiS OrganizZation............ccccveiieiieeieeiesee s ste e se e sreenee e e sreas 3
Chapter TWO: LIterature REVIEW .........ccccoiiiiiie et 5
2.1. Standard Tests for Bond Strength by Pull-out Testing ..........cccccvceieniiinieinnnn, 6
2.1.1. ASTIM D713 ...ttt ettt nee e 6
2.1.2. CSA SBOB ...ttt et nee e 9

2.2. Bond Behavior and Modelling of FRP composite Bars. ...........cccocvevveveiiennen. 11
2.2.1.BPE and Modified BPE Bond-slip Analytical Models: .............ccccveevvennee. 13
2.2.2.CMR MOUEL ... e 14

2.3. Experimental Investigations on Bond Behavior of FRP Bars............ccccccevenen. 15

2.3.1 Bond Performance of Unconditioned FRP Bars Embedded in Concrete....15
2.3.2. Effect of Fiber Reinforced Concrete on Bond Behavior of FRP Bars. ...... 19

2.4 Bond Durability of FRP Bars Embedded in Concrete under Severe Environmental

CONAITIONS. e 22

viii



2.4.1. Effect of High TEMPErature.........ccccveveiieieeie e 22

2.4.2. Effect of Saling SOIULION.........ueeeeeeeee oo 23
2.4.3. ACIIC SOIULION. ..o 25
2.4.4. ALKAIING SOIULION: ..o 26

2.4.5: Effect of fiber reinforced concrete on the bond degradation of FRP bars: 27

2.5 Structural FIDErs OVEIVIEW ..........ccoeiiiiiiiiiieieese e 28
Chapter Three: Experimental Program ..........cccceoveieeiieieiieese e 33
3.1 IMIBEETTAIS ..o 33
3.1.1. Basalt Fiber Reinforced POIYMErs Bars ..........cccovviiirieienenc e, 33
3.1.2 Structural Fibers Added to the Concrete MiX.........cccoovreveiinineinieneneennes 34

3. L3 CONCIELE IMIX ..ttt 36

3.2. SPECIMENS Preparation .........c.cccvcouiiieieeieiie sttt ae e ane s 37
TG T TS AT (1 PP PPR 41
3.4 Environmental ConditionNing .........cccoovriiiiiiiiiese e 45
3.5 TESHING MAIIX ...ttt 48
Chapter Four: Test Results and DISCUSSION. .......cveiverireierieesieeie e sieesiesreeseeseeseeseeas 50
A1, INEFOTAUCTION ... 50
4.2. Bond Failure MechaniSm ...........ccoiiiiiiiiiiii e 51
4.3. BONA-SHIP RESPONSE ...ttt ettt ne e 59
4.3. Bond Strength Degradation ............ccccceiieieiieiieie s 65



4.3.1. Plain CoNCrete SPECIMENS ......cviiieiieeieiie e esiesee e ste e sre et sreesae e naeas 70

4.3.2. Steel Fiber Reinforced Concrete SPECIMENS .......ccceevvieeivereiieseese e 71
4.3.4. Basal Fiber Reinforced CONCIEte.........cccoieiiiiiiiieicieee e 74
4.3.5. Specimens Condition before and after Immersion ...........ccccceveiveeieiinnnen, 76

4.4, AUNESION STIESS: ...ttt ettt 77
4.5. Residual Bond Strength: ........cc.ooveiiiiiecee e 78
Chapter Five: Analytical Modelling of bond-Slip Behavior. ............cccccooevviieiiennn, 82

5.1. Analytical Modelling for Bond Behavior of BFRP bars Using BPE and CMR

IMIOEIS ...ttt 82
Chapter Six: Service Life PrediCtion ..........ccccoooeiiiiiiiiiiiiseieese e 90
Chapter Seven: Scanned Electron Microscopy (SEM) Analysis..........cccoovvvriininenenn 95
Chapter Eight: Summary, Conclusions, and Recommendations ............c.ccccceeeeeienen. 98

8.1, SUMIMANY ..ottt et e e et e e e beeeanees 98

8.2 CONCIUSIONS ...ttt 99

Based on this study, the following conclusions can be drawn ............cccccoeeevvenenne. 99

8.3. RECOMMENUALIONS: ....c.viiiiiciecie e 102
RETEIBNCES ... bbbt bbbt 104



LIST OF TABLES
Table 1: Anchorage Steel Tube Specifications [37] ....ccccccvvveveiieiieieie e, 9

Table 2: Bond strength increase rate and slippage decrease rate of fiber reinforced

(o0 T (13X USSR SUSURPSRRP 20
Table 3: Material Properties for the Used BFRP Bars in this Study ............ccccceevenen. 34
Table 4: Properties of Structural Fibers Used in this Study...........cccccevviiiiiiieiiennn, 35
Table 5: Concrete Mix Designs Used in this Study...........ccccovveviiiiiiciiciccecce e, 37
Table 6: TEeSHING IMALTIX. ....ccveiiiiiciece e nre s 49
Table 7: TESE RESUITS. .....ccueieiieiitieee e 54
Table 8: Proposed Design Values for BPE and CMR Models' Parameters.................. 86

Table 9 : Predicted Bond Strength Retention Values Based on Method [96] after 50

Y AIS OF SIVICE LI O, .o, 94

Xi



LIST OF FIGURES

Figure 1:ASTM D7913 Test Setup for Bond Strength. ..........cceovieiveiiiciiececen, 8
Figure 2: ASTM D7913 Pullout SPECIMEN. ......ccvviiiiieiicie et se e 9
Figure 3: CSA Test SPeCimen [39]....ccvviieiieece e 10
Figure 4: CSA Test Setup for Bond Strength. .........ccccooeiieie i 11
Figure 5: BoNd-SHP CUINVE. .....ccuiiiiiice ettt 12
Figure 6: BPE Model fOr Steel Bar. ........c.cooveiviiieiieiicie e 14
Figure 7: MBPE MOEL. .......cooviiiee e 14
Figure 8: FRP Bars Studied in [50]........ccceiieiiiieieeic et 16
Figure 9: Bond Strength Summary of Results [50]. ..o 16
Figure 10: Typical Bond-Slip Curved Obtained in [50]. .....ccccccovvveviiiieieeie e 17

Figure 11:Average bond strength results' comparison between BFRP and GFRP
(0 1] 1524 OSSPSR 18
Figure 12: Average bond strength of BFRP bars with different diameters at different
embedment 1ENGLNS [52].......ccoiee e 19
Figure 13:Comparison between bond strength of GFRP bars embedded in cocktail of

SD and PPA fiber reinforced concrete and bond strength of steel rebar embedded in

PIAIN CONCIELE[D3] ..veiiiieiie et 20
Figure 14:Comparison for Bond Strength at Different Conditions[60]....................... 24
Figure 15:FRP Bars Tested iN [61] .....ccoveiiiiiiieiieecie e 25
Figure 16: Bond Strength Changes with Exposure Time [63].........ccccvvvveviiiiievieenne. 26
Figure 17: Bond Strength Retentions with Exposure TImMe. .......c.ccccocvvvveeiieeieevieenne. 27
Figure 18: Summary of Bond Strength Reductions with Exposure Time[65]............. 28
Figure 19: Monofilament and Multifilament Configurations. ..........c.cccoceviiiniiiienne 29

xii



Figure 20:Various geometries of the commercial discrete fibers [66]. .........c.cccocvee.ee. 30

Figure 21: BFRP Bar Used in the StUdY. .......cccoeiieiiiiesecce e 34
Figure 22: Steel and Basalt Fibers Used in this Study..........cccccovveviiieiiciniic e 35
Figure 23: Pullout Specimens after CUMNG. .......cccccveviiiieieeie e 39
Figure 24: Plywood Molds Used for Casting Pullouts Specimens. ..........cccccccevvenenne. 39
Figure 25: The Cementous Grout Used in this Study to Anchor the Bars................... 40
Figure 26: Washers Fabricated to Centralize the Bar inside the Streel Tube. ............. 40
Figure 27: Bar Preparation before Casting. .......cccccevviiieiieie i 41
Figure 28: Universal Testing Machine Used in the Study...........cccccovveviveiiiicinecnee 42
Figure 29:Fabricated Pullout Steel Frame Setup. ........ccccovveviiie i 43
Figure 30: The Two LVDTs Used in the Study..........cccceeveiiiieiieiiceseee e 43
Figure 31: Fabricated Steel Bracket Used to Hold the Bottom LVDT..............c......... 44
Figure 32: Detailed Schematic of the (a) Pullout Specimen; (b) Test Setup. .............. 44
Figure 33:Fabricated Steel Tanks. .........cccooveiiiiiiiececcse e 46
Figure 34: Total Dissolved SOldS TESt.......c.ccvivieiieiiiieseere e 46
Figure 35: Steel Tanks Insulated with 2.5 cm Rockwool Sheets............c.cccccovevvennenne. 47
Figure 36: Polyfoam Used to Fill the Gaps and Openings. .........ccccceevveveevieiieveesnene 47
Figure 37: Complete Interlaminar Shear Failure between the Layers of the Bar. ....... 57
Figure 38: Closer Examination of Unconditioned Plain Concrete Specimens............ 58
Figure 39: Closer Examination of conditioned Plain Concrete after 90 Days at 35 °C .

Figure 41:

Bond-Slip Cuves for Control Specimens: (a) Loaded End; (b) Free End
xiii



RS 1T 0] 0T -SSR SURPSRSS 63
Figure 42:Bond-Slip Curves for 35 °C Conditioned Specimens at Loaded and Free
Ends: (a) 30 Days; (b) 30 Days; (c) 60 Days; (d) 60 Days; (e) 90 Days; (f) 90 Days. 63
Figure 43: Bond-Slip Curves for 60 °C Conditioned Specimens at Loaded and Free
Ends: (a) 30 Days; (b) 30 Days; (c) 60 Days; (d) 60 Days; (e) 90 Days; (f) 90 Days. 64
Figure 44: Effect of Immersion-Temperature on Slippage after 90 Days of Exposure
THIMIE. bbbt b bbbt n e 65
Figure 45:Effects of Exposure Time and Temperature on the Bond Strength. ........... 69

Figure 46:Effects of Exposure Time and Temperature on Bond Strength Retention..69

Figure 47: Corrosion of Steel Fibers in Steel FRC. ........ccccooov v 74
Figure 48: Pullout Specimens (a) before and (b) after conditioning. ............c..ccoc....... 77
Figure 49:Effects of Exposure Time and Temperature on the Adhesion Stress........... 78

Figure 50:Effects of Exposure Time and Temperature on the Residual Bond Strength.

Figure 51:Effects of Exposure Time and Temperature on the Bond Strength Index. .81
Figure 52: Experimental Data Vs. BPE and CMR Models for Control Specimens of (a)
Plain Concrete; (b) 0.5% Steel FRC; (c) 1% Steel FRC; (d) 0.5% Basalt FRC; (e) 1%
BaSalt FRC. ... 87
Figure 53: Experimental Data Vs. BPE and CMR Models for Conditioned Specimens
to Saline Solution after 90 Days at 35 °C of (a) Plain Concrete; (b) 0.5% Steel FRC; (c)
1% Steel FRC; (d) 0.5% Basalt FRC; (e) 1% Basalt FRC............ccccccovvvveeiieiiiecienne, 88
Figure 54: Experimental Data Vs. BPE and CMR Models for Conditioned Specimens
to Saline Solution after 90 Days at 60 °C of (a) Plain Concrete; (b) 0.5% Steel FRC; (c)

1% Steel FRC; (d) 0.5% Basalt FRC; (e) 1% Basalt FRC............cccccviiiiiiinieiienn, 89
Xiv



Figure 55: Bond Strength Retention Curve of HWBFRP Bars Embedded in Plain
CoNCrete at 60 “C......ooiiiiiiiei 93
Figure 56:Bond Strength Retention Curve of HWBFRP Bars Embedded in 0.5% BMF
Reinforced COoNCrete at B0 OC ..o 93
Figure 57: Bond Strength Retention Curve of HWBFRP Bars Embedded in 1% Steel
FRC at 35°C @nd B0 PC....oeiuiiiiieiiesie sttt 94

Figure 58: SEM Images plain concrete : (a) Control; (b) 90 Days -35 °C; (c) 90 Days-

XV



CHAPTER ONE: INTRODUCTION

The application of FRP composites for strengthening and retrofitting of civil
engineering structures is increasingly growing and gaining its popularity in the civil
engineering field. Easy application, lower occupants' disturbance, and construction time
and costs savings are some of the significant advantages of FRP composites. In
addition, the developed mechanical properties of FRP composites allow them to be
more durable and have reasonable fatigue resistance. They exhibit extraordinary
strength to weight ratio and can be almost manufactured to any structure's size and
shape [1-4]. Consequently, FRP composites have high corrosion, weather, and chemical
resistance [5]. Also, some of the advantages of FRP composites are their light weight
and their relatively low cost of manufacturing [6]. The ratio of the fiber and matrix
material, the constituent mechanical properties of the material, orientation of the fiber's
matrix, and the methods of processing and manufacturing are the factors that determine
the mechanical properties of the FRP composites [7, 8]. Some of the fibers' types are
Carbon Fiber Reinforced Polymer(CFRP), Glass Fiber Reinforced Polymer (GFRP),
Aramid Fiber Reinforced Polymer(AFRP), and one of the latest and growing types of
FRPs are the Basalt Fiber Reinforced Polymer(BFRP).

1.1. Research Significance

The application of FRP as an alternative for the conventional steel rebar,
particularly in corrosive environments, has always encouraged researchers to
investigate the bond mechanism of different FRP bars in the construction field for the
last few decades. Glass Fiber-Reinforced Polymer (GFRP) bars have been one of the
most widely studied type of FRPs due to their advantages over conventional steel.
However, the application of GFRP bars until now remains limited due to their durability

concerns for some of their mechanical properties. Therefore, an alternative FRP made



of basalt (BFRP) has been introduced to overcome the durability concerns of GFRP
bars. BFRP bars are getting widely accepted in the construction industry. Therefore, to
ensure a suitable performance in civil engineering applications, it is necessary to
investigate the mechanical and structural behavior of BFRP bars. One of the major
factors that significantly influence the structural performance is the bond behavior
between the concrete and the reinforcement, because bond controls the concrete
structures' capacity, serviceability and durability. Moreover, the addition of fibers to
the concrete mix has shown to improve the shear and flexural strength but its effect on
improving the bond strength of FRP bars requires more investigations as studies have
shown to be contradictory. Consequently, the bond durability of FRP bars to concrete
is of crucial importance to maintain the structural integrity of any structure. Up to the
writer's knowledge, no study has been done on the bond durability of BFRP bars
embedded in fiber reinforced concrete. Therefore, this thesis presents an experimental
and analytical investigation of the bond durability of BFRP bars embedded in steel and
basalt macro FRC.
1.2. Aim of this Study

This study presented in this thesis aims at achieving several crucial objectives
which are summarized in the following points:
(1) Examine the bond strength of helically wrapped BFRP bars with no sand coating
by pullout testing to evaluate their suitability in meeting the international specifications.
(2) Investigate the effect of adding structural fibers such as the conventionally used
steel fibers and the recently introduced basalt macro fiber on the bond strength of
HWBFRP bars with no sand coating.
(3) Evaluate the bond durability of BFRP bars under the combined effect of saline

environment and elevated temperatures of 35 °C and 60 °C and the influence of



structural fibers addition to concrete in improving the bond of BFRP bars in terms of
strength and durability.

(4) Obtain the optimum fiber volume fraction that can be safely used along with BFRP
reinforcements in marine structures.

(5) Analytically model all the tested pullout specimens using the available analytical
models in the literature and calibrate their coefficients and present design values that
take into consideration the BFRP bars used, saline environment, exposure temperatures,
exposure duration, type of structural fibers, and structural fibers’ volume fraction.

(6) Provide a model that predicts the bond strength retention after 50 years of service
life and the effect of structural fibers in maintaining equivalent or higher retention
values compared to plain concrete.

(7) Investigate the effect of high temperature-immersion in saline solution on the
moisture and chloride diffusion in the polymeric resin of the BFRP bars along the
embedment length using scanned electron microscopy (SEM).

1.3. Thesis Organization

The study presented in this thesis is divided into seven chapter and are described briefly
as follows:

Chapter One: Provides a brief introduction about the topic presented in this study along
with the research significance and aim of the study.

Chapter Two: Conducts a literature review that covers topics about: (1) the bond
behavior of FRP bars and available analytical models; (2) the most widely used standard
tests methods (3) experimental investigations on the bond strength of FRP bars; (4)
Bond Durability of FRP bars; and (5) Effect of structural fibers on bond strength and
bond durability to severe environmental conditions.

Chapter Three: Describe in details the experimental procedures followed and materials



used along with their mechanical properties.

Chapter Four: Provides a detailed discussion of the obtained results during the
durability test.

