ISTANBUL TECHNICAL UNIVERSITY T GRADUATE SCHOOL OF SCIENCE

ENGINEERING AND TECHNOLOGY

AXIAL BEHAVIOR OF HIGH PERFORMANCE FIBER REINFORCED
CEMENTITIOUS COMPOSITES WRAPPED BY FRP SHEETS

M.Sc. THESIS

Ugur DEMIR

Department of Civil Engineering

Structural Engineering Programme

JANUARY 2013






ISTANBUL TECHNICAL UNIVERSITY T GRADUATE SCHOOL OF SCIENCE

ENGINEERING AND TECHNOLOGY

AXIAL BEHAVIOR OF HIGH PERFORMANCE FIBER REINFORCED
CEMENTITIOUS COMPOSITES WRAPPED BY FRP SHEETS

M.Sc. THESIS

Ugur DEMIR
(501101074)

Department of Civil Engineering

Structural Engineering Programme

Thesis Advisor. Prof. Dr. Alper ILKI

JANUARY 2013






KSTANBUL TEKNKK ' NEEVBRRBKTEKMKERK EN

Y! KSEK PERFORKRINKHKIF, TAKVKYELK, LKFL
KLEARGI LANGKIMKENTO ESASLI KOMPOZKTLE
Y' KLER ALTI NDA DAVRANI kI

Y' KSEK LKSANS TEZK

Ugur DEMIR

(501101074)
Knkaat M¢chendisliji Anat
YapgVg hendi sl i ] i Program

Tez Da n éref.nda Alger ILKP

OCAK 2013






Ugur DEMIR , aM.Sc. student of ITUGraduate School of Science Engineering
and Technologystudent ID501101074successfully defended thigesisentitled
AAXIAL BEHAVIOR OF HIGH PERFORMANCE FIBER REINFORCED
CEMENTITIOUS COMPOSITES WRAPPED BY FRP SHEETSO0, whi «
prepared after fulfilling the requirements specified in the associated legislatio
before the jury whose signatures are below

Thesis Advisor : Prof. Dr. Alper ILKI e
K's t aTedhrichl University

Co-advisor : Dr. Medine ISPIR ARSLAN ...,
Kstanbul Technical Uni ver

tn

Jury Members : Prof. Dr. Mustafa ZORBOZAN  .......cccooiiiiiiiiine,
Yél dez Technical Universit

Assoc Prof. Dr. Kutlu DARILMAZ ...
Kstanbul Technical Uni ver

tn

Asst Prof. Dr. Kutay ORAKCAL  ......ovviiiiiiieiiiiiiennn.
Bogazici University

Date of Submission: 17 December 2012
Date of Defense  : 16 January 2013

Vv



Vi



To myfamily and wife,

Vii



viii



FOREWORD

First, | would like to thank my parents and my wife who were giving me support all
the time | need.

I would like to thank mythesis advisor Prof. Dr. Alper ILKbr giving me his

valuable times and guiding me throughout this study. His working discipline will be
a norm and his lessons will form a fundamental basis of me.

I would like to thankmy Co-advisorDr. Medine ISPR ARSLAN for herselt
sacrificinghelpat the all stages of this work

| would like to thank Research Assistafusuf SAHINKAYA for his help.

| would also like to surelthankto BASFYKS Construction Chemical&k-Kim
Chemistry Art-Yol EngineeringandGiray ARSLANfrom ISTON Istanbul

Concrete Elements and Ready Mixed Concrete Factories Corpduatitveir
manufacturing.

Decembef012 UgurDEMIR
(Civil Enginee)






TABLE OF CONTENTS

Page
FOREWORD .....coiiiiiiie i eeee et eens et e e e e e e e e e e e ennnseeeeeees iX
TABLE OF CONTENTS ..ottt ettt rmmme e Xi
ABBREVIATIONS ...ttt e e e e e e e e e e e e emmmn e e e e e e e e e e e e e e e s e nnnnnen Xiii
LIST OF TABL ES ..ot e e XV
LIST OF FIGURES ...t Xvii
SUMMARY e e e e e e e a s XXI
L 74 XXiii
1. INTRODUCTION ...iiiiiiiiiiiiiiiiiiiieee sttt a s simmne e s s sneneaneenes 1
2. HIGH PERFORMANCE CEMENTITIOUS COMPOSITES .......ccccccvvvnneee. 5
2.1Cementitious COMPOSITES.........uuuuriiiiiii i e e e e e e e emeera e e 5
2.2Key Features of High Performance Cementitious Composite................. 8
3. COMPARISON OF AVAILABLE COMMERCIAL CFRP SHEETS ......... 11
3.1Preparation anRetrofit of the Specimen®r Comparison......................... 11
3.2Test Result$or COMPAriSON...........covuuiviuiiiii i e e e s enen s 12
3.21 Specimensonfined by Zplies of CFRP 13
3.22 Specimengonfined by4 plies of CFRP 15
4. EXPERIMENTAL PROGRAM ...ovtiiiiiiiiiiieeee ettt 17
4.1.Preparation anRetrofit of the Specimens............ccccoeeiiiiiiiccccccceen, 17
B 2. TESE SBIUP. ...ttt ettt ee ettt e 20
4.3.Test Results for Circular MEMDELS.........c.c.uviiiiiiiiiiieeeiiiiiieeeeeeeee e 21
4.3 1 Unconfined circular SPECIMENS........oiiiiiiiiiiiiiii i 22
4.3.2 Circular specimens confined bylizg of CFRP 26
4.3.3 Circular specimens confined byl#ep of CFRP 34
4.3.4 Circularspecimens confined by éigs of CFRP 37
4.3.5 Circular specimens confined bylgp of CFRP 41
4.3.6 Circular specimens confined by 1@g of CFRP 45
4.4. Test Results for Nenircular Members........cccooovvviiieiiiiieeeeiiee e 51
4.4.1Unconfinednon-circular specimes 53
4.4.2 Noncircular specimens confined by Rgs of CFRP 58
4.43 Non-circular specimens confined by Bgs of CFRP 62
4.44 Non-circular specimens confined by 10es of CFRP 67
5. ANALYTICAL WORK ..ottt cceeesssseseeeeeeeeeeee e e e s s smesneeeeeeenenaneee s d D
6. CONCLUSION AND RECOMMANDATIONS .....cooooiiiiiiieeen e 77
REFERENGCES.......co oo e e et e e e e s aneseeees 79
CURRICULUM VITAE .. ettt ettt a e e e e e e ammmn e e e e e e e e e aann e 83

