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Abstract

The strengthening and rehabilitation of present structures are increasingly
important for construction operations. Various strengthening and rehabilitation
approaches are used to enhance column strength under various loading conditions,
such as eccentric loads. In the last decade, a new method used to
strengthen RC structural components is high-performance fiber-reinforced concrete
(HPFRC). Despite the large number of conducted studies, most of them did not
consider the application of HPFRC as a jacketing material. This study aimed to
investigate the effectiveness of strengthening square RC columns by applying
HPFRC as a jacketing material under eccentric loaded. Especialy, when there is a
honeycomb as a damage in the ends of the column body. For this purpose, the
experimental work included the fabrication of thirty column specimens cast from
normal strength concrete (NSC) and divided into seven groups based on the
honeycomb defect ratio. The cross-section area of the unstrengthening specimens
was (120x120 mm) with a total height of 950 mm. Each column had two corbel
heads at the ends to accommodate eccentric loads during the test. Concrete cover
conducted with 15 mm for all column sides. All the column specimens have
similar longitudinal and transverse reinforcement details to conduct this
experimental program. The parameters of this investigation were the eccentricity
(50 or 100 mm), strengthening jacket thickness (15 or 30 mm), strengthening side
(full cast or laminates), and the honeycomb defect ratio (35% or 70%) of the cross-
section; al of these were considered. In this research study, the honeycomb was
configured in a column specimen as a ratio of the cross-section (35% and 70%) of
the specimen's gross area at a constant length (Le/4), represented by using foam

slices 30 mm thick, divided by a sharp tool according to the required dimensions



and weak strength concrete. The effects of these parameters on load-carrying
capacity, load displacement, ductility, stiffness, and toughness behaviors of the
columns were studied. The research results indicated that HPFRC is a reliable
strengthening method to enhance the strength, stiffness, ductility, and toughness of
reinforced concrete columns subjected to eccentric loads. The increase in axia
load capacity and stiffness is directly related to the thickness of the HPFRC jacket
and inversely related to the eccentricity ratio. Specifically, the full casting strategy
of the HPFRC jacket proved to be more effective than the laminate. Moreover, the
gain in strength ranged from (73.04% to 152.17%) for the columns strengthened
with 2-sides and ranged from (156.2% to 173.91%) for the columns strengthened

with 4-sides.



Supervisor Certification

We certify that the preparation of this thesis entitted " Behavior of
Reinforced Concrete Columns Strengthening with High Performance Fiber
Reinforced Concrete under Eccentric Loads " was presented by "Hayder
Lateef Naji", and prepared under my supervision at The University of Misan,
Department of Civil Engineering, College of Engineering, as a partia fulfillment
of the requirements for the degree of Master of Science in Civil Engineering

(Structural Engineering).

Signature:
Prof. Dr. Abdulkhaliq Abdulyimah Jaafer
Date:
In view of the available recommendations, | forward this thesis for
discussion by the examining committee.
Signature:
Assist Prof. Dr. Murtada Abass Abd Ali
(Head of Civil Eng. Department)

Date:



Examining Committee's Report

We certify that we, the examining committee, have read the thesis titled
(Behavior of Reinforced Concrete Columns Strengthening with HPFRC
under Eccentric Loads) which is being submitted by (Hayder Lateef Naji), and
examined the student in its content and in what is concerned with it, and that in our
opinion, it meets the standard of a thesis for the degree of Master of Science in

Civil Engineering (Structures).

Signature:

Name: Prof. Dr. Abdulkhaliq Abdulyimah Jaafar

(Supervisor)

Dates. [/ /2025

Signature: Signature:

Name: Prof. Dr. Mohammed Salih Abd-Ali  Name: Asst. Prof. Dr. Samir Mohammed
(Chairman) Chassib

Date: / /2025 (Member)
Signature: Date: / /2025
Name: Prof. Dr. Murtada Abass Abd Ali

(Member)

Dae. [/ 12025

Approval of the College of Engineering:
Signature:

Name: Prof. Dr. Abbas Oda Dawood
Dean, College of Engineering

Dates / /2025



Dedication

The degpest words of gratitude and appreciation are the gratitude and
dedication of agreat person. If you are where | am today, then that is
why it deserves a special mention that it is my father. | will not forget to
devote the fruits of this effort to those who filled me with supplication,
and what | am today God's response to her prayers for me. Sheis my

mother.

| would like to apply My sincere appreciation to my wife. | feel very

lucky that they have beenin my life.

Sincerity to my family and friends goes for their love, support, guidance,

and endless patience in all my endeavors.

Hayder Lateef Nagji



Acknowledgements

First of al, al my thanks to Allah, who led me on my way to

complete this work.

| would like to express my cordial thanks and deepest gratitude to my
supervisor, Prof. Dr. Abdulkhaliq A. Jaafar, under whose supervision | had the
honor of being, for his advice, help, and encouragement during the course of this
study.

| would like to extend my thanks to Prof. Dr. Abbas Oda Dawood, Dean of
the College of Engineering, and Prof. Dr. Murtada Abass Abd Ali, Head of the

Civil Engineering Department.

| would like to express my deepest feeling of My family (Russull, Al hur and
Rahiq), My brother and My Parents for their care, patience and great support

during the research period.

Hayder Lateef Nagji

Vi



Table of Contents

ADSITACE ...t e s |
SUPErVISOr CertifiCalioN.......cceieeieiiieeee e I
Examining Committee'S REPOI.........cceeieiiieieeeeeseesee e Y
DEAICAITON......eeeiieeeiee e ettt st sb e e e Y
ACKNOWIEAGEMENLS.......ccveeieeieie ettt ne e esneesnee s Vi
Tahle Of CONLENLS.......cceeiiiieeiee e Vil
LiSt Of TaDIES ..ot Xii
RS o) B T [0 - S Xiv
List Of SYMDOIS.......oooeeeee e XiX
List Of ABDreVIationS.........ccoiiiiiiiic e XX
CHAPTER One:  INTRODUCTION .....ccoiiiiiiie e 1
1.1 GENETAL ... e 1
1.2 Definition of Column ...........ccoooiiiiiiiiiiiiii e, 2
1.2.1 Failure Mode of COlUMNS.........cccorieiieieeiee e 2

1.3 Techniques for Strengthening RC Columns.........cccoccvvviiieiiiiinneennnen. 3
1.4 Ultra-High Performance Fiber Reinforced Concrete (HPFRC)........... 9
141 Definition of HPFRC........oooiiiiieeeeeeeee e, 9

1.4.2 HPFRC MaerialS.....c.ccooeieeiieiiecieesee st 10

1.5 HOneycoOmMDb 1N CONCIELE......ccciiuriiieieiiiiieeeeiiiiere et eeeeeaeeeeeesaraaee e 12
1.6 AT OF STUAY oo 14
1.7 Study ObJECtIVES...ccueiieiieeiieeieeeeeeee et 14

Vii



1.8 ThesSis LaYOUL ....cccceieiceie ettt aaa e 15

CHAPTER TWO: LItEratUr€@ REVIEW ..o 16

2.1 INTTOAUCTION: .ot ee e e e e e e e e e eeans 16

2.2 Studies on the Behavior of RC Column Strengthening with

HPFRC under Different Loading Cases: .........cccooviiiiiiiiiiiiiiiiiiniiieeeieceeieeee 16
2.3 Studies on the behavior of RC Column Strengthening with FRP:.....35
CHAPTER Three: Experimental Program..........cccccceveevinvceeneeseeseesnenns 41
3.1 GENETAL.....iiiiiiieeeeeee ettt et e e aaaaa s 41
3.2 Overall description of RC column specimens..........cceeeevvveeeevereennne. 41
3.3 The Experimental Parameters ..........cccoceiivviiiiiniiiiiiniiiieiieeecieeeee 42
3.4 Material Properties .......coovueeeieiriieiieeiie e 42
AL COMENT ... r e sn e nee s 42

3.4.2 Fine Aggregate (Sand) .......cccccceveeieeiie e 44

34.3 QUAZ SANG......cooiiiiiieie e 45

3.4.4 Coarse Aggregate (Gravel) ......cccccveeiiecieecee s 46

345 SIlICAFUME ... 47

3.4.6 MicCro Steel FIDEN .....ccoeeiiiiiecee e 48

347 SUPEIPIASHICIZES ... 49

34.8 MiXING WELES ..ot 51

3.4.9 Reinforcement Steel Bar........cccoovieieniiiinie e, 51

G 0 O o = [ RS ORRRPR 52
3.4.11 Carbon Fiber Reinforced Polymer (CFRP) .........cccoevvveieeee. 53
3.4.12 Epoxy Resin (Sikadure LB32).........cccecvevvevieeiee e 54

viii



3.4.13 EpPoxy RESiN (SIKAOUr-330) ....uevvveeoreeeeeeereeeeeeeessssessenessseeees 54

3.5 Fabrication of Column Specimens .........coccveevvierrieinieeiie e 55
3.5.1 Geometry of Column Specimens...........ccceveevieevercieeenieesieennes 55
3.5.2 Labeling of Column Specimens..........ccccccvvveeveeiiecciecceecieene 57
3.5.3 Design of the formwork..........ccoeeveiieiienreeseese e 61
3.5.4 Honeycomb Formation Method in Column Specimens.......... 62
3.5.5 Mix Proportion and Placement of NSC...........cccccoeecieieeceen, 63
3.5.6 Demolding and Curing Process of the Specimens................... 64
3.5.7 Mix Proportion and Process of HPFRC...........cccccccieviieeennen. 65

3.6 Properties of NSC and HPFRC ...........oocciiiiiiiiiiiicee, 66

3.7 Strengthening of Column Specimens with HPFRC Jacketing and

CEFRP WIaPPING. .ceiiiiiiiieeieeeee ettt ettt e sea e e e e eseeeas 71
3.7.1 Strengthening with HPFRC Jacketing..........cccoceevvviieecieecnenee. 71
3.7.2 Strengthening with CFRP Wrapping.........ccceeeeveeiieeccieesieene 73

3.8 Painting the specimens after jacketing with HPFRC ......................... 74

3.9 Equipment and Instruments Used for Testing..........cccoeeveevveeereeennen. 74
3.9.1 Datalogger SENES.....ccoueieieeiesierieseese e see e see st e snens 74
3.9.2 Deflection Measurement (LVDT) ...coooeeviiiriineeneneeneeiee, 75
3.9.3 SHAIN GAUGE.....cooueeieeieeeerieeie ettt s 76
3.94 Loading HEad. .......cccoiiiiiieeii e 78

3.10 Column Specimens Testing Procedure ............occeeveiiiiiiniiiininnnne. 78

CHAPTER Four: Result and DiSCUSSION ........ccoviieerienienie e 79

4.1 GENETAL ...oeiiieieeieeeeeee e e e e 79



4.2 Experimental Results........cccoeeiiieiiiiiiiiieeeeeeeee e 80

4.2.1 Mode of Failure and Load-Displacement Relation ................. 81
4.3 Discussion of Experimental Results...........cccoviiiiiiiiiiiiniiiiieee 94
4.3.1 Load-Displacement Relationships.........cccceveevieeiiereieecnieesieene 94
4.3.2 AXia Load CapaCily ......cccccceererririineieenieesieesee e eee e ses 94
4.3.3 DUCtHity INAEX ....ooieeeeieeeeeeceece e 97
434 SHFFNESS.....ooieiiiiieeeee s 101
4,35 TOUGNNESS....ccueiiieeieeieesieeseeseeeteesee e seeeteenseesseesnaesneeennees 105

4.3.6 Effect of Side Numbers of Strengthening and Jacket Thickness
on Load Carrying Capacity of RC Columns..........ccccceeceevieeciee e 108

4.3.7 Effect of CFRP on Load Carrying Capacity of RC Columns110

Chapter Five: Conclusions & Recommendations............ccccceveeveevieecineennen, 109
5.1 SUMMATY ...oiiiiiiiiiii ettt 109
5.2 CONCIUSION .....eeiiieeiieeiieeeee ettt 109
5.3 RecomMmENdation ........c..ceeuieriieriieeiie ettt 111

F N 0] 1= 010 ol SRS 112
APPENAIX Aottt s e et eeaeeenee s 112
Material PrOPEITIES .....covvvviierieiceirieecireeeecireeeereeeerre e srreeeeaseesearaeeeeaneas 112
A.1. Data Sheet of Quartz Sand ...........ccccoooeiiiiiiiiiii e, 112
A.2. Data Sheet of Silica Fume ..., 123
A.3. Data Sheet of SuperplastiCIZer..........cooccevrviiniiiniiiiiieiieenecien 125
A.4. Data Sheet Of CFRP ...t 127
A.5. Data Sheet of Sikadur®-32 LP.......ccccoiiiiiiiiiiiiiiieeceeen 131



A.6. Data Sheet of S1kadur®-330......ccoommmieee e

References

Xi



List of Tables

TabIE 2.1 TESE MELIIX. .ecueeeeeiieeeteeee e 20
Table 2.2 Details of Column SPECIMENS. .......c.covveveeririiecee e 24
Table 2.3 Column Specimen's Detail. ........cccoccveveeieeniniecceereesee e 32
Table 3.1 Experimental Parameters.........ccoccveveveeseenee e e esiee e see e 42
Table 3.2 Chemical analysiSof CemMent. .........ccocveveevirce e 43
Table 3.3 Physical properties of Cement..........ccocoeveevievee e e 44
Table 3.4 Classification of fine aggregate. .........cocoveeveeececceesee e 45
Table 3.5 Physical and chemical properties of fine aggregate. ..................... 45
Table 3.6 Classification of Coarse AQQregate. ........ccovvuveueeieeseeseesieesieeenens 47
Table 3.7 Chemical and Physical Properties of SilicaFume. ....................... 48
Table 3.8 Micro Stedl Fiber Properties..........ccoevveieevee e 49
Table 3.9 Visco Crete -180GS Technical Data. .........ccccceeeerereneeieeicee, 50
Table 3.10 Steel Reinforcement Testing ReSUILS .......ccocveveeveecee e, 52
Table 3.11 Technical Properties of Synthetic Cork. .........ccoeevviriiieninnenn, 52
Table 3.12 CFRP Properties. ........cociieriinieiesiesie et 53
Table 3.13 Details of Sikadur ® - 330 Resins Properties. .........cccceveeeennene 55
Table 3.14 Details of the column SPECIMENS. ........ooceeieriirirereeee e, 59
Table 3.15 Mix Proportion (KQ/M3). ... 63
Table 3.16 Mix Proportions of HPFRC (KG/M®).......ccccceveeeeeeeceeeeeeeenne, 65
Table 3.17 Mechanical Properties of Test Results. .........cccocvveveevenienniennnen, 69
Table 4.1 The experimental results of SPECIMENS. ........cccvrverveenenrerieeeenn 80

Xii



Table 4.2 Ductility index of column SPECIMENS. ........ccceccvveveevieecee e, 98

Table 4.3 Stiffness of column SPECIMENS. ........cccvveieeveeiiecee e 102

Xiii



List of Figures

Figure 1.1 Mode Failure of Columns. [6]........ccecivrveiiiienin e 3
Figure 1.2 Details of Steel Jacketing Technique.[8] .....cocvvvveveverieenieneecee, 4
Figure 1.3 Details of Reinforced Concrete Jacketing Technique.[9] .............. 5
Figure 1.4 Details of Partially Ferro-cement Jacketing Technique.[10] ......... 6
Figure 1.5 Detailsof CFRP Jackets Technique[12] .......ccoccvvvveveeieenennnnene, 7
Figure 1.6 Details of HPFRC Jacketing technique.[13] .......cccccoevveveenennnenne, 8
Figure 1.7 Honeycomb in COlUMNS...........cccoeeieeiieiie e 13
Figure 1.8 TheSISLayOUL. .........cccueeiuieciie ettt 15
Figure 2.1 Specimen DetailS.[32] .....cccvveeveeieecee e 17
Figure 2.2 Details of The Original and Strengthened.[33].......cccccceecieeiennee. 18
Figure 2.3 Details of Specimens.[34] .....cccoccveveevee e 19
Figure 2.4 Cross-sections of The Specimens: .........ccccccveveeveeviecceccieesvee e 22
Figure 2.5 Geometry and Reinforcement Details of Columns.[38] .............. 23
Figure 2.6 Details of Tested ColumNnS.[40] ......cooeeveriininiineee e 25
Figure 2.7 Details of SPecimens.[41] .....cccooeiieeneneneeereee e 26
Figure 2.8 Geometry and Rebar Arrangement (unit: mm).[44] ................... 28
Figure 2.9 Strengthening Schemes for Test Specimens.[46] .........cccccevvenee. 30
Figure 2.10 Schematic for Structural Work.[48] ........ccccevineriineniniieienn, 31
Figure 2.11 Geometry of Column Specimens.[50] ......ccccovveveeviecciecieesieene 34
Figure 2.12 Details of SPecimens.[S1] .....ccocveveerinnienieeee e 35
Figure 2.13 Geometry of Column SPeCimENS. .......cocvvveereereenensie e 38

Xiv



Figure 3.1 Cament.[56] .......ccccoieiieiieiie e 43

Figure 3.2 Sand Ut Zed. .........c.cooveeiie e 44
Figure 3.3 QUAartz Sand. .........cccoeiieieeiie e 46
Figure 3.4 Coarse AQQregale. .......coceeieerieeiieerieesee e ete et sree e ens 46
FIQUre 3.5 SIHHICAFUME.........coiieeeece e 48
Figure 3.6 Golden-colored steel fiber........ccovvveveiii e 49
Figure 3.7 VisCO Crete -180GS. ........ccvvicieeieerieesier e eee et see e 50
Figure 3.8 Main Rebar TensioN TESL. ......cocceeveerir e 51
Figure 3.9 Synthetic COrk.[B3] .......coovviiriieeeee e 52
Figure 3.10 CFRP ShEet. .......ccooiieeece ettt 53
Figure 3.11 Skadure LB32 Bonding Material. ........c..ccceveeveeierccieccieecee 54
Figure 3.12 Mixing Two Components of Epoxy Resin. .........ccccccceevveeniennee. 55
Figure 3.13 The Geometry and Reinforcement Details of The Column in
(o1 1) TSSO 56
Figure 3.14 The Reinforcement Details of Specimens...........ccccceeceeveenvenee. 57
Figure 3.15 Symbol Detail’s Designation. .........cceeceeveererreeserseesenseeseeseensens 58
Figure 3.16 Schematic Plan of Column SPecimen .........ccccocevererieeieenieneenns 60
Figure 3.17 Integrated Formwork Plan (all unitsin millimeters). ................ 61
Figure 3.18 The Constructed FOrmwork. ...........ccoooereiininnienieneese e 61
Figure 3.19 Honeycomb Zone Formation of Specimens. ..........cccccvveeiiennen, 62
Figure 3.20 Concrete Casting into Sample molds. .........ccccveriiieinneenennn, 64
Figure 3.21 Pouring and Compacting Process of Concrete. ...........ccccoeveeee. 64
Figure 3.22 Demolding and Curing Process of Specimens...........cccccceeveeee. 65

XV



Figure 3.23 HPFRC Mixing TiIME ProCeSS........cccovvueeciveveesie e e 66

Figure 3.24 The Compressive Strength TESE. .....oovevvveecie e 70
Figure 3.25 Splitting Tensile Strength...........cccoeveie e 70
Figure 3.26 The Modulus of Rupture TeSt. .......cccoevveeevivcvieesee e 70
Figure 3.27 HPFRC Strengthening ProCess. ........cccoccvvvveieenennee e 71
Figure 3.28 Curing of HPFRC Jacketing Specimens. ........cccccevvveveerieeneeenne 72
Figure 3.29 CFRP Wrapping ProCESS.........ccccevieiiriiesireseesee e see e 73
Figure 3.30 Painted Column SPECIMENS. ......ccceereriiriir e e 74
FIQUre 3.31 Data LOQgUEY ......cocoeeieeieesee e eie et esiee et see e nee e 75
Figure 3.32 Instrument for Deflection Measurement. ...........ccccoveevereenennens 75
Figure 3.33 Installation of LDV T ......ccvviiiieiceecee e 76
FIQure 3.34 SIrain GaAUQE. .......cveecveeieeeciee ettt st 76
Figure 3.35 SIrain GaAUQE.......ccvecueeiiieiie ettt 77
Figure 3.36 Steps of Installation Strain Gauge...........ccccveveeveeveecciecsieesreee 77
Figure 3.37 Steps of installation of Straingage .......ccccccveveeveevee e 77
Figure 3.38 Constructed Loading Head.............cccovereeienienenie e 78
Figure 3.39 Setup of Typical Tested SPecimeNS.........ccceeceveeveveesieseeseennns 79
Figure 4.1 Mode Failure and Cracks Pattern for Group a References
(000] 1101101 82
Figure 4.2 Load-Displacement Curve for Group a References columns. .....83
Figure 4.3 Load-Displacement Curve for Group b 0% Defect Ratio............ 84

Figure 4.4 Mode Failure and Cracks Pattern for Group b 0% Defect
= 1o TSRS 85

XVi



Figure 4.5 Mode Failure and Cracks Pattern for Group ¢ 35% Defect

RO FOBIM. ... e e 86
Figure 4.6 Load-Displacement Curve for Group ¢ 35% Defect Ratio.......... 86
Figure 4.7 Mode Failure and Cracks Pattern for Group d 70% Defect

RO FOBIM. ... ettt b e e 88
Figure 4.8 Load-Displacement Curve for Group d 70% Defect Ratio.......... 88
Figure 4.9 Mode Failure and Cracks Pattern for Group e 70% Defect

RO FOBIM. ...ttt s e e st 89
Figure 4.10 L oad-Displacement Curve for Group e 70% Defect Ratio........ 90
Figure 4.11 L oad-Displacement Curve for Group f 70% Defect Ratio. ....... 91
Figure 4.12 Mode Failure and Cracks Pattern for Group f 70% Defect

RAIO WSC. ...ttt sttt st b et sreentesneennennes 92
Figure 4.13 Mode Failure and Cracks Pattern for Group g 70% Defect

= 10 PSSR 93
Figure 4.14 L oad-Displacement Curve for Group g 70% Defect Ratio........ 93
Figure 4.15 Gaining in Strength for group €. .........ccccveeveveeveecee e 96
Figure 4.16 Gaining in Strength for group d. .........ccccoeoievievecce e 96
Figure 4.17 Gaining in Strength for group D. ..o 96
Figure 4.18 Gaining in Strength for group C. ......cooceveeveriinenieseee e 96
Figure 4.19 Gaining in Strength for group f.........coooeoeieniinni e, 96
Figure 4.20 Gaining in Strength for group g. .....ccooeeeereneenenieseeee e 96
Figure 4.21 Determination Procedures of Column Ductility