Chapter Five: Applies the available proposed analytical models on the experimental
data to examine the most effective model in representing the actual experimental data
and calibrate the models’ coefficients to take into consideration the BFRP bars used,
structural fibers’ addition, and environmental conditioning to provide design values that
can be used in the absence of experimental data.

Chapter Six: Introduces a model that predicts the retention values of the bond strength
of BFRP bars after 50 years of service life.

Chapter Seven: Discusses the influence of immersion temperature on the BFRP bar’s

surface using scanned electron microscopy (SEM).



CHAPTER TWO: LITERATURE REVIEW

The performance of FRP composites heavily depends on the bonding
performance between concrete and FRP bars [9,10]. Some of the factors that affect the
bond behavior are the loading type [11-13], the bonding material that the FRP
composites bars are supposed to go through, the base material [14], the adhesive
material and its thickness [15], and the environmental conditions [16,17]. The different
test methods for conducting the FRP-concrete characterization do in fact affect the
loading type to some extent, however in this thesis, the main focus will be evaluating
the bond performance by pull-out testing. A comprehensive review about the effect of
the test method is done by Mukhtar and Faysal [18].

The preparation of the concrete specimens that is responsible for the concrete
strength properties plays a crucial role in bond performance between FRP bars with
concrete. Pan and Leung [19] mentioned that the bond strength is related more to the
tensile strength of specimen's surface and the coarse aggregate content in the concrete
mix rather than the strength properties of concrete. It is widely known that the
roughness of the concrete surface that is direct contact with the FRP composite exhibits
mechanically higher interlocking at the interface between concrete and FRP
composites. Santos and Julio presented a comprehensive review about this effect [20].

Additionally, concrete is a highly alkaline material with a pH level that ranges
from 12.7 to 13.6 [21,22], therefore, multiple past studies indicated that FRP bars such
as GFRP bars that are embedded in concrete experience reduction in the bond and
tensile strength [23-27]. Consequently, test results indicated that the elevations in
temperature can accelerate the process of strength degradation [28]. The modelling and
prediction for the retention of tensile strength degradation based on the Arrhenius

concept has been successfully proposed and validated [21, 27]. The bond degradation



of FRP bars due to sever environmental conditions such as severe cycles of temperature,
alkaline, and attacks of chemical solutions attacks are often complicated whereas, the
existing studies about the prediction and mechanism of degradation is found to be with
contradictory opinions based on the available literature [29-31]. Therefore, it of crucial
importance to more effectively understand the bond behavior and performance of FRP
composite for wider implementation of FRP bars in the concrete structures.

In order to optimize the gained knowledge and experience of the existing
available literature, the literature review in this thesis is conducted for several
objectives: (1) to summarize two of the most widely used pull-out testing methods for
the bond strength which are: ASTM D7913 and CSA S806 [32,33]; (2) to discuss the
bond performance and mechanism in terms of bond strength and type of failure modes;
(3) to investigate the bond stress/slip relationship models, meanwhile a comparison
between the different standards in design for prediction of bonding strength is discussed
in the present review; (4) To discuss several factors that could have an effect on FRP
bars' bond strength with concrete; (5) to discuss the bond durability of FRP composites
under severe environmental conditioning such as alkaline solutions, acidic solutions,
saline solutions, and high temperature; and (6) to conduct a general overview about the
addition of structural fibers

2.1. Standard Tests for Bond Strength by Pull-out Testing
2.1.1. ASTM D7913

The test setup for examining bond strength of FRP composites bars in
accordance to ASTM D7913/D7913M-14 [37] is shown in figure 1. The FRP composite
bars shall be embedded in 200x200x200 mm concrete cubes. The bonded length in
concrete prism shall be 5 times the FRP bar's diameter. The remaining embedded length
of the bar in the concrete shall be covered with PVVC tube to prevent bonding with

concrete, this length is called debonding length. The FRP bars shall be protruded
6



outside the concrete slightly from the free-end so that LVDT can take the measured
slippage of the bar at the free end. A steel frame can be manufactured for hydraulic
testing machines with no cross head. The steel frame is to be composed of 2 steel plates
of at least 200 mm x 200 mm with at least 20 mm thickness and 4 steel rods. The
optional loaded end LVDTSs can be used to determine elongation that may occur to the
bar due to the loading. The length and the diameter of the steel tube at the anchorage
side are tabulated in Table 1 according to ASTM D7205/D7205M-06 [38] and depends
mainly on the diameter of the FRP composite bar. The steel tube is to be filled with an
expansive Cementous grout or polymeric resin. The grout thickness shall be not less
than 4mm between the inner surface of the steel tube and the outer surface of the FRP
bar. The wall thickness of the steel tube should be not less than 4.8mm. The testing
machine must be set to apply a load at a rate no more than 1.3mm/min. The data
acquisition rate must be set for recording the slippage that will occur at the free end at
an increment of no more than 0.01 mm. The specimens can be constructed with any
concrete mix but for this test method it is recommended that the concrete mix should
be a standard mixture with a compressive strength at 28 days equals to 30 MPazx 3. The
specimen for bond strength is shown in Figure 2. The average bond strength of the
tested specimen should be calculated using Eq. (1) and reported with three significant

digits of precision for each for force reading in the test

T=— (1)

Where:
T = the average bond stress in MPa.

F = the machine tensile force in N.



Cp= the effective circumference of the FRP bar calculated as nxd, where dy is the
effective diameter of the FRP composite bar.

I= bonded length of concrete, according to this test method | is calculated 5 db.

[ ]

Free End LVDT
H Free End of FRP Bar
' ,
o 5 G Concrete Prism
Bond Breaker
Compliant Plate or Capping Material (optional)
f Loading Plate
Le Cross head of Loading Machine

2 [TTs T[] Loaded End LVDTs }
— = Y (optional)

-—— Loaded End of FRP Bar

Grip or Collet
per D7205, Fig. A1.3

Anchor per D7205

Figure 1:ASTM D7913 Test Setup for Bond Strength.



Anchor

FRP Bar

-

J Mold

200 = 2.5 mm ; Bond Breaker

7 |
bl | i Concrete Prism

~——1— Free End of FRP Bar

200 % 2,5 mm
[8£0.1in])

Figure 2: ASTM D7913 Pullout Specimen.

Table 1: Anchorage Steel Tube Specifications [37]

FRP Bar Type Diameter of the FRP Outside Diameter of ~ Minimal Length of the
bar,d (mm) the Steel Tube (mm) Steel Tube, La

(mm)
GFRP 6.4 35 300
GFRP 9.5 35 300
GFRP 13 42 380
GFRP 16 42 380
GFRP 19 48 460
GFRP 22 48 460
GFRP 25 48 460
GFRP 29 48 460
GFRP 32 75 800
CFRP 9.5 35 460

2.1.2. CSA S806

The test specimen and the test setup for examining bonding strength of FRP
composites bars in accordance to CSA S806 [39] are shown in Figures 3 and 4. The
FRP composite bars shall be embedded in 150x150%x150 mm concrete cubes. The
bonded length in concrete prism shall be 4 times the FRP bar's diameter. The remaining
embedded length of the bar in the concrete shall be covered with PVC tube to prevent

bonding with concrete, this length is called debonding length. The FRP bars shall be



protruded outside the concrete slightly from the free-end so that LVDT can take the
measured slippage of the bar at the specimen’s free end. Three LVDTs at loaded end
are to be used to determine elongation that may occur to the bar due to the loading as
well as three LVDTSs to be used at the free end. The length of the steel anchoring tube
is equal to fuA/350 but not less than 250. The steel tube is to be filled with resin and
clean sand or with non-shrink cement grout. The wall thickness of the steel tube should
be not less than 5 mm. The testing machine must be set to apply a load at a rate no more
than 1.27mm/min. The specimens can be constructed with any concrete mix but for this
test method it is recommended that the concrete mix should be a standard mixture with
a compressive strength at 28 days equals to 30 MPa+ 3. The loading must be continued
until (a) rupturing of FRP composite bar, (b) splitting of concrete, or (c) at least 2.5 mm

of slippage has occurred at the loaded end of the length embedded in concrete.

150 mm
40
150 mm

Figure 3: CSA Test Specimen [39].
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Concrete cube e

Steel plate 5
i

Spherical seat — RS (F
I | —

Data acquisition system

Figure 4: CSA Test Setup for Bond Strength.

2.2. Bond Behavior and Modelling of FRP composite Bars.

Bond performance between the FRP composite bars and concrete is expressed
in terms of a bond-slip curve in Figure 5 where the area under the curve is called the
mode fracture energy (a property of FRP composites) [40]. The mode fracture energy
property is used to investigate the debonding at the interface between concrete and FRP
composite. In general, the bond between the embedded bar and concrete depends on (a)
The chemical bond which is the resistance of adhesion at FRP composite bars' interface
with concrete; (b) The resistance of friction due to the occurring slippage; (c) The
mechanical interlock that occurs due to the surface irregularity [41]. The material
properties and the texture of the surface of FRP bars make their bond behavior different

from that of steel which leads to a different mechanism of force transfer and toughness
11



of surface between concrete and reinforcement bars [42]. FRP bars behave in a linear
elastic way until failure which is different from traditional steel reinforcements which
have plastic behaviour when subjected to large deformations. FRP bars have different
surface treatments such as sand coated, ribbed, and helically wrapped surfaces which
yields lower mechanical interlock and thus to a lower bearing force than that of
conventional steel. Achillides and Pilakoutas [43] indicated that the bond strength of
GFRP bars mainly depends on the mechanical interlock of the surface treatments to
concrete matrix whereas Pepe et al. [44] mentioned that the chemical adhesion is the
major contributor to the bond strength while the mechanical interlock is the minor
contributor in the bond strength of FRP bars. Using the explicit mathematical formula,
multiple analytical models that describe the bond stress-slip relations for FRP bars to

concrete have been developed such as: BPE and modified BPE.

Bond

G[—-mode

v

Slip, &

Figure 5: Bond-Slip Curve.
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2.2.1.BPE and Modified BPE Bond-slip Analytical Models:

The BPE model is used to describe the bond performance of steel reinforcement
with concrete [45] and is shown in Figure 6. Consequently, the BPE model was
modified to account for bonding behavior of FRP composite bars when embedded in
concrete [46] and is shown in Figure 7. The modified BPE model is divided into three
stages. The first stage shows an increase in the bond stress which is due to the chemical
adhesion and the bearing force between the FRP composite bar and concrete. And after
that bonding stress increases to a particular value and the FRP bar slides on the lug area.
In the second stage, cracks start to develop, sometimes concrete crushing, and the
bearing force caused by the mechanical interlocking reduces causing a rapid reduction
in the bonding stress with an obvious slippage. In the third stage, large concrete cracks
are formed and the FRP bars continues to slide at a constant bonding stress of a
particular value caused by friction. Therefore, the modified BPE (mBPE) model can be

expressed in a piecewise function in Eqns 2-4

T _ (Sya

—=()for0<s<s, )
%:1—p(é—1) for s, <s < s3, 3)
T=13 fors > ss, 4)

Where T and s are the bond stress and the slippage, T and s, are the maximum bond
stress and its corresponding slippage; a and p are parameters obtained from curve
fittings of the experimental data. The mBPE was found to be conservative when
compared to experimental data at the ascending branch [47]. The mBPE takes into
account the surface treatment [48] but does not take into account the bar diameter and

the fiber type.
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2.2.2.CMR Model

Cosenza et al. [49] proposed the CMR mode for better presentation of the
ascending function at the first stage in the FRP bar's bonding stress-slip. This model
may account for the chemical adhesion since the slope is infinite at the initial stage.
This model agreed with the experimental data of Masmoudi et al. [47]. Analytical

Modelling is furtherly discussed in the Analytical Modelling chapter.
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2.3. Experimental Investigations on Bond Behavior of FRP Bars.
2.3.1 Bond Performance of Unconditioned FRP Bars Embedded in Concrete

Rolland et al. [50] investigated the bond behavior of different types of FRP bars
such as glass FRP (GFRP), carbon FRP (CFRP), and aramid FRP (AFRP) by pull-out
testing and studied the influence of the FRP type, bar diameter, and the surface
treatment. The study also investigated the bond behavior of steel deformed bars. In their
study, they studied the different surface treatments of FRP bars such as: sand coated
GFRP bars, non-sand coated GFRP bars, sand coated CFRP bars, non-sand coated
CFRP bars, and sand coated AFRP bars shown in Figure 8. The bond behavior was
determined by pullout testing of bars embedded in concrete cylinders. They concluded
that the surface treatment especially, the sand coated, played an important role in the
mechanism of the load transfer at the interface between concrete and FRP bars surface.
The summary of the bond strength results is shown in Figure 9. It was found that sand
coated GFRP bars exhibited the highest bond performance among the studied types of
FRP bars and even a higher bond strength than that of the deformed steel bars.
Moreover, it is interesting to note that in their study, the larger diameter of GFRP bars
exhibited higher bond strength which is contradictory to what is reported in the

literature. The summary of the bond-slip experimental curves is shown in Figure 9.
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Figure 8: FRP Bars Studied in [50].
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Figure 9: Bond Strength Summary of Results [50].
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Figure 10: Typical Bond-Slip Curved Obtained in [50].

Baena et al. [51] tested 88 pullout specimens to examine the bond performance
of CFRP and GFRP bars with different surface treatments and diameters. In their
contribution to the database of the bond behavior of FRP bars with concrete, they
mentioned that the bond performance of FRP bars is influenced by the concrete
compressive strength, FRP bar diameter, and the surface treatment of the bars. In their
experiment they noticed that the impact of the surface treatment is lower in concrete
with low compressive strength, whereas in high compressive strength concrete the
effect of the surface treatment was noticeable. The results of their study confirm with
the existing literature that the larger diameter of FRP bars have lower bond strength
than that of smaller diameter bars. The slippage in GFRP bars was higher than that of

CFRP bars.

El Rifai et al[52] tested thirty-six pullout specimens of Basalt FRP (BFRP) and
twelve pullout specimens of GFRP bars in concrete cylinders. The test parameters in
their study were the embedment length, the FRP bar diameter, and the material of FRP

(basalt and glass). According to their study, the BFRP bars exhibited a bond strength
17



that is 75% of that of GFRP bars. The results' comparison between the bond strength of
BFRP bars and GFRP bars is shown in Figure 11 The summary of the BFRP bars bond
strength results is shown in Figure 12. They concluded that small diameters of FRP bars
have better adhesion performance than that of larger diameter FRP bars. The residual
stress of BFRP bars was higher than that of GFRP bars. Moreover, increasing the
embedment length decreased the bond strength of FRP bars with concrete. The mBPE

analytical model was used to represent the bond slip behavior of the studied bars.
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Figure 11:Average bond strength results' comparison between BFRP and GFRP

bars[52]
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2.3.2. Effect of Fiber Reinforced Concrete on Bond Behavior of FRP Bars.

Ding et al. [53] studied the effect of fiber reinforced concrete on the bond behavior of
GFRP bars embedded in concrete. In their study, they used two types of fibers which
are steel fibers (SF) and macro-polypropylene fibers (PPA) and compared the results
with the obtained results for GFRP bars embedded in plain concrete (PC). They
indicated that the usage of SF and PPA in concrete improved the bond performance of
GFRP bars to a level equivalent or even better than the bond performance of steel rebar
embedded in plain concrete. Figure 13 shows a comparison between the bond strength
of GFRP bars embedded in a cocktail of SF and PPA fiber reinforced concrete and the
bond strength of steel rebar embedded in plain concrete. Table 2 shows a summary of
the observations found in their study. The hybrid usage of fibers in the concrete mix
showed a better bond performance than the summation of improvement provided by SF
and PPA reinforced concrete. It was concluded that the usage of fiber reinforced
concrete not only improves the bond capacity but also reduces the slippage at the
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Figure 13:Comparison between bond strength of GFRP bars embedded in cocktail of
SD and PPA fiber reinforced concrete and bond strength of steel rebar embedded in

plain concrete[53]

Table 2: Bond strength increase rate and slippage decrease rate of fiber reinforced

concrete[53]
Samples o (MPa) Increase rate of 7, So (mm) Decrease rate of
(%) So (%)
GFRP inPC 12.6 - 2.64 -

GFRP in PPA2 15.0 19.0 2.33 11.7
GFRP in PPA4 155 23.0 1.92 27.3

GFRP in SF30 14.3 135 2.43 8.0

GFRP in SF50 16.3 29.4 2.38 9.8

GFRP in SF30PPA2 17.8 41.3 1.77 33.0
Steel in PC 18.6 47.6 1.45 45.1
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Bi and Wang [54] investigated the effect of high strength concrete reinforced
with basalt fiber on the bond performance of BFRP bars by testing 108 pullout
specimens. They tested three diameters of BFRP bars, three volume fractions of basalt
fiber in high strength concrete (0.1%, 0.15%, and 0.2%), and three different embedment
lengths (40mm, 70mm, and 100mm). They concluded that larger diameters that yield
larger embedment length reduced the BFRP bars' bonding strength with concrete. The
most noticeable enhancement in BFRP bars' bond strength was obtained at 0.2%
volume content of fiber. Consequently, Solyom and Balazs [55] tested 144 pullout
specimens with three different types of fibers which are SF, synthetic micro-fiber, and
synthetic macro fibers. They used four types of concrete, three of which are
conventional concrete of different grades and one is self-compacting concrete. Three
different types of FRP bars (CFRP, GFRP, and BFRP) were used in their study. They
concluded that the addition of short fibers to the concrete mix enhanced the bond
behavior in almost all cases.