Xi



Xii



ABBREVIATIONS

FRP
HPC
HPFRCC
CFRP
NSC
CC-C-0-1
CC-C-0-2
CC-C-0-3
CC-C-0-4
CC-C-0-5
CC-C-0-6
CC-C-2-1
CC-C-2-2
CC-C-2-3
CC-C-2-4
CC-C-4-1
CC-C-4-2
CC-C-4-3
CC-C-8-1
CC-C-8-2
CC-C-8-3
CC-C-8-4
CC-C-10-1
CC-C-10-2

CC-C-10-3

: Fiber Reinforced Concrete

: High Performance Concrete

: High Perfeamance Fiber Reinforced Cementitious Composite
: Carbon Fiber Reinforced Polymer

: Normal Strength Concrete

: UnconfinedCircular Shape Cement Composite, Specimen 1
: UnconfinedCircular Shape Cement Composite, Specimen 2
: UnconfinedCircular Shape Cement Composite, Specimen 3
: UnconfinedCircular Shape Cement ComposiBgecimen 4

: UnconfinedCircular Shape Cement Composite, Specimen 5
: UnconfinedCircular Shape Cement Composite, Specimen 6
: 2 Plies of CFRP Confined Circular Shaped Cement Composite,

Specimen 1

: 2 Plies of CFRP Confined Circular Shaped Cement Composite,

Specimen 1

: 2 Plies of CFRP Confined Circular Shaped Cement Composite,

Specimen 1

: 2 Plies of CFRP Confined Circular Shaped Cement Composite,

Specimen 1

: 2 Plies of CFRP Confined Circular Shaped Cement Composite,

Specimen 1

: 2 Plies of CFRP Confined Circular Shaped Cement Composite,

Specimen 1

: 2 Plies of CFRP Confined Circular Shaped Cement Composite,

Specimen 1

: 2 Plies of CFRP Confined Circular Shaped Cement Composite,

Specimen 1

: 2 Plies of CFRP Confined Circular Shaped Cement Composite,

Specimen 1

: 2 Plies of CFRP Confined Circular Shaped Cen@arhposite,

Specimen 1

: 2 Plies of CFRP Confined Circular Shaped Cement Composite,

Specimen 1

: 2 Plies of CFRP Confined Circular Shaped Cement Composite,

Specimen 1

: 2 Plies of CFRP Confined Circul&haped Cement Composite,

Specimen 1

: 2 Plies of CFRP Confined Circular Shaped Cement Composite,

Specimen 1

Xiii



CC-C-104
CC-S0-1
CC-S-0-2
CC-S0-3
CC-S0-4
CC-S2-1
CC-S2-2
CC-S2-3
CC-S8-1
CC-58-2
CC-S8-3
CC-S84
CC-5101
CC-510-2
CC-510-3

CC-5104

: 2 Plies of CFRP Confined Circular Shaped Cement Composite,

Specimen 1

: UnconfinedSquare Shagd Cement Composit&pecimen 1

: UnoconfinedSquare Shaped Cement Composigecimer?

: Unoonfined Square Shaped Cement Composite, Spe@men

: Unoonfined Square Shaped Cement Composite, Speeimen

: 2 Plies of CFRP Confined Square Shaped Cement Composite,

Specimen 1

: 2 Plies of CFRP Confined Square Shaped Cement Composite,

Specimerf

: 2 Plies of CFRP Confined Square Shaped Cement Composite,

Specimer8

: 8 Plies of CIRP Confined Square Shaped Cement Composite,

Specimen 1

: 8 Plies of CFRP Confined Square Shaped Cement Composite,

Specimerf

: 8 Plies of CFRP Confined Square Shaped Cement Composite,

Specimer8

: 8 Plies of CFRP Confineddbiare Shaped Cement Composite,

Speciment

: 10Plies of CFRP Confined Square Shaped Cement Composite,

Specimen 1

: 10Plies of CFRP Confined Square Shaped Cement Composite,

Specimerf

: 10Plies of CFRP Confined Square Shaped Cement Composite,

Specimer8

: 10Plies of CFRP Confined Square Shaped Cement Composite,

Speciment

Xiv



LIST OF TABLES

Page
Table 3.1:Properties ofCompositeSheetsWrapped 12
Table 3.2 Peak Loads during tHéomparison €st 16
Table 4.1:Mix Proportion for Cementitious Composite (kg/m3) 17
Table 4.2 Properties of Measurement Equipments 20
Table 4.3 Details of theCircular Specimens 21
Table 4.4: Reference Cylinder Test Results 23
Table 4.5:Experimental Test Results for Circular Specimens 50
Table 4.6:Details of the Square Specimens 53
Table 4.7:Experimental Test Results for Square Cross Section Specimens 72
Table 4.8: After Test Enhancement Ratios for all Specimens 73

Table 5.1 Experimental and Anatical Comparison foCircular Specimens 75
Table 5.2:Experimental and Analytical Comparison for NGircular Specimens 6