DISPIACEMENL. ...ttt 97
Figure 4.22 Gaining in Ductility for Group b. ........ccceciiiniiniieeeee 99
Figure 4.23 Gaining in Ductility for Group C.......cccoccveiirieeninnie e 99
Figure 4.24 Gaining in Ductility for Group d. ........cccevveiiinnnnneeeeeee 99

XVii



Figure 4.25 Gaining in Ductility for Group €........cccccevvvvvieececveesec e, 100

Figure 4.26 Gaining in Ductility for Group g. .....ccccoeveevieviiecieesee e, 100
Figure 4.27 Gaining in Ductility for Group f. ..., 100
Figure 4.28 Gaining in stiffnessfor group b. ......ccccooveveiieici e, 103
Figure 4.29 Gaining in Stiffnessfor Group C. .....ccoveeveeveecciecseenee e, 103
Figure 4.30 Gaining in Stiffnessfor Group d........cccceveveeeccecceence e, 103
Figure 4.31 Gaining in Stiffnessfor Group €. .......coovevevececcieeceesee e, 104
Figure 4.32 Gaining in Stiffnessfor Group f. ......ccccevvevieccecceeree e, 104
Figure 4.33 Gaining in Stffnessfor Group g......ccceveeverveeeceecieesee e 104
Figure 4.34 Toughness Factor for Group D. ........ccceveeveriieccecceerec e, 106
Figure 4.35 Toughness Factor for Group C. .......ccceveeveevieccie e, 107
Figure 4.36 Toughness Factor for Group d. .........ccccceeveeviecciecceevee e, 107
Figure 4.37 Toughness Factor for Group €. ........ccceveeveeviecciecieesee e, 107
Figure 4.38 Toughness Factor for Group f. ........ccccevveevieiie e, 108
Figure 4.39 Toughness Factor for Group g. ......ccoeeveeveevieccie e, 108

Figure 4.40 Effect of Strengthening face and Jacket Thickness on Load
(0720 = 01 YU PS 109

Xviii



TF

~

fe

feu

DI

fr

fe

fy

<

List of Symbols

Toughness Factor
Cylinder concrete compressive strength in MPa
Cube Compressive Strength in MPa
Diameter of Reinforcement mm
Concrete Strain
Concrete modulus of elasticity, GPa
Ductility Index
Modulus of Rupturein MPa
Tensile Strength in MPa
Yield Strength in MPa
Yield Deflection in mm

Ultimate Deflection in mm

XiX



ACI

ASTM

EC

R.C

Rb

Rs

CFRP

UHPFRC

HPFRC

UHPC

RPC

UHPFRSCC

DSP

MDF

HSC

ECC

List of Abbreviations

American Concrete I nstitute

American Society of Testing and Material

Euro Code

Reinforcement Concrete

Traditional Rebar

Rectangular section

Carbon fiber reinforced polymer

Ultra High-Performance Fiber Reinforced Concrete

High-Performance Fiber Reinforced Concrete

Ultra High-Performance Concrete

Reactive Powder Concrete

Ultra High-Performance Fiber Reinforced Self Compacting Concrete

Defined with Small Particles

Macro-Defect Free Pastes

High Strength Concrete

Engineering Concrete Cementitious

XX



HSC

NSC

WSC

QS

wi/C

\4i

FE

High Strength Concrete

Normal strength concrete

Weak strength concrete

Iragi Standard

Water- cement ratio

Fiber Volume Fraction

Finite Element

XXi



Chapter One Introduction

CHAPTER ONE: INTRODUCTION

1.1 General

Recently, there has been a growing focus on researching the strengthening of
concrete structures through various approaches. Severa research investigations
have provided evidence that structural concrete elements, such as RC columns,
may experience substantial enhancements in their ability to bear loads and
flexibility when enhanced with a concrete jacket. Although many studies have
been conducted, most of them have not taken into account the use of HPFRC as a
jacketing material. Strengthening concrete members is an essential objective for
civil engineers and much research has been committed to understanding the
behavior of structures under various loading conditions and disasters. The
reinforced concrete columns are important elements in the reinforced concrete
structures, which provide bracing against the horizontal loads and support the
vertical loads with or without moments. The damage to RC columns is perhaps
caused by poor construction practices and quality control, overloading, corrosion,
fire damage, foundation settlement, inadequate maintenance, and surface
deterioration. Honeycombing is a frequent issue in concrete when there are voids
or gaps in the structure. These voids can penetrate deep into the concrete. The
restoration procedures must address the depth and extent of the damage, ensuring
that it is eiminated or hidden, depending on its severity. The occurrence of
concrete degradation, particularly honeycombing, is a significant issue that
requires careful attention [1-3].



Chapter One Introduction

The terms restoration, repairing, and strengthening have been defined below

to provide precise distinctions among them:

1- Restoration: The process of enhancing structures that are damaged to make
them useful once again.

2- Repairing: The process of returning the structural performance of damaged
structuresto their original condition.

3- Strengthening: The process that involves enhancing the structura

performance of compromised structures beyond their initial capacities. [4]

1.2 Definition of Column

A column is a critical component in reinforced concrete buildings, offering
resistance to horizontal loads and supporting vertica loads with or without
moments, responsible for transferring the load from the superstructure to the

foundation in a secure manner.

1.2.1 Failure Mode of Columns

Columns may fail in one of the following mechanisms, as shown in Fig.
(1.1):

1- Crushing: This is the most common failure mode for columns. It occurs
when the column is loaded with a compressive force that exceeds its load-
carrying capacity, causing it to buckle or crush.

2- Buckling: Buckling happens when a column is subjected to an axial
compressive load, causing it to bend or deform laterally. This can lead to
sudden and catastrophic failure.

3- Combination of buckling and crushing: Columns can also fail due to a
combination of different loading conditions, such as axial compression,
bending, and shear acting simultaneously, leading to complex failure modes.

2



Chapter One Introduction

4- Shear Failure: Shear failure can occur in short columns when they are
subjected to lateral forces that exceed their shear capacity, causing them to
fail along adiagonal plane.[5]
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Figure 1.1 Mode Failure of Columns. [6]

1.3 Techniquesfor Strengthening RC Columns

The failure of reinforced concrete (RC) facilities has become more common
during the last twenty years, in part due to increasing loads and durability
challenges. Structura parts may need repair or strengthening due to both chemical
and physical forces. Cracks resulting from dynamic loads, impact loads, inadequate
maintenance, creep, non-standard design, deterioration of steel reinforcement, and
inadequate quality control contribute to the degradation of reinforced concrete
frameworks. Structure kinds and loading configurations influence methods of
strengthening. For buildings primarily exposed to static loads, enhancing axial and
flexural strength should be prioritized, while for those mostly subjected to dynamic

loads, augmenting shear and flexural strength is more important. The following is
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an outline of different strengthening and retrofitting approaches for reinforced
concrete columns carried out in recent years:[7]
1- Steel Jackets Technique

Steel-jacketed concrete columns are the oldest way of strengthening them.
Strengthening non-ductile columns with steel jackets is common. Increase column
strength using steel jackets, plates, externa ties, partial jackets, complete jackets,
and varied steel forms. The basic structure includes longitudinal steel angles or
channel sections at each column corner and horizontal steel sheets welded at
suitable intervals. Filling the area between the steel jacket and the column with a
specific mortar improves system performance. Add reinforcement to transmit
stress between the mortar layer and the column. Fig. (1.2) illustrates a control RC
column with angle, channel, and plate steel jackets. Steel jacketing strengthens
undamaged, non-ductile columns. Partial steel jacketing with stedl ties is suitable
for columns with improper strap arrangement. Steel jacketing also reduces
construction time, costs, and column dimensions. Stedl jackets may significantly
deteriorate in corrosive conditions and fire, resulting in an unsightly look,
particularly with large steel dimensions. In instances of incomplete stedl jacketing,

the enhancement just increases shear strength [8].

Figure 1.2 Details of Steel Jacketing Technique.[8]
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2- Reinforced Concrete Jacket Technique

A reinforced concrete jacket is extensively used to repair severely damaged
columns. Around the damaged column, an additional reinforced concrete layer,
including areinforcing steel cage and an alternative concrete substance, is applied.
Adhesive materials or anchoring bolts enhance the connection between the column
and the additional layers; Fig. (1.3) illustrates the specifics of concrete jacketing
types of jackets. Concrete jacketing improves the seismic performance of the
column by increasing its axiad load-bearing capacity, flexura strength, and
ductility. It further increases the rigidity of the building practices. Concrete jackets
increase column section dimensions, add extra weight, need expert labor and

guality control, involve higher costs, and creation takestime[9].

N T MRV A AR
Figure 1.3 Details of Reinforced Concrete Jacketing Technique.[9]
3- Ferro Cement Jacket Technique
The process of Ferro-cement jackets is an efficient rehabilitation method for
reinforced concrete columns. The ferro-cement jacketing system includes a thin

reinforced mortar wall, constructed from cement-sand mortar, with one or several

layers of wove or welded wire mesh as shown in Fig. (1.4). It offers a cost-
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effective option for improving reinforced concrete columns in comparison to
costlier methods such as steel jacketing and concrete jacketing. Ferro-cement
jacketing is simple and requires few qualified people. Ferro-cement confinement
enhances ultimate load capacity, impact resistance, seismic vibration resistance,

fire and corrosion resistance, and maintenance cost. However, ferro-cement

jacketing enlarges columns and adds weight [10].
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4- CFRP Jackets Technique

Since the 1960s, carbon fiber has been used for strengthening and restoring
structural components, replacing conventional techniques that depend on
Increasing cross-sectional dimensions. Carbon Fiber-reinforced polymer (CFRP) is
a lightweight composite composed of carbon fibers and a polymer matrix, as
shown in Fig. (1.5). The installation of CFRP typically uses epoxy or polyurethane
resins. Epoxy resin penetrates carbon fibers and adheres the composite wrap to the
structural component. A significant use of CFRP sheets is the strengthening of
concrete columns by jacketing with CFRP wrapping. CFRP wrappingis a
lightweight substance that could be simply erected on-site without difficult issues.
They aso lack corrosion issues, unlike steel jacketing, and exhibit outstanding
resistance to chemical attack. They defend against fire. Carbon fiber reinforced
polymer jackets are expensive [11].

Figure 1.5 Details of CFRP Jackets Technique.[12]
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5 HPFRC Jackets Technique

HPFRC is a fiber-reinforced cementitious material composed of cement,
guartz powder, silica fume, and steel fibers, exhibiting significantly superior
compressive, tensile, and flexural strength, as well as enhanced ductility compared
to conventional concrete. In recent years, efforts have enhanced the properties of
cementitious materias by the use of fibers, resulting in the emergence of Ultra-
High Performance Fiber Reinforced Concrete (HPFRC). This kind of
technique was used to improve the strength of reinforced concrete buildings. Many
investigations have shown improvements in the mechanical characteristics of
HPFRC and its efficiency in the strengthening process as shown in Fig. (1.6).
Owing to the increased fluidity of HPFRC, the jacket thickness may be lowered to
below 30-50 mm, so reducing the primary drawback of the conventional concrete
jacketing technique. Additional benefits of HPFRC strengthening include
exceptional durability, versatile adaptability in many situations, and compatibility
with other materials like wire mesh, textile mesh, and CFRP to enhance

performance [13].
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Figure 1.6 Details of HPFRC Jacketing technique.[13]
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1.4 Ultra-High Performance Fiber Reinforced Concrete (HPFRC)
1.4.1 Definition of HPFRC

HPFRC is a cementitious composite material containing steel fibers as
reinforcement, substituting traditional reinforcement rebar [14]. HPFRC is an
efficient material for strengthening because of its exceptional mechanical qualities.
Moreover, HPFRC has exceptional durability, ductility, and workability; low
permeability; and strong resistance to abrasion and fire. For these reasons, HPFRC
has shown to be an efficient material for structural strengthening. The enhanced
properties of HPFRC are achieved by minimizing the amount of water present in
the concrete mixing (resulting in fewer air pores), incorporating high-strength
ductile steel fibers, substituting coarse aggregates with well-graded fine
aggregates, and integrating highly reactive pozzolanic materials. HPFRC exhibits
superior adhesion to normal-strength concrete, thus resolving the debonding
problem prevalent in alternative retrofitting methods that use fiber-reinforced
polymers or externally attached steel plates. Consequently, HPFRC-based
structural retrofitting offers many benefits when different elements are considered.
Structural strengthening using HPFRC is an efficient method of improving the
stiffness and load-bearing capability of reinforced concrete components while
reducing a change in member dimensions. Consequently, the HPFRC approach has
been used in a diverse range of concrete buildings globally [15]. The preliminary
development of HPFRC started in the 1970s via the examination of high-strength
cement pastes with reduced water/cement ratios. These pastes were enhanced with
fibers, superplasticizers, and pozzolanic admixtures, facilitating the development
of HPFRC [16].

HPFRC is a composite of high-peformance concrete and fiber

reinforcement. The constituents of HPFRC typically include cement, silica fume,
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sand, superplasticizer, water, and high-strength steel fibers. These substances

exhibit acompact microstructure [17-19].

1.42 HPFRC Materials

HPFRC is composed of cement, quartz sand, slica fume, water,

superplasticizer, and micro stedl fiber.

1.4.2.1 Cement
HPFRC is composed of A significantly higher amount of cement has been
utilized (> 700 kg/m?), which is twice that of conventional concrete strength.

Moreover, it has an average diameter of around 15 um [ 20].

1.4.2.2 Quartz Sand

Fine sand typically ranges from 150 to 600 micrometers (um) and is the
biggest granular substance dimensionally. Fine sand constitutes the biggest particle
in the matrix due to the absence of coarse aggregate in the mixture. It may
originate from crushed sand that is screened, classified as manufactured sand, or
from natural quarry sand. In the HPFRC, particle size has been limited to a

maximum of 600 um and a minimum of 150 um [ 21].

1.4.2.3 SilicaFume

Silica fume is an excessively fine, spherical powder used as an additive to
enhance concrete performance; it is a potent pozzolanic substance employed to
enhance the qualities of concrete [22]. According to ASTM 1240, it is defined as a
highly refined pozzolanic substance, mostly consisting of amorphous silica
generated by electric arc furnaces as a by-product in the manufacture of elemental
silicon or ferrosilicon aloys[23].

10
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1.4.2.4 Superplasticizer

It is essential for processing the workability of HPFRC with low water
content. Superplasticizers, or high-range water reducers, are admixtures that
provide significant water reduction or enhanced flowability without delaying set
time or increasing air entrainment [24]. There is no definitive way to determine the
necessary dose of superplasticizer. It must be ascertained by a procedure of tria
and error. Several tests were conducted to ascertain the necessary dose of

superplasticizer.

1425 Water

Water is the most essential and least costly component of concrete. A portion
of the water used is for the hydration of cement, which has solidified to provide the
binding matrix. The quality of hardened concrete is significantly affected by the

water-to-cement ratio; increased water content weakens the cement paste [25].

1.42.6 Micro Sted Fibers

Steel fibers are the largest component of HPFRC, with a nominal diameter of
0.2 mm and a nominal length of 12.7 mm. The purpose of these fibers in HPFRC
necessitates that they possess exceptional tensile strength to minimize cracks.
Nevertheless, if the fiber volume fraction (Vr) surpasses 2%, attaining a sufficient

degree of workability for placement and compaction becomes challenging [21].

1.4.3 Historical Background of HPFRC Development

In recent years, multiple efforts have enhanced the properties of cementitious
materials through the use of fibers, resulting in the development of HPFRC. The
initial development of HPFRC started in the 1970s via the examination of high-
strength cement pastes that had lower water-to-cement ratios. These pastes were

enhanced with fibers, superplasticizers, and pozzolanic admixtures, facilitating the

11
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development of HPFRC. A cement pastes with a compressive strength of
approximately 240 MPa was obtained after 180 days by providing special
treatment to the ground clinker by using a low W/C of 0.2 [22]. Alternatively, it
obtained a cement paste with near-zero porosity and a compressive strength of
about 510 MPa by applying heat curing with a pressure of 50 MPa[23].

In the early 1980s, with the development of pozzolanic admixtures and high-
range water-reducing agents such as superplasticizers, two different types of ultra-
high-strength and low porous concretes were developed (densified with small
particles (DSP) concrete and macro-defect free (MDF) pastes) [17-18]. Findly, in
the mid-1990s, reactive powder concrete (RPC), which is the forerunner of the
HPFRC that is currently available, was developed and exhibited compressive
strengths ranging from 200 to 800 M Pa and fracture energies up to 40 kJ/m? [19].

1.5 Honeycomb in concrete

Honeycombs in concrete refer to voids or gaps that appear within the
concrete structure after it has hardened. These voids resemble a honeycomb pattern
and are a result of improper compaction or other issues during the pouring and
curing process, as shown in Fig. (1.7). Honeycombs are created by air gaps that get
trapped around coarse aggregates during the concreting process. These may
develop inside the concrete buildings and on the outside surface additionaly [27].
Surface honeycombs influence aesthetics and are readily recoverable, however,
interior honeycombs could decrease load-carrying capability and impact the
permeability of the components. Detecting honeycombs remains challenging due

to their diverse sizes, shapes, and placements [28].
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Figure 1.7 Honeycomb in Columns.

In reinforced concrete structures, damage may result from cracking, surface
degradation, deposits, deformation, and construction errors or characteristics.
Substantial efforts have been made to identify the locations of flaws in reinforced
concrete buildings using one or several modal features [29]. Honeycombing is one
of the most common defects in concrete. It is classified as a construction defect.
While many popular in-situ testing methods exist for identifying honeycombs in
concrete, including hammer testing, shaker testing, and ultrasonic pulse velocity

testing, research on honeycombing damage remains limited [30].

Honeycomb is a significant issue in concrete that requires careful attention.
Otherwise, the structure or component may compromise its structural strength. The

causes for honeycombing in concrete are as follows [24]:

1. Inappropriate workability of concrete.

2. Use of stiff concrete mix or the concrete is already set before placing.

13
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3. Improper vibration of concrete in formwork.

4. Over-reinforcement.

5. Use of larger size aggregates in excessive amounts.

6. Formwork is not rigid and watertight.

7. Concrete is poured from more than the allowable height.

8. Congestion of steel is preventing the concrete from flowing over al corners.

9. Lack of quality control by workers during the casting stage.

1.6 Aim of Study

Experimental research is used in this work to investigate the performance of
rehabilitated honeycombed RC columns and the carrying capacity of these
samples. The honeycomb was damaged with different locations and volumes.
Thirty RC column specimens have been considered in the experimental tests. The
behavior of RC columns was studied in the experimental tests and subjected to
different axial compressive loads up to failure. The behavior of these RC columns
will be measured by presenting and discussing the load-displacement for lateral
and axia displacement along with modes of failure, load of first crack, and load of

failure patterns.

1.7 Study Objectives

The main purpose of this work is to scientifically investigate the structural
response of reinforced concrete (RC) columns damaged with honeycomb and
strengthened with high performance fiber reinforced concrete (HPFRC) under

eccentric loadings.

14
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1.8 Thesis Layout
The research study included five chapters, as shown in Fig. (1.8).

> Chapter One: Introduction

> Chapter Two: Literature review

> Chapter Three: Experimental Work

> Chapter Four: Analysis and Discussion of Results

> Chapter Five: Conclusions and Recommendations

Figure 1.8 Thesis Layout.
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CHAPTER TWO: LITERATURE REVIEW

2.1 Introduction:

Due to the columns are the most important structural members of the
buildings. Because of the responsibility for transferring the loads to the
foundations. Thus, any failure in a column with a critical location causes a failure
in that location and all the adjacent structural parts and may cause a complete
collapse of the structure. Strengthening and rehabilitation of existing structures are
becoming the main parts of the construction activities. This chapter focused on
presenting the previous studies that dealt with the strengthening of RC columns
using different techniques that will be covered. Then, the previous studies
concerned the strengthened RC column using HPFRC and CFRP under concentric

and eccentric loading.

2.2 Studieson the Behavior of RC Column Strengthening with HPFRC under
Different Loading Cases.

In 2015, MARQUES et al. [32] studied the findings of eight rectangular
reinforced concrete columns exposed to combined compression and bending. The
purpose of the study was to assess the effectiveness of employing sleeve wedge
bolts at the interface between new and old concrete to prevent detachment. The
strengthening approach involves applying an outer layer of self-compacting
concrete to one side of the column. To enhance the bond between the pre-existing
concrete and the newly poured concrete, the concrete surface was roughened, and
the outermost covering of aggregate was exposed through the process of hydro
jetting. Wedge bolts were inserted into holes in the concrete surface to enhance the

binding between the two concrete surfaces, as illustrated in Fig. (2.1). The
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conclusions were that the use of sleeve wedge bolts can improve the bond between
old and new concrete surfaces in strengthened reinforced concrete columns, and
increasing their strength capacity. The number and positioning of bolts can impact
the durability of reinforced columns. The column with the fewest number of bolts
exhibited the greatest ultimate load. Positioning bolts internally proved to be more
efficient than externally. Bolts produced good behavior of cases at al, and shear

failure did not occur.
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Figure 2.1 Specimen Details.[32]

In 2016, Cassese et al. [33] studied the investigation of the use of High-
Performance Fiber-Reinforced Concrete (HPFRC) jacketing to strengthen existing
RC columns and presented a method for calculating the capacity envelopes for
axial load and bending moment using analytical calculations. To enhance the
average dimensions of the current column section, the existing concrete cover can
be replaced with an externa jacketing made of HPFRC. Six small square
reinforced concrete RC columns were fabricated that use a low-performance
concrete mixture to compensate for the inadequate mechanical characteristics of
the previous RC elements. Subsequently, three of them had strengthened via the

17
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utilization of HPFRC jacketing. The columns were exposed to a combination of
bending and axia load, illustrated in Fig. (2.2). The results of the experimental
study showed that the HPFRC jacketing technique was an effective method for
improving the attitude of RC columns with a combination of bending and axia
loads. Also, the HPFRC jacket effectively postponed the initiation of structura
collapse in unstrengthened columns. Also, the study proposed a method for
obtaining the capacity for axial force and bending moment for RC columns
strengthened using a simplified analytical technique. The suggested analytica
technique serves as the basis for the retrofitting design of existing reinforced
concrete RC columns utilizing high-performance fiber-reinforced concrete
(HPFRC) jacketing.