On the contrary, Liu et al. [56] took a further step and studied the influence of
fiber reinforced concrete made with recycled aggregate. They tested 54 pullout
specimens and 162 mechanical properties specimens. The parameters of their study
were the volume fraction of basalt fiber (0%, 0.2%, 0.3%, and 0.4%), the aspect ratio
of the fiber, and recycled aggregate concrete(RAC) grade. It was noted that the RAC
grade had a larger effect on the mechanical properties and the bonding performance of
BFRP bars. Also, the effect of the aspect ratio of the basalt fiber on the bond
performance was found to be weak when compared to the other parameters. [56]
proposed the following non-linear regression model to predict the bond strength of

BFRP bars embedded in RAC:
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Y=6.9098+0.1316X1-75.6202X,-23353.3X32+0.239X3-0.00315X3%-66.727X2X3  (5)

Where X3 is the RAC grade, Xz is the volume fraction, and Xz is the length of
the fiber. They found that increasing the RAC content increased the bond strength, but
when it came to increasing the volume fraction of basalt fiber, the bond strength reduced
which is contradictory to [55]. Additionally, Kim et al.[57] investigated the effect of
structural fibers on bonding behavior of GFRP bars. The study mentioned that it is more
appropriate to investigate the effect of fibers addition on delaying the bond failure and
improving the ductility rather than enhancing the bond strength. The study investigated
three types of fibers: polypropylene (PP) fiber, polyvinyl alcohol (PVA) fiber, and
hooked-end steel fiber. It was concluded that the addition of the fibers to the concrete
matrix maintained high residual loads and toughness and thus delayed the pull-out
failure of the bars. Moreover, Belarbi and Wang[58] studied the bond-slip response of
FRP bars in FRC. The study investigated two types of bars: GFRP and CFRP bars. It
was reported that the addition of fibers had no contribution on improving the bond
strength and the enhancement of the fibers’ addition on the ductility response of the
bars was moderate.

2.4 Bond Durability of FRP Bars Embedded in Concrete under Severe

Environmental Conditions.
2.4.1. Effect of High Temperature
Li et al.[59] studied the impact of high temperature on the bond behavior of

BFRP and GFRP bars embedded in concrete. Seven parameters were investigated,
temperature, bar diameter, bonding length, FRP type, thickness of concrete cover, and
coating material. It was noted that both GFRP and BFRP bars exhibited similar bond
slip curves at high and room temperature, however the peak bond strength decreased

when the temperature increased. The bond strength of GFRP bars showed more severe
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decrease than BFRP bars when subjected to high temperature. The bond performance
was reduced by 2.45%-14.24% at 70°C-220°C.
2.4.2. Effect of Saline Solution

Altamas et al. [60] investigated the bond degradation of BFRP and GFRP bars when
subjected to conditions of accelerated aging. The specimens were subjected to three
environmental conditioning which are acidic, ocean water, and alkaline solutions for
30, 60, and 90 days. The summary of the bond strength results is shown in Figure 14.
It was concluded that BFRP bars experienced a 25 % reduction when immersed in
oceanic water, whereas GFRP bars experienced a 17% bond strength reduction. Dong
et al. [61] studied the bond durability of BFRP bars embedded in concrete conditioned
in seawater. In their study, 114 pull-out specimens were tested, 99 out of the tested
specimens were submerged in seawater for at different temperatures and for different
durations. The parameters investigated in their study were: (1) the conditioning
duration: 15, 30, 45, and 60 days; (2)The bar type: BFRP, GFRP, CFRP, and steel bars;
(3) the resin type: vinyl ester and epoxy; (4) conditioning temperature: 25 °C, 40 °C,
and 55 °C. The surface configuration of the bars tested in their study are shown in
Figure 15. The results of their study revealed that: (1) basalt vinyl ester (BV) and glass
vinyl ester (GV) bars had bond degradations of 9.1% and 7.1% respectively compared
to control specimens; (2) the basalt epoxy (BE) bars showed better alkali resistance
than BV bars; (3) the sand coated ribbed BFRP (RBFRP) bars had lower short term
bond strength than their long term bond strength; (4) the bond strengths of steel bars
did not decrease along the durability test because of the passivation layer that was
formed on the surface of the bar due to the high alkali environment in concrete ( this
layer is usually destroyed because of the carbonization and chloride penetration inside

the concrete which causes rapid corrosion of the steel bar); and (5) The retentions of
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bond strength after 50 years of service life was found to be 93%, 78%, and 47% for dry,
moist, and moisture saturated environments respectively. El Refai et al. [62]
investigated the bond durability of BFRP bars by direct pullout conditions for fifty-six
pullout cubic specimens with a side length of 200mm. The parameters of their study
were: (1)the bar type : GFRP and BFRP; and (2) the conditioning environment : Water-
conditioning, Seawater-conditioning, Temperature conditioning, temperature then
water immersion, and temperature then seawater immersion. It was concluded that the
response of bond-slip was attributed mainly to the bar's surface treatment and the bar's
quality of manufacturing. Consequently, the results of their study revealed that the bond
strength was slightly affected by exposure to elevated temperatures up to 80 °C. Last
but not least it was found that the immersion of FRP bars in aqueous solution improved
the adhesion stresses but affected the bond strengths, this reduction of bond strength
was mainly attributed to the moisture absorption of the bar and its quality of

manufacturing regardless what the type of fiber is.
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Figure 14:Comparison for Bond Strength at Different Conditions[60].
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Figure 15:FRP Bars Tested in [61]

2.4.3. Acidic Solution.
According to [60], the bond strength of BFRP bars reduced by 14% when

subjected to acidic environment whereas, GFRP bars experienced a reduction of 25%
when subjected to an acidic solution for 90 days. It is interesting to note that most of
the bond failures for GFRP specimens were governed by concrete splitting rather than
pullout. Likewise, Zhou et al. [63] the bond degradation of GFRP and steel bars
embedded in concrete and subjected to tap water and acidic environments of different
PH levels. The study was performed on 120 pullout specimens for an exposure duration
of 30,45,60, and 75 days at 20 °C. The results of the study are summarized in the column
chart shown in Figure 16. Even though the study showed an increasing trend of the
bond strength with exposure time for specimens conditioned in tap water, however the
increase in the bond strength was not enough to retain the bond strength of the control
specimens. The average bond strength reductions for the GFRP bars after 75 days of
exposure are: 11%. 22%. 17.2% and 14% for specimens immersed in tap water, pH=2,
pH= 3, and pH=4 solution respectively.
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Figure 16: Bond Strength Changes with Exposure Time [63].

2.4.4. Alkaline Solution:
Referring to [60], The bond strength of GFRP bars suffered a reduction of 17%

when subjected to alkaline solution for 90 days whereas the bond strength of BFRP bars
was reduced by 25%. Likewise, El hassan et al. [64] observed the long term durability
of BFRP bars embedded in concrete exposed to a highly alkaline solution of (pH=12.9)
for 1.5,3, and 6 months at 40 °C, 50 °C, and 60 °C. The study revealed the highest bond
strength loss of (14%) was at 40 °C after 6 months of exposure followed by 50 °C, and
60 °C with a loss of 7% and 5% respectively when compared to specimens exposed for
1.5 months. No reductions in the bond strength were observed for specimens exposed
to 50 °C and 60 °C when compared to the unconditioned (control) specimens The results

of the study are summarized in figure 17.
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Figure 17: Bond Strength Retentions with Exposure Time.

2.4.5: Effect of fiber reinforced concrete on the bond degradation of FRP bars:

Very few studied were performed on the effect of fiber reinforced concrete on
the bond degradation of FRP bars. One study [65] was found that investigates the bond
durability of GFRP bars subjected to saline solution. They tested 105 pullout specimens
with polyvinyl alcohol (PVA) fibers and steel fibers(0.5% and 1%) at high temperatures
of 50°C and 70°C for 30,45, and 60 days. SF specimens with 1% volume content
enhanced the bond strength of unconditioned specimens by 44% and experienced a
reduction of 10% at 60 days. Whereas plain concrete bond strength was reduced by
12% at 60 days. The summary of the results is shown in figure 18. On the other hand,
Belarabi and Wang [27] tested the bond durability of FRP bars embedded in
polypropylene FRC subjected to combined environmental conditioning such as: (1)
high temperature of 60 °C; (2) cycles of freeze and thaw; and (3) and deicing saline
solution. The results revealed a reduction in the bond strength of unconditioned

specimens with the addition of polypropylene fibers but an improvement in the bond
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durability by exhibiting higher tolerance to severe environmental conditions when

compared to plain concrete.
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Figure 18: Summary of Bond Strength Reductions with Exposure Time[65].

2.5 Structural Fibers Overview

The chopped discrete fibers are usually made in two arrangements:
monofilament and multifilament shown in Figure 19. When fibers are separated from
one another, it is often called a monofilament configuration whereas when the fibers
are bundled together in the form of helical wrappings, this is referred to as a
multifilament configuration. Moreover, the discrete chopped fibers are available in a
variety of lengths and diameters ranging from few millimeters up to 80 millimeters in
length, and from a tenth of a millimeter up to 2 millimeters in diameter [66].
Furthermore, the fibers are classified as micro or macro fibers depending on their length

and diameter when compared to the maximum aggregate size and cement grain size
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used in the concrete mix. When the length and the diameter of the added fibers are
greater than the maximum aggregate size and cement grain size, they are often
classified as macro fibers whereas they are classified as micro-fibers when their length
and diameter are less than the maximum aggregate size and cement grain size [67]. The

fibers used in this study are classified as macro fibers.

Figure 19: Monofilament and Multifilament Configurations.

The structural enhancement of concrete by adding discrete fibers is mainly
governed by the interfacial interactions of the fiber and surrounding concrete which the
chemical adhesion and the frictional bond due to the mechanical interlock developed
due to the surface treatment of the fiber [68]. When using conventional smooth and
straight fibers to be added to concrete, insufficient interfacial interaction might be
induced with surrounding concrete resulting in an ineffective utilization of the added
fibers. Therefore, surface treatments have been performed by deforming the fiber’s
surface in multiple complex geometries and forms to increase the mechanical interlock
of the fiber with the surrounding concrete [68]. Some of these complex forms and

geometries are depicted in Figure 20.
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Figure 20:Various geometries of the commercial discrete fibers [66].

Based on the presented studies in this review, the following conclusion can be drawn

» FRP composite bars are promising to be an excellent alternative to conventional
steel due to their excellent corrosion and chemical resistance.

» The most widely used test methods for determining the bond strength of FRP
bars by direct pull-out testing are the ASTM D7913 and CSA S806.

» The most widely used analytical model used to represent the bond-slip
experimental curves are the mBPE, and CMR models.

» The surface treatment of the FRP composite bars plays a significant role in the
bond performance.

» Increasing the embedment length of FRP bars in concrete cubes decreases the

bond strength
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> Larger diameters of FRP bars exhibit a reduction in the bond strength between
FRP bars and concrete.

» The concrete compressive strength affects the bond strength between the FRP
bars and concrete.

» The addition of fibers to normal concrete mixes may enhance the bond strength
of FRP bars with concrete however, this requires more investigation because
the studies concerning this matter are few and contradicting.

» Durability of FRP bars under different environmental conditions such as high
temperature, saline, acidic, and alkaline solution was discussed. It was found
out that the FRP bars experience severe reductions in these solutions especially
when they are accompanied by high temperatures.

Very few studies were performed on the influence of FRC on the FRP composite
bars bond degradation, but based on the discussed studies in this review, the effect of
FRC on the bond strength remains unclear whereas its influence on the durability of the
FRP bars seems to be more pronounced. However, up to the author’s knowledge, only
one study was performed on the effect of FRC on the durability of FRP bars immersed
in seawater which indicated an improvement on the bond durability of GFRP bars
specimens in saline solution when subjected to extremely high temperatures of 50°C
and 70°C. The addition of metallic and highly conductive fibers susceptible to corrosion
in a highly corrosive solution such as a saline solution requires more investigations to
confirm their suitability along with the noncorrosive FRP composite bars in marine
structures. That is why, to furtherly investigate the effect of steel FRC in improving
the bond durability of FRP bars, longer exposure duration and lower temperatures are
required to investigate the addition of corrosive mild steel fibers the concrete mix in

improving the bond durability of the newly developed BFRP composite bars.
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Therefore, this study is conducted to effectively evaluate the durability of BFRP bars
embedded in corrosive and noncorrosive FRC subjected to oceanic water at elevated

temperature due to the need of fulfilling the gap and enriching the literature.
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CHAPTER THREE: EXPERIMENTAL PROGRAM

3.1. Materials
3.1.1. Basalt Fiber Reinforced Polymers Bars

One type of basalt FRP (BFRP) bars was used in this study and is denoted as
HWBFRP referring to its surface shape of helical wraps which consists of indentations
distanced at 3 cm. These indentations are used to increase the mechanical interlock at
the interface between concrete and BFRP bar's surface and thus increases the bond
strength of the bar. The BFRP bars used in this study are obtained from a Norwegian
company called Reforcetch. Figure 21 shows the BFRP bars investigated in this study.
The mechanical properties of the HWBFRP bar investigated in this study are shown in
Table 3. All bars have a nominal diameter of 10 mm which includes the size of the
polymeric resin used in manufacturing the BFRP bars. The process followed for
producing the BFRP bars is wet ley-up which basically consists of laying up the basalt
fibers and soaking them with the polymeric resin such that it forms a usable BFRP
composite bar when cured. The fibers in the BFRP bars used in this study are extracted
from basaltic igneous rocks which primarily compose of numerous forms of oxides,
where silica oxides being the most abundant with a composition percentage of 51.6 to
57.5 %. In general, silica oxide content above 46% is the acceptable composition for
basalt fiber production. The polymeric resin used in manufacturing the BFRP bars is
vinyl ester. The tensile strength of the BFRP bar provided by the manufacturer is 1100

MPa with an elastic modulus of 44 GPa. The density of the used bars is 1.9 g/cm?®
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Figure 21: BFRP Bar Used in the Study.

Table 3: Material Properties for the Used BFRP Bars in this Study

Material Properties Basalt Fibers w/o resin HWBFRP bhars
Tensile Strength (MPa) 2900 1100
Elastic Modulus GPa 88 44
Density g/cm?® 2.9 1.9

3.1.2 Structural Fibers Added to the Concrete Mix

Two types of fibers were used in this study: basalt macro fiber (BMF) and steel
macro fiber (SMF). The basalt fibers investigated in this study are manufactured by a
Norwegian company called (ReforceTech AS). The trademark name of the used basalt
fibers is (MiniBar™ReforceTech). According to the datasheet provided by the
manufacturer, these fibers can be mixed with concrete up to 4% volume fraction
without affecting the workability of concrete. The basalt fiber content of the minibars
is 46% with Vinyl ester being the polymeric resin in the production process which is
similar to the manufacturing process of the BFRP bars. Vinyl ester resin is produced
by combining an unsaturated polyester resin with an epoxy resin. The outer surface of
the minibars used in this study is treated to form helical windings along the fiber’s

length to effectively improve the mechanical interlock with the surrounding concrete.
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Hence, it can be clearly noticed that the minibars are just a small-scale prototype of the
HWBFRP bars used in this study

On the other hand, the steel fibers used in this study are obtained from a
manufacturer, located in the Republic of Serbia, called Spajic. The commercial name
of the steel fibers used in this study is Hook Ended steel fibers referring to their shape.
Figure 22 shows the two types of fibers investigated in this study. The material

properties of both types of fibers investigated in this study are shown in Table 4.

Figure 22: Steel and Basalt Fibers Used in this Study.

Table 4: Properties of Structural Fibers Used in this Study

Type Length Diameter Aspect Ratio  Tensile Strength Density
(mm) (mm) (MPa) (g/cmd)
Basalt Fibers 43 0.72 59 900 2.1
Steel Fibers 50 0.9 55 1100 7.85
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3.1.3 Concrete Mix

The concrete mix used in this study was chosen so that the cylindrical
compressive strength of most of the specimens would be within 30 MPa. The normal
strength concrete was chosen in accordance to ASTM D7913 and CSA S806[37,39]
Moreover, most of the studies that investigated the bond durability of FRP bars have
chosen a relatively high strength concrete which might not reflect the practical mix
design used in the Arabian Gulf. The use of normal strength concrete exhibits higher
permeability than the high strength concrete which will accelerate the water penetration
in the concrete matrix during the conditioning. The concrete mix designs are shown in
table 5. Two fiber volume fractions of 0.5% and 1% were used in the mix design of the
fiber reinforced concrete. Trial mixes were performed to achieve the proper mix design
with satisfactory concrete workability and fiber distribution. All specimens were
prepared in the same conditions including the control specimens. Each batch was mixed
using a mixer that has a capacity of 0.1 m®. The coarse aggregate, washed sand, and
two thirds of the water were added to the mixer and mixed for 1 min. Then the cement
and remaining water were added and mixed for 1 min. Finally, the fibers and
superplasticizers were added slowly to the mix and mixing was continued for an
additional 3 min to ensure uniform dispersion of fibers and to minimize fiber balling.