XV



XVi



LIST OF FIGURES

Page
Figure 2.1: Examples ofleformedsteelfibers.........coooiiiiiccce 6
Figure 2.2: Crackpattern inreinforcedconcrete (RC) anéiberreinforcedconcrete
(FRC)eementssubjected tAeNSION..........cooeeveeeeiiiiiiiicceeeeeeeeeeeeeen
Figure 2.3: Structures ofong andshortfiberscontrolling thecrack propagation;
after Betterman etla.............ccoooviiiiiiieeen e 7
Figure 2.4: Comparison ofypical stres§ strain response itension of HPFRCC
with conventional FRCC, after Naaman [8)-..............cccccciiimnnnnnnns 8
Figure 3.1: Casting thespecimens focomparismé ¢ € € € € é . . . 11
Figure 3.2: Stressstrain curves of thainconfinedspecimens é é é . é ¢ 11
Figure 3.3: Preparation ofpecimensé é e e € € ¢ ¢ é éé é é e . . 12
Figure 3.4: Stresq lateralstrain relationshipbetweenspecimensonfined by 2
plies of CFRP 13
Figure 35: A_2C_1ldamage 13
Figure 36: A 2C 2damage 14
Figure 3.7 : B_2C_ldamage 14
Figure 38: B_2C_1damage 15
Figure 3.9: Stress lateralstrain relationship betweegpecimensonfined by4 plies
of CFRP 15
Figure 3.10: A_4C_1damage 15
Figure 3.11: A_4C_2damage 15
Figure 3.12: B_4C_1ldamage 15
Figure 3.13: B_4C_2damage 15
Figure 4.1 : Castingmixer at ISTON 17
Figure 4.2 : Mouldsat castingstep 18
Figure 4.3 : All specimens aftetakingmoulds 18
Figure 4.4 : Capsperforming 19
Figure 4.5 : Primerperformedspecimens beforeonfining 19
Figure 4.6 : Confining thespecimens 19
Figure 4.7 : Endzonesretrofit 19
Figure 4.8 : 5000 kNcapacitylnstrontestmachine 20
Figure 4.9 : Stressstrain relationship for GCC-0-4 23
Figure 4.10: Stress strainrelationship for @CC-0-5 24
Figure 4.11: Stressstrainrelationship for @CC-0-6 25
Figure 4.12: Stress strain relationshipcomparison folunconfinedcircular
specimens 25
Figure 4.13a: CC-C-0-1 26
Figure 4.13b : CC-C-0-2 26
Figure 4.13c: CC-C-0-3 26
Figure 4.14 : CC-C-0-4 26

XVii



Figure 4.15

Figure 4.16 :
Figure 4.17 :
Figure 4.18 :
Figure 4.19:
Figure 4.20 :
Figure 4.21 :
Figure 4.22 :
Figure 4.23 :
Figure 4.24 .
Figure 4.25 :
Figure 4.26 :
Figure 4.27 :
Figure 4.28 :
Figure 4.29:
Figure 4.30 :
Figure 4.31:
Figure 4.32:
Figure 4.33 :
Figure 4.3 :

Figure 4.35:

Figure 4.3 :
Figure 4.37 :
Figure 4.3 :
Figure 4.39:
Figure 4.40 :
Figure 4.41 :

Figure 4.42:

Figure 4.43:
Figure 4.44:
Figure 4.45:
Figure 4.46:
Figure 4.47:
Figure 4.48:
Figure 4.49:

Figure 4.50

Figure 4.51:
Figure 4.52:
Figure 4.53:
Figure 4.54.
Figure 4.55:
Figure 4.56:
Figure 4.57:
Figure 4.58:
Figure 4.59 A comparison for thepecimens thatonfined by 1Qlies of CFRP
Figure 4.60:
Figure 4.61:
Figure 4.62:
Figure 4.63:
Figure 4.64:

: CC-C-0-5

CC-C-0-6

Stress strain relationship for @CC-2-1
Stress strainrelationship for GCC-2-2
Stress strain relationship for @CC-2-3
Stress strainrelationship foICC-C-2-4
Stress strain relationship foiICC-C-2-5
Stress strainrelationship folCC-C-2-6
Stress strain relationship foiICC-C-2-7
A comparison foispecimens thatonfined by 2plies of CFRP
CCC-2-1

CC-C-2-2

CC-C-2-3

CC-C-24

CC-C-2-5

CC-C-2-6

CC-C-2-7

Stress strainrelationship for CE&C-4-1
Stress strain relationship for CAC-4-2
Stress strain relationship for C&C-4-3
A comparison for thepecimens thatonfined by 4plies of CFRP
CC-C4-1

CC-C-4-2

CC-C-4-3

Stress strain relationship foiICC-C-6-1
Stress strainrelationship folCC-C-6-2
Stress strain relationship foiICC-C-6-3
A comparison for thepecimens thatonfined by 6plies of CFRP
CC-C-6-1

CC-C-6-2

CC-C-6-3

Stress strainrelationship folCC-C-8-1
Stress strain relationship foiICC-C-8-2
Stress strain relationship foilCC-C-8-3
Stress strain relationship foilCC-C-8-4
A comparison for thgpecimens thatonfined by 8plies of CFRP
CCC-81

CC-C-8-2

CC-C-8-3

CC-C-84

Stress strainrelationship for @CC-10-1
Stress strainrelationship for @CC-10-2
Stress strainrelationship folCC-C-10-3
Stress strainrelationship for @CC-10-4

C-CC-101
C-CC-10-2
C-CC-103
C-CC-104
Lateral,axial stress andtrainincrements,due to the FR#yer

Xviii

26
26
27
27
29
29
30
31
31
32
33
33
33
33
33
33
33
34
35
36
36
37
37
37
38
38
39
39
40
40
40
41
42

44
45
45
45
45
46
47
47
48
49
49
49
49
49
51



Figure 4.65:
Figure 4.66:
Figure 4.67:
Figure 4.68:
Figure 4.69:
Figure 4.70:
Figure 4.71.:
Figure 4.72:
Figure 4.73:
Figure 4.74:
Figure 4.75:
Figure 4.76:
Figure 4.77:
Figure 4.78:
Figure 4.79:
Figure 4.80:
Figure 4.81:
Figure 4.82:
Figure 4.83:
Figure 4.84:
Figure 4.85:
Figure 4.86:
Figure 4.87:
Figure 4.88:
Figure 4.89:
Figure 4.90:
Figure 4.91:
Figure 4.92:
Figure 4.93:
Figure 4.94:
Figure 4.95:
Figure 4.96:
Figure 4.97:
Figure 4.98:
Figure 4.99:

Test setup for square specimens

Stress strainrelationship folCC-S-0-1

Stress strain relationship foiICC-S-0-2

Stress strainrelationship for CES-0-3

Stress strain relationship foICC-S-0-4

A comparison for theinconfinedsguarespecimens
CC-S0-1

CC-S0-2

CC-S0-3

CC-S0-4

Stress strain relationship foICC-S-2-1

Stress strainrelationship foICC-S-2-2

Stress strain relationship foiICC-S-2-3

A comparison for thepecimens thatonfined by 2plies of CFRP
CC-Ss2-1

CC-S-2-2

CC-S2-3

Stress strainrelationship for CES-8-1

Stress strain relationship for CES-8-2

Stress strain relationship foilCC-S-8-3

Stress strain relationship for CES-8-4

A comparison for thepecimens thatonfined by 8plies of CFRP
CC-S8-1

CC-S8-2

CC-S8-3

CC-S-8-4

Stress strain relationshipfor CC-S-10-1

Stress strainrelationship for CES-10-2

Stress strain relationship for CES-10-3

Stress strainrelationship for CES-10-4

53
54
55
56
56
57
58
58
58
58
59
60
61
61
62
62
62
63
63
64
64
65
67
67
67
67
68
69
69
70