L]

Figure 2.2 Details of The Original and Strengthened.[33]

In 2016, Koo et al. [34] developed an appropriate retrofit method and assessed the
columns strengthened with HPFRC jackets. The experimental program involved
four identical RC column specimens, with one left unstrengthened and the others
retrofitted with HPFRC jackets of varying thickness and stirrup configurations as
shown in Fig. (2.3). The specimens were subjected to double curvature cyclic load
tests to ssimulate seismic loads. Their testing results showed that the greatest weight
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that may be supported by the columns increases by applying the HPFRC jacketing
method, with the addition of transverse reinforcements further improving the shear

strength and ductility.
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Figure 2.3 Details of Specimens.[34]

Their findings aso indicated that the HPFRC jacketing technique was an
advantageous choice for retrofitting RC columns, as it provides an important
improvement in strength without a substantial increase in column size. This
approach was possible to change the mode failure from shear to flexura shear
failure, hence enhancing the ductile behavior of column specimens. The study
notes that the HPFRC jacketing method may have limitations in terms of
durability, such as fire or corrosion resistance, which should be considered in

practical applications.

In 2018, Hadi et al. [35] investigated the behavior of sixteen RC specimens under
concentric axial loading, eccentric axial loading, and four-point bending and
proposed a new jacketing technique to retrofit existing deficient circular RC

columns. The experiment of this investigation involved the preparation and testing
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of 16 reinforced concrete (RC) column specimens. The specimens were

categorized into four groups, each one consisting of 4 column specimens,

according to the implemented strengthening procedure. The specimens were tested

under different loading conditions, including concentric axial load, eccentric axia

loads, and four-point bending, as shown in Table (2.1).

Table 2.1 Test Matrix.

Specimen Dimensions Longitudinal  Transverse Jacket Loading
(mm) reinforcement reinforcement type condition
C-0 @150x 800  6N10 R6@50 mm None Concentric
C-15 15 mm eccentric
C-25 25 mm eccentric
C-B Four-point bending
Two layers
CF-0 @150 x 800 of CFRP Concentric
CF-15 15 mm eccentric
CF-25 25 mm eccentric
CF-B Four-point bending
CJ0 @200 x 800 RPC Concentric
CJ15 15 mm eccentric
CJ25 25 mm eccentric
CJB @200 x 800 Four-point bending
RPC + One
CJF-0 layer of Concentric
CFRP
CJF-15 15 mm eccentric
CJF-25 25 mm eccentric
CJF-B Four-point bending

As can be seen from Table (2.1), the researchers tried to employ different

materias to strengthen the RC column. The response of the specimens under

different conditions such as yield load, ultimate load, and energy absorption was
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recorded and presented. The study proved that the combination of RPC jacketing
and CFRP wrapping was an effective strengthening method for RC columns. It
enhanced and improved the axial load capacity, ductility, and energy absorption of
the specimens. Moreover, strengthening of circular RC columns using RPC and
RPC combined with CFRP was more efficient than using CFRP aone to achieve a
greater yield strength.

In 2019, Al-Khazragi [36] conducted an experimental investigation to evaluate
the performance of RC columns strengthened with HPFRC and CFRP. The
variables of the study were the number of RC sides, which were covered by
strengthened materials. These were two or four sides. The thickness of the
strengthened material was also considered. To achieve the goas of the study, 13
specimens of sgquare cross-sections of normal concrete with the same longitudinal
and transverse reinforcement were cast and tested. The conclusion revealed that
strengthening structures using HPFRC and CFRP led to improvement in the RC
columns performance under the concentric and eccentric loads. The combination
of CFRP and HPFRC jacketing provided better strength and ductility than using a
single material. The dimensions of CFRP strips and the amount of HPFRC
jacketing applied to the faces of reinforced concrete columns were important

variables that influenced their structural performance.

In 2019, Algburi et al. [37] introduced a novel method to improve or increase the
strength of RC columns. The method involved circularizing the columns using
reactive powder concrete (RPC) and then wrapping with Fiber Reinforced Polymer
(FRP). The effectiveness of this technique was evaluated by conducting tests on 16
specimens. These specimens were separated into four groups, each representing a
different strengthening methodology, as illustrated in Fig. (2.4). The specimens
conducted testing under various loading instances, including concentric axial load,
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eccentric axial loads, and four-point bending. The experimental findings suggested
that the combination of circularization with RPC and wrapping with CFRP is more
efficient in enhancing the strength of sguare RC columns, as compared to
circularization with RPC alone. This combination results in enhanced both strength
and energy absorption. Additionaly, it was demonstrated that the RPC may be
utilized effectively as both a shape modifier and a strengthening jacket for square

reinforced concrete (RC) columns.
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Figure 2.4 Cross-sections of The Specimens:
(@) Group S, (b) Group SF, (c) Group
SJ, and (d) Group SJF.[37]

In 2019, Tayeh et al. [38] introduced experimental research aimed at assessing the
efficacy of mending deteriorated concrete columns through the application of a
thin-layer concrete jacket. The experimental program involved creating nine
reinforced concrete column specimens, each measuring 30 cm in length. The
specimens were partitioned into three groups based on their cross-sectiona
dimensions: three specimens measured (10x10) cm, three specimens measured (15
x 15) cm, and three specimens measured (17%17) cm. There was a total of thirty-
six column specimen cores that were cast. These cores had the same cross sections,
measuring (10x 10) cm, and atotal height of 30 cm. Those cores sustained damage

due to being loaded with approximately 90% of their maximum axia loading

22



Chapter Two Literature Review

capabilities. Subsequently, the columns underwent restoration and reinforcement
by employing two jacketing materials, measuring 2.5 and 3.5 cm in thickness, on
each of the four sides. Group 1 included eighteen-column cores encased in regular
strength concrete, while group 2 comprised eighteen-column cores encased in
ultrahigh-performance fiber-reinforced self-compacting concrete with steel
reinforcement, as depicted in Fig. (2.5). The study concluded that thin concrete
jacketing with normal-strength concrete and ultrahigh-performance fiber-
reinforced self-compacting concrete can be a highly efficient method for repairing
and strengthening damaged concrete columns. Moreover, the use of different
jacketing types and surface preparation methods can significantly improve the
compressive strength of RC column specimens. Therefore, using UHPFRSCC
jacketing is an effective method for the rehabilitation and repair of deteriorated
reinforced concrete columns, with the use of shear studs for bonding column cores
and jackets being the most effective method among the three surface roughening
methods tested (mechanical wire brushing, mechanical scarification, and shear
studs).

Figure 2.5 Geometry and Reinforcement Details of Columns.[38]
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In 2019, Heiza et al. [39] investigated the effect of corrosion on RC columns and
the effectiveness of using HPFRC and NSC jackets as a repairing technique. An
experimental test program was prepared to test 12 reinforced concrete columns
having sections of (120 x 120) mm and lengths of 1000, 1500, and 2000 mm. The
details of the tested specimens are shown in Table (2.2). The columns were tested
as hinged-hinged under concentrated load at both ends up to failure. The behavior
of the tested columns was estimated in terms of ultimate load, vertical
displacement, horizontal displacement, strain in concrete, and strain in the main
steel rebar.

Table 2.2 Details of Column Specimens.

Group Code Crosssection mm2 Height mm Discretion
1 UC-100 120 x 120 1000 uncorroded
UC-150 1500
UC-200 2000
2 C-100 120 x 120 1000 Corroded
C-150 1500
C-200 2000
3 RH-100 160 x 160 1000 Repaired by
HPFRC
RH-150 1500
RH-200 2000
4 RN-100 160 x 160 1000 Repaired by
NSC
RN-150 1500
RN-200 2000

The results showed that the column enhanced by HPFRC produced the best

structural results, with a raised load capacity for corroded column specimens.
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Moreover, High-performance jacketing enhances column bearing capacity in
corroded rebar, doubling capacity load, suitable for existing RC structures with low

concrete strength, low reinforcement ratio, and corrosion.

In 2020, Mashshay et al. [40] employed innovative engineering concrete
cementitious ECC materials for strengthening RC columns under eccentric loading
conditions. For ECC material two types of fibers were selected. These were steel
and polypropylene fibers. Eight RC columns of square cross-section were cast and
tested asillustrated in Fig. (2.6). The columns were subjected to eccentric loading,
with two eccentricities (h/6 and 5h/12), and the load-deformation behavior was
recorded. The findings demonstrated that the specimens with ECC displayed
superior load-carrying capacity in comparison to both self-compacting concrete
and regular ECC specimens. The load-deformation behavior of the hybrid ECC
columns was not significantly different when the proportion of steel fibers was
raised from 0.5% to 1%. The eccentricity of the loads had a significant effect on
the global behavior of the tested columns.
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Figure 2.6 Details of Tested Columns.[40]
In 2020, Sakr et al. [41] developed a precise numerica model of a reinforced

concrete column strengthened with HPFRC under eccentric loading. The
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cohesiveness surface was considered and the bond between the jacket and core
concrete was conjoined. The ABAQUS program was utilized for simulation
purposes of both the reference RC columns and the RC columns that have been
reinforced with HPFRC jackets. The other factors that also considered were the
concrete core, concrete jacket, dowels, and reinforcement of steel in the jacketing
layers and core. The specific characteristics of the specimens are presented in Fig.
(2.7)

boam dlameler o

. o = 120 nn
Mlvem spacing g9 360 2%

e

Vvasg ok iont Hmw

2 bies- Jimn

dametce - ) mn

W mn ‘|
- 0l 00 =n 60 mw

HEEES=9N

L'ross section v-

1l
|
{

Figure 2.7 Details of Specimens.[41]

The study conclusions were that the proposed finite element (FE) model accurately
predicts ultimate load capacities and failure causes for reinforced concrete columns
with RC jackets. Additionally, the cohesive surface appropriately captures core-
jacket interface connection behavior. The FE results also match experimental test
results well. The maximum load capacity of the jacketed specimens increases with
the increase of jacket thickness. Moreover, installing dowels enhances the load

capacity and bond between core concrete and HPFRC jackets.

In 2020, Dadvar et al. [42] investigated the strengthening technique of HPFRC
jacketing for confining circular RC columns and proposed a model for the stress-
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strain relation of the column specimens confined with the HPFRC jacket. For this
purpose, fourteen circular base column specimens were cast, and their contact
surfaces were prepared through longitudinal or horizontal grooving, sandblasting,
and abrasion techniques. Ten specimens were strengthened with HPFRC jackets 15
mm in thickness and containing either steel fibers or synthetic macro-fibers, while
three more were strengthened with full or intermittent glass fiber-reinforced
polymer (GFRP) hoop wraps. The study concluded that HPFRC jacketing can
increase the load-carrying capacity and energy absorption of RC columns, and a
model was proposed to predict the stress-strain relation of concrete columns
jacketed by HPFRC, and HPFRC jackets with steel fibers and longitudinal
grooving surface preparation technigque are effective in improving the compressive
behavior of NSC columns. Furthermore, suggested that the surface preparation
technique and the type of fibers used in the HPFRC jacket can significantly affect
the load-carrying capacity and ductility of the columns. Longitudinal grooving as a
novel interface treatment produced significant enhancements in the load-carrying
capacity and energy absorption of the jacketed specimens. Specimens strengthened
with HPFRC jackets containing steel fibers recorded higher load-carrying capacity
and energy absorption compared to those containing synthetic fibers.

In 2021, Al-Osta et al. [43] presented an analyticd model to forecast the
structural integrity of reinforced concrete columns that were square in shape and
have been reinforced using UHPC under axial and eccentric load. The FE models
were validated with the result of the experimental study. The exploration involved
cast-on 15 reinforced concrete columns with a cross-section of 125 x 125 mm and

a height of 500 mm. The columns were categorized into three groups based on
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their confinement with UHPC. A 3D nonlinear numerical model was created using

ABAQUS software and verified using experimental results.

The study conclusions revealed that UHPC jacketing was an effective way to
improve the strength and ductility of RC columns. The finite element model
developed in this research study can accurately predict the performance of UHPC
jacketed RC columns. The analytical models accurately forecasted the point at
which RC columns, reinforced with UHPC, would break under stress.

In 2021, Chen et al. [44] investigated a numerical and experimental study for
following the performance of eccentric RC columns jacketed by HPFRC. The
parameters considered in the study were the reinforcement ratio of HPFRC and the
thickness of the jacketed material. To achieve the purpose of the study, nine
specimens were tested. Dimensions and details of the specimens were illustrated in
Fig. (2.8).
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Figure 2.8 Geometry and Rebar Arrangement (unit: mm).[44]

The ABAQUS program was used to predict the results of the numerical phase of
the study. The results illustrated that HPFRC layer has good prospects for
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strengthening RC structures. The HPFRC layer can improve the load-carrying
capacity and ductility of RC columns under eccentric compression. HPFRC layer
can aso control on the development of cracks and improve the bending resistance
of the column. The behavior of the columns was influenced by the HPFRC layer

thickness, load eccentricity, and bond dlip at the interface.

In 2021, Cassese et al. [45] introduced an investigation of RC columns retrofitted
with HPFRC jacketing. Their experimental program involved conducting tests on
four scaled-down specimens. One specimen was an RC non-strengthened column,
while the other three columns were strengthened by using external HPFRC
jacketing. The testing procedure involved applying a combination of axial and
bending load conditions. The results indicate that the strengthened column U1l
reached its maximal load at a deformation value of 0.17%, which was significantly
lower than that of the unstrengthened column. The damage condition was defined
by the emergence of pseudo-vertical cracks on the outer surface of the specimen.
The measured maximum values of the axia load and bending moment were lower
than the expected values due to the adverse rise in transverse stress on the HPFRC
jacket.

In 2020, Elsayed et al. [46] examined the structural response of RC columns
reinforced with HPFRC when subjected to eccentric loads. The considered various
parameters were the eccentric load ratio, HPFRC thickness, steel fiber ratio, and
strengthening schemes. Two different schemes were laminates on two sides or full
around al sides as demonstrated in Fig. (2.9). The experimental study involved
cast twelve-column specimens subjected to compressive load. The theoretical
framework established by Sakr et al. [47] was used to evaluate and determine the
axial load and moment capacities of the tested columns. The study concluded that
HPFRC was a highly effective method for enhancing the performance of RC
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columns when subjected to eccentric loading. The application of HPFRC jackets
and laminates was the most efficient approach for strengthening reinforced
concrete columns under eccentric loading. The thickness of the HPFRC jacket and
the volume of stedl fibers had a significant impact on the strength and stiffness of

the enhanced specimens.
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Figure 2.9 Strengthening Schemes for Test Specimens.[46]

In 2022, Suleman. [48] one of the factors that affect the performance of the
strengthened column with UHPC is the interfacial bond between the two materials
(concrete core and strengthened jacket). Therefore, this study focused on exploring
the effect of that factor on the strengthened column. For this purpose, sandblasting
and epoxy binder were used to enhance the bond between the core concrete and
jacketed material. This study proved that when the column was roughened by
sandblasting and using an epoxy binder showed no debonding between the
substrate and strengthened jacket. Moreover, the study extended to repair the
corroded RC column using UHPC, considering the surface preparation in account.
The study involved fourteen square and circular column samples with a square
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cross-section of 150 x 150 mm and a total length of 950 mm as shown in Fig.
(2.10). The thicknesses of the jacket and column shapes were subjected to varying
degrees of deterioration (10 and 20 mass loss %). The outcomes showed that
increasing the thickness of the UHPC jacket resulted in an enhanced carrying load
by about 0.49 at 0.10 mass loss and 0.84 at 0.20 mass loss for sguare strengthened
concrete columns, while the load carrying capacity changed by about 0.97 at 0.10
mass loss and 0.28 at 0.20 for circular columns. The axial deformation decreased
for square columns but increased for circular columns. In addition, the ductility of
corroded concrete columns strengthened with UHPC jacket significantly enhanced
by (0.06, 0.47) for 0.10 mass loss and (0.82, 0.83) for 0.20 mass loss for square
columns and (0.63, 0.68) and (0.21, 0.49) for circular columns with mass loss 0.10
and 0.20 respectively.
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Figure 2.10 Schematic for Structural Work.[48]

In 2023, Susilorini et al. [49] examined the advanced performance of columns

with UHPC and HPFRC jacketing, focusing on the strength and ductility of these

31



Chapter Two Literature Review

columns, including load capacity, stress-strain behavior, and crack patterns in
failure modes. This study employs experimental and analytical approaches. The
experiment conducted cast 12 short norma strength concrete columns with
dimensions of 200 mm x 200 mm, a height of 750 mm, and a concrete cover
thickness of 25 mm. The NSC columns used 412 mm deformed steel bars as
longitudinal reinforcements, and @8 mm bars as ties with a spacing of 100 mm
(external lap section) and 50 mm (internal lap section) strengthened by UHPC and
HPFRC, including 0%, 1%, and 2% fiber, which were tested under axial load and

different eccentricities: e =0, 35, and 70 mm, as shown in Table (2.3).

Table 2.3 Column Specimen's Detail.

No. Specimen Code Description Fiber Percentage Loading Type
1 C-0 CONTROL 1 0% concentric
2 CFO0-0 NSC + UHPC 0% 0% concentric
3 CH-0 NSC + HPFRC 1% 1% concentric
4 CF2-0 NSC + HPFRC 2% 2% concentric
5 C-35 CONTROL 2 0% eccentric
6 CF0-35 NSC + UHPC 0% 0% eccentric
7 CFI-35 NSC + HPFRC 1% 1% eccentric
8 CF2-35 NSC + HPFRC 2% 2% eccentric
9 C-70 CONTROL 3 0% eccentric
10 CFO0-70 NSC + UHPC 0% 0% eccentric
11 CFH-70 NSC + HPFRC 1% 1% eccentric
12 CF2-70 NSC + HPFRC 2% 2% eccentric

Sandblasting was used to provide a monolithic surface contact between the
substrate and the UHPC and HPFRC confinements. The findings indicated that
NSC columns strengthened by UHPC and HPFRC were able to resist a greater
maximum load and stress, as well as serve increased vertica deformation and
strain compared to the control specimens. Moreover, it showed that including a 2%
fiber volume into the HPFRC reduces crack propagation in the failure mode and
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delays confinement spalling of the column. Finaly, the study confirms that UHPC

and HPFRC confinements can enhance the strength and ductility of the column.

In 2023, Shehab et al. [50] analyzed the axial performance of square-reinforced
concrete columns that were reinforced with HPFRC jackets. The study specifically
investigated the impact of interface treatment methods, jacket thickness, and the
number of strengthened sides on the behavior of the columns. The research project
involved the production of nineteen specimens, each with a specific height of 1000
mm and a cross-section of 150 x150 mm as shown in Fig. (2.11). The study used
HPFRC jackets with different grooving patterns (VG, HG, and NG) and varying
jacket thicknesses (20 mm and 40 mm) to strengthen columns. All reinforced
specimens failled in a brittle manner throughout the study. The "HPFRC"
reinforced concrete column specimens with vertical grooves exhibited a greater
ultimate load capacity in comparison to the columns with horizontal grooves and
columns with no grooving. Moreover, the outcomes showed that the average load
increases by 44.4%, 119.4%, and 236.4% for VG with a 2 cm jacket thickness and
by 103.2%, 264.3%, and 421.8% for VG with a4 cm jacket thickness. Findly, the
study concluded that HPFRC jackets can be used to strengthen RC columns, and
the interface treatment method, jacket thickness, and number of strengthened sides
affect the columns behavior. The load-carrying capacity of column specimens,
when strengthened with a HPFRC jacket, is significantly influenced by the
jacketing thickness. This holds regardiess of the treatment procedures used at the
interface or the number of sides of the column that are strengthened. The vertica
grooving (VG) method has consistently demonstrated superior outcomes in
comparison to alternative interface treatment

33



Chapter Two Literature Review

procedures, regardless of specimen jacketing thickness or stronger sides.
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Figure 2.11 Geometry of Column Specimens.[50]
In 2023, Al Zeyadi. [51] investigated the behavior and load-carrying capacity of
rehabilitated reinforced concrete (RC) columns with honeycomb damage in
different locations and volumes. Twenty RC columns were considered with details
in Fig. (2.12), with ten for the square section and ten for the circular section. The
honeycombed zone in the base and middle of the specimens was considered as a
percentage of the total column size, with arange of 3% to 26% and 4% to 57% for
the square and circle sections, respectively. The honeycombed columns were
repaired with epoxy or cement-based materias before the test. The test results
showed that the strength and load capacity of the treated column exceeded that of
the control column, with different percentages based on the cross-section of the
column, and the size and location of the honeycomb defect. The increase in
ultimate load ranged from 3% to 16% for the sguare section and from 3% to 17%
for the circular section. The percentage of increase was higher as the size of the
honeycomb increased. For the square section RC column, the control column
failed, while the specimens with cover defects had an increase in ultimate load

(10%, 16%, 3, and 7.7%), respectively. For the core defect specimens, the ultimate
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load increased by 24%, 17%, and 18%. The cover-core defect specimens failed

with an increase in ultimate load (6% and 7%).

rol ‘ A
Figure 2.12 Details of Specimens.[51]

2.3 Studies on the behavior of RC Column Strengthening with FRP:

In 2024, Li et al. [52] investigated the effects of concrete canvas (CC) and carbon
fiber-reinforced plastic (CFRP) reinforcement on the mechanical characteristics of
corroded reinforced concrete columns. Forty-two columns were engineered, and
axial compression tests were performed. The influence of initial corrosion rate,
secondary corrosion duration, quantity of CC layers, and quantity of CFRP layers
on failure morphology, load-bearing capacity, and ductility was examined. The
findings indicated that specimens confined with single-layer CC exhibited
improvements, and ductility qualities were increased. CC-CFRP composite-
constrained specimens exhibited substantial enhancements, demonstrating
improved plastic deformation capacity and distinctive ductile damage traits. The
corrosion inhibition of CC for specimens exhibiting a theoretical corrosion rate
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under 20% showed an upward trend, ranging from 23.0% to 31.2%. CC and CFRP
collaboratively restrict concrete, resulting in substantial aterationsin joint restraint
specimens and little total peak strain under the influence of joint steel bars. A
precise peak stress-strain model for corroded reinforced concrete columns was
developed, providing a theoretical foundation for further study. The research
indicated that unconfined reinforced concrete columns exhibited brittle failure,
enhanced |load-bearing capability with single-layer concrete, and ductile failure.
The damage process was slower and more ductile when integrated with concrete
reinforcing panels. As the layers of CFRP rose, the noise of damage intensified,
and the concrete was fractured. The research analyzed the damage characteristics
of unconfined reinforced concrete columns, indicating brittle failure without
apparent indicators. Single-layer concrete columns demonstrated enhanced bearing
ability but with alittle improvement in capacity. The specimens exhibited ductile
damage throughout testing. The damage process of CFRP-constrained reinforced
concrete columns was slower and more ductile when damaged. With the rise in
CFRP layers, the damage process exhibited a deceleration, amplified noise, and
resulted in the crushing of the concrete in the core region. This study introduces a
primary model for axial compression of corroded reinforced concrete columns that
are simultaneously constrained by CFRPs, demonstrating great accuracy and
effectively characterizing the mechanical features of these columns. The stress-
strain curves of these columns exhibit an initia increase, followed by a little
decline, and then another increase, underscoring the need for a deeper
comprehension of their axial compression characteristics.