A confirmation of good fiber distribution was done via visual inspection.

36



Table 5: Concrete Mix Designs Used in this Study.

Mix Type Fiber Type Cement Water Sand Coarse Fiber Super-
(kg/md) (kg/m3)  (kg/m®)  Aggregate  Volume plasticizer
(kg/m3) Fraction (kg/m?3)

(%)
PC Plain 350 204 714 1082 0 0
concrete
Steel-0.5%  Hook ended 350 204 714 1082 0.5 0.27
steel
Steel-1% Hook ended 350 204 714 1082 1 0.35
Steel
BMF-0.5% Basalt 350 204 714 1082 0.5 0.27
MiniBars
BMF-0.1% Basalt 350 204 714 1082 1 0.44
MiniBars

3.2. Specimens Preparation

In this research, numerous pull-out tests were done in order to investigate the
bond strength between the BFRP rebar and concrete. The pullout specimens composed
of a BFRP bar embedded in the center of a concrete cube with side length of 200mm.
The BFRP bars has a length of 1050mm with part of it being embedded in concrete.
The pullout specimens are shown in Figure 23. The surface of the bar that is in direct
contact with concrete (bonded length) is 5 times the diameter of the bar which is
equivalent to 50 mm according to [37]. A polypropylene (PP-R) tube with outer
diameter of 20 mm and inner diameter of 16 mm was used to separate the bond between
the BFRP bar and concrete in the remaining 150 mm of the concrete cube (debonded
length) to minimize the bottom plate restraining effect on the BFRP bars used in this
study. The spacing between the bar and the tube was filled with silicone before casting
to prevent concrete from penetrating inside the tube along the debonded length. The
specimens were cast horizontally in molds made of plywood with a thickness of 18mm.
Two holes were opened in the center of the plywood molds using a drill at both ends of
the cubic mold. One of them was of 20 mm diameter to fit the PP-R tube and the other

was of 11 mm to fit the BFRP bars because the bar was protruded for a length of 50
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mm to measure the free end slippage of the bar. Figure 24 shows the pullout specimens’
mold. Since BFRP bars are weak in the traverse direction (perpendicular to the fibers'
direction), the bars had to be inserted in carbon steel tubes with a diameter of 42.6 mm
and thickness of 4.85 mm filled with Cementous grout before testing to prevent
crushing of the BFRP bars by the machine jaws. The steel tubes were cut so that their
length is equal to 400 mm according to [38] to ensure enough bonding stress provided
by the Cementous grout between the steel tube the BFRP bar and to successfully
transmit the load from the machine to the bar surface. The Cementous grout used in this
study was obtained from a local supplier with a brand name of SIKA GROUT 214
shown in figure 25. According to the datasheet provided by the manufacturer, 3.3 Liters
of water are needed to be mixed with 25 kg of the grout to achieve a fluid paste. The
procedure used for preparing the grout was as follows: (1) 2/3 of the needed water was
poured in a bucket (2) the grout was added gradually to prevent lumps formation while
slowly mixing using a drill mixer; and (3) the remaining water was added, and mixing
was kept for 3 minutes after the remaining water was added. To centralize the bar inside
the steel tube two aluminium washers with a hole in their center of a size sufficient to
fit the bar’s diameter were fabricated for each specimen and were installed at the end
of the steel tube. These washers are shown Figure 26. The bars were embedded in the
grout filled steel tubes before casting the pullout specimens as shown in figure 27. After
the specimens were casted, the specimens were left for one day before being removed
from the molds and then were immersed along with 105 concrete cylinders in tap water

for 28 days of curing before the environmental conditioning.
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Figure 23: Pullout Specimens after Curing.

Figure 24: Plywood Molds Used for Casting Pullouts Specimens.
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Figure 25: The Cementous Grout Used in this Study to Anchor the Bars.

Figure 26: Washers Fabricated to Centralize the Bar inside the Streel Tube.
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Figure 27: Bar Preparation before Casting.

3.3 Test Setup

The pullout tests were conducted at Qatar University laboratory using Universal
Testing Machine (UTM) with a capacity of 1500 kN as shown in figure 28. Since the
machine was not capable of performing the pullout test, a special steel frame setup,
shown in figure 29, had to be designed and fabricated to hold the pullout specimens in
order to perform the pullout test. The steel frame consisted of a top and bottom plate
with a thickness of 20mm and a surface area sufficient to cover the surface area of the
pullout specimens in addition to the six threaded steel rods with a diameter of 16mm.
The bottom steel plate was cut in the center for a length of 3 cm for easier placement
of the pullout specimens. A 32 mm steel rod was welded at the center of the top plate
to be held with the upper jaws of the UTM. The six threaded rods served as reaction
rods to prevent the bottom plate from moving down due to the load applied by the
specimen during the test. Two LVDTs, shown in figure 30, with capacity to measure a

displacement of 25 mm were used to measure the linear displacements. The top LVDT

41



was used to measure the free end slippage whereas the bottom LVDT was used to
measure the loaded end slippage. The top LVDT was fixed using a magnet to the upper
plate and was placed on the cross-section of the BFRP bar's protruded length. A steel
bracket, shown in figure 31, was fabricated to hold the bottom LVDT. The steel bracket
was held at a fixed length of 21 cm to measure the net displacement by subtracting the
bar's elongation from the loaded end measured displacement at each force reading. The
two LVDTs were connected to the data logger that can measure the displacement at a
rate of 1 reading per second. The pullout specimens were pulled at a rate of 1.2 mm/min
in accordance to [37]. A detailed schematic of the pullout specimen and the fabricated

steel frame is shown in Figure 32.

Figure 28: Universal Testing Machine Used in the Study.
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Figure 29:Fabricated Pullout Steel Frame Setup.

Figure 30: The Two LVDTs Used in the Study.
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Figure 31: Fabricated Steel Bracket Used to Hold the Bottom LVDT.
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Figure 32: Detailed Schematic of the (a) Pullout Specimen; (b) Test Setup.
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3.4 Environmental Conditioning

Two steel tanks of size 2.46 m x 1.23m x1.23 m, shown in Figure 33, were
fabricated from 3 mm thick galvanized steel sheets to prevent corrosion of the tanks
due to the existence of NaCl. A GRP cover was fabricated to fit the steel tanks. The
GRP cover was then cut to fit the shape of the heaters and the pumps’ wires. After 28
days of curing, the specimens were left for three days and were immersed in a saline
solution of 3.9% NaCl concentration. The solution was prepared so that the saline
solution level reaches 71.5 cm height inside the tank. This was done by marking the
required level of solution inside the tank and adding 81.9 kg of NaCl in each tank, then
filling the tanks with tap water until the marked level, this was accompanied with
thorough mixing until the NaCl was completely dissolved in the solution. This was
ensured via visual inspection. Consequently, the total dissolved solids (TDS) test,
shown in Figure 34, was carried out to insure the salinity of the solution. The TDS was
found to be 4.3 g per 100 ml of solution which is close to the required NaCl
concentration of 3.9%. The tanks were then insulated using 2.5 cm thick rockwool
sheets shown in Figure 35 to prevent heat loss and save energy because the heaters
required 8 amperes of energy consumption and the test was done during the winter time
which could damage the heaters if the tanks were left uninsulated ( since heaters are
equipped with thermostat to maintain the temperature and are designed to turn on and
off accordingly). The insulation was done by adding glue to the external tank sheets
and sticking the sheets to the tanks immediately. Each tank contained a total of 90
specimens including 45 pullout specimens and 45 cylinders. A total of 5 heaters and 6
pumps were used for the conditioning. 4 heaters and 4 pumps were used to maintain 60

°C temperature in one tank whereas only 1 heater and 2 pumps were needed to maintain
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the 35 °C in the other tank. After the specimens were immersed in the solution, the GRP
cover was placed along with required heaters and pumps. All gaps were then filled with
polyfoam shown in Figure 36 to prevent excessive evaporation of water in order to
maintain the desired salinity. Additional salt was added to compensate the volume of
the specimens that is removed from the tanks each month to maintain the same solution

level and same salt concentration.

Figure 33:Fabricated Steel Tanks.

Figure 34: Total Dissolved Solids Test.
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Figure 35: Steel Tanks Insulated with 2.5 cm Rockwool Sheets.

Figure 36: Polyfoam Used to Fill the Gaps and Openings.
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3.5 Testing Matrix

A total of 105 pullout specimens were prepared in an attempt to investigate the
bond strength and bond durability of BFRP bars embedded in different types of fiber
reinforced concrete (FRC). The parameters studied in this research program are: (1)
The type of FRC: basalt FRC and steel FRC; (2) The fiber volume fractions in the
concrete matrix: 0.5% and 1%; (3) the elevated temperatures of 35 °C and 60 °C; and
(4) the conditioning duration of 30, 60, and 90 days. The specimens were immersed in
a saline solution with NaCl concentration of 3.9% simulating the average salinity of the
Arabian Gulf seawater. The 35 °C temperature was chosen since it represented the
annual average temperature of the Arabian Gulf. and the 60 °C temperature was chosen
to simulate accelerated environmental conditioning. The specimens were grouped into
35 groups. Each group consisted of three identical specimens. Table 6 presents some
details of all the specimens used in this experimental program. The labelling system
was chosen so that it is easy to identify the fiber volume fraction of ( 0.5% for 0.5%
fiber volume fraction and 1% fiber volume fraction), the FRC type ( SF for steel FRC
and BF for basalt FRC), the duration of ( 30,60, and 90 for 30 days, 60 days, and 90
days respectively) , conditioning temperature ( 35 for 35 °C temperature and 60 for 60
°C temperature) , and specimen number ( 1,2, and 3 for first, second, and third identical
specimen of the same group) . For example, 0.5%SF-30-60-2 refers to the second
specimen of 0.5% volume fraction of steel FRC conditioned for 30 days at 60 °C. 15
control specimens were prepared and were left at room temperature. The control

specimens were tested with the 90 days conditioned specimens.
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Table 6: Testing Matrix.

No. of Specimens Fiber Type Volume Fraction Temperature Name
(%) (°C)
Unconditioned Specimens (Control Specimens)
3 Plain Concrete 0 23 PC-Control
3 Steel FRC 0.5 23 0.5%SF-Control
3 Steel FRC 1 23 1%SF-Control
3 Basalt FRC 0.5 23 0.5%BF-Control
3 Basalt FRC 1 23 1%BF-Control
Conditioned Specimens for 30 days
3 Plain Concrete 0 35 PC-30-35
3 Steel FRC 0.5 35 0.5%SF-30-35
3 Steel FRC 1 35 1%SF-30-35
3 Basalt FRC 0.5 35 0.5%BF-30-35
3 Basalt FRC 1 35 1%BF-30-35
3 Plain Concrete 0 60 PC-30-60
3 Steel FRC 0.5 60 0.5%SF-30-60
3 Steel FRC 1 60 1%SF-30-60
3 Basalt FRC 0.5 60 0.5%BF-30-60
3 Basalt FRC 1 60 1%BF-30-60
Conditioned Specimens for 60 days
3 Plain Concrete 0 35 PC-60-35
3 Steel FRC 0.5 35 0.5%SF-60-35
3 Steel FRC 1 35 1%SF-60-35
3 Basalt FRC 0.5 35 0.5%BF-60-35
3 Basalt FRC 1 35 1%BF-60-35
3 Plain Concrete 0 60 PC-60-60
3 Steel FRC 0.5 60 0.5%SF-60-60
3 Steel FRC 1 60 1%SF-60-60
3 Basalt FRC 0.5 60 0.5%BF-60-60
3 Basalt FRC 1 60 1%BF-60-60
Conditioned Specimens for 90 days
3 Plain Concrete 0 35 PC-90-35
3 Steel FRC 0.5 35 0.5%SF-90-35
3 Steel FRC 1 35 1%SF-90-35
3 Basalt FRC 0.5 35 0.5%BF-90-35
3 Basalt FRC 1 35 1%BF-90-35
3 Plain Concrete 0 60 PC-90-60
3 Steel FRC 0.5 60 0.5%SF-90-60
3 Steel FRC 1 60 1%SF-90-60
3 Basalt FRC 0.5 60 0.5%BF-90-60
3 Basalt FRC 1 60 1%BF-90-60




CHAPTER FOUR: TEST RESULTS AND DISCUSSION.

4.1. Introduction

In this chapter, the test results of the control (Unconditioned) specimens and
conditioned specimens are presented and discussed. As discussed earlier, 105 pullout
specimens were tested to evaluate the effect of temperature, exposure duration, fiber
type and fiber volume fraction on the bond durability of BFRP bars under saline
environment. 105 concrete cylinders were tested to monitor the compressive strength
during immersion. In general, the concrete compressive strength showed an increasing
trend during the at early stages of immersion until 60 days regardless of the mix type.
After 60 days, the concrete compressive strength showed minor changes. The immersed
specimens are labeled in the following order: test type, mix type of concrete, duration
of exposure, temperature of exposure, and specimen number. For instance, specimen
PO-1%BF-30-35-2 indicates a pullout specimen with 1% basalt fiber volume fraction
conditioned for 30 days at 35 °C. The digit (2) refers to the second specimen of the three
identical specimens. In pullout testing, the bond stress is not uniformly distributed along
the embedment length of the bar in concrete, therefore the average bond stress can be

approximated using the following equation:

P

T= (6)

_Tl'dde

Where 7 is the bond stress, P is the maximum pullout load, dy is the diameter of
the bar, and Lg is bar’s embedment length in concrete and was fixed at 50 mm
equivalent to 5d». The slippage of the bar at the free end (unloaded end) is measured
using an LVDT that was attached at the top plate of the steel frame using a magnet and

was placed directly on the bar’s cross-section. The slippage of the bar at the loaded end
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was measured by subtracting the bar’s elongation from the total deformation measured

using an LVDT that was attached to the bar using a fabricated steel bracket as follows:

Loaded end slippage of the bar= Bottom LVDT reading - % (7)

Where L is the distance between the location of the steel bracket and the start
of the embedment length of the bar, which was kept at 210 mm, E is the bar’s young’s
modulus, (E=44 GPa), A is the cross-sectional area of the bar. Table 8 shows the

obtained experimental results from the pullout test.