A comparison for thepecimens thatonfined by 1(lies of CFRP 70

CC-S101
CC-S10-2
CC-5103
CC-S104

Figure 4.100: Lateral,axial stress andtrainincrements,due to the FR&er

XiX

71
71
71
71
73



XX



AXIAL BEHAVIOR OF HIGH PERFORMANCE FIBER REINFORCED
CEMENTITIOUS COMPOSITES WRAPPED BY FRP SHEETS

SUMMARY

It is well established that external confinement of concrete with fiber reinforced
polymer (FRP) jackets results in significant improvements of the axial and dilation
performance of concretd.o reduce the brittleness of the concrete we can change
both the mixture andconfinement typeThe aim of this study is to make it clahat

if theuse of HPFRCC confined bWyarbon Fiber Reinforced PolymeZKERP sheets

can exhibit a stranmardening character versus the plain conooeteot Therefore,

to researchthis behaior, an experimental study hagen carried out. i€ular and
square crossectional specimens were cast at once. In this study, experimental
results obtainedfor the concrete specimens wrapped by various thicknes€&#sRP
jackets arepresentedThicknesses of the CFRP sheets were&28 and 10 plies for
circular specimens and&10 for noncircular. All confinements had an overlap of
150 mm. Thirty specimens with circular crosection,19 speemens with square
crosssectionwere induded irto the testing program. Concentric compression tests
were carried out on specimens with circular, sqeasessections wrapped by CFRP
jackets After a while,end zone®f the specimens were retrofitted bg width and
threeplies of CFRP band® move the damage to the nhidight of the specimens

All confinements were done by hanmll of the specimens during the study had the
same height of 306hm and different aspect ratios. The sizes of the eestons
were; 150*300mm for the @culars and 150*150*300mm for the squares with a
rounding radius of 25 mm on the edges of theach specimen.Concentric
compressive loads were applied on the specimens by usirgsaon universal
testing machia with the capacity of 5000 kNLateral strains wer measured at mid
height by surface strain gauges with the gauge length of about 150 mm for all
specimens. For measuring the vertical strains, L¥WEre used. Load was applied
0.6 mm per minute(TS EN 123963) and test was displacement controlled. For
meaurements of average axial strains for different gauge lengths, displacement
transducers were used. For specimens with circular-sext®n, twaostrain gauges
with the gauge length of @am (PL60) and two transdecs with the gauge length of

25 mm (LVDT25) were usedior noncircular specimens, four transcers with the
gauge length of 25nm (LVDT25) were used to measutke verticalstrains that
wereplaced to the corners of the specimens.
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T¢m sargél amal ar ell e yapél méx, mekani k bir
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sonucunda, dayaném fvaa&kdtédrelkdan k kSaiydd edniéiInmiak t i
kesi tli numunel erde artek orané daha fazl ay
oranénén daha az olduju g°zlenmi«ktir. Her

keyaalanémda ci ddi bir aBitréelxi ralnnmdaedé jfea r kel zel e
beton modell eri i -in bir analitik -alékma ha
nor mal beton i-in isabetl:] tahminler yapan 1
bakar é kaydedemedi kl er i gzl enmi ktir. Y¢é ks
kompozitlern , sargélama sonucu kaydetti i dayaneéen
t ahmin et mek czere yeni bir mo d e | gel i ktir
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1.INTRODUCTION

Concrete is by far the most important building material andcassumption is
increasing in all countries and regions in our globe. The reasons are multiple: its
components are available everyavlh and relatively inexpensivigs production may

be relatively simple, its application covers large variety of building end
infrastructure works. Moreover, since around 30 years, its development has gone in
new directions: high performance concretes (HP&)d high performance
cementitious compositesThis new kind of building materialare defined as a
concrete in whiclcertain characteristics are developed for a particular application
and environment; these characteristics are not only strebgthalsoimproved
durability, increased resistance to various external agents, high rate of hardening,
better aspect, etc. Thanly disadvantage of concrete is its brittleness, i.e. relatively
low tensile strength and poor resistance to crack opening and propagation. In the
development of concredike materialsthe reinforcement with dispersed fibglays

an important role. 8ice Biblical times, approximately 3500 years ago, brittle
building materials, e.g. clay sun baked bricks, were reinforcedheitbehaiy straw

and other vegetable fibers. The concept of fi@nforcement was developed in
modern times and brittle cemdmhsed paste wgareinforced with asbestos filser
when in about 1900 theo-called Hatschek technology was invented for production

of plates for roofig, pipes, etc. Later, glass fibexgre proposed for reinforcement

of cementpaste and mortar by Biryukovis[1]. The ordinary Eglassfibers are not
resistant and durable in highly alkaline Portland cement pastéMapdndar and
Ryder [2] invented the alkaliesistant (AR) glass fibers with addition of zircon oxide
ZrO2. Important influences of the developnesf steelfiber reinforced cements
(SFRC) are papers published by Romualdi and hisutbors [3 4] for the first times

on this subject. It is not surprising that in such an excellent material as coafteste,
many recent improvements of additions amadmixtures, with considerable
development of technology in precast factories ansitin and with exploitation of
highly sophisticated test methods, the application of dispdisedreinforcement

results after three decades in a ¢éax@riety of excellet building. As it is shown at
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the next title, because of the necesditg studies went on the ¢h Performance
Fiber ReinforcedCementitious Composite@1PFRCC). Such types of composites
can be call ed as ThaSis why wetuserstiuotal acretesrf@t e s 0 .
high-rise buildings, longspan bridgeshighway and airfield pavements, and many
otherkinds of outstanding structurel earthquake prone countries, many existing
reinforced concrete structures suffer from low quality of ccete and dck of
adequate confimeent reinforcement. In such cases, axial capacity and the
deformability of the vertal structural members may netedbe enhanced to eikiit
satisfactory seismic performance. Wrapping these members by high stfiegth
reinforced polymer (FRP) composite jackets can enhance the axial strength and
deformability of the members sigrifintly. Compared to conventionaktrofit
techniques, lower density, higher tensile strength and modulus, durability and
excellent constructional workability are the advantagesoofpositeretrofit system.
Particularly, when there is a time limitation and/or access to the members to be
strengtheed is limited, compositeetrofit system may be more preferabl@hese