In 2023, Blikharskyy et al. [53] anayzed the performance of columns reinforced
with CFRP laminates subjected to eccentrically applied axial loads. The study
examines the impact of pre-loading on the observed behavior of the columns. The
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specimens are first subjected to eccentrically applied axial forces at varying
capacity levels. Upon reinforcement, they are progressively loaded to failure, with
stresses and deflections documented. The characteristics of strength, deformability,
and ductility of the columns are assessed and analyzed. A comparative study is
performed to assess the efficacy of the strengthening. The research indicates that
increased starting loading levels diminish the strengthening effect from 31.8% to
15%, resulting in a reduction of the final displacement at the maximum load. The
augmentation of stiffness and reduction of deflections resulting from CFRP
strengthening is seen, but the existence of initial loading somewhat diminishes the
ductility of CFRP-strengthened columns. The specific characteristics of CFRP

efficacy must be taken into account in engineering applications.

In 2021, Wang et al. [54] presented an experimental study on eccentrically loaded
rectangular reinforced concrete columns with various CFRP strengthening methods
and preloading levels showing that load-bearing capacity and ultimate
deformations may be markedly improved after CFRP reinforcement as shown in
Fig. (2.13). The comprehensive wrapping method was more efficacious for
columns with minor eccentricity while augmenting longitudina CFRP layers on
the tensile side enhanced strength for columns with considerable eccentricity. A
novel stress-strain model including preload effects was introduced, demonstrating
superior performance relative to actual observations and theoretical calculations.
CFRP-reinforced concrete columns exhibit substantial enhancements in load-
bearing capacity and ductility under eccentric compression, with maximum
Increases of 47.3% and 80.2%, respectively. The complete CFRP wrapping method
Is more efficacious for specimens with less eccentricity. Preloading before CFRP

strengthening adversely affects load capacity and ductility, resulting in a nonlinear

37



Chapter Two Literature Review

reduction in peak axial load under eccentric compression, while the deterioration

of lateral deformation capacity exacerbates with increased eccentricity.
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Figure 2.13 Geometry of Column Specimens.
In 2021, Sahi. [55] investigated the behavior of slender hollow reinforced concrete
columns when applied to their axial and eccentricity loaded. The research involved
testing fifteen hollow slender RC columns with dimensions of (140 x 80 x 2000)
mm and a slenderness ratio of (80.54). The columns were divided into nine groups
to study important parameters such as strengthening by lateral reinforcement (ties),
strengthening by CFRP, the presence of eccentricity, and the shape of the
longitudinal hole. The results showed that strengthening by CFRP alone or
combined with lateral reinforcement (ties) resulted in better performance in terms
of ultimate load, ultimate moment, maximum lateral displacement, ductility,
energy absorption, and failure mode. The use of lateral reinforcement (ties) at
different lengths at both ends of columns increased ultimate load by (2.7, 8.3, and
61.1%) when the distance of strengthening by ties changed from (140, 333 to 500)

38



Chapter Two Literature Review

mm, respectively. The eccentricity of load was another important factor in the load-
carrying capacity of columns, especially slender columns. Two eccentricity values
(e= 20 mm and (e= 40 mm) caused a decrease in the ultimate load for hollow
slender columns. For eccentricities of 20 mm and 40 mm, columns with a
rectangular opening resulted in a decrease in load-carrying capacity of about
(10.26% and 17.95%) when compared with slender columns subjected to axial
load. Reinforced concrete columns with circular holes, either with or without
CFRP sheet, had better performance in terms of ultimate load, ultimate moment,
maximum lateral displacement, ductility, and energy absorption compared to those
with rectangular holes. The increase in ultimate load was 14.29% in a column with

a circular hole compared to a column with a rectangular hole.

2.5 Summary

According to the literature reviews (previous studies), very little work has
been performed on the structural behavior of RC columns strengthened with
HPFRC under eccentric loading, especially the columns that were damaged with
honeycomb for many reasons, such as surface deterioration, surface deposits,
deformation, cracks, and structura faults due to lack of quality control at the
construction stage. This research covers the gap in the published literature as
identified above, and investigates the variables that have not been studied
previoudy. The purpose of this study isto experimentally investigate the structural
behavior of RC columns strengthened by HPFRC under eccentric loadings with the
presence of honeycomb as a defect. For this purpose, thirty RC sguare columns
were cast and tested. Severa variables were taken into consideration, such as load
eccentricity ratio, the thickness of the HPFRC layer, honeycomb defect ratio, and
the strengthening schemes. The detailed experimental work will be explained in

the next chapter accordingly.
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CHAPTER THREE: EXPERIMENTAL PROGRAM

3.1 General

A study was conducted at the Laboratory of Civil Engineering at the College
of Engineering a the University of Misan to examine the behavior of square-
reinforced concrete columns strengthened with high-performance fiber-reinforced
concrete (HPFRC) under eccentric load. Furthermore, it is necessary to precisely
determine and describe the shape and dimensions of the test specimens, the
arrangement of steel components, the equipment used for measurement, and the
proportions of the normal strength concrete (NSC) and the high-performance fiber
reinforced concrete (HPFRC) used in the current research study. The properties of
used materials were investigated in this chapter as well as the mechanical interface

bonding, casting, and curing procedures of the fabricated column specimens.

3.2 Overall description of RC column specimens

Thirty sguare short (NSC) column samples were conducted in this research
study. Several samples were strengthened with high-performance fiber reinforced
concrete (HPFRC) and Carbon Fiber Reinforced Polymer (CFRP). The influence
of jacket thickness, strengthening zone, the honeycomb defect ratio of the
specimens, and the load eccentricity magnitude were the main concerns in this
study. One specimen was tested with a concentric load, and twenty-nine columns
were investigated under eccentric load. The details of the experimental program
are described in the following section.
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3.3 The Experimental Parameters

In this research study, the practical variables investigated are shown in Table
(3.2).

Table 3.1 Experimental Parameters.

No. Column Variables Details
1 Load eccentricity (€) e =0, 50, 100 mm respectively.
2 Jacket thickness 15 mm and 30 mm.
3 Strengthening Face with (HPFRC Fully and Partially Sides.
and CFRP)
4 The honeycomb ratio (%) (35% or 70%) of the specimen cross-section area

under constant length (Le/4).
5  Representing the honeycomb zone Weak-strength concrete and foam block.

3.4 Material Properties

Commercialy obtainable and clear descriptions of materials were used in

this research study, as presented in the following subsection.

3.4.1 Cement

The investigation utilized Ordinary Portland Cement (OPC) of Type I.
Which is commonly available in the local markets, as shown in Fig. (3.1). The
required quantity was brought to the laboratory and well stored in a dry place and
isolated from the ground. The chemical analysis and the physical properties are
shown in Tables (3.3 and 3.4) respectively. The results of the chemical and
physical properties conform with Iragi Specification Standards (1QS 5/2019) [56].
The four main compounds in Portland Cement, C3S, C2S, C3A, and C4AF, were

calculated for cement specimens using Bogue's Equation.
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Figure 3.1 Cement.[56]
Table 3.2 Chemical analysis of cement.
Compound Oxide Test Limit accordingto1.Q.S. Conformed to
Composition Result 5/2019 [56] 1.Q.S
Lime Oxide Ca0 % 62.43 = e
SilicaDioxide SiO2 % 1944 e
Alumina Oxide AI0203 e —
%
Iron Oxide F?Os 34 e
%
Magnesia Oxide -
Contino MgO % 2.57 <5% Satisfied
. <2.5% ifC3A < 5% <2.8% e
0
Sulfate Trioxide SOz % 241 ifCaA > 5% Satisfied
Free Lime F.L.% 1.18
Loss on Ignition L'OC/())'I' 4 <4% Satisfied
InsolubleResidue | poy 125 <1.5% Satisfied
LimeSauration | s¢ g5 0.66-1.02 Satisfied
Factor
M.S 232 e
M.A 146 e
Tota 99.22
The main compounds per centage by weight of cement (Bogue’s Equation)
Compound Composition Oxide Test Result
Tricalcium Silicate CsS 50.12
Dicalcium Silicate C2S 21.26
Tricalcium Aluminate C3A 9.29
Tetra calcium Aluminon Ferrite C/AF 9.98
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Table 3.3 Physical properties of cement.

Limit accordingto ~ Conformed to

Physical properties Test Result 1.0.S. 5/2019 [56] 10.S
o : Initial 122 >45 Satisfied
Settingtime (minute) 240 < 600 Satisfied
Fineness (Blaine), m?/kg 314 >230 Satisfied
Compressive Strength of 3 days 20 > 15 Satisfied
mortar (MPa) 7 days 33.3 >23

3.4.2 Fine Aggregate (Sand)

Natural silica sand from the Zubair area in Basra was used as fine aggregate,
as shown in Fig. (3.2). The findings obtained demonstrated that the sand grading
and sulfate concentration met the specified limitations of lragi Specification
Standards (1QS 45/2019) [57] as shown in Table (3.4). Moreover, the classification
of small particles is in the second category of fine aggregate. The physical and
chemical properties are shown in Table (3.5).

Figure 3.2 Sand Utilized.
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Table 3.4 Classification of fine aggregate.

Passing (%)

Size of Sieve (mm) , o
Fine aggregate Limitationsfor Zone No. (1QS 45/2019) [57]

10 100 100
4.75 97 90-100
2.36 81 75-100
1.18 70 55-90
0.6 54 35-59
0.3 21 8-30
0.15 7 0-10

Table 3.5 Physical and chemical properties of fine aggregate.

Physical properties

. Iragi Specification
Properties Test Result N0.45/2019[57]
Specific Gravity 2.65
Absorption 0.94%
Fine Material Passing from Sieve (75 um) 4.20% Max < 5.0%
Fineness Modulus 2.6
Chemical Properties
Sulfate Content Max <0.5%

3.4.3 Quartz Sand

The use of quartz sand in high-performance reinforced concrete enhances
particle packing, increases strength, reduces permeability, provides thermal
stability, and improves workability. These properties contribute to the superior
performance and durability of HPFRC. The grading of the used quartz sand (0.08-
0.25 mm) met the specified limitations of Iragi Specification Standards (1QS
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45/2019) [57], produced by Sika Company of 25 kg bags. The sand isillustrated in
Fig. (3.3), Appendix A.

Figure 3.3 Quartz Sand.

3.4.4 CoarseAggregate (Gravel)

The gravel used was obtained from the Al-Tayeb region in Irag with a
maximum size of 10 mm. The gravel was sieved at a sieve size of 14 mm. The
gravel was washed and cleaned with water; later, it was speared out and left in the
air to dry before use as illustrated in Fig. (3.4) and Table (3.5). The gravel isin
accordance with the Iragi Specification Standard (1QS 45/2019) [57].

Figure 3.4 Coarse Aggregate.
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Table 3.6 Classification of Coarse Aggregeate.

Passing (%)
Limitationsfor

Fineaggregate ZoneNo. (1QS
45/2019) [57]

Size of Sieve (mm)

12.5 100 100
9.5 96 85-100

4.75 17 10-30

2.36 1 0-10

3.45 SilicaFume

Silicafume is a byproduct resulting from the reduction of high-purity quartz
with coal or coke and wood chips in an electric arc furnace during the production
of silicon meta or ferrosilicon aloys. The silica fume, which condenses from the
gases escaping from the furnaces, has a very high content of amorphous silicon
dioxide and consists of very fine spherical particles. Silica fume plays an important
role in the production of essential materials for (HPFRC). It is available in local
markets in bags of 20 kg, as shown in Fig. (3.5), with spherical particleslessthan 1
um in diameter which made it approximately 100 times smaller than the cement
particles. Furthermore, the silica used in this study conformed to (ASTM C 1240-
04, 2019) [58]. The chemica and physical properties of silica fume are illustrated
in Table (3.6). Appendix A.
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T

Figure 3.5 Silica Fume.

Table 3.7 Chemical and Physical Properties of Silica Fume.

Chemical Properties

Oxides composition Oxidescontent % =1 M €1240-15

% limit [58]
Sio2 925 Min. 85
Al203 0.75 <1
Fe203 0.49 <25
Cao 0.87 <1
So3 0.88 <1
L.O.l 5.3 Max.6
Cl 0.1 <0.2
K20+Na20 1.76 <3
Physical Properties
Property Test result ASTM C1240-15
Strength activity index 108 >105%
Moisture content 0 <2%
Specific surface area m2/gm 16.5 > 15

3.4.6 Micro Sted Fiber

Ordinary concrete lacks the ability to withstand flexure in structural
members due to its weak tensile characteristics. Hence, Sted fibers are utilized in
(HPFRC) to enhance their ductility and reduce the spread of cracks, delaying their
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appearance. The type of micro stedl fibers used in this study were straight low-
carbon steel wire and copper coated with alength (L) of 13 mm and adiameter (D)
1s0.2 mm, clean of rust or oil with an aspect ratio (L/D= 65) as shown in Fig. (3.6).
It isavailable in form of sacks weighing (20-25 Kg). The characteristics of steel
fibersare outlined in Table (3.12). The specifications of used steel fibers referred
toin ASTM-A820-04 [59],

Figure 3.6 Golden-colored steel fiber.

Table 3.8 Micro Steel Fiber Properties.

Density Length Diameter Tensile Modulus of
Type (kg/m3) (mm) (mm) strength elasticity
(MPa) (GPa)
Straight WSF0213 7800 13 0.2 2600 210

3.4.7 Superplasticizer
The superplasticizer is a type of high-range water reducer that plays an

important role in the case of a low water-to-cement ratio to improve the
workability, flowability, and self-compatibility of mixing concrete. The
superplasticizer can enhance shrinkage, creep behavior, and water impermeability.
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ViscoCrete-180GS superplasticizer was used in this research, it is produced by
SIKA Company, as shown in Fig. (3.8). The properties and specifications of
ViscoCrete -180GS are shown in Table (3.7) [60].

Figure 3.7 Visco Crete -180GS.

Table 3.9 Visco Crete -180GS Technica Data

Type Property
Aqueous solution of
Composition modified
polycarboxylates

Appearance Light brownish

- : 1.070£ (0.02)

Specific gravity glcm3
pH-Vaue 4-6

Toxicity Non-Toxic
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3.4.8 Mixing Water

Clean and free from impurities drinking water was used for mixing and
curing purposes [61]. Take into consideration the idea of using water for mixing

concrete, which states that, what you can drink, you can make concrete with.

3.4.9 Reinforcement Stedl Bar

The columns were reinforced with two types of deformed steel bar types. A
Stedl bar with atensile strength of 585MPafor adiameter of 10 mm was utilized as
longitudinal steel reinforcement, while steel stirrups with a tensile strength of
523MPafor adiameter of 8 mm were used.

Tests were conducted for each bar size, with three steel specimens made for
a bar diameter of 10 mm and a length of 300 mm, and another three steel
specimens prepared for a bar diameter of 8 mm and a length of 250 mm. The steel
samples were acquired from bars selected at random. The testing results of the
primary longitudinal steel reinforcement and the transverse stedl stirrups are shown
in Table (3.7), which have been verified to be accurate with the ASTM A615
Specification [62].

Figure 3.8 Main Rebar Tension Test.
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Table 3.10 Steel Reinforcement Testing Results

Nominal diameter Measured diameter  Yield stress  Ultimate strength

Bar Type (mm) (mm) (MPa) (MPa)
10 0.85 585 725
Deformed
8 8 523 694
3.4.10Foam

Synthetic cork is lightweight, relatively cheap, and can be formed into
almost any shape. Synthetic cork density refers to how compact a foam’s cells are
relative to its volume; the properties of the foam are shown in Table (3.7) [63]. In
this study, the purpose of the used foam was to represent the defect zone in the
cover and core of specimens as a ratio of the cross-section. Flat sheet synthetic

cork with 30 mm thickness as shown in Fig. (3.9).

Table 3.11 Technical Properties of Synthetic Cork.

Density 200 kg/m3
Color white
Grain size 2-5mm
Specific wight 0.16 N/cm3

Figure 3.9 Synthetic cork.[63]

52



Chapter Three Experimental Program

3.4.11Carbon Fiber Reinforced Polymer (CFRP)
The Sika Wrap®-301 C is a unidirectional woven carbon fiber fabric used

for strengthening the column specimens in the transverse direction. Fig. (3.10)
shows the CFRP sheets used in this work. All information related to this CFRP is
shown in Table (3.14). Appendix A shows the properties of the CFRP sheets taken

from the manufacturer’s specifications.

Table 3.12 CFRP Properties.
Property Grade
Dry Fiber Density 1.82 g/cm3
Dry Fiber Thickness 0.167 mm (based on fiber content)
Area Density 304 g/m2 £10 g/m2 (carbon fibers only)
Dry Fiber Tensile Strength 4 000 N/mm2
Dry Fiber Modulus of Elasticity in Tension 230 000 N/mm2
Dry Fiber Elongation at Break 1.70%

Laminate Nomina Thickness 0.167 mm
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3.4.12Epoxy Resin (Skadure LB32)

An adhesive material has been used between the normal concrete of the RC
columns and the HPFRC jackets used for strengthening purposes. This materia is
composed of two components. a white and a grey portion. The final binding
material was obtained by mixing these two components in a ratio of 1:2. The
mixing process lasted for a duration of two to three minutes, resulting in the
formation of a uniform mixture with a light grey color, as shown in Fig. (3.11).
This was according to (ASTMC882/C882M-05, 2005) [64]. Appendix A.

3.4.13Epoxy Resin (Sikadur-330)

Impregnating resin of type Sikadur-330, which is composed of two parts (Resin
part A + Hardener part B) has been used in this study for the bonding of CFRP
sheet as shown in Fig. (3.12). Table 3.9 shows the properties of the bonding epoxy

taken from the manufacturer’s specification Appendix A.
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R MR

Figure 3.12 Mixing Two Components of Epoxy Resin.

Table 3.13 Details of Sikadur ® - 330 Resins Properties.

Property Grade
Density 1.30 + 0.1 kg/l (component A+B mixed) (at +23 °C)
Viscosity @+35 °C ~5 000 mPas
Modulus of elasticity in flexure ~ 3800 N/mm2 (7 days at +23 °C)
Tensile strength ~ 30 N/mm2 (7 days at +23°C)
Modulus of elasticity in tension ~ 4 500 N/mm2 (7 days at +23 °C)
Tensile strain at break 0.9 % (7 days at +23 °C)
Tensile adhesion strength Concrete fracture (> 4 N/mm2) on sandblasted substrate

3.5 Fabrication of Column Specimens
3.5.1 Geometry of Column Specimens

Thirty short normal reinforced concrete column specimens were cast and
tested from one batch. The strengthened columns had a sguare cross-section
(120x120) mm, with a clear height of 750 mm and a concrete cover of 15 mm for
al column sides. The total height of the columns was 950 mm. Each column had
two corbel heads to accommodate eccentric loads during the test. Seven of these
were proposed as control specimens. Moreover, the dimensions were chosen to be
adaptable to the condition and capacity of the available testing machine. According
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to ACl Code 318-19 Clause 6.2.5, for an unbraced column, a short column is
defined as a column with a maximum slenderness ratio of 22. Meanwhile, the
designed columns in this study had a slenderness ratio of 20.8, which can be
classified as short columns. All columns were designed inadequately as their
internal steel reinforcement ratio was about the lowest ratio of specified by the
standard. The design produced 1% of the gross cross-sectional area of the column
for longitudinal steel reinforcement. The purpose of this design was to simulate the
condition of a column like an old column that has deteriorated and needs to be
strengthened. Therefore, the columns have four 10 mm in diameter deformed bars
as longitudina reinforcement and 8 mm in diameter deformed bars as well as tie
spacing at 100 mm. Column specimen geometry and reinforcement are presented
in Figs. (3.13 and 3.14).

f— 10— _,_,._._I

Figure 3.13 The Geometry and Reinforcement Details of The Columnin
(cm).
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Figure 3.14 The Reinforcement Details of Specimens.

3.5.2 Labeling of Column Specimens

Column specimens were divided into seven groups that were Group (a) as
reference columns, Groupe (b) with (0% defect ratio strengthening with HPFRC
under eccentric load ), Group (c) (35% foam defect ratio strengthening with
HPFRC under eccentric load), Groupe (d)(70% foam defect ratio strengthening
with HPFRC under concentric and eccentric load), Group (€) (70% foam defect
ratio strengthening with HPFRC under concentric and eccentric load), Groupe (f)
(70% Weak strength concrete defect ratio strengthening with HPFRC under
eccentric load). For the seventh group (g), three columns were warped with CFRP
under an eccentric load. The specimens were labeled as shown in the first column
of Table (3.5). The label used for the specimens is composed of a combination of
letters and numbers. In addition, the symbol notation isillustrated in Fig. (3.15).
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For instance, to clarify the specimen designation, which is illustrated in Fig.
(3.16), (CU4-15-100) means “Column specimen strengthening with HPFRC
jacketing, 4 sides of jacketing, 15 mm of jacket thickness, and under 100 mm

eccentric load.
Cross-gection
120%120 mm
Reference T Test
Column ¥ R12-0 == Eccentricity
mm
Jacket
UHPFRC thicknezs mm
Reference _ T Test
Column ¥ CU4-15-100 =3 Eccentricity
mm
Strengthenmg
face
CFRP No. of layers
Reference T / Test
Colnmn ¥ CF4-2-100 = Eccentricity
num
Strengthenimg
face

Figure 3.15 Symbol Detail’s Designation.
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Table 3.14 Details of the column specimens.