4.2. Bond Failure Mechanism

The test results are shown in Table 7, All unconditioned (control) specimens
failed under typical pullout failure mechanism by exhibiting slippage at the free end
without any signs of cracks appearing the specimen’s surface that indicates a splitting
failure, however it is worth to note that specimen 1%BF-control-3 exhibited a pullout
failure followed by a rebar fracture after a large amount of slippage after reaching the
peak load which gives an indication that basalt fiber reinforced concrete with high
volume fraction does have an effect on the mode of failure. For the conditioned
specimens, all specimens conditioned at 35 °C exhibited a typical pullout mode of
failure regardless of the mix type, fiber volume fraction, or exposure duration, however,
this was not the case for the specimens conditioned at 60 °C. At the early time of
exposure, the mode of failure was mainly dominated by pullout mode of failure. After
60 and 90 days of exposure, one specimen out of the three identical specimens of the
BFRP bars embedded in 0.5% and 1% basalt FRC changed the mode of failure from

pullout to rebar fracture where bar’s layers seemed to be sheared off as shown in Figure
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37 indicating the faster deterioration due to the higher immersion temperature and the
accelerated chloride ions penetration inside the concrete to reach the bar’s resin at
higher temperatures therefore, weakening the resin surrounding the basalt fibers of the
rebar which lead to rebar fracture. Similar behavior was observed for PC-90-60-3
indicating the more predominant influence of the temperature on changing the mode of
failure rather than the presence of the fibers. It is important to note that the quality of
manufacturing and the random deterioration of the specimens play an important role
for not causing the same type of failure for all the three identical specimens. In general,
specimens that experienced rebar fracturing displayed a relatively higher bond strength
than those failed at a typical pullout mode of failure. No concrete splitting failure was
observed due to the sufficient concrete cover provided as well as the presence of fibers
in concrete that provide additional confining pressure to the concrete. Some of the
specimens were split using a grinder equipped with concrete cutting disc for closer
inspection on the surface of concrete along the BFRP bar’s embedment length as shown
in figures 38, 39, and 40 for control, 90 days at 35 °C, and 90 days at 60 °C plain
concrete specimens respectively. The visual inspections revealed a whitish color at the
concrete surface along the embedment length was for the conditioned specimens
regardless of the conditioning temperature indicating the presence of NaCL along the
embedment length, the more severe condition of the bar surface of the immersed
specimens indicates the bond degradation when compared to the control specimens.
Moreover, examination of the BFRP bar’s surface indicated concrete residue between
the bar ribs along with some small scratches on the bar’s ribs at the bar-concrete
interface, this behavior was observed for both conditioned and unconditioned
specimens, however the wearing of the conditioned specimens was more obvious. No

noticeable difference could be visually inspected between the different durations of the
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immersed specimens. All steel FRC specimens failed under pullout mode of failure
regardless of the significant increase in the concrete compressive strength which
implies that the bond strength relies more on the performance of the FRP bar than the
increase in the compressive strength of surrounding concrete. The mode of failure was
governed by interlaminar shearing between the successive layers of the BFRP bar,
rather than concrete shearing at the interface between the bar and surrounding concrete,
for all the tested specimens that failed by pullout mode failure. This is explained by the
delamination of the BFRP bar’s outer surface layer that can be easily observed by visual
inspections when the concrete cubes were split with the presence of chopped fibers and
bar’s crushed resin at the concrete surface along the embedment length. This agrees
with the findings of [43] that the governing factor of the failure mode of FRP bars
depends mainly on the shear strength between the fibers and the surrounding resin,
rather than the shear strength of the surrounding concrete, when the compressive

strength is greater than 30 MPa.
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Table 7: Test Results

Specimen Pe Tmax T* max T™n S Oee Tons T Failure Retention
(MPa) (Mpa) (MPa) (MPa) (mm) (mm) (MPa) (MPa) Mode (%)
Unconditioned (Control) Specimens
PC-C-1 11.78 6.2 6.21 149 9.58 PO
PC-C-2 325 13.14 13.14 2.3 7.18 8.65 0.39 12,51 PO 100
PC-C-3 14.49 481 6.44 2.58 12.47 PO
0.5%SF-C-1 15.97 7.31 9.22 0.11 14.23 PO
0.5%SF-C-2 331 16.58 15.7 2.73 5.14 N. A 0.04 13.55 PO 100
0.5%SF-C-3 14.55 459 6.47 0.12 10.22 PO
1%SF-C-1 13.11 6.24 7.19 0.22 11.93 PO
1%SF-C-2 311 14.34 13.34 2.39 6.23 6.76 0.16 12.44 PO 100
1%SF-C-3 12.56 6.23 6.66 0.31 10.17 PO
0.5%BF-C-1 13.25 5.77 5.84 0.45 11.18 PO
0.5%BF-C-2 30 12.64 13.27 242 4.46 6.18 0.98 11.51 PO 100
0.5%BF-C-3 13.91 6.8 7.54 0.32 10.19 PO
1%BF-C-1 13.6 6.95 8.37 0.12 12.85 PO
1%BF-C-2 30.6 16.33 16.01 2.89 5.66 N. A 0.13 13.06 PO 100
1%BF-C-3 18.09 6.32 7.43 0.24 13.58 PO/R
30 Days Conditioned Specimens at 35 °C
PC-30-35-1 114 4.08 5.18 0.23 9.98 PO
PC-30-35-2 304 8.96 9.547 1.73 4.63 4.72 0.35 6.51 PO 73
PC-30-35-3 8.28 7.82 8.61 0.29 7 PO
0.5%SF-30-35-1 12.25 5.53 5.97 0.54 10.83 PO
0.5%SF-30-35-2 333 1172 10.97 1.9 4.78 5.29 0.34 8.69 PO 70
0.5%SF-30-35-3 8.93 4.98 5.54 0.29 5.52 PO
1%SF-30-35-1 11.2 7.37 7.82 0.37 10.18 PO
1%SF-30-35-2 30.3 NA 12.49 2.27 N. A N. A N. A N. A N.A 94
1%SF-30-35-3 13.77 6.11 6.01 0.49 12.12 PO
0.5%BF-30-35-1 10.63 2.68 3.59 0.27 9.67 PO
0.5%BF-30-35-2 279 8.09 10.7 2.03 5.75 5.59 0.5 6.13 PO 81
0.5%BF-30-35-3 13.37 6.33 6.78 0.5 11.19 PO
1%BF-30-35-1 12 5.65 6.57 0.21 9.27 PO
1%BF-30-35-2 30.3 7.71 10.29 1.87 6.18 6.43 0.31 6.34 PO 64
1%BF-30-35-3 11.15 5.88 7.8 0.14 9.06 PO
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Table 7 (Continued)

Specimen Pe Toax  Tmax TN oLe Sre Tons T Failure  Retention
(MPa) (Mpa) (MPa) (MPa) (mm) (mm) (MPa) (MPa) Mode (%)
30 Days Conditioned Specimens at 60 °C
PC-30-60-1 12.14 6.26 6.59 0.12 10.45 PO
PC-30-60-2 29.3 13.38 134 2.48 6.54 7.01 0.42 10.46 PO 102
PC-30-60-3 14.69 4.24 5.51 0.48 10.93 PO
0.5%SF-30-60-1 11.81 4.19 4.83 0.51 9.52 PO
0.5%SF-30-60-2 311 8.01 10.54 1.89 5.51 5.13 0.54 6.45 PO 67
0.5%SF-30-60-3 11.81 6.03 5.75 0.13 9.11 PO
1%SF-30-60-1 13.48 4.8 5.82 0.17 10.63 PO
1%SF-30-60-2 355 14.92 14.15 2.37 5.92 6.36 0.19 124 PO 106
1%SF-30-60-3 14.05 5.55 6.75 0.46 11.12 PO
0.5%BF-30-60-1 17.2 7.22 7.76 0.71 14.24 PO
0.5%BF-30-60-2 31.2 12.32 15.18 2.72 4.62 4.45 0.59 11.39 PO 114
0.5%BF-30-60-3 16.02 5.74 5.77 0.33 13.25 PO
1%BF-30-60-1 113 5.39 6.16 0.51 9.02 PO
1%BF-30-60-2 334 9.78 11.55 2 3.81 4.84 0.16 75 PO 72
1%BF-30-60-3 13.56 5.19 6.62 0.19 9.28 PO/R
60 Days Conditioned Specimens at 35 °C
PC-60-35-1 12.14 7.35 7.01 0.64 11.11 PO
PC-60-35-2 34.2 10.26 10.9 1.86 48 5.59 0.56 8.46 PO 83
PC-60-35-3 10.31 3.64 4.09 0.51 6.63 PO
0.5%SF-60-35-1 14.04 5.6 6.18 0.46 11.22 PO
0.5%SF-60-35-2 345 1093 1221 2.08 7.52 8.54 0.51 8.65 PO 78
0.5%SF-60-35-3 11.66 8.03 8.36 0.63 10.77 PO
1%SF-60-35-1 11.33 6.3 6.41 0.39 10.48 PO
1%SF-60-35-2 304 1093  10.69 1.94 6.82 7.44 0.54 8.39 PO 80
1%SF-60-35-3 9.81 7.86 8.16 0.28 8.97 PO
0.5%BF-60-35-1 12.07 4.89 5.16 0.63 9.45 PO
0.5%BF-60-35-2 30.3 12.94 13.22 24 5.23 5.42 0.37 8.87 PO 100
0.5%BF-60-35-3 14.65 6.51 7.23 0.64 13.33 PO
1%BF-60-35-1 14.76 5.3 5.39 1.17 12.61 PO
1%BF-60-35-2 33.2 13.93 14.97 2.6 7.75 7.29 0.34 12.23 PO/R 94
1%BF-60-35-3 16.21 4.38 5.26 0.24 11.31 PO
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Table 7 (Continued)

Specimen e Tmax T max ™n OLe Ore Tons T Failure Retention
(MPa) (Mpa) (MPa) (MPa) (mm) (mm) (MPa) (MPa) Mode (%)
60 Days Conditioned Specimens at 60 C
PC-60-60-1 16.34 3.9 3.97 0.09 11.74 PO /R
PC-60-60-2 34.4 11.65 12.17 2.07 6.81 7.07 0.11 10.44 PO 93
PC-60-60-3 8.52 5 5.49 0.22 7.51 PO
0.5%SF-60-60-1 11.95 6.01 5.93 0.35 8.78 PO
0.5%SF-60-60-2 31.8 9.56 10.12 1.79 6.08 6.02 0.62 6.98 PO 64
0.5%SF-60-60-3 8.85 5.33 5.54 0.36 7.29 PO
1%SF-60-60-1 14.41 453 6.03 0.29 10.71 PO
1%SF-60-60-2 37.1 NA 13.72 2.25 NA NA NA NA NA 103
1%SF-60-60-3 13.02 3.28 4.25 0.25 11.75 PO
0.5%BF-60-60-1 12.28 9.02 9.07 0.28 11.09 PO
0.5%BF-60-60-2 33.1 16.83 14.72 2.56 2.84 3.37 0.3 NA R 111
0.5%BF-60-60-3 15.05 7.53 8.2 0.41 13.33 PO
1%BF-60-60-1 15.95 191 6.66 0.07 NA R
1%BF-60-60-2 33.8 15.81 13.97 24 6.605 6.99 0.7 NA PO/R 87
1%BF-60-60-3 10.15 5.97 6.45 0.21 7.74 PO
90 Days Conditioned Specimens at 35 C
PC-90-35-1 14.22 452 5.2 0.3 11.14 PO
PC-90-35-2 35 9.96 12.14 2.05 5.7 5.85 0.15 8.3 PO 92
PC-90-35-3 12.25 525 528 0.28 9.18 PO
0.5%SF-90-35-1 10.37 44 4.48 0.89 8.57 PO
0.5%SF-90-35-2 34 9.95 9.157 157 493 554 0.28 8.84 PO 58
0.5%SF-90-35-3 7.15 1092 10.75 1.01 6.52 PO
1%SF-90-35-1 10.32 4.49 4.87 041 8.49 PO
1%SF-90-35-2 31.2 11.95 10.53 1.89 4.44 4.62 0.21 8.09 PO 79
1%SF-90-35-3 9.33 386  5.02 0.03 8.12 PO
0.5%BF-90-35-1 11.51 6.21 7.23 0.31 8.89 PO
0.5%BF-90-35-2 34.1 12.52 14.16 242 7.23 7.91 0.15 11.65 PO 107
0.5%BF-90-35-3 18.45 6.74 6.92 1.19 13.99 PO
1%BF-90-35-1 13.96 7.36 NA 0.16 11.87 PO
1%BF-90-35-2 311 15.72 15.03 2.7 6.21 7.33 0.36 12.41 PO 94
1%BF-90-35-3 15.42 6.57 7.09 0.35 11.77 PO
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Table 7 (Continued)

Specimen Pe Tmax T max T™*n oL Ore Tons T Failure  Retention
(MPa) (Mpa) (MPa) (MPa) (mm) (mm) (MPa) (MPa) Mode (%)
90 Days Conditioned Specimens at 60 °C
PC-90-60-1 11.6 8.35 8.68 0.76 10.34 PO/R
PC-90-60-2 35.6 10.56 11.77 1.97 4.43 52 0.39 7.29 PO 90
PC-90-60-3 13.15 5.57 4.824 174 NA R
0.5%SF-90-60-1 9.48 5.69 7.23 0.14 7.69 PO
0.5%SF-90-60-2 33.6 10.15 10.37 1.79 55 6.14 0.23 8.4 PO 66
0.5%SF-90-60-3 11.48 4.94 7.15 0.04 8.44 PO
1%SF-90-60-1 14.05 4.04 NA 0.05 11.79 PO
1%SF-90-60-2 38 13.14 13.76 2.23 3.58 4.29 0.24 8.38 PO 103
1%SF-90-60-3 141 6.59 7.07% 119 13.17 PO
0.5%BF-90-60-1 12.24 6.77 5.78 6.16 10.64 PO
0.5%BF-90-60-2 34.2 14.05 14.03 24 5.13 4.5 1.94 10.63 PO 106
0.5%BF-90-60-3 15.81 5.65 4.87 3.81 NA R
1%BF-90-60-1 11.63 3.22 3.42 1.15 9.3 PO
1%BF-90-60-2 345 12.31 12.73 2.17 3.16 3.45 0.47 7.55 PO 80
1%BF-90-60-3 14.25 3.93 4.49 0.24 NA PO/R

**f’c: Concrete Compressive Strength; tmax. Bond Strength; t*max: Average Bond

Strength; t*n= t*max/+/ f¢'; dLe= Loaded End Slippage; Sre: Free End Slippage; tons:
Adhesion Stress 1r: Residual Bond Strength; PO: Pullout Failure; R: Rebar Fracture;
PO/R: Pullout Followed by Rebar Fracture; a: Data Test Not Adopted in the Analysis.

Figure 37: Complete Interlaminar Shear Failure between the Layers of the Bar.
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Figure 38: Closer Examination of Unconditioned Plain Concrete Specimens.

Figure 39: Closer Examination of conditioned Plain Concrete after 90 Days at 35°C .
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Figure 40: Closer Examination of conditioned Plain Concrete after 90 Days at 60 °C.

4.3. Bond-Slip Response

Figures 41, 42, and 43 show representative bond-slip curves that describe the
bond behaviors of the HWBFRP bars embedded in plain concrete, steel FRC, and basalt
FRC at 0.5% and 1% fiber volume fractions subjected to elevated temperatures of 35
°C and 60 °C at 30, 60, and 90 days of exposure periods. The bond-slip curves
corresponding to the loaded end have been calibrated by subtracting the elongation of
the bar at each force reading from the bottom LVDT reading as according to [37]. All
the tested pullout specimens showed a bond-slip curve with an initial ascending branch
up to a point where the formation of cracks start to develop on the surrounding concrete
and the bearing friction force due to the mechanical interlock between the bar and
concrete reduces causing a gradual decay in the slope of the ascending branch in which
the rate of increase in the bond stress decreases whereas the rate of slippage increases,

this continues to a point where the maximum sustainable pullout stress, Tmax, IS reached
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followed by a gradual decrease in the bond stress due to the residual action of wedging
done by the BFRP bar’s deformations on the surrounding concrete which governs the
post-peak behavior of the BFRP bar and is often called the descending branch.

In general, the bond-slip curves at the free end of most of the specimens are
similar to those at the loaded end slippage indicating comparable values of slippage
between the loaded and free end slippage. This is attributed to the usage of normal
strength concrete rather than high strength concrete, similar behavior was reported by
Okelo and Yuan [69], whereas, when high strength concrete is used, the free end
slippage tends to be lower than the loaded end slippage [60,62]. It should be noted that
the loaded end slippage corresponding to the maximum stress tabulated in Table 7 is
the effective loaded end slippage that does not consider the elongation of the bar since
it is calibrated by subtracting the deformation of the BFRP bar using equation (7). It
can be noted from the bond-slip curves of Figure 41 that the chemical adhesion of the
used bars in this study is relatively low since the bars began to slip at relatively low
applied loads, therefore, the mechanical interlock between the bar’s helical wraps
surface and surrounding concrete is accounted for the majority of the bond stress
developed by the applied pullout force which agrees with what Achillides and
Pilakoutas [43] have mentioned in their study.

From the test results shown in table 7, the enhancements of adding structural
fibers to concrete compared to plain concrete are 19.5% and 1.5% for 0.5% and 1%
steel fiber volume fractions respectively, whereas the improvements due to the addition
of basalt fibers to concrete are 1% and 21.9% for 0.5% and 1% basalt fibers volume
fractions respectively. Thus, it can be said that 0.5% volume fraction of basalt FRC and
1% volume fraction of steel FRC did not show a noticeable improvement on the bond

strength of helically wrapped BFRP bars with a relatively smooth surface. Therefore,
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this implies that the steel fiber volume fraction has no effect on the bond strength of
HWBFRP bars whereas the relationship is vice versa for the effect of basalt fiber
volume fraction. The effect of steel fiber volume fraction found in this study agrees
with what have been mentioned in [57]. The results reveal that FRC enhances the bond
strength of BFRP bars compared to plain concrete. The improvement of bond capacity
in FRC is explained in the bridging effect of the fibers which transmit the tensile
stresses induced in concrete due to the bond stress developed between the BFRP bars
and concrete during the loading. In plain concrete, these large tensile stresses induced
by the pullout forces lead to cracking of concrete surrounding the bar due to the brittle
nature of plain concrete in tension. Therefore, the fibers addition improves the concrete
matrix bond strength to the bar by transmitting the large tensile stresses induced during
the loading along the fiber slippage at the onset of cracking which provide additional
resistance to the tensile stresses and prevent further cracks' openings in the FRC which
is not the case for plain concrete. It is worth to note that the lack of sand coating in the
studied bar in this research may cause insufficient triggering of the additional
confinement provided by FRC which might explain the observed effect of increasing
the steel fiber volume fraction in the insignificant improvement on the bond strength of
HWBFRP bars with no sand coating. However, this research aims at evaluating the
overall durability performance of HWBFRP bars embedded in FRC at marine structures
under aggressive environmental conditions rather than studying the FRC effect on bond
strength at ideal environmental conditions. It should be noted that the lowest bond
strength for the unconditioned specimens found in this study was 13.1 MPa dedicated
for BFRP bars embedded in plain concrete which meets the minimum requirements
provided by the CSA S807[70] (>8 MPa) and ACI 440.6 M [71] (>9.6 MPa).