and many other studies proved that significant enhancement in compressive strength
and deformability of concrete is possible by adequate confinement of concrete by
lateral reinforcemat. Similar enhancemens ipossible when the concretecanfined

by high strength FRP composites. According to Fukuyama and Sugano [2000], the
repair and seismic strengthening by continuther sheet wrapping method was first
developed in Japan, whemsearch was first carried out in [1979]. Fardis and Khalili
[1982] stated that excellent strength and ductility characteristics were obtained
during the experimental study on the FRP encased concrete cylinders in axial
compression and of rectanguleRP erased beams in bendingaadatmanesh at.

[1994] examined the behaviemf concrete columns externally reinforced wiber
composite straps. They proposed an analytical model to quantify the gain in strength
and ductility byad opt i ng tnioeel[1B8b] o ¢hefildescomposite straps
case.Fyfe [1996] summarizedhe going on experimental studies on the behavior of
high strengt FRP wrapped concrete membeldirmiran and Shahawy [1997]
reported that the available models in literature that werenatigi developed for
conventional reinforced concrete columns generally did not give accurate results for
the FRP wrapped concrete members. Karbhari and Gao [1997] developed
experimental data for cylinder specimens bas&dao variety of fiber types,

orientdaions and jacket thicknesses. Toutanji [1999] investigated the effect of type of
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wrapping material on the behaviof FRP jacketed concrete cylinder specimens.
Saafi et al[1999] investigated the behaviof concrete filed GFRP and CFRP
tubes under unidal compressive load. They indicated that the available models
generally overestimate the strength of concrete confined by FRP tubes, resulting in
unsafe design. Rochette and Labossiere [2000] conducted axial loading tests on
CFRP and AFRP jacketed speens with circular, square and rectangular cross
sections. Thewnalyzedhe effect of corner radius on thehaviorof specimens with
noncircular crosssections. Wang et al. [2000], and Wang and Restrepo [2001],
tested square and rectangular concretenasetuconfined by glasber composites.

In their study, Mander's model [1988b] is adapter the stresstrain behavio of

FRP wrapped concrete. Fukuyama and Sugano [2000] presented the outline of the
continuousfiber wrapping technique by comparing theperimental data obtained

for various rehabilitation techniques with a special emphasis on performance based
engineering and effective rehabilitation techniques without hindrance of building
operation. Xiao and Wu [2000] investigated the effect of conaretapreswe
strength and thickness ofFRP jacket wrapped around cylinder specimens. They
also proposed a simple bilinear streisin model for the CFRP jacketed concrete.

To reduce the brittleness of the concrete we can change botmixfwere and
confinement typeThe aim of this study is to make it clg¢hat theuse of HPFRCC
confined by CFRP sheets can exhibit a stt@rdening character versus the plain
concreteThereforeto researctihis behavioran experimental study hasen carried

out. drcularandsquare crossectional specimens were cast at once. In this study,
experimentalresults obtained for the concrete specimens wrapped by various
thicknesses of CFRP jacketre presentedlhirty specimens with circular cross
section, ® specimens with square cressction were included to the testing
program. Concentric compression tests were caoigdn specimens with circular
andsquare specimens that were wrapped by CFRP jackets. The loading was applied
monotonically. A prestudyhas been carried out to clarify a manufacturer. All of the
specimens during the study had the same height ofn@@0and different aspect
ratios. The sizes of the cressctions were; 150*30Gnm for the circulars,
150*150*300mm for the squares






2. HIGH PERFORMANCE CEMENTITIOUS COMPOSITES
2.1Cementitious Composites

Cementbased matrices have developed considerably during last 40 years. The main
components are still Portland Cememtd coarse and fine aggregate of different
origin, and there are several other components: superplasticizers, admixtures and
microfillers. In addition,proportions between these components have changed. There
are many kinds of Portland Cements that maydlected for particular purposes.

The national and international companies may furnish cements that are characterized
by high or low strength, higkarly strength or low heat of hydration, high sulfate
resistance, low content of C3A, and large varietyblehded cements, i.e. with
addition up to 70% by weight of fly ash and ground blast furnace slag. The next
groups of concrete components are additions and admixtures that create special
properties of fresh mix and hardened concrete; these are supegdasti@ir
entraining agentsnicro fillers and secondary cementing materials: fly ash, natural
pozzolans, rice husk ash, metakaolin, etc. In fact, often binary, ternary or quarternary
concretes are distinguished i.e. based on compositions of differergrdingls
aggregate, not only crushed stone and natural gravel with sand are used, but also
various artificial materials, carefully selected and inserted into fresh mix in well
determined proportions. In concrete, many kinds of waste materials are used,
including recycled aggregate, in order to decrease cost and to satisfy increasing
demands of sustainability and ecology. As a result, concretes and particularly
concretes that have to satisfy special requirements, became rather complicated
mat eri al salloraradl eédr € o6tprovi de the precise
particular project. The design of such a concrete is based on deep knowledge and
substantial experience; with the same concerns regarding the selected applications of
technology. At all stage$igh competence of the personnel is needed. In general,
modern concretes are more brittle than those in the first half of 20th century, with

higher rates of strength and higher heat of hydration, and often less durable, i.e. less



resistant against intensivcorrosive attacks from environment if not specially
designed. As remedies, there are special kinds of concretes called high performance
concretes, described hereafter, frequently with application of dispersed reinforcement
in different forms. The main te of short dispersed fibers is to control the crack
opening and propagation. Basic groups of fibers applied for structural concretes and

classified according to their material by Brandt [2]:

Steel fibers of different shapes and dimensions, also micrsfibe
Glass fibersin cement matrices used only as akkabistant (AR) fibers;
Synthetic fibers made with different materials: polypropylene,

Polyethylene and polyolefin, polyvinyl alcohol (PVA), etc.;

=4 =2 =4 4 -4

Carbon, pitch and polyacrylonitrile (PAN) fibers.