Experimental Program

HPFRC
Group Tgst Strengthening chket Eccgnetﬁ Gity DRifﬁcot ONf”é‘;t;f;
Specimen Face Thickness mm % Layers
mm

R12-0 - - 0 - -
R12-50 - - 50 - -
a R12-100 - - 100 - -
R15-50 - - 50 - -
R15-100 - - 100 - -
R18-50 - - 50 - -
R18-100 - - 100 - -
CU4-15-100 Fully 15 100 - -
b CU2-15-100 Partialy 15 100 - -
CU4-30-100 Fully 30 100 - -
CU2-30-100 Partialy 30 100 - -
CU4-15-100 Fully 15 100 35 -
CU2-15-100 Partialy 15 100 35 -
c CU4-30-100 Fully 30 100 35 -
CU2-30-100 Partialy 30 100 35 -
CU4-15-100 Fully 15 100 70 -
d CU2-15-100 Partially 15 100 70 -
CU4-15-50 Fully 15 50 70 -
CU2-15-50 Partialy 15 50 70 -
CU4-30-100 Fully 30 100 70 -
e CU2-30-100 Partialy 30 100 70 -
CU4-30-50 Fully 30 50 70 -
CU2-30-50 Partialy 30 50 70 -
CU4-15-100 Fully 15 100 70 -
f CU2-15-100 Partialy 15 100 70 -
CU4-30-100 Fully 30 100 70 -
CU2-30-100 Partialy 30 100 70 -
CF4-1-100 Fully - 100 70 1
g CF4-1-50 Fully - 50 70 1
CF4-1-100 Fully - 100 70 1
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3.5.3 Design of the formwork

All specimens were cast horizontally, as in the normal practice for reinforced
concrete columns. An integrated steel formwork, as shown in Figs. (3.17 and 3.18)
was built to cast all column specimens. By using the integrated formwork instead
of using some single formwork (one formwork for one specimen), some
advantages were obtained. It produced a small size of formwork. Small formwork
needs less material, and the specimen-casting process becomes faster. All steel
formworks were fastened and opened with bolts. Before placing the steel
reinforcing cages into the steel formworks, the inner surface of the formwork was
cleaned to avoid bonding between the steel surface and the concrete; therefore, the

specimens can be removed easily from the formworks after the concrete is cured.

750

250
Figure 3.17 Integrated Formwork Plan (all unitsin millimeters).

Figure 3.18 The Constructed Formwork.
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3.5.4 Honeycomb Formation Method in Column Specimens

In this research study, the honeycomb was configured in a column specimen
as aratio of the cross-section. Two ratios were chosen (35% and 70%) of specimen
gross area at constant length (Le/4). To configure the honeycomb, two ways were
used to make defects or failures in cover and cove-core defects at the specific

zones of the specimens.

1- Use weak-strength concrete (8Mpa).
2- Use synthetic dices 30 mm thick, divided by a sharp tool according to the
required dimensions.

The configuration of the honeycomb specimen is shownin Fig. (3.19).

Figure 3.19 Honeycomb Zone Formation of Specimens.
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3.5.5 Mix Proportion and Placement of NSC

The concrete was poured into the formwork at the Civil Engineering
Laboratory at the University of Misan. Ready-mix normal-strength concrete
ordered from alocal concrete supplier was used, and the mix of NSC concrete was
designed according to the American Method of Mix Proportions Selection (ACI
Committee 211.1-91). Moreover, the detall of this mix is given in Table (3.15).
The concrete was placed in three layers,; each layer was compacted by applying a
few seconds of vibrations using a mechanical vibrator to ensure even concrete
dispersion in the formwork. After pouring the third layer, the concrete surface was
finished with a wet trowel. The placement of the concrete into the formwork is
shown in Fig. (3.20). Pouring the concrete into the sample molds was aso
required, see Fig. (3.21). A number of cube, cylinder and prism samples were cast
and tested to determine the properties of the concrete. Standard procedures were
used for the compaction of the conventional concrete for the cube, cylinder and
prism molds in terms of the number of layers and rod. Six small cylinders with a
100 mm diameter were cast and tested under compression testing to obtain their
compressive strength for 7 and 28-day strength. Three samples were tested at each
age. Furthermore, six larger cylinders with a 150 mm diameter were cast for
indirect tensile strength and six prisms 100 x 100 x 500 mm in size were cast for
flexure strength testing. The indirect tensile, flexure strength, and other tests were
conducted at 28 days. After pouring the concrete into the formworks and molds, a
curing process was made to maintain a moist condition; therefore, the concrete

hardening occurred gradually.

Table 3.15 Mix Proportion (Kg/m?).

Cement Water W/C Sand Grave
470 200 0.43 675 1030
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Figure 3.20 Concrete Casting into Sample molds.

3.5.6 Demolding and Curing Process of the Specimens

Continuing the casting process, al column specimens were placed under wet
hessian rugs and covered with plastic sheets to maintain their moisture condition,
as shown in Fig. (3.22). The curing process continued for 28 days. The small and
large cylinders and cubes were taken out of the molds at one day and then stored in
acuring tank until the 28-day testing. Finaly, the prism samples were taken out of
the molds after 2 days of casting and then placed in a curing tank until the 28-day
testing. An extended period for demolding was required for the prisms as prism

samples can be damaged more easily during demolding than cylinders.
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Figure 3.22 Demolding and Curing Process of Specimens
and Samplesin Water Tank.

3.5.7 Mix Proportion and Process of HPFRC

The production of HPFRC involves the utilization of a high content of
Portland cement, a very low water-to-cement ratio achieved by utilizing a high
dosage of the most recent generation of superplasticizer, fine sand with a particle
size ranging from 0.08 to 0.25 mm, and the inclusion of high reactivity silicafume.
In this study, several mix proportions were evaluated to achieve the highest
compressive strength according to (ASTM C109). The optimal mixture
composition of HPFRC is presented in Table (3.16).

Table 3.16 Mix Proportions of HPFRC (Kg/m®).

Cement Quartz Sand SilicaFume Water  Superplasticizer Steedl Fiber

900 775 200 198 27 156

The HPFRC specimens were subjected to trial mixes using a horizontal rotating
mixer with avolume of 0.03 m3. The mixing process proposed in thiswork is
Illustrated in Fig. (3.23) and explained as follows:
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1. Placing the sand into the mixer.

2. Dry mix silicafume and cement to distribute particles, then add to the mixer
and mix for 5 minutes.

3. Super plasticizer was added to water and agitated, then added to the dry mix
and mixed for 10 minutes.

4. The mixer was stopped and manual mixing was done for areas not reached
by the blades.

5. The mixer performed. When flowable consistency is reached, stedl fiber is
gently added during mixer operation to ensure uniform dispersion for 5
minutes to produce reasonable fluidity.

6. The entire mixing process takes roughly 20 minutes,

esand, Cement, and Silica were mixed
together until homogeneity.

5 Minuts

e Water and Superplasticizer were added
10 Minuts to the mixer gratually until the required
workability.

e Finally, steel fibers were added into the
mixer and pouring.

20 Minuts * The total mixing time.

Figure 3.23 HPFRC Mixing Time Process.

3.6 Properties of NSC and HPFRC

Three types of tests, Compressive strength test, indirect tensile strength test,
and modulus of rupture test, were undertaken on the concrete used in this study for

casting the column specimens. The purpose of those tests was to determine the
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mechanical of the concrete. The summary results of these tests are presented in
Table (3.3). Moreover, the tests are matched to the specifications of ASTM and
BS. The three tests are shown in Figs. (3.24-3.26), respectively.

Test of Compressive Strength

The compressive strength test was conducted in accordance with the standards (BS
1881: Part 116-1989) and (ASTM C39, 2019). A hydraulic compression machine
with a maximum capacity of 2000 kN was used to test atotal of 6 cubes measuring
150 mm and 6-cylinder specimens measuring 150x300 mm. The load was steadily
and progressively applied at a consistent rate of 18 MPa per minute until failure
ensued. The item can be found in the Constructional Materials Laboratory of the
College of Engineering a Missan University. Figure 3.10 illustrates the
compressive strength test. The compressive strength was determined by dividing
the greatest load obtained during the test by the cross-sectiona area of the
specimen (P/A).

Test of Splitting tensile strength

The splitting test was conducted and evaluated in accordance with the ASTM C496
standard from 2011. A total of six cylinders measuring 150300 mm was tested.
Two bearing strips, each measuring 3.0 mm in thickness and 300 mm in length,
were positioned above and below the specimen to create concentrated stress. This
was done to apply a uniform load on the test surface of the cylinder, as depicted in
Fig. (3.10). The testing machine had a capacity of 2000 kN, and the load was
applied steadily and without sudden impact until the cylinder faled. The
expression of the “splitting tensile strength” was calculated by the equation:

f _ 2P 3.1
St_T[LD (')

67



Chapter Three Experimental Program

where f,, is splitting tensile strength in N/mm? , P is the load of compressivein N,

D isthe cylinder diameter in mm and L isthe cylinder length in mm.
Modulus of Rupture Test (Flexural Strength)

Prisms made of concrete with dimensions of 100x100x500 mm were created using
the process outlined in ASTM C 78, 2019. 6 prisms were subjected to testing using
auniversal hydraulic machine with a maximum capacity of 2000 kN. The load was
steadily and progressively raised at a steady pace until failure ensued. The item
was accessible at the Constructional Materials Laboratory of the College of
Engineering at Misan University. The flexural strength, measured as the modulus
of rupture (M.O.R), was determined by analyzing the data acquired from a simple
beam subjected to a two-point load.

The specimens' "Flexura strength” was determined with a precision of 0.01 MPa

using the following formula:

1- To calculate the flexural strength, if a fracture occurs in the tension surface

within the middle one-third of the span length, use the following formula

M Y, FL E PL
_ Ymax 'max _ 6 "2 _
=T T8 T (3.2)
12

where:

e f. =The “modulus of rupture”.
e P =Themaximum applied load, measured in Newtons.

e | = Thedistance between the centres, measured in millimetres.
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e h=The mean depth of the specimen in millimetres.
e b =the mean width of the specimen in millimetres.
2- If a fracture occurs outside the middle one-third of the span length by no

more than 5%, the flexural strength is computed as follows:

Pah
F .= Mmax Ymax _ 22
=

3Pa
I bh3 = bhz (3 - 3)
12

where a is the average tension surface prism distance between the failure crack

and the nearest support.

3- If afracture occurs outside the central one-third of the span length by more

than 5%, the result is disregarded.

Table 3.17 Mechanical Properties of Test Results.

Type of Concrete NSC HPFRC
fou (MPa) 31 112.5
fi (MPa) 3.67 13.4
fr (MPa) 4.5 14.46
Slump (mm) 10 20
Where;

fou: cOMpressive strength of cube at 28 days.
fi splitting tensile strength.

fr. modulus of rupture.
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HPFRC NSC
Figure 3.24 The Compressive Strength Test.

HPFRC NSC
Figure 3.25 Splitting Tensile Strength.

Figure 3.26 The Modulus of Rupture Test.
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3.7 Strengthening of Column Specimenswith HPFRC Jacketing and CFRP
Wrapping.

3.7.1 Strengthening with HPFRC Jacketing

Before the strengthening process, the fabrication of the strengthened columns

mainly includes the following steps:

1. Roughening the interface of the RC columns, and cleaning the concrete
residue and powder on the interface.

2. Completing the secondary formwork erection for the column specimens,
brushing the concrete interface treatment agent on the interface using
Sikadure LB32 to ensure excellent adhesion between the normal concrete
and HPFRC jackets then strengthening by HPFRC layer.
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3.Use a tabletop eectric vibrator to achieve optimal material properties,
improved compaction, enhanced fiber dispersion, better surface finish,
increased workability, and reliable defect detection.
4. Curing and testing of the strengthened specimens accordingly.
5. The above steps were repeated to cast jackets for al required specimens.
Furthermore, all steel formworks were well cleaned, and their internal surface
was lightly oiled to prevent adhesion with hardened HPFRC. Stedl formworks
were manufactured with very accurate dimensions based on the required jacket
thickness (15 and 30 mm) and the number of jacket faces (two and four).

Strengthening steps are shown in Fig. (3.27).

3.7.11 Curing of Strengthened Specimenswith HPFRC

After the casting process had been completed for one day, al of the
formworks were opened, as depicted in Fig. (3.28). Following this, the specimens
were immersed in a basin filled with water and kept at room temperature for a
duration of 28 days. Following the completion of the 28-day period, samples are
taken from the water, and the eccentric compression test is carried out.

Figure 3.28 Curing of HPFRC Jacketing Specimens.
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3.7.2 Strengthening with CFRP Wrapping

Three column specimens were wrapped with CFRP sheets as strengthening
material. Preparation was required before the wrapping process. The surface of the
specimens was ground and cleaned with water and then left to dry. The CFRP was
wrapped to the specimens by a wet lay-up procedure. The adhesive was prepared
by mixing epoxy resin and slow hardener in a 1:4 ratio by the manufacturer’s
recommendation till the color is homogenous. The surface was coated first with a
thin layer of epoxy resin (0.5-1 mm thickness), followed by the application of the
first CFRP layer in a predefined orientation. An overlap of 100 mm was applied at
the end of each strap in the transverse direction for all specimens. The wrapping
configuration and wrapping process of the column specimens are shown in Fig.
(3.29).
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3.7.21 Curing of Strengthened Specimenswith CFRP

After that, the specimens that had been wrapped were laid out a room
temperature for at least fourteen days to alow the epoxy glue to cure. Following
that, the specimens were prepared to undergo compression and flexure testing,

which was the next step in the testing process.

3.8 Painting the specimens after jacketing with HPFRC

Painting column specimens before testing was illustrated in Fig. (3.30) and
serves several purposes like ldentification, Visua Inspection, Measurement

Accuracy and Aesthetics:

uy
Figure 3.30 Painted Column Speci mens.

3.9 Equipment and I nstruments Used for Testing
3.9.1 Datalogger series

The datalogger system (GEODATALOG 30-WF6016) was used to record the
strain gauge reading as shown in Fig. (3.31). The GEODATALOG 30-WF6016 is
equipped with 16 channels for data obtaining, alowing the simultaneous

measurement of multiple strain gauges or sensors. The data logger operates with a
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power supply of 110-240 V at 50-60 Hz, single-phase. The data logger comes
complete with DATACOMM software, which is installed on the personal
computer. This software is specifically designed for PC data-obtaining systems,
enabling the user to collect, monitor, and analyze the data obtained from the strain

gauges.

EEUDP-THLUGB —

Figure 3.31 Data Logger.

3.9.2 Deflection Measurement (LVDT)

A linear variable differential transformer (LVDT) was adopted as an
instrument to measure the deflection in the tested column inside the test device
with a capacity of 120 mm, as shown in Fig. (3.32). The concrete column was
instrumented with two dial gauges with a magnetic base, the first one fixed
vertically and the other fixed horizontally to denote the axia and latera
displacements. The accuracy of these dial gauges was 0.01 mm. A 0.000001mm
transducer was added to the data logger seriesto save calculated data.
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Figure 3.33 Installation of LDVT

3.9.3 Strain Gauge

Strain gauges were procured by Tokyo Sokki Kenkyujo Company Limited in
Japan, as shown in Fig. (3.33). For the measurement of strains on the surface of the
column, two strain gauges were digitally recorded by an electrical strain gauge and
saved by a digital data collecting system. one strain gauge was positioned in the
longitudinal direction, while the other was placed in the transverse direction of the
column. The purpose of these strain gauges was to measure the strain experienced
by the concrete under different loading conditions. The strain gauge was bonded
using CN-E cyanoacrylate adhesive, which was cleaned and treated previously.
The method of installation of the strain gauge isillustrated in Fig. (3.34). Since the
readings were not recorded by the strain gauges for a certain number of specimens,

the strain gauges results were neglected in this study.
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3.9.4 Loading Head

Out of a total of thirty column specimens, twenty-nine were subjected to
eccentric loading in thisinvestigation. Two loading heads were specifically built to
deliver eccentric loading to the column and prevent local failure at the corbel of the
column specimen. One loading head was placed at the uppermost part of the
specimen, while the other was placed at the lowermost part, as shown in Fig.
(3.35).

Figure 3.38 Constructed Loading Head.

3.10 Column Specimens Testing Procedure

Prior to testing, it was customary to clean the surface of the column specimen
and apply a coating to enhance crack visibility and clarify the crack path. All
column specimens were tested by the ALFA Testing Machine with a maximum
compressive capacity of 5000 kN. Afterward, the material was placed in avertical
position for testing. The centerline, supports, line loads, and LVDT were securely
fastened in their respective positions. All the necessary equipment for conducting
the testing was assembled as depicted in Fig. (3.36). The load was applied with a
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small increment of about (8 kN) with an average of the ultimate applied load and
the data logger to take the measurement each second. Cracks were found and
drawn on test column faces. Visua concrete crack positions and loads were
recorded. We tracked the initial crack width with loading. We recorded |ateral
deflections versus loads simultaneously for each load increment. Vertica did
gauges with 0.001 mm graduation and 50 mm needle length installed at the

specimens' bottom bearing plates recorded the columns' axial deformation.

L~ \ 3
-
i
- Fervanal
Compater

Hydraulic Jock =~ =

Datn Ligger

[1

Steel Collar
LVDT. ~
Strain gage ’4 r ¢,
- R
v

Pras ]
S 5___]

Figure 3.39 Setup of Typical Tested Specimens

VDT
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Testing proceeded until the RC column's load capacity decreased with
deformation. To study the behavior of RC columns under concentric and eccentric
stresses, this study took into account three eccentricities (e): 0, 50, and 100 mm.
The size and placement of the bearing steel plate were chosen so that the distance
between the plate's center lines and the column section equals the desired

eccentricity to obtain the necessary eccentricity value.
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CHAPTER FOUR: RESULT AND DISCUSSION

4.1 General

In this study, atotal of thirty reinforced concrete (RC) column specimens were
created and examined. One specimen was subjected to axial compression load,
while ninety-two specimens were subjected to eccentric loading, as described in
Chapter Three. The specimens experienced testing at the Civil Engineering
Laboratory located at The College of Engineering at Misan University. The ALFA
5000 kN compression testing machine was utilized to apply force. The data
acquisition system, in connection with the testing apparatus, recorded the applied

load, displacement, and strain. Severa parameters are studied as follows:

» Load eccentricity (e).

+ Jacket thickness.

» Strengthening face or side.

» The honeycomb damage ratio (%).

* Representing the honeycomb zone.

The effects of these parameters on the load-displacement relationship, crack
pattern, modes of failure, and the ultimate loads are demonstrated. The results
show load capacity, ductility, stiffness, toughness, and moment capacity behavior

for all strengthened columns and compare them with the control specimen.

This chapter provides a detailed description of the experimental result study
conducted on the compression testing of the column specimens. The results of the

Investigation are examined to provide a brief overview of how different parameters
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impact the performance of square RC columns strengthened with HPFRC under

eccentric loads.

4.2 Experimental Results

Every specimen underwent testing until it reached the point of failure. The load
and displacement data were obtained by a data logger that was linked to the test
equipment. The subsequent sections will examine the test findings of columns that
were strengthened and those that were not strengthened. The efficiency of
strengthening column specimens was evaluated by comparing the ultimate load,
ultimate displacement, ultimate moment, fracture pattern and failure mechanism,
ductility, stiffness, and toughness. The summary of the experimental program is
illustrated in Table (4.1).

Table 4.1 The experimental results of specimens.

Ultimate Disp.
(mm) Change
Group  Column Pu Axial Czil_rcr)i?ng Stiffness  Toughness Ductility
ID (kN) Lateral . (KN/mm)  (kN.mm) I ndex
at ot mid Capacity
top (%)
C1 317 9.00 0.00 - 35.22 2369.0 11
Cc2 233 850 11.00 - 27.41 1601.0 1.3
a C3 115 800 10.25 - 14.38 777.0 1.0
C4 425 750 1050 - 56.67 1788.0 1.3
C5 320 725 11.00 - 44.14 3069.0 14
C6 450 7.00 10.25 - 64.29 3438.0 1.8
C7 304 6.75 9.50 - 45.04 1381.0 1.0
C8 295 630 11.00 156.52 46.83 1218.3 1.3
b C9 199 575 1025 73.04 34.61 961.0 1.2
C10 315 4.70 9.50 173.91 67.02 1257.5 1.1
Cl1 290 5.50 9.00 152.17 52.73 1120.0 1.1
C12 230 6.00 12.00 100.00 38.33 1145.0 1.2
c C13 140 500 1150 21.74 28.00 745.3 1.7
Cl14 330 4.60 1050 186.96 7174 1369.0 1.3
C15 194 530 9.75 68.70 36.60 932 1.7

Continue
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Cl16 215 6.00 11.00 86.96 35.83 987 11
d C17 125 6.25 10.50 8.70 20.00 841 2.1
C18 401 53 10.25 72.10 75.66 2017 14
C19 250 5.00 9.00 7.30 62.40 1141 1.5
C20 335 575 12.50 191.30 58.26 1735 13
e C21 270 4.80 11.00 134.78 56.25 1211 15
C22 401 4.30 10.75 72.10 93.26 1545 1.3
C23 312 550 9.50 33.91 45.45 1451 11
C24 313 5.70 11.50 172.17 54.91 1543 1.3
f C25 200 6.0 13.00 73.91 33.33 1004 1.2
C26 520 5.00 10.00 352.17 104.00 2669 1.6
C27 290 5.40 10.75 152.17 53.70 1460 1.4
C28 256 6.75 13.50 9.87 37.93 1780 1.5
g C29 125 5.60 11.50 8.70 22.32 641 14
C30 132 6.20 13.25 14.78 21.29 686 1.6

4.2.1 Mode of Failureand L oad-Displacement Relation

The crack paths and failure modes and the load versus displacement curves of

the tested column specimens areillustrated in Figs. (4.1 - 4.7) respectively.

Group (a) consists of seven unstrengthened column specimens [C1 to C7].
The columns [C1, C3, C4, and C5] have the same failure mode approximately,
damage appeared at the bottom end of the specimens when the ultimate load
reached (317, 115, 425, and 320) kN respectively as a compression failure with an
axial displacement of (9, 8, 7.5, and 7.25 mm respectively and a lateral
displacement of (0, 10.25, 10.5, and 11) mm respectively. The columns [C2 and
C6] have the same failure mode as well, failing in compression at the top end of
the specimens with cover deterioration when the ultimate load reached (233 and
450) kKN. They recorded an axial displacement of (8.5 and 7) mm and a lateral
displacement of (11 and 10.25) mm. Finaly, the column [C7] faled in
compression at the middle part of the specimen at the compression side with the

81



Chapter Four Results & Discussion

appearance of small cracks along the column surface with an ultimate load of 304
kN and an axial and alateral displacement of (6.75 and 9.5) mm.

Figure 4.1 Mode Failure and Cracks Pattern for Group a
References columns.
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500 - —=C1
450 - =
400 - —A—C4
350 - ——C5
=> ——Cb6
S 0.
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Figure 4.2 Load-Displacement Curve for Group a
References columns.