Consequently, the effect of structural fiber reinforced concrete on delaying the
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bond failure seems to depend on the type of FRC and type of bar used rather than the
volume fractions, since for unconditioned specimens, the low steel fiber volume
fraction showed higher slippage at peak bond strength whereas the effect of basalt fiber
volume fraction was the opposite as the high content of basalt macro fibers delayed the
bond failure by exhibiting higher slippage at failure. In other words, for unconditioned
specimens, the fiber volume fraction of each type that showed a significant
improvement in the bond strength possessed higher slippage at failure. On the other
hand, the effect of fibers” addition on the bar’s slippage at failure was more pronounced.
Figure 44 shows the average free end slippage of the bars taking into consideration the
temperature and exposure duration. It can be indicated that at a temperature of 60 °C,
all specimens show a decrease in slippage after 90 days of exposure compared to their
control specimens with 1% basalt FRC showing the highest decrease in slippage by
retaining 48% of the average free end slippage exhibited by the unconditioned
specimens which indicates a clear influence of temperature on the increased amount of
basalt macro fiber in the concrete mix. For plain concrete specimens, a clear reduction
after 90 days of exposure can be noticed at both temperatures with a higher decrease in
slippage at 60 °C than 35 °C. For steel FRC, the rate of decrease in slippage at failure
in both volume fractions used in this study indicates that the reduction in slippage of
HWBFRP embedded in steel FRC is mainly affected by immersion rather than the
increase in temperature whereas for basalt FRC specimens, the reduction is influenced
mainly by temperature rather than immersion since 0.5% basalt fiber volume fraction

at 35 °C exhibited an increase in slippage compared to control specimens.
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Figure 43: Bond-Slip Curves for 60 °C Conditioned Specimens at Loaded and Free

Ends: (a) 30 Days; (b) 30 Days; (c) 60 Days; (d) 60 Days; (e) 90 Days; (f) 90 Days.
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4.3. Bond Strength Degradation

Bond strength is one of the most important parameters that govern the
performance of FRP reinforced concrete structures. Based on the conducted literature
review on the experimental investigations that have been done on bond strength of
BFRP, it can be said that the used bars in this study are susceptible to reductions in the
interfacial bond between the bar and surrounding concrete with the presence of
chlorides, moisture, and elevated temperatures which are the typical conditions for
marine structures in the Arabian Gulf. Since, the studies on bond durability of BFRP
bars are very limited, understanding the degradation mechanism of FRP bars
constituents, would be a useful tool to explain the obtained experimental results in this
study since most of the bond degradation is attributed to the degradation of the
polymeric resin rather than the fiber itself and the surrounding concrete. When the

durability of FRP bars’ mechanical properties is concerned, much of the reductions in
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the mechanical properties of FRP rods are attributed to the degradation of interfacial
bond between the fiber and the polymeric resin used [72]. Many studies [73-75] have
revealed that the type of resin used dramatically influenced the degradation of glass
FRP bars exposed to aggressive environments. Consequently, softening of the FRP
bar’s polymeric resin is a mechanical damage that occurs due to bar swelling induced
by moisture absorption, high temperature that causes surface microcracks, and
interruption in the Van der Waals bond among the polymeric chains [76, 77]. These
microcracks developed on the resin under the presence of aqueous solution and high
temperature, which is the case in this study, allow the diffusion of aggressive solutions,
containing chlorides, in the fibers and the interior matrix.

When the durability of interfacial bond between FRP rods and surrounding
concrete is concerned, an increasing trend in the bond strength over exposure periods
under aggressive environments can be expected due to the effects of FRP bar swelling
which lead to an increased frictional bond with the surrounding concrete and/or slower
than expected rate of degradation caused by the restricted access of aggressive solutions
along the embedment length of FRP bar with concrete[78,79]. The presence of a
chloride environment has a detrimental impact on the interfacial shear between the fiber
and the surrounding matrix which is the governing bond failure mechanism observed
in this study. Liu et al.[80] studied the performance of vinyl ester and epoxy BFRP
composites toward saline water immersion, tap water immersion, and cycles of
moisture and temperature for 240 days of aging. It was found that vinyl ester and epoxy
FRP composites showed comparable results with no considerable decrease in the shear
strength due to tap water immersion and cycles of moisture and temperature, however
when immersing BFRP composites in saline water under high temperature (40 °C), a

significant reduction in the shear strength of BFRP composites was observed. Another
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study was done by [81] aiming at understanding the behavior of carbon fiber/resin
interface under the effect of saline water exposure. The study indicated that saline
solution had the most aggressive impact in the loss of the fiber/epoxy interfacial
adhesion which was observed in the reduction of the resin density close to the interface
as well as the decreased interfacial stress compared to dry and moisture case.
Furthermore, beside the influence of temperature on the interlaminar shear between the
fibers and the matrix, the increase in temperature accelerates the rate of moisture
absorption of the polymeric resin [82,83]. Another factor that has a detrimental
influence on the bond degradation of BFRP bars is the substantial difference between
the coefficient of thermal expansion (CTE) of concrete (14.5 x10° /K) and that of
BFRP bars used (22 x10° /K). Hence, the noticeably larger CTE of the BFRP bars
compared to concrete causes them to exhibit different rates of expansion and
contraction at the interface between the bar and surrounding concrete which is mainly
dependent on the temperature of the surrounding aqueous solution [27,84]. This
noticeable variation between the CTE of the BFRP bars and that of concrete allows the
BFRP bar to expand at a much larger rate than concrete which causes the BFRP bar to
exhibit radial bursting forces on the surrounding concrete, when these induced stresses
are greater than the tensile strength of the used concrete, cracks start to form which tend
to create voids along the embedment length that reduce the contact between the bar and
surrounding concrete. Moreover, the immersion of the specimens in saline solution
allow water molecules and chloride ions (CI") to fill the formed voids and diffuse into
the polymeric resin weakening the interfacial bond between the fibers and surrounding
polymeric matrix and altering the mechanical properties of the bar as well, thus causing
a higher rate of degradation in the bond at the interface between the BFRP bar and

surrounding concrete. On the other hand, a counteracting effect results from the
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increase in the compressive strength of concrete due to immersion which improves the

bond strength of the BFRP bar with surrounding concrete [33,63,64].

Figures 45 and 46 show the column charts that represent the trend of the average
bond strengths and bond retentions with exposure duration in saline environment under
35 °C and 60 °C which are the adopted temperatures in this study. It is worth to note
that only one type of bar is used in this study, therefore the bond strength rate of
degradation is mainly dependent on the type of concrete and its resistance to the
surrounding environment and its ability to restrict the diffusion of aggressive solutions.
Therefore, the detrimental influencing factors on the bond strength of HWBFRP bars
with concrete are described as follows: (1) the effect of the significant variation in the
CTE of concrete and that of the BFRP bars which was previously explained; (2) the
effect of high temperature which accelerates the chloride diffusion in concrete [85] and
chlorides rich moisture uptake by the composite bar; and (3) the reduction in the
bonding between the added BMF to concrete due to the variation in CTE since bonding
of the added fibers to concrete is what governs the performance of FRC. On the other
hand, the counteracting effects that tend to increase the bond strength of the BFRP bars
in concrete are: (1) the swelling of the bars induced by moisture absorption which tends
to increase the bonding of the bars to concrete due to the increased friction and the
additional confinement from surrounding concrete; (2) the increase in the compressive
strength due to the increase in immersion periods and early stages of corrosion in case
of steel FRC; and (3) the increase in the bonding of the macro fibers due to BMF

swelling in case of basalt FRC and early stages of corrosion in case of SMF.
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4.3.1. Plain Concrete Specimens

For plain concrete specimens, as depicted in Figures 45 and 46, at 35 °C of
immersion temperature in saline water, the bond strength results reveal an increasing
trend with exposure duration whereas a decreasing trend was observed when increasing
the immersion temperature to 60 °C. This is attributed to the lower temperature causing
slower rate of moisture absorption, lower rates of expansions and contractions due to
the variation in CTEs of the two materials causing a smaller number of cracks along
the embedment length which limits the access of water molecules and chloride ions to
diffuse in to the polymeric resin of the BFRP bar and causes less reductions in the
contact between the bar and surrounding concrete. Moreover, the lower temperature
slows down the rate of chloride diffusion in concrete. Therefore, this causes a slower
rate of induced BFRP bar swelling and bond degradation. Another important factor that
led to the increase in the bond strength with exposure duration is the increase in the
compressive strength with the increased immersion. This indicates that along the
exposure periods, the increasing rate of moisture induced bar swelling and the increase
in compressive strength seem to have counteracted the effects of the slow rates of water
molecules and chloride ions diffusion in the polymeric resin along the bonded length
which led to the increasing trend in the bond strength with exposure time at 35 °C.
Whereas at 60 °C, the higher rate of moisture induced bar swelling seemed to dominate
the other effects and led to a dramatic increase compared to the control specimens at
the early stages of exposure followed by a decrease in bond strength along the exposure
time. The reductions in the bond strength of BFRP bars in plain concrete compared to
control specimens at 35 °C and 60 °C are 8 and 10% respectively. Additionally, it can
be observed that at 60 °C, the retention in the bond strength compared to the 30 days

immersed specimens is 12% indicating the severity of the environmental conditioning
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of seawater at high temperatures. It is worth to note that the increasing trend of the bond
strength at the lower temperature along the exposure period of 90 days was not
sufficient to retain the bond strength of the control specimens stored for 90 days in ideal
environmental conditioning, indicating the severity of moisture and chloride ions
existence in degrading the bond strength. The minimum bond strength of BFRP bars
embedded in plain concrete after 90 days of exposure was found to be 11.77 MPa at 60
°C which meets the minimum requirement of the specifications provided by the CSA
S807[70] (>8 MPa) and ACI 440.6 M [71] (>9.6 MPa) which reveals the suitability of

using the adopted bars in plain concrete at marine structures.

4.3.2. Steel Fiber Reinforced Concrete Specimens

Regarding the bond durability performance of HWBFRP bars embedded in steel
FRC in seawater under the effect of elevated temperatures, the effect of high
temperature tended to improve the durability of the BFRP bars with steel FRC.
Moreover, the increase in the steel fiber content significantly enhanced the bond
strength of the conditioned specimens which contradicts with the observation for the
unconditioned specimens regarding the effect of fiber volume fraction on the bond
strength. That being said, BFRP bars embedded in 0.5% steel FRC exhibited bond
strength reductions of 34% and 42% at 35 °C and 60 °C respectively, compared to their
(unconditioned) control specimens which showed a significant improvement in the
bond strength compared to plain concrete control under room temperature of (23 °C)
and dry conditions revealing the suitability of using HWBFRP bars embedded in steel
FRC with low content of steel fibers in offshore structures rather than in marine
structures [86]. Whereas the performance of steel FRC with relatively high steel fibers

content resulted in a significant enhancement in the bond durability when compared to
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FRC with low steel fibers content. The BFRP bars embedded in steel FRC with 1%
steel fiber volume fraction exhibited a reduction of 21% at 35 °C and an improvement
of 3% at 60 °C when compared to the control specimens, which indicates more
suitability of using BFRP embedded in steel FRC with 1% steel fiber volume fraction
in marine structures than 0.5% steel fiber volume fraction. Possible reasons for the
obtained results are as follows: (1) the permeability and chloride diffusivity tend to
significantly increase with the addition of steel fibers when compared to plain concrete
due to the high conductivity of steel fibers [87], allowing more water molecules and
chloride ions to diffuse in the polymeric resin at lower temperatures, hence accelerating
the bond degradation rate when compared to plain concrete; (2) The high temperature
tends to accelerate the corrosion of steel fibers [88], and due to the early stages of
corrosion, the compressive strength of steel FRC and bonding of steel fiber with
surrounding concrete increase significantly [86,89-91], which in turn improves bond
strength of BFRP bar with concrete due to the additional confinement and more
effective crack bridging; (3) with increased time of immersion in aqueous solution, the
increase in the content of steel fibers tend to significantly decrease the permeability of
concrete due to the reduction of concrete shrinkage and the continuity destruction of
porous channels by the fiber mechanism [92], limiting the access of water molecules
and chloride ions to diffuse further in the polymeric resin; (4) and no noticeable changes
were observed in the compressive strength of steel FRC at 35 °C after 30 days of
exposure unlike the behavior of plain concrete and basalt FRC specimens. That being
said, corrosion pits at the concrete surface were observed for steel FRC after 30 days
of immersion at 60 °C indicating the early initiation of corrosion and more being
obvious at the high content of steel fibers as shown in Figure 47, indicating the

destruction of the oxide layer surrounding the steel fibers due to concrete carbonation
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which led to significant improvement in compressive strength, less chloride ions
diffusion, less water molecules uptake by the resin, and high bond between the steel
fiber-concrete interface which led to the significant improvement in the bond strength
over specimens exposed at lower temperature of 35 °C. The BFRP bars embedded in
steel FRC at 60 °C experienced no reduction in the bond strength after 60 days of
exposure regardless of the steel fiber volume fraction. Whereas at 35 °C, the different
volume fractions exhibited different trends with a clear decreasing trend for 1 % steel
fiber with a slight reduction after 60 days of exposure, unlike 0.5% steel fiber which
caused the bond of the BFRP to increase until 60 days followed by a significant
reduction afterward. This is attributed to the rate of chloride diffusion and the effect of
increasing the fiber content with long periods of immersion on decreasing or limiting
the concrete permeability. Additionally, it is worth to note that there was a noticeable
increase in the bond strength after 30 days of immersion for 0.5% steel FRC conditioned
at 35 °C. The minimum bond strength of BFRP bars embedded in 0.5% steel FRC after
90 days of exposure was found to be 9.16 MPa at 35 °C which meets the minimum
requirement of the specifications provided by the CSA S807[70] (>8 MPa) but does not
meet the requirement of the ACI 440.6 M [71] (>9.6 MPa) which reveals the
unsuitability of using the adopted bars in steel FRC with steel fiber volume fraction of

0.5 % in marine structures if the ACI specifications are to be adopted.
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Figure 47: Corrosion of Steel Fibers in Steel FRC.

4.3.4. Basal Fiber Reinforced Concrete

For HWBFRP bars embedded in basalt macro fiber reinforced concrete
(BMFRC), at exposure of 35 °C in saline solution, it can be clearly seen that the bond
strength at both volume fractions (0.5% and 1%) tend to increase with exposure time.
Consequently, it can be observed that the increase in bond strength of BFRP bars at 1%
BMF volume fraction was not sufficient to retain the bond strength of their counterpart
unconditioned control specimens which showed the highest improvement in bond
strength when compared to the control specimens of plain concrete. The reduction in
the bond strength of 1% BMF at 35 °C after 90 days of exposure to saline water is 6%
whereas the bond strength of BFRP bars in 0.5% BMF retained a higher value compared
to their counterpart control specimens with an improvement of 7%. This indicates that
the increased content of BMF in marine structures subjected to a temperature of 35 °C
is beneficial in terms of durability due to the less reductions experienced compared to
plain concrete, however it is not cost effective, since comparable bond strength values

can be achieved with less BMF content particularly at 0.5% volume fraction. It is worth
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that the BMF are a small prototype of the BFRP bars used. Therefore, possible
explanations of the obtained trends at 35 °C are similar to those previously explained
for plain concrete in addition to the following: (1) since the BMF are a small scale of
the BFRP bars used, therefore the swelling of the BMF due to moisture absorption
improved the bond between the BMF-concrete interface leading to an improved
performance and confinement provided by BMF reinforced concrete on the BFRP bars;
(2) the noticeable increase in the compressive strength due to the increased immersion;
(3) the slower rate of chloride diffusion due to the addition of basalt fibers in the
concrete mix [91] which tend to limit the access of aggressive solution to diffuse further
in the polymeric resin along the embedment length. Moreover, at 60 °C, the low BMF
content of 0.5% volume fraction revealed the optimum bond durability performance of
BFRP bars among all fiber types and volume fractions used in this study retaining 106%
of its counterpart control specimens with a reduction of 8% compared to the 30 days
exposed specimens. It can be noticed that the increase in the content of basalt BMF
indicates the high susceptibility of 1% basalt FRC to high temperatures which is
attributed to the difference in the CTE of the BMF and surrounding concrete which
could have possessed more voids which led to higher moisture and chloride diffusion
into concrete and therefore more water molecules and chloride ions diffusion into the
polymeric resin of the BFRP bar weakening the bond between the BFRP bars and
surrounding concrete. Consequently, the increased amount of BMF in concrete led to a
dramatic reduction in the bond strength after 30 days of immersion in saline water at
60 °C after that the BMF and BFRP bar swellings led to an improved bond with
surrounding concrete leading an increase in the bond strength at 60 days followed by a
significant reduction in the bond strength at 90 days to due to the high rate of

degradation accelerated by the high temperature. The BFRP bars embedded in 1%
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basalt FRC experience a reduction of 22% after 90 days of exposure at 60 °C indicating
the severity of high temperature immersion with the presence of high BMF content in
the concrete matrix. It is worthy to mention that the bond strength of BFRP bars
embedded in 1 % BMFRC was lower than those embedded in 0.5% BMFRC along all
exposure periods at 60 °C suggesting that low contents of basalt macro fibers are more
suitable in marine structures. The bond strength of BFRP bars embedded in 1%
BMFRC after 90 days of exposure was found to be 12.73 MPa at 60 °C which meets
the minimum requirement of the specifications provided by the CSA S807[67] (>8
MPa) and ACI 440.6 M [68] (>9.6 MPa) which reveals the suitability of using the
adopted bars in BMF reinforced concrete at volume fraction of 1% in marine structures.
4.3.5. Specimens Condition before and after Immersion

Figure 48 shows a comparison of the specimens before and after conditioning.
All unconditioned specimens share similar grayish color, whereas after conditioning
each type of concrete revealed a different outer surface color. For example: plain
concrete specimens possessed a whitish color due to the diffusivity of NaCl in the
concrete matrix. Consequently, basalt FRC specimens indicated a blackish outer
surface color similar to the color of the basalt macro fibers used with less signs of NaCl
presence compared to plain concrete. Finally, steel FRC specimens revealed a brownish

color on the outer surface due to the corrosion of the fibers near the surface.
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Figure 48: Pullout Specimens (a) before and (b) after conditioning.