Natural vegetable fibers are not suitable for high perfocaatructural concrete, but

are applied in ordinary concretes. Asbestos fibers are completely abandoned in
construction because of their detrimental influence on human health and are replaced
by other kinds of fibers, e.g. polymeric. Certainly, the most important for structural
concrete are steel fibers; a few examples are shown in Figure 2.1; hooks at the ends
and various modifications of shape improve fib@atrix bond and increase

efficiency of tte fibers.

crimped or non-straight

ﬁ hooked _Q/’;:

button end

o
o

indented

L 1 || | 1 1 | B 1 || i | I — i ]

twisted polygonal

Figure 2.1: Examples oDeformedSteel Fibers [6]

The influence of the fibers on cracking of cemkased matrix is explained in Figure
2.2: thanks to the fibers, large single cracks are replaced with dense syftems o

microcracks, which may be acceptable from both safety and durability viewpoints.
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Figure 2.2: CrackPattern inReinforcedConcrete (RC) anéiber Reinforced

Composite EementsSubjected torension BJ.

Fine fibers control opening angropagation of micraracks as they are densely
dispersed in cement matrix. Longer fibers up to 50 or 80 mm control larger cracks
and contribute to increase the final strength of FRC, as it is shownureRi§.

Microfibers

T P Large fibers
Microcracks /\ .ff: .
T
4 ‘E’.‘%é 1t "'l- \H
Stress Jv =

Short microfibers

\ Large fibers

Plain matrix

Strain

Figure 2.3: Structures of.ong andsShort FibersControlling theCrack Propagation;
afterBetterman et al. [3]

With the increase of fiber volume and efficiency, theituahce on behavioof a

SFRC element modifies completely its behavior under load, as it is described in

Figure 2.4 with strainistress diagrams. The conventional SFRC element is

characterized by initial linear increase of stress and aftdirgherack opening there

is a slow decrease, theocalled softening branch. In contrast, where the
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reinforcement is sufficient, after tHest crack, there is a strain hardening stage,
which accompanies multiple cracking and considerable amount of energy is absorbed
that is proportional to the area under the curve. The softenarglorfollows that

stage. In Figure2.4, the main difference between conventional FRC and high

performance fiber reinforced cement composites (HPFRCC) is defined.

Single
a Con\;enngonal Crack and
Local on
L i
& cc 5
g
b= e ’ Softening
ranch
l 11 C
? Eec Crack “H‘
STRAIN ! =
Opening

Cpe Muitiple
s Cracking and
(B "o} L on
wn ‘ - Multiple Cracking #
] & (1111 (strain'hardening) || ﬁ. ?
@ Occ N2k TR PR o _——
L.‘sb,t,‘;v.“. 31 —
,‘El;qgg;ljodulus AR ne¥g
TS 1% epc [0 B
T
0 e STRAIN Y

STRAIN <¢————g—p CRACK OPENING

(Material and Stuctural Ductility) (Surtace Energy, Material Ductility)

Figure 2.4: Comparisorof Typical Stres$ Strain Response i ensionof HPFRCC
with Conventional FRCC, after Naman [8].

2.2Key Features of High Performance @mentitious Composites

The demand has never been greater for tougher, more ductile materials to improve
the behavior of civil engineering structures under rapid and severe loading, such as

blast, impact andarthquakes. A particularly promising class of materials for such



applications is high performance fiber reinforced cementitious composites
(HPFRCCs), which enxtedbiteapoms dgdn mpet ¢ os img
Hardeningresponse after first craicly, tensile ductility, both of which leatb
improved durability andhigh-energyabsorption capacity. HPFRCCs, as first defined
and developed by Naaman [9], can nashiave high performance behavigsinga
relatively low volume fraction (usually 2% orsl&) of short, randomly oriented steel

or polymeric fibers. At the present time, HPFRCGLs classified as stralmardening

fiber reinforced cementitious composites

In order to achieve straimardening behavior, various approaches have been tried
and usedby many researchers. One well established example is SIFCON (slurry
infiltrated fiber concrete) and its similar derivative SIMCON (slurry infiltrated

mat concrete) which were developed during the late 1970s and 1980s . Engineered
Cementitious CompositeECC) is also one family of HPFRCC. ECC utilize about
2% PVA fiber to producstrainhardeningbehavior with 84 MPa tensile strength;
their strain capacity may be relatively high but is dependent on the size of the
specimen and the method of testing. Vahsehigh as 134% were reported awer
forms of HPFRCC include Ultra High Performancédf Reinforced Cement
Composites [UHPFRCvhich are characterized at the mechanical level by a very
high compressive strength (practigaih the range of 15200 MPa). Hbwever, to
develop strairhardening behavior in tension, they requird B4 fiber contents by
volume, mostly smooth steel fibergery little information is available to describe
the entire stre$strain response of UHPFRCC in direct tension using realonab
large size specimens. As of this writing, the tensile strength achieved by UHPFRC
using 2% high strength steel fibers by volume, is around 11 MPa and its strain
capacity at maximum stress is cldeed.5% In this researchjigh strength deformed
hooked-up steel fibers, which show slip hardening behavior under single fiber
Pullouttestingare used to obtain tensile strain hardening behavior of the composite.
It was shown earlier that the slip hardenimghavior, which leads to high pullout
energy (orwork), is a critical condition for the strain hardening behavior of FRC
composites. The promise of HPFRCCs for dynamic loading application stems from

their observed good response under static loading.
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3. COMPARISON OF AVAILABLE COMMERCIAL CFRP SHEETS

3.1Preparation and Retrofit of the Specimengor Comparison

The specimensvere cast at once readhgixed at the Structural and Eaguake
Engineering Laborator(STEEL). Casting process and moulds used for staty be
seen on Figure 3.1.50*300 mm circular crossections were used as moulds. All of
the moulds required for the study, were provided from STEEL. At the 28th day of
casting,two reference cylinder tests weperformed taobtain thecompressive stress

of the concrete at 28 days. Results of the tests can be seen at Figure 3.2.