Group (b) consists of four strengthened HPFRC column specimens [C8 to
C11]. The honeycomb defect ratio of these specimens was 0%. The failure of the
column specimens was caused by cracks that ran horizontally along the height of
the column and cracks that ran diagonally at the extremities of the effective length
of the specimens. Failure started with the appearance of microscopic cracks on the
surface of the HPFRC jacket, and it proceeded with the deterioration of the column
substrate. Finally, the failure of the specimens occurred as a result of the

compression of the material. The ultimate load of specimens [C8, C9, C10, and
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C11] were (295, 199, 315, and 290) kN, respectively. Moreover, they recorded an
axia displacement of (6.3, 5.75, 4.7, and 5.5) mm, respectively, and a lateral
displacement of (11, 10.25, 9.5, and 9) mm. The specimen C10 gained the highest
load capacity due to the strengthening with HPFRC in comparison with the

reference C3.

350 -
300 -
250 -
200 -
150 -
100 -
50 -

Load (kN)

C8

C9

C10

C11

350 -
300 -
250 -
200 -
150 -
100 -
50 -

Load (kN)

4 6 8
Lateral Displacement (mm)

10

12

C8

C9

C10

Cl1

Figure 4.3 Load-Displacement Curve for Group b 0% Defect

Ratio.
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C10 Cl1
Figure 4.4 Mode Failure and Cracks Pettern for Group b 0%
Defect Ratio.

Group (c) consists of four strengthened HPFRC column specimens [C12 to
C15]. The honeycomb defect ratio of these specimens was 35%, represented by
foam material. The column [C12] failed locally by compression at the upper part of
the specimens at the compression side without detachment of the new HPFRC
layer, accompanied by small cracks that were checked by visible eye. The ultimate
load capacity was 230 kN and the axial and lateral displacement were of (6 and 12)
mm. The column specimen [C13], the first crack started at the bottom of the
specimen and the number of cracks started increasing gradually. Up to 90% of the
maximum load-carrying capacity was loaded, the outside of the jacket developed
warning indicators before collapse. The ultimate load capacity was 140 kN, and the
axial and alateral displacement of (5 and 11.5) mm. A similar pattern of group (b)
was observed in the column specimen [C14].
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Figure 4.5 Mode Failure and Cracks Pattern for Group ¢ 35%

Defect Ratio Foam.
350 - . C12
300 - 23
C13
250 T .
£ 200 - . C14
B 150 - a4 = C15
- . A m B a
100 - A
A A
50 | * AR
AR
0 . T T T
0 2 4 6
Axial Displacement (mm)
350 - V ee c12
300 - ¢
¢ c13
250 -
= .
< 200 - = Cl14
IS AAA
8 150 - ot Laat . c15
- A'm B L
100 - A
501 egpa £
att
0 ._ T T T T T T 1
0 2 4 6 8 10 12 14
Lateral Displacement (mm)

Figure 4.6 Load-Displacement Curve for Group ¢ 35% Defect

Ratio.
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The HPFRC jackets and concrete substrate developed vertical cracks in the area of
the honeycomb fault on top of the column specimen [C15] when its resistance
reached its maximum value of 194 kN and maximum axial and lateral
displacement of (5.3 and 9.75 mm. Therefore, the main failure mode of this

column was shearing failure.

Group (d) consists of four strengthened HPFRC column specimens [C16 to
C19]. The honeycomb defect ratio of these specimens was 70%, represented by
foam material. The columns [C16 and C17] exhibited failure by compression and
spalling of the concrete at both ends. The specimens failed because of vertical and
horizontal cracks along the height of the column on both sides. Failure started with
the appearance of microscopic cracks on the surface of the HPFRC jacket and then
progressed to the substrate layer. Then, the specimens failed due to compression.
According to the test results, they recorded an ultimate load of (215 and 125) kN,
an axia displacement of (6 and 6.25) mm, respectively, and alateral displacement
of (11 and 10.5) mm. The damage to column [C18] appeared at the bottom end of
the specimen. The steel of the stirrups started to yield, and cracks were initiated by
increasing the compressive load. Then, the vertical reinforcement started to buckle
and yield at the ultimate load of 401 kN. This column recorded the highest load
capacity in this group in comparison to reference [C2] due to the effect of
eccentricity (50 mm) and the strengthening thickness (30 mm). On the contrary,
the column [C19], failed at the upper end of the specimen compressively with the
appearance of small cracks on the surface of the column as well as deteriorated the
cover of the column until reaching the maximum load of 250 kN with a maximum

axial and lateral displacement of (5 and 9) mm.

87



Chapter Four Results & Discussion

C16 C17 C18 C19

Figure 4.7 Mode Failure and Cracks Pattern for Group d 70% Defect
Ratio Foam.
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Figure 4.8 Load-Displacement Curve for Group d 70% Defect
Ratio.
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Group (e) consists of four strengthened HPFRC column specimens [C20 to
C23]. The honeycomb defect ratio of these specimens was 70%, represented by
foam materia such as in groups (¢ and d). The column [C20] exhibited the same
mode failure of specimens [C16 and C17] but the difference in the gaining of
ultimate load, where recorded of 335 kN and maximum axial and lateral
displacement of (5.75 and 12.5) mm. The column [C21] exhibited failure at aload
value above that of the control column. Upon the initiation of cracks on both sides
of the upper base at the front and back, the ultimate load was 270 kN, and the
concrete substrate displayed diagonal shear cracks in the top and bottom portion of
the honeycomb defect zone of the column upon reaching the maximum failure
load. Consequently, the primary mechanism of failure for this column was shear
failure. The columns [C22 and C23] failed at the end-top of the column at the
compression zone due to the stresses focused in this section, with visible cracks
appearing paralel to the column axis on the outer surface of the column.

Eventually, crushing the concrete and steel achieved the yield strain.

C20

Figure 4.9 Mode Failure and Cracks Pattern for Group e 70%
Defect Ratio Foam.
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Figure 4.10 L oad-Displacement Curve for Group e 70% Defect
Ratio.

Group (f) consists of four strengthened HPFRC column specimens [C24 to
C27]. The honeycomb defect ratio of these specimens was 70%, represented by
weak-strength concrete. The failure of columns [C24, C25, and C26] strengthened
only with a HPFRC jacket occurred by vertical cracks along the height of the
column. failure began with emerging small cracks on the surface of the HPFRC
jacket and then continued by the rupturing of the substrate. The location of the
substrate rupture in most of the specimens occurred around the end-height of the
specimens. started to fail after the failure of the HPFRC jacket with some vertica
and diagonal cracks, and the failure of the specimens happened due to the crushing.
The maximum load of these specimens was recorded (313, 200, and 520) kKN with
an axial and lateral displacement of (5.7, 6, and 5) mm respectively, and (11.5, 13,
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and 10) mm respectively. The column [C26] gained the largest load capacity in
comparison to the reference C3. The column [C27] falled mainly due to
compression failure. The cracks were propagated above the lower corbel, in which
crushing of large portions of the concrete cover on the compression side occurred

with notice before fallure.

550 -
200 C24
450 -
400 - €25
= 350 -
=z
< 300 - ——C26
@ 388 1 e C27
- - = e
150 -
100 -
50
0 .
0 2 4 6 8
Axia Displacement (mm)
550 -
200 | C24
450 -
400 - ==C25
= 350 -
=z
£ 300 - ——C26
B 250 -
S 200 - =21
150 -
100 -
50 -
0 T T T T T T 1
0 2 4 6 8 10 12 14
Lateral Displacement (mm)

Figure 4.11 L oad-Displacement Curve for Group f 70% Defect
Ratio.

91



Chapter Four Results & Discussion

c24 C25 C26 c27
Figure 4.12 Mode Failure and Cracks Peattern for Group f 70%
Defect Ratio WSC.

Group (g) consists of three strengthened CFRP column specimens [C28 to
C30]. For the column specimens [C28, C29, and C30] strengthened with CFRP
sheets, snapping sounds were heard before the ultimate failure, revealing the
rupture of CFRP composites. This type of failure was explosive but not sudden,
and the CFRP composites failed due to the expanded concrete. According to the
results, these column specimens recorded the ultimate load of (256, 125, and 132)
KN, respectively, with an axial and lateral displacement of (6.75, 5.6, and 6.2) mm
and (13.5, 11.5, and 13.25) mm, respectively.

In generd, the effect of fibers in tested columns makes the crack extension slower
and the specimen still maintains greater rigidity. Tensile cracks propagated with an
increase of applied load.
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C28 C29 C30
Figure 4.13 Mode Failure and Cracks Pattern for Group g
70% Defect Ratio.
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Figure 4.14 L oad-Displacement Curve for Group g 70% Defect
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4.3 Discussion of Experimental Results
4.3.1 Load-Displacement Relationships

As described above, the strengthened columns proved an increase in the load-
carrying capacity, ductility, stiffness, and toughness. The full casting scheme using
HPFRC jacketing was more effective than bonding laminates. The slope of
strengthened columns is higher than that of the control specimen at different
eccentricities. It was found that the |oad-displacement response was bilinear up to
the ultimate load and could be divided into uncracked and cracked stages. All
specimens showed the same behavior in the uncracked stage, while the post-

cracking behavior appeared to be different.

As can be seen the loading to axial and lateral displacement for the reference
columns, HPFRC jacketed columns led to the ductile behavior of the strengthened
columns as a result of the presence sted fibers. It can be seen that the load-lateral
displacement curve behaved linearly from the initia loading up to the maximum
load; this stage increased with increasing HPFRC jackets.

The post-peak region became more obvious with increasing the eccentricity as the
flexural behaviors govern in the columns. The lateral deflection is decreased with
increasing HPFRC thickness. The strengthened specimens exhibited much stiffer
responses and lower deflection than the control specimen. The results show that
increasing the thickness of HPFRC jacketing causes a decrease in displacements at

the same load.

4.3.2 Axial Load Capacity

The ultimate load and the corresponding displacement for all specimens are
summarized in Table (4.1). From this table, it can be seen that for all the specimens
strengthening with HPFRC, the load ratio P./Py, is always larger than one. Results
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show that the gain in column strength decreased with a nomina increase in
eccentricity. The full casting that used a HPFRC jacket was highly effective as a
strengthening scheme. The thickness of the HPFRC jackets moderately improved
the efficiency of strengthening columns. The gain in strength of strengthened
columns is proportional to the thickness of the HPFRC jacket. This was also
confirmed by authors [58-59]. As shown in Table (4.1), increasing the thickness of
the HPFRC jacket from 15 mm to 30 mm with 0.00 % honeycomb defect ratio (C8
and C10) resulted in an increase in gain of column strength from 156.2% to
173.91%, and for specimens (C9 and C11) increase in gain of column strength
ranged from 73.04% to 152. 17%. Moreover, the specimens with a 35 %
honeycomb defect ratio (C12 and C14) resulted in an increase in gain of column
strength from 100% to 186.96%, and for specimens (C13 and C15) an increase in
gain of column strength from 21.74% to 68.7%. Meanwhile, the gain in strength
for specimens (C16 and C20) with a 70 % honeycomb defect ratio increased from
86.96% to 191.3%, respectively. In addition, the results indicated that the load
capacity of strengthened columns with HPFRC laminates on 4-sides was higher
than that of strengthened columns with HPFRC laminate on both tension and
compression sides. The improvement in column strength is attributed to the
increased thickness of the UHPFC jacketing, which results in an increase in the
cross-sectional dimensions, as well as higher mechanical properties (compressive
and tensile strengths) of HPFRC as a result of the presence of steel fiber. The
roughening of the column surface improves the bond strength between the column
core and HPFRC layers, leading to a higher increase in column strength. The
gaining strength of the strengthening column specimens is shown in Figs. (4-14 to
4.19).
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4.3.3 Ductility I ndex

Ductility is defined as the measure of a materia's capacity to undergo plastic
deformation before fracture, and for a column subjected to an axia load, it is a
measure of how much loss of load-carrying capacity occurs under increasing axial
deformation once the cover region begins to fail. The ductility index is associated
with the material's ability to stretch or elongate, while stiffness is related to the
material's resistance to bending or flexing. The ductility of the tested columns was
computed using the approach developed by considering a displacement ductility
ratio as an index; these approaches were proposed by [65]. They defined the
displacement ductility as the ratio between the displacement at peak load (Au) and
the yield displacement (Ay), as presented in Fig. (4.20). The notiona yield
displacement (Ay) is defined as the intersection of a line passing through a point on
the |oad-displacement curve corresponding to 75% of the maximum applied load
on the specimen (0.75Pu) extended to intersect with the horizontal line at (Pu). The
displacement ductility index (Ap) can be calculated according to the equation
below.

ultimate load

Ay AU

Displacement

Figure 4.21 Determination Procedures of Column Ductility Displacement.
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The results of the ductility index of columns are listed in Table (4.2) and Figs.
(4.21 - 4.26)

Table 4.2 Ductility index of column specimens.

Group Column ID Aymm  Aumm Au
Cl 7.95 9.00 1.13
C2 6.50 8.50 1.31
Group a C3 7.85 8.00 1.02
C4 5.92 7.50 1.27
C5 5.20 7.25 1.39
C6 3.95 7.00 1.77
C7 6.50 6.75 1.04
C8 5.00 6.30 1.26
Group b C9 4.65 5.75 1.24
C10 4.20 4.70 1.12
C1l1 5.20 5.50 1.06
C12 5.20 6.00 1.15
C13 3.00 5.00 1.67
Group ¢ Ci4 3.50 4.60 1.31
C15 3.03 5.30 1.75
C16 5.50 6.00 1.09
Groupd C17 2.95 6.25 212
C18 3.70 5.30 1.43
C19 3.78 5.50 1.46
C20 4.40 5.75 1.31
Group e c21 3.20 4.80 1.50
C22 3.35 4.30 1.28
C23 4.40 5.00 1.14
C24 4.37 5.70 1.30
Group f C25 5.00 6.00 1.20
C26 3.13 5.00 1.60
C27 3.74 5.40 1.44
Cc28 4.50 6.75 1.50
Group g C29 4.00 5.60 1.40
C30 3.95 6.20 1.57

The results showed that increasing (the thickness, and the number of sides) of the
HPFRC jacket improves ductility because the HPFRC-contented steel fibers
enhance the ductility, prevent sudden failure, and delay the appearance of cracksin
columns.,
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Figure 4.22 Gaining in Ductility for Group b.
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Figure 4.23 Gaining in Ductility for Group c.
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Figure 4.24 Gaining in Ductility for Group d.
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Figure 4.25 Gaining in Ductility for Group e.
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Figure 4.26 Gaining in Ductility for Group g.
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Figure 4.27 Gaining in Ductility for Group f.
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4.3.4 Stiffness

Stiffness is defined as the resistance of a column to elastic deformation when
the load is applied. Technicaly, the greater of the modulus of elasticity for an
elastic solid, the greater its stiffness. In the last decade, various displacement-
based design (DBD) approaches have been proposed to better control the
displacements of structures during earthquakes and thereby enable performance-
based seismic design proposed two procedures to determine the stiffness of
reinforced concrete columns, that are commonly utilized secant stiffness (Ks) and
initial stiffness (Kin). Secant stiffness of RC columns, which is also called
effective stiffness is defined as the ratio of the maximum applied load on the
specimen (Pu), to the maximum displacement (Ay). Initial stiffness is determined
by a simple approach, in which a secant passing through a point on the load-
displacement envel ope corresponding to 70% of the maximum applied load on the
specimen (0.7Pu) is extended to intersect with the horizontal line at (Pu).

The results of the secant and initia stiffness columns are shown in Table (4.3)
and Figs. (4.27 — 4.32). It showed that the increase in the thickness of the HPFRC
jacketing and the number of strengthening sides led to an increase in the initial
stiffness and the secant stiffness due to an increase in the size of columns,
improvement in the modules of elasticity, which led to the reduction of cracks and
increased the stiffness of columns,
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Table 4.3 Stiffness of column specimens.

Secant stiffness (Ks)

Group Column ID
(II(D ’l\J|) Ay KskN/mm
mm
C1 317 9.00 35.22
Cc2 233 8.50 27.41
C3 115 8.00 14.38
a C4 425 7.50 56.67
C5 320 7.25 44.14
C6 450 7.00 64.29
Cc7 304 6.75 45.04
Cc8 295 6.3 46.83
c C9 199 5.75 34.61
C10 315 4,70 67.02
Cl1 290 5.50 52.73
C12 230 6.00 38.33
C13 140 5.00 28.00
b Cl14 330 4.60 71.74
C15 194 5.30 36.60
C16 215 6.00 35.83
d C17 125 6.25 20.00
C18 401 5.30 75.66
C19 312 5.00 62.40
C20 335 5.75 58.26
Cc21 270 4.80 56.25
e Cc22 401 4.30 93.26
C23 250 5.50 45.45
C24 313 5.70 54.91
f C25 200 6.00 33.33
C26 520 5.00 104.00
Cc27 290 5.40 53.70
Cc28 256 6.75 37.93
g C29 125 5.60 22.32
C30 132 6.20 21.29
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Figure 4.28 Gaining in stiffness for group b.
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Figure 4.29 Gaining in Stiffness for Group c.
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Figure 4.30 Gaining in Stiffness for Group d.
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Figure 4.32 Gaining in Stiffness for Group f.
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Figure 4.33 Gaining in Stiffness for Group g.
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The stiffness of strengthened columns is higher than that of the control
specimens. The percentage of gain in stiffness is inversely proportional to the
eccentricity ratio (e/t). The thickness of HPFRC jackets has an eminent effect on
the percentage of gain in stiffness. A comparison of the result of strengthened
columns specimens clarified that increasing the thickness of the HPFRC jacket
from 15 mm to 30 mm with 0.00 % honeycomb defect ratio (C8 and C10) resulted
in an increase in gain of column stiffness from 225.74% to 366.23%, and for
specimens (C9 and C11) increase in gain of column stiffness from 140.76% to
266.80%. Moreover, the specimens with 35 % honeycomb defect ratio (C12 and
C14) resulted in an increase in gain of column stiffness from 166.67% to 399.05%,
and for specimens (C13 and C15) increase in gain of column stiffness from
94.78% to 154.63%. While the gain in stiffness for specimens (C16 and C20) with
70 % honeycomb defect ratio increased from 149.28% to 305.29%, respectively.
Moreover, the values of the stiffness increase with the increase of the size of the
treated honeycomb because the ultimate strength increases when the honeycombed

specimens are treated with materials of high strength, as mentioned in (chapter 3).

4.3.5 Toughness

Toughness is the ability of a column to absorb energy without rupture.
Toughness is the area under the load-deflection curve until the maximum load is
reached. which represents the energy absorption of the concrete column that could
be sustained before a significant decrease in the load bearing capacity can be
recorded. The thickness of the jacket and the number of strengthening sides
increased the energy absorption capacity of the column specimens. The result of
the toughness of columns tested was shown in Figs. (4.33 — 4.38). The toughness
factor (TF) is the ratio of the toughness of strengthened columns to that of un-

strengthened columns or the control specimen. The T.F of strengthened columnsis
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higher than that of the control specimens. The TF of strengthened columns with
full casting using HPFRC jackets is higher than that of strengthened columns that
used bonding laminates. HPFRC thickness and strengthening scheme had a great
effect on the T.F of test specimens. A comparison of the result of strengthened
columns specimens clarified that increasing the thickness of the HPFRC jacket
from 15 mm to 30 mm with 0.00 % honeycomb defect ratio (C8 and C10) resulted
in an increase in the gain of column T.F from 1.57 to 1.62 and for specimens (C9
and C11) increase in the gain of column T.F from 1.24 to 1.44. Moreover, the
specimens with 35 % honeycomb defect ratio (C12 and C14) resulted in an
increase in the gain of column T.F from 1.47 to 1.76 and for specimens (C13 and
C15) an increase in gain of column T.F from 0.96 to 1.2. While the gain in
stiffness for specimens (C16 and C20) with 70 % honeycomb defect ratio
increased from 1.27 to 2.23.

1.5 1
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Figure 4.34 Toughness Factor for Group b.
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Figure 4.35 Toughness Factor for Group c.
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Figure 4.36 Toughness Factor for Group d.
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Figure 4.37 Toughness Factor for Group e.
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Figure 4.38 Toughness Factor for Group f.

15

= C28
uC29

0.5 - uC30

Toughness Factor

Strengthend specimens

Figure 4.39 Toughness Factor for Group g.

4.3.6 Effect of Side Numbers of Strengthening and Jacket Thickness on Load
Carrying Capacity of RC Columns

This section investigated the number of strengthening faces (two or four) and
the jacket thickness (15 or 30) mm. The designation of specimens is used such that
the first number indicates the strengthening face and the second number indicates
the jacket thickness of HPFRC layers.

Table (4.1) illustrates the effect of increasing the number of strengthening
faces and the jacket thickness on the behavior of strengthened concrete columns

with HPFRC jackets. It can be seen from this table that when all other parameters
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are the same, the increase in the number of strengthening faces (from two sides to
4 sides) and jacket thickness (from 15 mm to 30 mm) leads to a greater increase in
ultimate strength and enhancement of the corresponding displacement of the
strengthened columns with HPFRC jackets.

Fig. (4.40) shows the effect on ultimate strength; it can be seen that the gain
in ultimate strength increases with the increase of strengthening face and jacket
thickness. It increased by about (73.04% and 152.17) for columns that
strengthened from two-facing and about (156.52% and 173.91%) for columns
strengthened from four-facing with HPFRC jacket thickness (15 mm and 35 mm)
respectively compared with the control specimen. This occurs because of the
enlargement of the section size and the increased compressive strength of HPFRC,
which causes a decrease in the neutra axis of stresses and increases the

compression area of the column section.
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Figure 4.40 Effect of Strengthening face and Jacket
Thickness on Load capacity.
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4.3.7 Effect of CFRP on Load Carrying Capacity of RC Columns

The experimental results of columns wrapped with one layer of CFRP are
presented in Table (4.1). Three columns were tested for failure under eccentric
loading with different eccentricities. Column C28 was tested under an eccentric 50
mm loading with a honeycomb defect ratio of 70% represented by the foam
material while, columns C29 and C30 were tested under an eccentric 100 mm
loading with a honeycomb defect ratio of 70% represented by the foam materia
and WSC, respectively.

The results showed that the CFRP-wrapped layers are improving the load-
carrying capacity of the strengthened specimens in comparison to the control
specimen. The load-carrying capacity was increased by (8.70%, 9.87%, and
14.78%) for the specimens (C28:C30) related to the control specimen as shown in
Fig. (4.20). The CFRP warping enhanced the performance of the columns by
increasing the column ductility. On the other hand, the effectiveness of CFRP
wrapped layer was lower than the UHPCFRC jacketing in strengthening the

honeycomb-damaged columns.
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Chapter Five: Conclusions & Recommendations

5.1 Summary

This thesis presents an experimental study on the strengthening of RC columns by
HPFRC under eccentric loadings under the effect of honeycomb failure. The
experimental program consisted of thirty RC columns. Twenty columns were
strengthened with HPFRC, and three columns were strengthened with CFRP.
While seven of them are unstrengthened as control. All columns have a sguare
cross-section of 120 x 120 mm, whereas their height, including corbel heads, is
950 mm. The dimensions of the top and bottom corbels are 100 x 120 x 200 mm.
The columns are reinforced with 4 @10 as longitudinal reinforcement and ¥8 mm
bars stirrups spaced at 100 mm spacing. Several variables, such as eccentricity
ratio (eft), the thickness of the strengthening layer, the honeycomb ratio, and

strengthening schemes, are considered.