4.4. Adhesion Stress:

Adhesion is a bond component that account for the bond of FRP bars with
surrounding concrete in the initial stages of loading during the pullout test. In this
study, the adhesion stress was determined as the value of stress at the first non-zero free
end slippage reading obtained from the bond-slip curve. Figure 49 compares the
average values of the adhesion stress at both temperatures along with exposure time.
For unconditioned specimens, it can be observed that the addition of fibers regardless
of the type caused a reduction in the adhesion stress and that the fiber content that
caused less reduction in the adhesion stress are the optimum amounts of discrete fibers
that showed the highest durability performance (1% volume fraction for steel fibers and
0.5% volume fraction for basalt fiber). In general, compared to the control specimens,
the adhesion stress of BFRP bars at 60 °C seems to increase compared to 30 days
conditioned specimens with immersion except for the bars embedded in 0.5% steel

fiber, this might be attributed to the higher access of aggressive solutions to the
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polymeric resin of the BFRP along the embedment length. Consequently, at 35 °C, the
adhesion stress seems to increase for FRP bars embedded in basalt fibers regardless the
volume fractions whereas, the adhesion seems to decrease for plain concrete and 1%
steel fiber with immersion time. The increase and decrease in the adhesion stresses with
immersion time are not of a particular trend due to the random deterioration of the
specimens during immersion and the fact that all specimens had to be prestressed with
an average of 0.1 MPa to avoid any measurement of the concrete relative movement to
the loading plate by the top and bottom LVVDTs which might have also interfered in the
discrepancies of the obtained results. It is important to note that adhesion stress mainly
depend on the surface treatment, the lack of sand coating in the bars used resulted in a

low adhesion stress [94].
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Figure 49:Effects of Exposure Time and Temperature on the Adhesion Stress.

4.5. Residual Bond Strength:

The residual bond strength, or post-peak strength, describes the bond behavior
of the FRP bars after reaching the ultimate bond stress. The residual strength gives an
indication about the resistance of bars to the applied loads which results in the gradual
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drop in the bond stress along the descending branch of the bond slip curve. The residual
stress was obtained at a large deformation of 12 mm on the loaded end slippage similar
to the method used by Kim et al. [57] in obtaining the residual bond strength. Figure 50
shows the average residual bond strength obtained for all the specimens used in this
study. The residual strength shows a similar trend to the bond strength with more
obvious reduction with exposure time for 1% steel FRC. The only exception is 1%
basalt FRC which shows a reduction at 60 days for specimens exposed to 60 °C unlike
the bond strength trend where it showed an increase at 60 days, this can be explained
by the failure modes of rebar fracturing for two of the three conditioned identical
specimens which resulted in the loss of the residual strength. Consequently, it can be
indicated that regardless the temperature, the residual strength shows a reduction after
90 days of exposure time compared to control specimens except for 0.5% basalt FRC
at 35 °C which indicates the high post peak toughness provided by the addition of this
optimum basalt fiber volume fraction. Moreover, Figure 51 shows the trend for the
average bond strength index which is obtained by dividing the residual bond strength
of each specimen by its ultimate bond strength as proposed by [57]. The bond strength
index of 0.5% steel FRC seems to increase with exposure time at 35 °C. This is
attributed to the huge reductions in the bond strength experienced by the BFRP bars
embedded in 0.5% steel FRC at 35 °C. The results also indicate that the rate of
degradation in the residual bond strengths is faster than that of the bond strength, the
only exception is the 0.5 % steel FRC which indicates the high post peak toughness
provided with the addition of steel fibers to the concrete mix. It is worth to note that the
effect of immersion seems to be the predominant factor that controls the degradation
rate of the residual strength rather than the temperature. The only exception is 1% basalt

FRC which shows a higher reduction in the bond strength index with exposure time
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which indicates the high susceptibility of residual bond strength of BFRP bars to high
temperatures when high content of basalt BMF is added to the concrete mix. Another
observation that is worth to note is that most of the plain concrete specimens at 90 days
of immersion tend to show slip hardening where the bond strength drops after the
ultimate bond stress then remains constant for large amount of slippage unlike control
plain concrete specimens which showed a continuous reduction in the bond strength.
This is attributed to the more pronounced delamination of the polymeric resin caused
by immersion which created more polymeric residues in the embedment area that
resulted in a higher friction with the surrounding concrete and led to the continuous
resistance. Whereas, for BFRP bars embedded in FRC, this behavior was pronounced
even for the control specimens indicating the effect of the addition of fibers in changing
the bonding failure mechanism from partial debonding between the subsequent layers

of the composite bar to more severe delamination or even complete peeling of resin.
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Figure 50:Effects of Exposure Time and Temperature on the Residual Bond Strength.
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Figure 51:Effects of Exposure Time and Temperature on the Bond Strength Index.
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CHAPTER FIVE: ANALYTICAL MODELLING OF BOND-SLIP BEHAVIOR.

In this chapter, analytical modelling for the bond-slip behavior of the Helically
wrapped BFRP bars using two of the most successful analytical models for representing
the ascending branch in the bond-slip curves of the actual experimental data. Numerous
models have been formulated to represent the bond-slip behavior of steel reinforcement
in concrete. Out of these models, the BPE model proposed by Eligehausen et al.[95]
was found to be reliable in representing the ascending branch of the bond slip curve of
FRP reinforcements. Furthermore, the CMR model proposed by Consenza et al.[49],
was developed for a better representation of the ascending branch of the actual
experimental data for FRP reinforcements. up to the author’s knowledge, both the BPE
and the CMR models have never been applied on modelling the bond behavior of the
ascending branch for helically wrapped BFRP bars with no sand coating, therefore, for
the serviceability state level, both model were used in this study to assess their
reliability on simulating the experimental ascending branches of bond-slip curves for
HWBFRP bars embedded in normal strength plain and fiber reinforced concrete taking
into consideration the effect of type of fiber, fiber volume fraction, exposure duration,
and exposure temperature.

5.1. Analytical Modelling for Bond Behavior of BFRP bars Using BPE and CMR
Models

The BPE model was originally developed for describing the bond behavior of
steel reinforcement to concrete. Since almost all structural problems are concerned with
the serviceability state limits, therefore only the ascending branch of the bond-slip curve
is modeled with the BPE model in this study. The BPE model defines the ascending
branch that describes the bond behavior up to the ultimate stress in the following

equation :

82



%z(é)“forOSsSsb, (8)

Where 1 is the ultimate bond strength obtained from the experimental bond-
slip curve, Sp is the slippage corresponding to the ultimate bond stress, and a is a
parameter that should be less than 1 for it to be physically meaningful and is either
obtained by curve fitting of the experimental data using the least square residuals or

using the following equations:

An= f:l 7(s).ds = f(;S‘l . (;T)a_ds _ s -

1+a
Where An is the area underneath the ascending branch of the bond slip curve,
11 and Sy are the ultimate bond stress and its corresponding slippage. Therefore, solving

for a yields the following equation:

o= mm g (10)

Ari

It should be noted that the lower the value of a, the higher the stiffness and
ultimate toughness (Area underneath the curve) In this study, all the 105 pullout
specimens were modeled using the BPE model and average values of o were obtained
for the free end slippage to calibrate the values taking into account the surface
treatment, exposure duration, conditioning environment of seawater, FRC type, fiber
volume fraction, and exposure temperature. It was noticed that for the BFRP bars used
in this study, the value of o obtained using equations 9 and 10, seemed to be
overestimating the actual experimental values for example the average value of o
obtained for unconditioned specimens using the equations is 0.371 whereas the value
of a obtained by curve fitting is 0.425, therefore, in order to be conservative and
represent safe design values of a that represent the actual experimental data of this
study, the method of curve fitting is adopted. The average values of o are tabulated in

Table 8 along with the average design values for the bond strength and corresponding
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free end slippage in case of absence of experimental data. The proposed values of a for
unconditioned plain concrete, 0.5% basalt, 1% basalt, 0.5% steel, and 1% steel FRC
are: 0.43, 0.49, 0.48, 0.41, and 0.46 respectively which are based on the average values
of a obtained for the three identical specimens. The proposed values by Yan et al. [65]
for a in the case of sand coated GFRP bars with helically wrapped surface treatment
are 0.41, 0.40, and 0.40 for unconditioned plain concrete, 0.5%, and 1% steel FRC
respectively. These differences are attributed to the type of bar used, the lack of sand
coating on the bars used in this study, the differences in compressive strength in both
studies, and the fact that proposed values of this study are based on the average values
obtained in the three identical specimens whereas Yan et al. [65] proposed values based
on one of the three identical specimens that showed the highest correlation with the
analytical model.

On the other hand, the CMR model was proposed by Consenza et al.[49] for

better representation of the ascending branch and is expressed in the form of:

T

—=1—exp(-1)f (11)

—=
Where Sy and S are parameter obtained from curve fitting of experimental data, and 1
is the maximum bond stress. This model was used in this study to model the 105 pullout
specimens and average recommended design values of s, and 8 are shown in Table 8
along with the maximum stress and corresponding slippage in case the experimental
data are lacking. For unconditioned specimens, the proposed values of Sy and g are:
2.22 and 0.96 for plain concrete, 2.02 and 1.2 for 0.5 % steel FRC, 1.6 and 1.5 for 1%
steel FRC, 1.61 and 1.15 for 0.5% basalt FRC, and 1.69 and 1.61 for 1% basalt FRC
specimens. The proposed values of srand 8 by Yan et al. [65] are 0.4 and 1.16 for plain
concrete, 0.36 and 1.04 for 0.5% steel FRC, and 0.55 and 0.63 for 1% steel FRC
specimens. These differences observed between the values of this study and that of Yan
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et al.[65] are attributed to the same reasons previously mentioned. It can be observed
that in case of FRC the values of sy and 8 tend to be closer to each other whereas for
plain concrete, the value of s, tend to be significantly higher than that of g which
indicates the different behaviors exhibited by the BFRP bars when embedded in
different types of concrete. Figures 52, 53, and 54 show representative modelling of
the unconditioned (control), conditioned for 90 days at 35 °C, and conditioned for 90
days at 60 °C pullout specimens. It can be observed that the CMR model shows a better
correlation with the experimental data than the BPE model. This is attributed to the fact
that the BPE model was originally developed for steel reinforcement which possess no
slippage up to high load levels close to the peak load indicating the high adhesion of
steel reinforcements to concrete. Unlike conventional steel reinforcements, the used
BFRP bars in this study consisting of helical wraps tend to exhibit low adhesion stresses
which is attributed to the lack of sand coating, relatively low compressive strength, and
the addition of discrete macro fibers to concrete which tend to reduce the chemical
adhesion of the bar to surrounding concrete. This resulted in conservative values of the
bond strength when the curve is approaching the ultimate stress and in an over estimated
bond strength values at the initial loading stages of the ascending branch. In fact, the
BPE model shows good correlation with pullout specimens that tend to exhibit high
adhesion stresses such as plain concrete specimens. Moreover, the unique feature of the
CMR model in exhibiting infinite slope in the initial stages of the ascending branch and
the presence of the exponential term allows it to realistically model relatively low
adhesion stresses and high ultimate bond stresses which is the case of the BFRP bars
used in this study. Whereas, the BPE model with its feature to possess infinite slope in
the initial stages of loading, however, it lacks the ability to effectively model bond

behavior of FRP bars that exhibit low adhesion stresses and relatively high ultimate
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stresses.

Table 8: Proposed Design Values for BPE and CMR Models' Parameters.

BPE CMR Sm Tm
a Sr B (mm)  (MPa)
PC-Control 0.4254 2.218 0.9563 7.1 13.14
0.5%SF-Control 0.486 2.0154 1.1982 7.85 15.7
1%SF-Control 0.4802 1.6042 1.5012 6.87 13.34
0.5%BF-Control 0.4142 1.6096 1.1502 6.52 13.27
1%BF-Control 0.4588 1.6847 1.6056 7.9 16.01
30 Days Conditioned Specimens at 35 °C
PO-PC-30-35 0.5345 1.5824 1.4382 6.17 9.547
PO-0.5%SF-30-35 0.4653 1.4578 1.2512 5.6 10.97
PO-1%SF-30-35 0.4493 1.4866 1.5393 6.92 12.49
PO-0.5%BF-30-35 0.5403 1.467 1.4481 5.32 10.7
PO-1%BF-30-35 0.4754 1.563 1.6597 6.93 10.29
30 Days Conditioned Specimens at 60 °C
PO-PC-30-60 0.4933 1.5991 1.4536 6.37 13.4
PO-0.5%SF-30-60 0.4996 1.4073 1.3176 5.24 10.54
PO-1%SF-30-60 0.4753 1.4133 1.5789 6.31 14.15
PO-0.5%BF-30-60 0.4685 1.4862 1.3524 5.99 15.18
PO-1%BF-30-60 0.492 1.4406 1.4887 5.87 11.55
60 Days Conditioned Specimens at 35 °C
PO-PC-60-35 0.4481 1.6977 0.9702 5.56 10.9
PO-0.5%SF-60-35 0.4342 1.8365 1.2565 7.69 12.21
PO-1%SF-60-35 0.4002 1.5664 1.3017 7.34 10.69
PO-0.5%BF-60-35 0.4322 1.6153 1.0421 5.94 13.22
PO-1%BF-60-35 0.4975 1.7653 1.1623 5.98 14.97
60 Days Conditioned Specimens at 60 °C
PO-PC-60-60 0.4834 1.4548 1.3355 5.51 12.17
PO-0.5%SF-60-60 0.4361 1.6341 1.0395 5.83 10.12
PO-1%SF-60-60 0.5407 1.254 1.6434 5.14 13.72
PO-0.5%BF-60-60 0.5575 1.6925 1.6917 6.88 14.72
PO-1%BF-60-60 0.5416 1.6637 1.6508 6.7 13.97
90 Days Conditioned Specimens at 35°C
PO-PC-90-35 0.5219 1.346 1.6498 5.44 12.14
PO-0.5%SF-90-35 0.4264 1.9568 1.0697 6.92 9.157
PO-1%SF-90-35 0.5755 1.3115 1.7301 4.84 10.53
PO-0.5%BF-90-35 0.4301 1.7543 1.2339 7.35 14.16
PO-1%BF-90-35 0.4335 1.8794 1.2282 7.21 15.03
60 Days Conditioned Specimens at 60 °C
PO-PC-90-60 0.4272 1.8311 0.9619 6.23 11.77
PO-0.5%SF-90-60 0.5342 1.8672 1.4496 6.84 10.37
PO-1%SF-90-60 0.5259 1.7398 1.3143 4.29 13.76
PO-0.5%BF-90-60 0.2636 2.0133 0.5696 5.05 14.03
PO-1%BF-90-60 0.4732 0.9367 1.3416 3.79 12.73

**tm and Sm are mean design values for bond strength and free end slippage
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Figure 52: Experimental Data Vs. BPE and CMR Models for Control Specimens of

(a) Plain Concrete; (b) 0.5% Steel FRC; (c) 1% Steel FRC; (d) 0.5% Basalt FRC; (e)