.. & L@
Figure 3.1: Casting the Specimens foof@parison
25
E 'A
s 20 7 =
g)) I/ \\\
o 1571
-'(7,) / \~\\\
2 10 ] :
)]
(%]
® 5
o
S
3 0

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016
Compressive strain

Figure 3.2: StressStrain Qurves of thdJnconfinedSpecimens
All of the specimens werpreparedto be performed under waixial loading.As
seen, theveragecompressive stresses of the specimensilt @aycan beapproved
as 20 MPa. The only parameter of the study was compressive stress to clarify the

comparisonbetween two productsProduct A is manfactured by Akkim and
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Product Bby BASF andpreparation of the specimens can be seen amd&3. The
black coloredspecimens ar€FRPof Product Ausedspecimens sincthe epoxy of
Product Ais crystalline.Product Bepoxy is bluecolored so thecolors of the
specimens are also blue. Mechanalperties of the composite sheets are given for
both Product A and B on Table 3.1.

Table 3.1:Properties ofCompositeSheetsWrapped
Product A Product B

Tensile strength (MPa) 4200 3430
Tensileelasticity modulus (MPa) 240000 230000
Ultimate tensile deformation (%) 1.8 15

Effective area per unit width (mm2/mm) 0.0166 0.0165

Figure 3.3 Preparation of Specimens

3.2 Test Results forComparison

Eight specimens were exposeddaniaxial loading on an Amsler universal testing
machine with the capacity of 5000 kN. Lateral strains were measured at midheight
by surface strain gauges with the gauge length of about 150 mm for all specimens.
Load was applied 0,66m perminute TS EN 1390-3) and test was displacement
controlled. For measurements of average axial strains for different gauge lengths,
displacement transducers were used. For specimens with cicoogssection two
transducers with the gauge length of één (PL60) and twotransducers with the
gauge length of 250nm (LVDT25) were used for circular specimens. The only
parameters were Peak Stresses and Peak Lateral Strains to compare two
manufacturers CFRPs.
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3.2.1 Specimensconfined by 2plies of CFRP

These specimes wereconfined bytwo plies of Product Aand Product B CFRP. The
epoxiesimpregnatedn the surfaces of the specimens also belomganufacturer A
or B. End z o n eerdfit was not applied to thee specimes. StressStrain
relationshi those were obtained awverage otwo specimens 2 plies of Product A

and Bcan be seen on Figure 3.4
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Stress (MPa)

D

[SEY

A2C
= = B2C

D

-0.001 0 0.601 0.602 0.603 0.604 0.605 0.606 0.607 0.008
Lateral Strain
Figure 3.4: Stress Lateral Strain Relationship Between Specimens
Confinedby 2 Plies of CFRP

Peak Lateral Strain is objectaalthe Peak Stress. These datas was acquiretidig
gauges As seenabove, anenhancemenfor compressive stress from 20MPa to
48MPa 06140) and for laterastrain from 0.002 to 007 (%250 was observed by
confining 2 plies of CFRMy Product A and for Product. BA compressive stress
enhancemenwas about %110 and lateral straimhancemenwas about %00. Peak
StressPeak StrairLoaddatas are summarized at the end of the chapter on a chart.

On Figures 3.5, 3.6, 3.7, 3a8ter tes photcs (damaged) for specimens can be seen.
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Fere 3.7 B_2C:;1Damégye Figure 3.8 B_2C_2 Damage

3.2.2 Specimengonfined by 4plies of CFRP

Similarly, we have totallyfour of four plies of CFRP confined specimens. Two for
Product A and for Product B.Given values on the Figu&9, include the average
of two specimens both for Product A and two for ProducA Bompressive stress
enhancemenwas abot1%275 and lateral straenhancemenwas about %450 for 4
plies of CFRP confined by using Product A specimens and %240 siviezscement
and %300 straienhancemenvas observed for Product B specimens.

On Figures 3.10, 3.11, 3.12, 3.4fter test phote®(damaged) for specimens can be

seen.
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Table 3.2 Peak Loadsluringthe Comparisorirest

Specimen Name

Peak Load(kN)

A 2C 1 845
A_2C_2 (%) 9982
A 4C_1 9024
A 4C_2 1346
B 2C 1 762
B_2C_2 (%) 9895
B 4C_ 1 1198
B_4C_2 (%) 1357

The (*) statements clarifgnd zonesetrofit by 5cm width andhreeplies of CFRP
bandsafter confinementAs seen at table abow®o plies Product ACFRPconfined
and then retrofitted specimens have aboull®much more compressive stresses
with respect to unconfinedrhis ratio is aboufo 29 at 2 pliesProductB CFRP
confined retrofitted and wonfined specimens. At four plies, Produ& CFRP

confinedspecimensthis ratio is about %4.3. SinceProduct A and B have very close

results Produt¢ A was used on the study as confining material.
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4. EXPERIMENTAL WORK

4.1 Preparation and Retrofit of the Specimens

For casting the amposite,a computer controlled ready mix concrete company was
used.Casting equipment can be seen on Figure Phe&.composition of composite
was literatured andesearched byheresearcher. The gostrengthof the proportion
was about 10010 MPacompressiveTo acquire this strength, steel fibers should be
used. 6 cm length hookedip steel fibers were used. Detad$ the composite

compounds can be seen under Table 4.1.

Figure 4.1: Casting Mixer at ISTON

Table 4.1: Mix Proportion for CementitiousComposite kg/m3)
C SF FA CA STF W SP TOTAL
1000 | 250 489 326 78,5 124 125 2392

C:Cemen{Aslan CEM | 42,5RBF:Silica Fum&Norchem)FA: Fine Aggregaté0-0,5mm)
CA: Coarse Aggregat®-0,5mn) STF: Steel Fibe(Dramix 6cmhookedup) SP:Superplastisizer
(Chryso Optima 208)V:Water

All specimens were casted at once. Mowsre taken at the following day of
casting. 3 days of cure was performed to make them early strengthen. After curing
and then a week, all specimens were carried to laboratory for cap perfor@mg.
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Figure 4.2, moulds for circular and noimcular specimesican be seen and on Figure
4.3, specimens after taking moulds are shown.

Figure 4.3 Al SbécimensafterTaking Moulds

A cap preparation was performed for all specimens to take local stresses over the end
zones. On Figure 4.4, process can be s@#inspecimens werampregnatedby
AKRESKN A &sidaddAKREX MS 400 B the hardenef it, to create a
smooth surfacever the specimei\pplied primer can be seem Figure4.5.