5.2 Conclusion

The following findings can be extracted from experimental investigations.

1. The HPFRC technique provides an effective technique for strengthening RC
columns under eccentric loadings.

2. Full casting with HPFRC jacketing schemes was more effective than
laminate schemes.

3. The HPFRC thickness has a significant influence on the amount of gain in
axial load capacity, ductility, stiffness, and toughness of strengthened
columns. Increasing the HPFRC thickness from 15 mm to 30 mm with a 100
mm eccentricity ratio (C12 and C14) resulted in an increase in stiffness from
38.33t0 71.74 kN/mm and in TF from 1.47 to 1.76.
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4. HPFRC was significant in enhancing the load capacity and ductility for the
strengthening columns. 156.2%, 173.91%, and 186.96% are the gain of axid
load for columns C8, C10 and C14 which were tested under eccentric
loadings.

5. For UHPRFC jackets, the better roughening of the column surface and the
bond between the HPFRC mixture and column surface must be ensured to
achieve the suitable strength of the strengthening columns.

6. HPFRC jacketing is more efficient under eccentric axial loads for four faces
than for two faces with the same strengthening thickness.

7. Thefibers had an effective role in delaying the appearance of cracks because
of their work as a bridge that prevents the cracks and then enhances the
ductility.

8. All treated specimens of RC columns failed locally and had pure
compression and crushing failures. Furthermore, the failure location
indicates that it was not within the treated area.

9. The experimenta results showed that the strength of the treated columns
has been fully restored, and exceeds the strength of the control column based
on the honeycomb defect's shape, size, and location.

10. It was observed that the stiffness and ductility index of the rehabilitated
honeycombed columns were too much affected by the presence of the
honeycombed zone inside the columns, therefore, the reliance on the
stiffness and ductility index, as often adopted when load testing is used, as
an aid in assessment work can lead to safe assessment results because it
supports and clearly shows the behavior of specimens.

11. The column strengthened with HPFRC Showed more effectiveness than
CFRPin load capacity, ductility and stiffness but inversaly in cost.
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5.3 Recommendation

The following recommendations are suggested for future experimenta and

numerical work.

1. Behavior of Strengthened RC Columns using HPFRC under lateral loads.

2. Strengthening of Slender RC Columns using HPFRC under Concentric and
Eccentric Loading.

3. Strengthening of fire exposure RC Columns using HPFRC.

4. Studying the strengthening of columns after being loaded to represent the
column conditionin red life.

5. Studying the behavior of the circular cross-section area columns

strengthening with HPFRC under different load conditions.
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Appendix A

Material Properties

A.l. Data Sheet of Quartz Sand
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TWA (respr- | Smgim3 OSHA Z1

TWA (Total | 10 mgwm3 OSHARD

TWA (respr- | 5mgin3 OSHA PO

TWA (Res- 1 mgim3 ACGIH
pirable par- | (Auminum)

The abave constituents are the only consatuents of e procuct which have a PEL. TLV ar ather rec-
ommendad exposure Imid. Al thes tme, the othey conatifuents harve no knoan expesure limits
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Visoasity
Vicosity, dyramic ¢ No dama available
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SECTION 10. STABALITY AND REACTWITY
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Chemical stabibty : The product is chemically stable,
r:“s:blny of hazardous reace  © Stable under recommended storage condnons
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Skin corrasiontirritation
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Serous eye damage/eye irritation
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Skin sensitzation
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Respiratory sensitizatbon
Not classfied based on available information.

Germ cell mutagenicity
Not classNed based an avadlabie iInformation.

Carcinogenicty

Mary Gause cancer by inhaation.

IARC Graup 1. Cacinoganic 16 humans
Quartz (S102) 14808-80-7
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OSHA DSHA specifically regulated carcinogen
Quartz (S102) 14808-80.7
|crystaline =ilica)
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Reproductive toxicity

Nol classified based on available informanon.

STOT-single exposure
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Aspiration toxicity

Not classfied based an avallable Information
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Mobility in soil
No data available

Other adverse effecis

Product:

Adcibonal ecoiogcal infor- Do not empty Inlo drans; dispose of this material and its con-
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SECTION 13. DISPOSAL CONSIDERATIONS

Disposal methods
Waste from resiaues Diposa of s procuct, solutions and &y by-products should
ot all times camply with the requirements of ermaronmental

protection and waste cisposal legisiation and anmy regonal
local authority reguiremeants.

Contaminated packaging Emply cortaners shoukd be taken 10 an approved waste han-
diing site for recycing or disposal

SECTION 14. TRANSPORT INFORMATION

International Regulations

IATA.DGR
Not regulated as a dangerous good

IMDG-Code
Not regulated as & dangarncus good

Domestic regulation

43 CFR
Nt requiated as @ dangerus gocd

SECTION 16. REGULATORY INFORMATION

TSCA list o Al chamical substances i this product are ether ksted an the
TSCA Inventary or are in complance wih a TSCA Inventary
exerplion.

CERCLA Reportable Quantity

This matenal does not cortain any components with a CERCLA RQ,

SARA 304 Extremely Hazardous Substances Reportable Quantity

This maternal doss not cortain aryy camponents with & section 304 ENS RQ
SARA 302 Extremwly Hazardous Substances Thrashold Planning Quantity
This matarial doss not contsin ary componants with & section 302 EHS TPQ

SARA 311312 Mazards Carcnogencity
Spacilic targal ongan 1exicity (Sngia of repeated exposurs)

e/
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SARA 313 The folioaing camponents are Subject 10 reporting levels as.
tablshad by SARA Title lIl. Saction 313:
auminium oxide  1344-28-1 »=1-<5%
Clean Air Act

This product does not contain 1y hazardous ar polutants (AP}, a3 defined bry (ha U.S. Clean Ar
Al Section 112 (40 CFR 61),
California Prop, 65

A WARNING: Thes procduct can expase you to chemicals incloding Quartz (S102) >5pm, waich & knaan
to the State of Caiifornia b cause cancer For more réarmation 0o o ww PESWarnings. ca gov.

SECTION 16. OTHER INFORMATION

Full text of other abbreviations

ACGIHH USA ACGIH Threshold Limit Vaues (TLV)

OSHA CARC . OSHA Spacfically Reguiated Chemicais/Caranogens

OSHA PO ¢ USA. Tabde Z-1-A Limdds for Air Cortaminants (1389 vacaled
valueas)

OSHA 21 USA Qeocupational Expasume Limits (OSHA) - Tabke 2-1 Lim-
its for Air Contarmmants

OSHA Z.3 USA. Cecupational Expasure Limes (OSHA) - Tabie Z-3 Mn-
aral Dusls

ACGIH / TWA 8-hour, time-weighted aversge

OS5HA CARC /! PEL Permissibie expasure Imit (PEL)

OSHA PO/ TWA 8-hour time weighted Gverage

OSHA Z-7 1 TWA . &hour tme weghted average

OSHA 2.3/ TWA &.hour tme weighted average

Notes to Reader

The information cantaned n ths Safety Data Sheet apphes anly %0 the actual Ska Corparaton
("Sika®) product idermfied and descnbad nerain, Ths Bfomation is not nendad 10 aodress, no
does & address the use or application of the identfied Sika product in combinalion with arvy other
manenal, product of process, Al of the nlormation set fomh heren s based on technical dats re-
garding the identified product that Ska believes to be refiable 55 of the date hereo. Priar 1o each
use of any Sika product, the user must alviyys read and foflow the wasnings and instructions on
the produdt's current Product Dats Sheet, product label and Safety Data Sheet for each Sika
product. whsch sre avaiatie al web site and'or balaphons number sted i Section 1 of this SDS.

BIKA MAXKES NO WARRANTIES EXFRESS OR IMPLIED AND ASSUMES NO LIABILITY
ARISING FROM THIS INFORMATION OR ITS USE SIKA SHALL NOT BE LIWBLE UNDER
ANY LEGAL THEORY FOR SPECIAL OR CONSEQUENTIAL DAMAGES AND SHALL NOT BE
RESPONSIBLE FOR THE USE CF THIS PRODUCT IN A MANNER TO INFRINGE ON ANY
PATENT QR ANY OTHER INTELLECTUAL PROPERTY RIGHTS HELD BY OTHERS

Al sales of Ska products are subject to its current terms and conditions of sale avallable at
www_sikausa com or 201.833-8800.

Revision Date 08162022

w'n
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Safely Data Sheet
Sikadur®-504 Aggregate

Rerasion Oate 08162022

Print Date 0&'168/2022
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A.2. Data Sheet of Silica Fume

Construction Chemicals

<LWixp MegaAdd MS(D)

Densified Microsliica

k. A

OESCRIPTION MegaAdd MS|0) s 0 sory Tno pozzolanic, reody to use Ngh performancs minersd
2adisve 4o o in concrote. It acts physcally 1o oplimize parsclo packing of he concrate
QOO Isre and chemicaly 0.2 higney reactive pozaoian.
NogaAdd NMB(D) 1 oorloc with wpter. goos Imo solLON wWilthin on houre Tre sloa in
LSOO fora an amonphous hoa foh, oaoum por gal on o suface of the slica
fume partdes und eggiorrwrates. After time the alicn och cuicom poce coutng
csaobwes ard the agglemendes of shica fuve react with has e (CaOH | %0 form
COROUIN SACALE vy 005 | CBH). THS 15 THo PDOZZ0SNI0 (o 101 10 Comentiious system

STANDARDS ASTM U240

uses MegsAdd MI(D) can be wused 0 a vaney of applcasons such ss conrwe, groes,
mortars, fore comant procucs, refraciony, oligas wisl comonts, coenmics, wasiomar,
Potymes sppications and ol Cemern seated products

ADVANTAGES + Hgh % uitra high stresgih
+ High resisance o ohiorides ond sullales
< Pronecion D8 st oorasion
v crensed duralsbly, Kogee servios M lor stocians
* Enhanced Meoogy, Control of Minkes Segrogaron ad Do
v Grosler resextances 10 cheericnby

TYPICAL PROPERTIES at 26°C
PROPERTY TEST METHOD vaLur
Stalw Amoeptous Sub-mican powder
Colour - Gy Lo mMaaSum griry powder
Spocific Gravity . WM
 Buik Dunaity - 500 10 700 kg’
Chamscal Reguirements
Sicon Dioxikdo {S90,} . M B5%
Moisture Content {H,0) > Maximm 3%
Loas on ignitice {LOY) - Maximem 0%
—;hydﬂl Muguerumants
Spoocifi Surface Area . Minirrm 15 m'ly
Pazzolanic Activity Indas, 7 days - Maximem Y05% of contro!
Over size particles retuined oo - Maximam 0%
45 mivron seve
COMPATIILITY MugaAdd MS(D) e s tubu o ume wilh ol bypseo ol osmet s
With Admictures

MegsAdd MS{D) » compastie 1o uee Wit ol ypos of walur moucng plesticlens ¢
SupsrplnsticEens and poly caoxylole bosed superplasticizer.

DOSAGE Tre noemal dosage of MegaAdd ME(D) is 5 - 8% by weipht of comant, bt 2oan be used
W10 10%. Eha iiats should De G e Out 30 GSIADRSN Tha O iemuIm 005a0e T0f e i 1o
L Ll sk 11 0 g0 i Wrs SR PENting on sppboaton.

Tochrunnl Datavhesy
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Construction Chemicals

AN
C

<X
v MegaAdd MS(D)
BATCHING Batch MegaAdd MK D] mio the conceeks mixar &nd mo oroughly with 1he ofher
mixum ingredients, adogting a procedune that ersures full dspersion of the product.
PACK SIZE 600 Kgs and 1200 Kgs Jurbobags
GENERAL INFORMATION SholfLite 12 morvhs fom date of manuaciumn when stored undor

warehouse condiBons In ongnal unepensd  packing,
Extrorss lomperaturs ! tumidty wery naducs sl 1o,

Cleaning Clean al equipmants and oois with water mmoedaioly atior
e
HEALTH and SAFETY FPE's Giowes, 00golea and sdlatie mesk mast bawoen,
Precactions Contact with skin, eyes, oic. must be avoidod
Hazard Reganded as non-hazarcous for ransportation
Disponsl Corot couss Begs. T b dhgposed off s per loca | rulees and

regulasons.
Additional lnformstion  RelerMSDS (Avadable onmequest )

TECHNICAL SERVCE CONMX Tachnical Services ar availabla on requast for 0nsids suppon to sasistin tha
correctuse of its prockacts.

ASA

Cutbtrucion Selutrpny TarAafirena

CAPE TOWWN JOHANAESS N0

Ten +27 (0487 231 0263 Tel +27 (0}82 786 8526

e 51 | Fromsay Pord T Muoghe Sxreet | Povone

Lygee Chrrrp Fid [ PAetsend | 7405 Aamgten Park | isberneatarg [ 1611

Coapm Yoot | Shnsth Alnvza South Ak

Emall infoOmeone 00 Za|www . msans 00 20
Commmx 110
onMex L v
AN A v St e g
W AT RN R A s o e, 1y
P RTTENEXR Far 971 LD
Emal coomeOonmo T W Cor oo
N hn Fm cootrmar & renporastslty b sy Sarmestens iy Ahech g s S oy et ettt doemeten i w8 smeard of B e of see The meemeee U e sals fed thrl fe
ket i wuthie by P e rdeeied Al ety e debe vhnmty. Hewwenr, Comese doo rod seward o pueserdes §9 tralaton of fw
ety on § dves sot hane arw cosiel wo oo et M b wator ard pervn bt S res " ~) L
oo ten T PR GG MRS W e 00 e ks Conae J of

Techmical Uatashoe!
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A.3. Data Sheet of Superplasticizer

PRODUCT DATA SHEET
Sika® ViscoCrete®-180 GS

Set retarding, high range water reducing & superplasticizing admixture

DESCRIPTION

Ska® VincoCrote®- 10D GY is » Yot retarding bigh rangs
water reducing & superplasticzing admixture for Con-
crotn B Morter utiliong Sika's ViscoCrute*'
rom:rocnm potymer technalogy ( 3rd Generation

USES

CHARACTERISTICS / ADVANTAGES

1. High watur reducbhon, realting in tegher cenuty,
highes strength and reduced permeability.

2, Easier and fyster pumging of concrete,

3. moreased workabdity and easer placeabiity.

4. Inoreased concrete durablity and sevfonmity.

% Bmducea and cracking.

6. Reduced rate of carbonation of the concrete.

1. High-purfarmance Concrate [HPC).
2. Flawing Concrete.
3. Durable Concrete,
4. Pumped Concrete.

PRODUCT INFORMATION

Componition Agqueous solution of modified polycarboxylates

Fackaging 1000 LTRs &C
20 hg Pail

Sneldf life 12 monttn fromn date of production @ stored propenly 0 undemeges un-

penad, arginel sealed peckagng.

Storage conditiors In dry CONAILons at temperatures between +5°C and +35°C. Frotect from
direct sundight, i regures recirculation when Held in storage for extended
periods

Appearance and colour Ught browsish

Specific gravity L0702 (0.02) glard

pH Value a.u

PROOVET SATA BeIET

s Yaselrwe® 183 W

Dwrw bt X0 L Ve b0

B3 WO O M

1/2
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TECHNICAL INFORMATION

Tha standand rulis of good cononting practios, concenmeng precuction and
placing, are to be followed. Laberatary trinh shall be carrind out belore
concreting on site, especiaily whan using a new mix desgn or producing
NawW CONCIEtR CaMPoNants. Froch concrato must be cured peopary and

(0.5 % - 2 % ) by weight of total cementitious materials.

SKa* ViscoCrete*-180 GS s odded to the gauging water or acded with it
into the concrete miver. To take advantage of the high water reduction, a
wet mixing time, which is depending or the mixng condtions and mixer
performance, of at feast 3 mins, par cubic meter after the acminture addi-
son i recommended, Sika® ViscoCrete*-180 G35 shall not be sdded ta dry

Sikn® ViscoCrete®- 180 GS con be used o corpunction with

AR admixtwres must be added separately. Trials are always recomm endled
before combining products . For additicnal information, please contact

Concreting guidance
ouring applied as early as possible.
APPLICATION INFORMATION
Recommended dosage
Dispeming
Corrent
Compatibility
L Sika*Aer
2. Sika ViscoFlow*
3. Sika* ViscoCrete®
A, SikaPlast*
5. Sika* Retarder 10
0. Sikal ser®
7. Sika® Plastocrete® NIQ
Sk technical personnel.
BASIS OF PRODUCT DATA

NI technical @ata ztated in this Froduct Data Sheet are
based cn laboratory tests, Actual measured data may
vary due to circumstances beyond cur control

IMPORTANT CONSIDERATIONS

1. Asutable mix desgn has to be taken Lo azcount.

2, Do not use Sike* VisceCrate ®-180 GS with naph-
thakene based admistures.

3. Cwer dosape of Ska® Yecotrete*-180 GS with excess
water wil cause -

s Increase inal entralnment

* Bleecing & Segregation,

* Exterd Initial & Final setting hme.

ECOLOGY, HEALTH AND SAFETY

Fer mformation and adwos on the safe hencling stor-
age and disposal of chemical products, users small
refer to the most recent Safety Dsta Sheet [SOS) con-
taiming physical, scological, toncologcs and other
sifery-related dats,

S req fke Trading LLCY

A [ Baghed / Bors

Tok #4577 834 TRATL
g vk can
Iy ofa ooy

PROOT SATA bate

Wt VanOwet 103 30
Nuswwdm: XU Yenew t2 21
21 L0000 R

2/2

LOCAL RESTRICTIONS

Please note that as 2 result of specific local reguiations
the declared data for this peoduct may vary from
country to coantry. Mease consult the local Product
Data Sheet for the eeact product data

LEGAL NOTES

The information, and, in prticular, the recommends-
ticns refating to the application and end wse of Ska
Prosacts, are guan in good fath based on Ska's cur-
rent knowlecge and expenence of the products when
properly stared, handed and applied ueder narmal
conditiors in accordance with Ska's recommends-
ticns. In practice, the dffarences in matarials, sub.
strates and actus site conditions are such thet no war-
ranty in raspect of merchantability ar of Stness for a
pRrticular purpone, nor any liablity aising out of any
legal relationshap whatsoever, can be inferred ether
fram ths Information, ar froes any weritten secam-
mendations, or from any other acvice offered. The
user of tho product must test the product’s suraddity
foc the imended apglication and purposs. Sika re-
serves the right to change the propesties of its
products. The propristary rights of third parties must
be cbserved. Al orders are sccepted subject to ouwr
current terms of sale and delivery, Users must always
refer to the most recent kssue of the local Product
Dats Sheet for the product congerned, copies of whick
will be supplied on regues:.

PhatocoCres PENEan 0 (12 200004 L ¥

BUILDING TRUST
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A .4. Data Sheet of CFRP

PRODUCT DATA SHEET
SikaWrap®-300 C

WOVEN UNIDIRECTIONAL CARBON FIBRE FABRIC, DESIGNED FOR
STRUCTURAL STRENGTHENING APPLICATIONS AS PART OF THE
SIKA® STRENGTHENING SYSTEM.

DESCRIPTION

SihaWrap™-300 C & a unidrecional wove carbon
fitre fabric with mid-range strengths, desgned for -
staliaton using the dry or wet appication prooess.

USES

SihkaWrap®-300 C miry only ba used by experienced

profesceals.

Structurdl strengthening of reinforced conorete, ma-

soney, beickwork and timber elements or structures, to

woroase fexual 3od shoar losdng tapacly for:

» Improved seemic peefermance of masonry wals
* Replacing missing steed reinforcement

* Increasing the strength and ductiiny of ooums

* Incrumsng the lasdi y of
» Enatiing charges in e / dmnnm nd ufubhb-
ment

* Correcting structural desipn and / or comatruction de-
fects

* INLrREGING (SISLAN R 10 Seismic Mmoverment

* Impeoving servce e and duratslity

= Structuwral upgrading to comply with current stand
wos

PRODUCT INFORMATION

CHARACTERISTICS / ADVANTAGES

* Multifercticnal fabric for use in meery diffurent
srergthening apelications

* Flexitile and accommodating to different surface
ot ant pe y |be columny, chermeys,
uln, wails, solms, ﬂlo‘ i)

* Lo density for minimal additional weght

* Dutremely cost effective in companson to tradtonsl
s rergthenieg techrinues

APPROVALS / STANDARDS

» Poland: Techeucal Appeoval ITB AT 15.5604/2041
Zestaw wyrobow S&a CarboDur do wemacrsania |
mAprae konstrukc)l betonowych

» Poland: Techrical Approval DDV Be AT/2008-03-
CRI6/1  Plaakaweike. pegly, kaztaltei : maty kom-
LOTYTOWE 00 WZMAcniania betonu o nazwie hind
fowey: Zestaw materistcw Siky CarkoDur® do wrmac-
miania kanstrukch obiektaw mostowych

* USA AO 440.7R-08, Guide for thw Design and con-
struction of Extermally Banded FRP Systams far
srergthening concrete structures, Mty 20028

= UK: Concrete Society Technical Report No. 55, Design
Buidance for NE cancrule STructures using
Tl composite mateciad, 2012

Constrection Fibre orlentation 0" |urvdirectional|
Warp Black carbon Poves 99 %
Weft Wrytte thermoplastic hest-set Sbres
1%
Fiire Type Selocted mid-range sLangih carbon fibres
Packaging Fabrc length per roll  Fabiric width
10 rolk in caranoard 250m 200 mm

A R A
4rollsin cardooard box 250 m
2 rollsin crdooxd box 250m

300 mm
600 mm_

Pordal Twin 1bons
ShaWrap” N0 C

ey 2211 et 3t
IZTOSCIIIIIDA0A: )
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Shelf life 24 morths from dete of production

Storage conaitions Store in undemsged, original sedled packsging, in dey conditions & temper-
atures between +5 "Cano +35°C.
Profuct from direct sunlight,
Dry Fibre Density L& glem?
m_yfmm (LlS’Imrn[nud_onﬁmmum
Area Density 304 g/m? 210 g/ (carbon Abres oniy)
Dry Fibre Tensile Strength 4 000 Nfmm? 050 10518)
owmmuwumm 730 000 N/ mem? 1150 106138|
§
Dry Fibre flongation at Sreak 17% 150 10613)
TECHNICAL INFORMATION
Laminate Nominal Thickness 0167 mm
Laeninate Nomsinal Crass Section 167 man! per m width
Laminate Tensile Strength Aversge  Characteristke |EN 2561%)
3 500 N/mm? 3 200 kN/mm? (ASTM D 30353%)
Laminate Modulus of Elasticity in Ten-  Average Oharactenstic {2581
o0 RSkNfm2 220 WN/met
Average Characteristic (ASTIM D 3009%)
220 kNfmm? 210 N/

Frnamh bty dmrmgie it M ree
ohuns by the borgiudew érection of 1o ey
00 ow . o om0 Lol BT TR seree

Laminate Elongation at Break in Tes 1 36 % [based on EX 2561)
sion 1595 {Bammd on ASTM D 3039)
Tensde Resistance Aversge  Cheracterstic |based on EN 2S61)
585 N/mm 534 N'mm (Emied on ASTIA D
3039)
Tennide Stiffness Average Characteristic |based on BN 2561
37.6 MN/m 36.7 MN/m
376 0N/m por Reslonga- 36,7 IN/m per %, elonga-
tion tion
Average (haractoriatic (sed noASTM D
BTN 3SAIMNm sas3)
6.7 kN/m per e elonge- 35,1 8N/m per % elonga-
tion ton
SYSTEM INFORMATION
System Structure The system buikd-up snd corfiguration s described must be fuly complied
with and may not be chanpsd.