1% Basalt FRC.
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Figure 53: Experimental Data Vs. BPE and CMR Models for Conditioned Specimens

to Saline Solution after 90 Days at 35 °C of (a) Plain Concrete; (b) 0.5% Steel FRC;

(c) 1% Steel FRC; (d) 0.5% Basalt FRC; (e) 1% Basalt FRC.
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Figure 54: Experimental Data Vs. BPE and CMR Models for Conditioned Specimens

to Saline Solution after 90 Days at 60 °C of (a) Plain Concrete; (b) 0.5% Steel FRC;

(c) 1% Steel FRC; (d) 0.5% Basalt FRC; (e) 1% Basalt FRC.
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CHAPTER SIX: SERVICE LIFE PREDICTION

In this chapter, the service life predications on the long-term bond strength
retentions of the HWBFRP bars were performed based on the method mentioned in the
fib Bulletin 40 [96]. This method takes into consideration a factor of safety for the bond
strength deterioration with time. The bond strength of HWBFRP bars must be reduced
by nenv,» Obtained from the following equations:
Nenv,b= 1/[(100-R10)/100]" (12)
N = Nmo+ NT+ NsL_ (13)

where nmo, N1, NsL are parameters that take into consideration the effects of
humidity condition, conditioning temperature, and required service life; Rio is the
standard reduction value of the bond strength in percent per decade obtained from the
slope of the individual degradation line fitted in a double logarithmic scale. The points
of the degradation line are the bond strength retentions at 30, 60, and 90 days. For this
study, the service life predications are only performed on BFRP bars embedded in plain
concrete, and in FRC at fiber volume fractions that showed the least reductions in the
bond strength after 90 days of exposure which are 1% in the case of steel FRC and 0.5%
in the case of basalt FRC. For this method to be valid, R-square of the fitted line in a
double logarithmic scale must be greater than 0.8. Therefore, this method is only
applicable on the degradation lines of the plain concrete and 0.5% basalt FRC
specimens conditioned at 60 °C, whereas for steel FRC specimens, a modification in
the method proposed by Serbesco [97] can be applied to take into account both
conditioning temperatures. The service life adopted in this study is 50 years which leads
to a value of ns. equals to 2.7 according to [96] assuming moisture-saturated conditions.
nt equals to 1 at 35 °C according to [96] and to 2.5 at 60 °C in accordance to [97]. The

increasing trends of the BFRP bars immersed at 35 °C for plain concrete and 0.5%
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basalt FRC specimens are ignored in order not to overestimate the bond durability of
the bars by assuming a negative Rio value because longer periods are required to
evaluate the bond performance at 35 °C for these types of specimens if the modification
in method [97] is to be used. Whereas, for steel FRC specimens, the retentions at both
temperatures are considered in order to simulate the temperature changes during the
year in the Arabian Gulf and not to over predict the bond durability performance of
BFRP bars embedded in steel FRC by considering the temperature of 60 °C only,
therefore method modification in [97] is used to predict the bond strength retention after
50 years of service life for BFRP bars embedded in steel FRC. As shown in Figure 55,
for plain concrete specimens, the retention values at 30, 60, and 90 days are 102, 93,
and 90% at 60 °C respectively leading to an Rio value of 11.6%. The bond strength
retention for plain concrete specimens after 50 years of service life is predicted to be
48%. Consequently, as shown in Figure 56, for 0.5% basalt FRC specimens, the bond
strength retentions at 30,60, and 90 days are 114,111, and 106% at 60 °C respectively.
The predicted bond strength retention after 50 years of service life is 77% with an
enhancement of 60% in the tolerance to extreme environmental conditioning over plain
concrete. Figure 57 shows the predicted bond strength retentions at 35 °C and 60 °C
for steel FRC specimens, the average slope of the two degradation lines can be adopted
based on the method modification proposed by [97] to simulate their bond degradation
assuming similar degradation rates, this yields an R1o value of 12.35% resulting in bond
retentions of 80% and 26% at 35 and 60 °C after 50 years of service life, whereas if the
method in the fib Bulliten 40[96] is used, the value of R1o is 2.8% resulting in a bond
retention of 88% at 60 °C after 50 years of service life. These significant differences in
the R1o values obtained by the two methods are attributed to the early stages of corrosion

of the steel fibers which resulted in an increase in the bond of the steel fibers with the
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surrounding concrete, noticeable increase in the compressive strength, and a reduction
in the diffusion rates of moisture and chloride ions (CI°) in the polymeric resin. These
effects are not taken into consideration in equation (12).

Table 9 summarizes the bond strength retentions in dry, moist, and moisture
saturated environmental conditions obtained from equation 12 and mean annual
temperatures (MATS) for a service life of 50 years. The bond strength retentions after
50 years varied from 56% to 86% in case of BFRP bars embedded in plain concrete.
Whereas the bond strength retentions of BFRP bars embedded in 0.5% basalt FRC
varied from 74% to 92% indicating an enhancement of 7% to 32 % compared to plain
concrete after 50 years of service life. On the other hand, the bond strength retentions
of BFRP bars embedded in 1% steel FRC showed a slight reduction in the bond
durability that varied from 1% to 4% in cases of dry, moist, and moisture saturated
conditions compared to plain concrete, indicating the more suitability of using BFRP
bars embedded in steel FRC in offshore applications rather than in marine structures.
Furthermore, more investigations are needed to validate the proposed model taking into
consideration longer periods of exposure time, different fiber volume fractions
suggested to be higher than 1% in case of steel FRC and slightly above or less than
0.5% in case of basalt FRC, different temperatures of exposure such as 30,50, and 70

°C , and higher concrete compressive strengths.
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Table 9 : Predicted Bond Strength Retention VValues Based on Method [96] after 50

Years of Service Life.

Plain Basalt FRC Steel FRC
Concrete
NsL Nmo MAT nr n Menvp  1/Menvb Nenv, 1/Menv,p Tenv,b 1/Menvp
(°C) (%) b (%) (%)
<5 -05 12 116 86 1.08 92 1.17 85
1 (5-15) 0 1.7 123 81 1.12 90 1.25 80
(Dry) (15-25) 05 22 131 76 1.15 87 1.34 75
(25-35) 1 27 14 72 1.19 84 1.43 70
2.7 (50 <5 -05 22 131 76 1.15 87 1.34 75
years 0 (5-15) 0 27 14 72 1.19 84 1.43 70
of . (Moist) (15-25) 05 32 148 67 1.23 81 1.52 66
service
life) (25-35) 1 3.7 158 63 1.27 79 1.63 61
<5 -05 3.2 148 67 1.23 81 1.52 66
1 (5-15) 0 3.7 158 63 1.27 79 1.63 61
(Moisture i
Saturated) (15-25) 05 42 168 60 1.31 76 1.74 57
(25-35) 1 47 179 56 1.36 74 1.86 54
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CHAPTER SEVEN: SCANNED ELECTRON MICROSCOPY (SEM) ANALYSIS

Scanning electron microscopy (SEM) was performed on the cross-section of the
BFRP bars after the pullout test. The cross sections of the BFRP bars were of 1 cm in
length and were obtained by cutting the bar at the embedment length of the BFRP bar
in concrete. The obtained bar specimens were then polished and coated by a thin coating
layer of gold. Three bar specimens were obtained and studied. The SEM analysis was
conducted to observe the effect of saline environmental conditioning at elevated
temperature on the bond degradation between the fibers and the surrounding polymeric
resin. For that, one bar specimen was obtained from unconditioned plain concrete
specimen and the other two specimens were obtained from plain concrete specimens
subjected to 35 °C and 60 °C immersion temperatures after 90 days of exposure
duration. The SEM analysis were focused on the part of the bar’s cross-section close to
the bar’s edge to examine the bar’s most pronounced degradation due to the surrounding

environment.

Figure 58 shows the SEM images with different magnifications for the three
specimens investigated in the SEM analysis of this study. For unconditioned specimen,
the SEM images show partial delamination of the polymeric resin concentrated in a
region of 130 to 286 um from the edge of the cross-section towards its center as shown
in Figure 58(a). Whereas, for the conditioned specimen at 35 °C, the affected region is
much larger than that observed in the unconditioned specimen with an affected region
of 1 to 1.2 mm from the edge of the cross-section toward its center as shown in Figure
58(b). Consequently, the effect of 60 °C immersion temperature clearly reveals the
highest detrimental impact on the interlaminar shear between the fiber and surrounding
polymeric matrix as depicted in Figure 58 (c) which shows an affected area greater

than 1.3 mm with severe loose fibers. These findings support what has been reported in
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the literature about the effect of high temperature in accelerating the diffusion of
aggressive solutions inside the polymeric resin, thus disturbing the fibers and
weakening the interlaminar shear between the fiber and the polymeric matrix.
Moreover, the observations noted in this study supports what has been mentioned
earlier about the temperature being the main factor in changing the governing mode of
failure from partial debonding to rebar fracture rather than the addition of the macro

fibers to concrete.
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CHAPTER EIGHT: SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

8.1. Summary

In this study, 105 pullout specimens, consisting of 15 control specimens and 90
conditioned specimens, were tested in an attempt to study the effect of fiber reinforced
concrete on the bond strength and bond durability of HWBFRP bars subjected to
aggressive environmental conditions. Four parameters were investigated: (1) the saline
immersion temperature of (35 °C and 60 °C); (2) the exposure duration of (30, 60, and
90 days); (3) the FRC type (steel FRC and basalt FRC); and (4) the fiber volume fraction
(0.5% and 1%). The study began with a general overview about the conducted study
followed by an extensive literature review that covers numerous related studies
concerning the bond durability of FRP bars in general and BFRP bars in particular.
Correspondingly, the thesis presented a detailed experimental program that describes
the methods, materials, and procedures followed in the research program. Moreover, a
detailed discussion was presented concerning the effect of the investigated parameters
on the: (1) the failure mechanism of HWBFRP bars (2) the bond-slip behavior; (3) the
bond strength degradation; (4) the adhesion stress; and (5) residual bond strength.
Consequently, two of the most successful models in presenting the ascending branch of
the bond slip curves, the BPE and CMR models, were utilized to assess their validity
and were calibrated to effectively represent the actual experimental data obtained from
the pullout tests taking into account the parameters investigated in this study. Moreover,
a prediction model was proposed that predicts the bond strength reductions after 50
years of service life for plain concrete and optimum fiber volume fractions for each
fiber type. Finally scanned electron microscopy (SEM) analysis were performed to
investigate the effect of temperature, after 90 days of conditioning in saline

environment, on the interlaminar shear of the fibers and surrounding resin.
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8.2 Conclusions

Based on this study, the following conclusions can be drawn
1. The addition of steel and basalt macro-fibers improve the bond strength of HWBFRP
in ideal environmental conditions to a certain limit. However, for unconditioned
specimens, the effect of fiber volume fraction is insignificant in improving the bond
strength in case of steel FRC, whereas the basalt FRC tend to show significance in terms
of fiber volume fraction. The highest enhancement in the bond strength compared to
plain concrete was in 1% basalt FRC with an improvement of 22% followed by 0.5%
steel FRC with an enhancement of 20%. Whereas negligible improvements of 1% and
2% were observed for 0.5% basalt FRC and 1% steel FRC respectively.
2. Pullout failure and rebar fracturing were the failure types observed in this study. The
effect of immersion temperature is the predominant factor in changing the governing
mode of failure from partial debonding to a more severe interlaminar shear failure
between the successive layers of the BFRP bars, followed by the effect of fiber type,
particularly BMF.
3. Based on this study, the increase in immersion temperature results in less slippage
corresponding to the ultimate bond stress regardless of the fiber type. Similarly, the
increase in fiber volume fraction resulted in less slippage at failure for conditioned
specimens.
4. Plain concrete and basalt FRC showed similar behaviors with higher reductions in
bond strength at 60 °C than that obtained at 35 °C. Unlike steel FRC specimens which
seemed to be uninfluenced by the increase in immersion temperature but rather affected
by the presence of the corrosive solution containing high concentrations of NaCl.
5. At 35 °C, steel FRC specimens showed the highest degradation compared to their

counterpart unconditioned specimens with a reduction of 42% and 21% for 0.5 % and
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1% steel fiber volume fractions. Conversely, at 60 °C, steel FRC specimens possessed
a reduction of 34% in case of 0.5% steel FRC and an improvement of 3 % in case of
1% steel FRC compared to their counterpart control specimens. This indicates that steel
FRC at 0.5% volume fraction is not complementary to HWBFRP when utilized in
marine structures but is rather suitable for offshore applications. Even though, the
addition of high content of steel fibers resulted in an enhanced durability performance
but this addition may not be cost effective, since comparable or even better performance
can be achieved with plain concrete. However, in actual applications of BFRP bars, the
BFRP bars are subjected to tensile loads which may cause higher degradation rates in
which the effect of the steel fibers come to action therefore further investigations are
required in this matter.

6. The addition of BMFs resulted in higher a bond strength than that of plain concrete
after 90 days of exposure regardless of the immersion temperature and volume fraction
retaining 14.2 MPa and 14 MPa at 35°C and 60 °C in case of 0.5% basalt FRC ,and
15 and 12.7 Mpa at 35 °C and 60 °C in case of 1% basalt FRC. Differing from plain
concrete which retained 12.1 MPa and 11.8 MPa at 35°C and 60 °C. Clearly, plain and
basalt FRC meet the minimum requirement of the specifications provided by the CSA
S807[70] (>8 MPa) and ACI 440.6 M [71] (>9.6 MPa) which reveals the suitability of
using the adopted bars in plain concrete and basalt FRC at marine structures.

7. In terms of bond strength retention, the optimum fiber volume fractions are 0.5% in
case of BMFs, and 1% in case of steel fibers.

8. The addition of the fibers tends to reduce the adhesion stress of the BFRP bars to
concrete at ideal conditions regardless the fiber type, however after 90 days of
conditioning, the adhesion stress tend to increase with increasing temperature except

for 0.5%steel FRC which showed the highest bond degradation. It is important to note
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that the adhesion stress of BFRP to 0.5 % basalt FRC was higher than that of plain
concrete after 90 days of exposure regardless of the conditioning temperature.

9. The residual bond strength seems to exhibit a similar trend to that of the bond
strength, the only exception is 1% basalt FRC after 60 days of exposure at 60 °C due to
the failure type of rebar fracturing obtained for two of the three identical specimens that
showed the highest bond stresses which caused a loss in the residual bond strength.
10. Both the BPE and CMR models showed a good correlation with experimental data
of HWBFRP bars embedded in plain concrete. However, when modelling the effect of
FRC and conditioning environment, the CMR model showed much better agreement
with the experimental data.

11. Based on the model proposed for the service life prediction after 50 years of service
life, the lowest retention values are 72% ,63%, and 56% for plain concrete subjected to
dry, moist, and moisture saturated conditions respectively. The lowest bond strength
retentions in case of 0.5% basalt FRC are 84%, 79%, and 74% subjected to dry, moist,
and moisture saturated conditions with an enhancement of 7% to 32% compared to
plain concrete. On the other hand, the lowest bond strength retentions in the case of 1%
steel FRC are 70%, 61%, and 54% in dry, moist, and moisture saturated indicating a
slight reduction of 1% to 4% compared to plain concrete. This is attributed to the
significant reduction exhibited by 1% steel FRC subjected to 35 °C.

12. The SEM analysis revealed the severe effect of high temperature immersion in
saline solution in degrading the interlaminar shear strength between the basalt fibers

and surrounding polymeric matrix.
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8.3. Recommendations:

Finally, the results of this study are promising for the wider implementation of non-
corrosive structural discrete macro fibers, such as basalt macro fibers, in marine
structures due to its effect in providing significant resistance to aggressive
environments for the BFRP bars. However, the obtained are limited to the types of
fibers, bars, and concrete used and that further investigations are required to tackle other
parameters that have not been mentioned in this study. The following are some
recommendations for future work:

1) Testing the BMFs along with the BFRP bars in different environmental conditioning
is mandatory to evaluate their tolerance to different aggressive solutions such as: acidic
and alkaline solutions for wider implementations in different applications.

2) Consider other types of fibers such as polypropylene, polyvinyl alcohol, and
stainless-steel fibers and their effect on BFRP bars.

3) Consider the effects of surface treatment of the BFRP bars: such as ribbed and sand
coated BFRP bars on the performance of the discrete fibers.

4) Study the effect of different compressive strengths of the bond durability of BFRP
bars embedded in fiber reinforced concrete.

5) Investigate the bond durability for longer periods of exposure, particularly when steel
fibers are considered. Recommended temperatures of immersion are 25°C, 40 °C, and
55°C.

6) Focus on durability tests with high humidity due to its noticeable effect on degrading
the bond strength.

7) Examine the permeability and chloride diffusivity of BMFRC and concrete with
different non-corrosive fibers for enriching the literature.

8) Develop standard tests and procedures for conducting the bond durability test of FRP
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bars in aggressive environments.
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