T ~ o

Figure 4.4: Caps Performing
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Ifiaure .Primer Performed SpecimehsforeConfining

AKRESKN EP 250 B and AKRESKN 250 A are
and applied during confining. Components were mixed about 3 minutes and then
applied tosurfaces ofspecimensAfter preparing the epoxy and applyioger the
specimenspreviousday cut CFRPswere confinedover the specimengonfining
process can be seen on Figdré. After body confining, CFRP sheet bands to carry
the damage on the mltkight of the specimens of those retrofitted both end zones.

Retrofit of the end zones can been on Figure 4.7.

Figure 4.6: Confining the Specimens  Figure 4.7: End ZonesRetrofit

4.2 Test SetUp

Prepared specimens wemsted onan Instron Test Machinavith the capacity of
5000 kN as seen on kige 4.8 The software BluehilR performed loading steps of
machine All the datawastaken from the surface of the speciméysstrain gauges

and transducerd.ateral and vertical strains and the loads defiant these strains were

measured.
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Figure 4.8: 5000 kN Capacity Instron Teslachine

Properties of measurement equipment can be @edrable4.2. PL-60-11-3L refers
to 60mm measurement capacity of strgauge, usedo measure the lateral strain.
Strain gauges were usédo for cylinder specimens arfdur for square specimens.
CDP-25 refers to 25 mm measurement capacityrarisducer (VDT ) to measure
the axial strain. LVDTs were usédo for along all height obpecimens anfbur for

middle of four surfaces of specimens.

Table 4.2 Properties of Measament Equipments

Equipment Reaction Measurement Capacity
PL-60-11-3L 20 Hz 60 mm
CDP-25 8 Hz 25 mm

4.3 Test Results for Circular Members

There are 30 circulacrosssectional specimens to perform. All specimdrave the

same sizes as 15D0 mm. Loading ra¢é during the test was.® mm/min for
confined specimens andlOmm/minfor unconfined with respect to TS EN 12330

A pre-load applied before test to consider either the space between cap of specimen
and test machine or the crush of the capeunést start and calculated @ kN. All
confinements are lateral and all made by hand. An overlap of 150 mm was applied to
all specimens. A radius of rounding with 25 mm on the edges was also performed.

Loads applied during tests amonotonic and dispacement controlled. Stress
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Lateral Strain and Stregsxial Strain relationships after tests are mentioned and

photos are over the graphics.

There is a coparisonat the end with the unconfined and confined specimens. Stress,
lateral and axial straingethe parameters. Average stressl strainenhancemest
subjected to CFRP confinement thickness are summarized as a result at the end of
the partAt the 28th day of the casting,sBandard cylinder specimens were tested to

determine compressive strength and strains undeauai loading.

The goal was, to start the main study andetgearctthe enhancemenbn strength
lateraland axialstrains by FRP on HPRECs. The after tesesultsaresummarized
below on a tableThe aim of literatured composifgoportion was in a rank of 100
110 MPa at 28 days and the average compressive strength oirdil@r across
sectional specimensfter 28 days was 118. Details of the specimens are
mentioned ora chart belowon Table4.3;

Table 43: Details of theCircular Specimens
Specimen Code Number of CFRP Sheet Plies
CC-C-0-1 0
CC-C-0-2
CC-C-0-3
CC-C-0-4
CC-C-0-5
CC-C-0-6
CC-C-2-1
CC-C-2-2
CC-C-2-3
CC-C-2-4
CC-C-2-5
CC-C-2-6
CC-C-2-7
CC-C4-1
CC-C-4-2
CC-C-4-3
CC-C-6-1
CC-C-6-2
CC-C-6-3
CC-C-8-1
CC-C-8-2
CC-C-8-3
CC-C-8-4
CC-C-101
CC-C-10-2
CC-C-10-3
CC-C-104
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4.3.1 Unconfinedcircular specimens
CC-C-0-1, CC-C-0-2 and CCGC-0-3

These three specimens anmeconfined referenceircular cross sectional specimens.
Compressive tests were carried out af 28y of casting. On Figure ¥3a 4.13b,
4.13c failures of the specimens can be se@n Table 44, test results are

summarized for these three unconfined specimens.

Table 4.4: Reference Cylinder TestdRults

Specimen Name| Specimen Age (,\];”?,J:J) f(A'\\,Iéiage)
CC-C-0-1 28 10469
CC-C-0-2 28 11884 11603
CC-C-0-3 28 12455

CC-C-0-4

This specimen is an unconfined reference specimen. Aftdesiheobservedailure
behavioris as seen on Figure 4.1Some concrete pieces spilled before crush and
longitudinal crack®ccurredafter thetest. Thefailure was concentrated at the middle
and the topf the specimenStressi Axial Strain behavior of the specimen can be
seen on Figure @.
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Figure 4.9: Stress Strain Relationship for @CC-0-4
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Branch represents thrmeasurement of transducers along %@ gage length over

the middle of the surface$wo LVDTs we have and this branch repents average
values of these. Since the parameter was just to obtain the compressive ultimate
stress, strain gauges were not usee\valuate the lateral strain&.value of axial

strain was observed as approximate D@25 at a stress df0322 MPa at 90th
day/compressive.

CC-C-0-5

This specimen is an unconfined reference specimen. Aftdesheobservedhilure
behavioris as sen on Figire 4.15. Stress- Axial Strain relationship for €C-0-5

can be seen on Figure 8.1
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Figure 4.10: Stress Strain Relationship for @CC-0-5

Two strain gaugesve have and this branch represents average values of these. A
value of approximately.005 axial strairvas observed frombVDTs. Peak axial
stresses are close to each other for verstain gauges rad laterals at a level of
96.65MPa compressive at 1#0day.A lateral strain of a 0.002 was observed under

ultimate stress. Rupture occurred at a lateral strain of 0.006.
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CC-C-0-6

This specimen is an unconfined reference specimen. Aftdesiheobservedailure
behavioris as seen on Figure #.1Stressi Strain behavior of the specimen can be

seen on Figure 411
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Figure 4.11: Stress StrainRelationship for @CC-0-6

While valueof axial strain waspproximately @03, a lateral rupture straicould not
observedsince strain gauges did not woReak axial stresses are close to each other
for vertical straingauges and transducerslavel of 108.08 MPa compressive at
120th day.Obtained average axial stress was 103 MPa. Strain obtained from tests
was 0.0033 avege. Comparison for all unconfined circular specimens can be seen

on Figure 4.2.
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