Concrete substrate adheswve primer  Shaduwr*.330 )
Impregnating / lamenatng resin Shadur* 330 or Skadurt 200
Stractural streegitwrrng fabric ShaWrsp®-300C

For detaied informaticn on Sikadur® 330 or Skadur*. 300, togother with
the resin and fatwic appication detalls, please refer to the Sikadur®-330 or
Sikacur*.300 Product Data Sheet and the relevant Methed Statement.

Pradact Tuss Shaes

SrWrap” M0 C
Sy JILY. eyt (O 1T
IO 0INIENe ] |
v
2/4 BUILDING TRUST
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APPLICATION INFORMATION

Consumption Dry application with Siadur®-330
First loyer including primer leyet  10-1.5 3g/m?
Following kayers 0.8 kg/mni
Wet application with Sikadur*.300, primer Sikadur®.330
Primer layer 0A-D6%kg/m?
Fabric layers 06 kgfm?
Please also refer to the relevant Method Statement for farther informa-
tion
APPLICATION INSTRUCTIONS manisl dry application (Ref. 350 4102, Sikairag®

SUBSTRATE QUALITY

Minimum subistrate tersile strength: 1.0 N/mm? or as
specified in the strengthening design.

Prase alsa refer 1o e rebevirt Method Statement for
further information.

SUBSTRATE FREPARATION

Concrete must be cleaned ana prepared to adhieve o
Bitance snd cantaminant free, open textured suface,
Please also refer to the relevant Method Statement for
further information

APPUICATION METHOD / TOOLS

Tha faling Cam be cut with special scissors o a Stanlay
knife {raxor kevfe / bax-cutter knife). Never fold the
faic

SikaWrap®-200 C is applied using the dry or wet appiic.
50N process.

Piease refer 10 the relevant Method Statemnent for de-
Lals on the impregnating / laminating procedure

FURTHER DOCUMENTS

Method Statements

Rod. 350 41 02: S&aWrap® manual dry application
Ref, 850 a1 0): SéeaWrap® manual wet application
Ret, B30 41 04: SxaWrap® machine wet 2pplication

UMITATIONS

» SkaWrap®-300 C shall anly e applind by trained and
experenced professionals.

* A specialbst structural engineer must be corasited for
arvy structural strengthening design caloulation.

» SKaWrap®-300 C fabric & coated 10 enswe maxim-
um bond and dusabifity with the Skadur® achesives /
Impregnating / laminating resins. To maintain and
ensure ful satem compatibiity, 66 not inteschange
differant SysTam ComMPanents,

* SkaWrap*-300 € can be over costed with a cementi-
tious averlay or cther coatings for esthatic and / o
protective purposes. The aver copting system selec-
tion is dependent on the expasure and the progect
specific requrements. For additional UV light protec-
tion in exposed areas use Skagard® S50 W Bastic,
Skagard® ElastoColor-675 W or Sikagard™-680 S,

* Ploaze refer to the Method Statement of SkaWrap®

Frnhact Tuss Shaes
ShrWrep” 30 C

herawry JILY. Yeryem 00 1T
TS0 TIETe ] |

3/a

manual wet spplication (Ref. 850 41 03| or
SkaWrap* machire wet applcation [Ret. 250 81 04)
for further information, guidelines and bmitations.

BASIS OF PRODUCT DATA

Al technical data stated i this Froduct Data Sheet are
Laiec on leborutary tusts Actunl msssured data may
vary due to arcumstances beyond our control.

LOCAL RESTRICTIONS

Please note ™at 35 & result of spadific loca ragda-
ticns the performance of this product may vary from
Country 1o country. Pase consult the local Product
Dzta Sheet for the exact description of the applcatian
Neds.

ECOLOGY, HEALTH AND SAFETY
REGULATION (1€} NO 1007 /2006 - REACH

Ths product & an article 25 defined inarticle 3 of rege-
lation {EC| No 1507/2006 (REACH]. It contains no sub-
stances which are intended to be rekased from the
artiche under normal or reasorably foresesable candl
tions of yse. A safety dats sheet foliowing article 31 of
the same reguiation IS not needed ta bring the product
to the market, to transport of 16 use it For safe use
follow the instructions gwen in this product data
sheet, Based on our current Arcwiedge, this product
does not contain SVHE {substances of very hegh con:
am) a5 listad in Annax XIV of the REACH regufaticn or
on the candidate hist pudished by the European Chem:
Icais Agancy in concentracions abowe 0.1 % (w/'w)

LEGAL NOTES

The informaton, and, in particuler, the recommenda-
ticns relating o the application and end-wse of Ska
products, are gven in good faith based on Ska's cur-
reas knowdedge and expernence of the products when
propecly stored, handied and spplied under norma
conditions In accordance with Sika's recommendas
tens In practice, the ddlerences in materials, sub-
steates and actupl site conditions are such that no war-
ranty in respect of merchantability o of fitness for &
particular purpose, nor any Sabdity sising out of ary
leg sl relationitip whatsoever, can be inferred «ther
from thes information, or from any written recom-
mendations, or from any other advice offered. The

BUILDING TRUST
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user of the product must test the product’s suitability
for the intended application and purpose. Sika re-
serves the right 1o change the peroperties of its
products, The propretary riphts of third parties must
be observed. All orders are accepted subject Lo owr
current terms of sale and delrery, Users must ahways
refer to the most recent <20 of the local Prodiuct Data
Sheet for the produdt concerned, copes of whvch wil
be supplied on request. It may be necessary to adapt
the abce disciaimer to specific local laws and regule-
tions, Any changes to ths disclamer may only be im-
pamented with permdson of Ska® Corporate Legal in
Baar.

rhadgpn

L indurnial Zovw (A
Tacs e ALE Bhock 13588
1Sk Oy, Ygmt

Tho 4180 Ma e
FOA 4202 44008
oW e comLag

@

®

A

@

i

i

MW SR e B IO ML) el

Fradact D thae

Sarep”- 300 C
et e Fer

Y.\
4/4 BUILDING TRUST

130



A.5. Data Sheet of Skadur®-32 LP

PRODUCT DATA SHEET
Sikadur®-32 LP

Epoxy structural bonding agent for use at high temperatures

DESCRIPTION

Shacur* 32 LP & a 2par, epoxy based stroctural
bonding agert for g=a at high temperatures, It is mon-
ture tolerant and can bond wet or dry matenals to
derp o dry substeates.

Sultabie to use in hot and trogical chmatic conditions,

USES

Sihactir 32 LP muy anly b wsed by sxoetiented pro-
fessionals,

As n atructural boresing sgunt and sdbesiwe for bond-
Ing fresh to hardened conarete.

PRODUCT INFORMATION

FEATURES

= Application temperature range + 20°C to +40°C

* Theckness up to 1 men

* Easy to mix and apply

* Sultsbie Tor @ry and demp concrete substrates

= Vary geod adhesion to many construction materisly
* Farderm without shrnkege

» Diffarent coloured pans {for mising contral|

= No geimer reeded

« Hgh intial and citmate mechanical stresgths

« Impermeable 1o Bqulds and water vapow

CERTIFICATES AND TEST REPORTS

* £F Markng and Declaration of Performance to
EN 1504.4 - Stractural bondirg

Composition Epoxy resin and selected fllers
Fackaging Ly ready to mic unit [Parts A+B)
5 kg ready to mix unit {Parts A+B)
25 kg ready to mix une {Pars A}
Refer to current price list for packagng varltions.
Shwdt life 24 months from date of production
Storage cond|tions The product must De sLoed in angeal, wopened and undamaged waled
packsging in dry conditions st termperuiures between +5°C and < 30°C, Al
ways refer 1o packaging
Colour Part A white
Part cark pray
Parts A+8 mixec concrete grey
Dersity Mived resin ~1.4 20,1 s/
Value a1 +23°C,
Paener Dare Swe
P S
Ehtudond JUL, ‘o bhiw, 12 20
TETQMOAN LT
1/4
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TECHNICAL INFORMATION

Compressive strength Curing time  Curing temperature B (ASTM O #35.95)
¥23°C +30°C +40°C
1 day - ~ZNfmm =30 N/mm
Jdwyy  CMANment S8 Mfmey 43 N/me
7 days “E N 3N et 52 Nfmmd

14 doys “39 Nfen' <43 Nfvew 56 N/mm?

Cumgwriime (b e ng b & 4% =g s

Tensie adhesicn strangth Quingtime  Substrate  Curing Adhssicn (EN 1542
7Tdopn Concrete dry +23°C >3IN/mm’*
7 days Concrete +23°C »3N/mm’ *
moist
SLOON con et fe e
Shear adhesion strength 2 10 K/mm! {at 28 clays| (AT SR /CRE2MN-20)
Shrinkage Mardens wehout sheinkage.
APPLICATION INFORMATION
Mixing ratio Part A Part =2 1 1 by weight or volume
Consumption ~1.3 8g/m’ per mm of thickness.

This figure = theorotical and does not aliow for any addnonal materal due
o suface porosity, surface prafile, variations in level or wastage eic,

Layer thickness ~L mm mas.
Sag flow Nen-sag up fo 1,0 men thickness on vertical surfaces (EW 1758
Material temperature 420°C . [ 440°C e,
Armbient sir temperature +20°Cmin. / «40°C max,
Dew point Bawww af concdensation.
Stesl sfastrate temperature during appbication must be ot Seast +3°C
above daw point
Substrate temparature +20°C man. / +20°C max,
Substrate moisture content Comentitious substrates must be dry or matt damp {no standing water).
Brush the adhesive wel into the substrate ¥ mast damp.
Fot Life Temperature Potife* Open time (EN 190 9514)
Y20°C “145 merutes “270 minutes
130°C =55 mirmtes “240 minutes
+40°C =35 myrntes =120 rinutes
“X0g

T ot in Bages wh ot Pacts Al o oot 11 0 ArCIm A Rt Mo avar et e Mangae A8 S T ge b
Wnwwn The rouns 1he s Bl ssiand the hate The pad e Vo ik koo win bablity o gh towr
et ern, e e d adt by may e dvides ves wmalley g ewtes Antber methond i b b Sarns AR
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BASIS OF PRODUCT DATA

All technical data szated in this Data Sheat are based
on laborstory tesls, Actus’ messured dats may vary
due 1o circumstances beyond our control.

Priniet Cats Yaw
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IMPORTANT CONSIDERATIONS

* Sikacur® resins are Tormulazed 1o have low creep un-
der permanent loading. Howeyer due to the creep
Dehaviow of all petymer materials under load, when
uting sctheuve for structurd applications, the long
term structural desgn hoad must account for crecp.
Geoweally the long term structursl design oad must
be lower than 20-25 % of the faiure foad. A structur-
& enginear mest be consulted for design caculations
for specdic structural applications.

* Whes using multiphe units during application, do rot
mix the following unet until the prewsous coe has
DE USAd B Crer To woid A reduction in workabi-
zy and haning time.

* Fer heavy tcomponents posilianed vertically or over-
head, provide temporary support.

ECOLOGY, HEALTH AND SAFETY

Liser must read the most recent correspanding Safety
Data Sheets {SOS) betore wsing any products. The 505
provides infarmation and achice on the safe handling,
storage and dsposal of chemical products and con-
Lains physical, noofogical toxicalagical and other
safety-refated data.

APPLICATION INSTRUCTIONS

SUBSTRATE QUALITY

Concrete / masoney / mortar | stone

Contrete and mortsr must be ot least 3-6 weeks oid.
Substrae surfaces must be sound, dean, dry or matt
dermp. Free from standing water, ice, dint, od, gresse,
cootings, laltance, efflorescence, oid surface treat-
ments, &l loose particias and any other surface con-
taminants that coukd affect adhesion of the bonding
agent

Stee!

Syrfaces must be desn, dry, free from o, grese,
coatings, rust, scale, all loose particles and any other
surface contaminants that coukd affect adhesion of the
bonding agert.

SURSTRATE PREPARATION

Concrete / masonry / mortar | stone

Substrates must be prepared mechanically useg suit-
sble abrasive blast cheaning needle gunning, light
scabbling, bush hammering, grinding or other sultable
egquipment 1o kchieve an open textured grgpicg sur-
face profie,

Stoel

Surfaces must be preparad mechancally using sultatie
abeasive hlast cleaning. grinding, rotating wire trush
or cther sultable egupment to achieve 3 brght metal
finish with & surface profile 1o satisly the secessary
tensile adhesion strength requirement. Avosd cew
point conditioens before snd during applicstion,

Puiniuat Cats Yaw
Sadataa e

Oosdtens AL, v i U 84
L0030 ) 2008 1.0
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Al lnTrates

All dust and lcose material must be completely re-
meved from al substrute surfaces before application
of the product by vacuum / dust removal equperent.

Prror 1o mixing ol parts, mix part A [resn) beinfly using
aminng soindie attached to a siow spoed electne mix-
wor [max. 300 rpm), Add part & (heedener] to part A snd
mix parts A+B contrwously for at least 3 mrtes until
#uniformly colcwred amooth consstency mix has
beer achieved. Yo ensure thorough mixng pour ma-
terials 1o & Can containes and mi again far apprae-
matedy 1 mvnste, Over mising must be svoided to
minenise ar entrainement. Mix full unis anly. Muing
time for A+B = 4,0 minutes. Mx ooly the quantity
which can be wsed within s pot Ife.

APPUCATION METHOD / TOOLS

Apgly the mied Sikadur®-32 LP to the prepared sub-
strate by brush, rolier, spray of trowe: ensuring unl.
form a0 complete coverage.

On hardened concrete substrates mechanically pre-
purnd 10 receive freah concrete, ahweys apply by brush
and work the material well into the substrate,

On dirmp propired concrele substrates, always aoply
by brush and work the product well into the substrate

For bonding wet fresh concrete o hardened prepared
concrete, place the concreta whilst the Skadur® 32 LP
layer is still "Lacky”, If the product becames glossy and
loses ‘tackiness', apply ancther coat of Sikadur* 32 (P
vl proceed Lo place cancrete,

CLEANING OF EQUIPMENT

Clean al took and application equipment with Sika®
Colma Clranes immaediately after use Hordened ma-
terial can ondy De mechanically removed.

LOCAL RESTRICTIONS

Nota that as a result of specific local segulations the
declared dato and recommended uses for this product
may vary fram country 1o country. Censult the focal
Product Data Sheet for exact product data and uses.

BUILDING TRUST

133



LEGAL NOTES

The Infermation, and, in particular, the recammenda
tions redating to the application and end-u== of Ska
products, are given in good fakh based on Sika's cure
rent knowledige and experience of the products when
properdy stored, harsdiod and applied under normal
conditions in sccardance with Sika's recommencds-
tions. In practice, the dfferences in maternals, sub.
Strates and Actual $ite CONAItions are such that ne war-
ranty in respect of merchantatulity or of feness fora
Partcular purpose, nod any Nanbdity arising out of any
legal relationsvp whatsoever, can be inferred either
from thes information, or from any weitten recomy
mendstions, or from sny other achvice offered. The
uUser of the product must test the product’s surabiity
for the mended spplication and purposs, Ska re-
serves the right to change the properties of its
products. The progrietary tights of third parties must
be cbserved. Al orders are accepted subject to our
current torms of sale and dalivery, Users must always
refer to the most recent ssue of the local Product
Data Sheet for the product concerrad, coples of which
will be suppliad on request,
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A.6. Data Sheet of Skadur®-330

PRODUCT DATA SHEET
Sikadur®-330

2-component epoxy impregnation resin

DESCRIPTION

Shata*-330 s 2 spormnt, thi It
based impregnatng resin and adhesive,

USES

Skacur 330 may only be used by esperienced profes.
shonals,

Shacr®-330 05 wed s

* impregnation reun for SIkaWrag® fabeic reintorce-
ment for the dry applcatian mwthod

* Primar resin far the wet applcetion sytemn

* Stractural adhesive Tor bonsirg Ska®™ CarboDur®
plates into dits

CHARACTERISTICS / ADVANTAGES

» Easy mux and spplication by trawel and impeegnation
roller

* Manufactured for manual saturation methods

= Excelient application behavdour to vertical and aver:
Dhead surfaces

» Good adhesian o marry substrates

* Hgh mechanvcal propertes

* No separate primer required

PRODUCT INFORMATION

SUSTAINABILITY

» Canfoomily with LEED & MIc 4 [Ogtian 2): Bulding
Procuct Dsciosun and Optimization - Material In-

grodionts
* Contormity with LEED w2009 [£0c 4,1: low-Emetng
Materisis - Acdtyrsaes and Soalanty

APPROVALS / CERTIFICATES

« fons Technique N° 3/16-575 (annude et remplace N*
S/10-66%) Sike* CarboOur®, SkaWrap*

o CIT 200 18/07/2017 (cwrtificsto di idoowith tecrica
Flwvpiego)  Sika * CarboDur®, SkaWrap®, Sikadur™

* Road and Brigges Research Institute [Pofand): 1BDIM
No AT/2008-03-336/1

» Adhesive for structural bonding testud sccardng to
N 1504-9, prowided with the CE.mark

Compasition Epoxy resin
Fackagiog 5 kg [A«B) Presbatched unit
Not pre-dosed industral packaging:
Companent A 24 kg pails
Component B kg pols
Colour Componet A wihite paste
Componen! B: grey paste
Components A + 8 mived: Aght grey paste
PROUCS SATA Sel)
Saabhataan

Unrwrde: AUE werrew 1001
CVO0 DGO 0L B0
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Sheif life 24 manchs from date of production

Storage conditioon Store in original, unopened, sealed and undamaged packaging in dry cond-
Bans at temperatures betwesn +5 °C and +30 °C. Protect from direct sun-
light,

Density 130 £ 0.1 g/l (component A+8 mixed] jot +23°C)

Mscosty Shesr rate! 50 /s
Temperature _ vecoshty
+10°C ~10 000 mFas.
¥23°C 5 000 mPas
835°C _ 75000 mPas.

TECHNICAL INFORMATION

Modules of elasticity in Sexure ~ 3800 N/mm? (7 days at +23°C) (DU EN 1465)

Tensbe strength ~ 30 N/mew? (7 cays at +23°C) 050 527)

Modubes of elasticity in tension ~ & 500 N/mme (7 days ot +23°0) (180 527)

Tenske strain at beeak 0.9% |7 doysat +22°C) (50527

Tensbe adhesion strength Concrate fracture (> 4 Nfenm') o sandblastnd sulitrale IEN 150 4628)

Coefficient of thermal espansion 4.5 % 10 1X (Temperature range -10 °C - +&3 °C) (N 1770

Glass transition temperature Curing time Quing terpernt- 16 {EN 12612)

ure

30 dups 307 587

Heat deflection temperature Curing time Curing temperat-  HDT (ASTI O 648)

ure

7doyy +10°C +36°C

7 doys +23°C #rC

7 days 435°C 433°C

Resistant to continuons expasurne up 1o +45 °C,

Service temperature a0 "Cro «a5°C

SYSTEMS

System structure Substrate prmes - Siksouwr*-330.

Impregnatiog / Bminating resin - Sliadur®-330,
Structural strengthening fabek - SikaWrap®™ type to sult requirements.

APPLICATION INFORMATION

Mixing ratio Companmnt A : e W B=d by weight
Wihan using bulk material the et msceg raio mest be safsguanded by
weourately weghing und dosing wach componant.

Consumption Sew the "Muthod Staterment for SikaWrap® manus dry applcation” Ref
8504102,

Guide 0.7 - 1.5 kglm?

Amblent air temperature 10 7°C min, / 35 °C man

Dew point Beware of condensation,

Substrate tamperature dunng application must be at least 3 °C above cew
point,

Substrate temperature 10 °C min. / «35Cmax.

PROOVCT SATA S irt

Mosdat e

Do ke 08 witew bi )

- A
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Substrate molsture content < 4% pbw
Pot Life Ti Pot life Opan time (EN 150 5514)
+10°C ~90 mrutes ~20 mynutes
== 5h =
+23°C 60 mrntes 50 mnutes
(5 kgt
+35°C *30 merntes 20 menutes
>hg)

P gt W Lo whums Pon iotr st d had oy son datd 11 B duntor o high dovmpes vt and Lo &
Koo Lo g dla bon. T imilin D00 G B Tp 10 ewd. OFe Whilns Lh il Do, T Gl oage | i Ot Wy M
g bt e e mieed edwedve wwy b dhedod ivto portees. St ber ratbed b ow § oo
S0 A0 Defoos reising there Joot beiow »5 °C).

BASIS OF PRODUCT DATA

All technical data stated in this Product Data Sheet are
bezad on Isboratory tests. Actual measured dats may
vary due o drcumstances beyond our controd.

IMPORTANT CONSIDERATIONS

Sekacir *-330 munt be protected from rain for ot least
24 hows after spplcation.

Essure placement af fabric and lennating with rolles
takes place within open time.

Az low tamperatures and / o high rafative hamidity, &
tacky residue [blush) may form on the surface of the
cured Sikadur®-330 epoxy. if an additional layer of fad.
% of 8 coating 15 10 be applied orto the cured epoxy,
this resdue must frst be removed with wasm, soapy
wiater to ensure adeguate bond, I any case, the sur-
face must be wiped diy peior 10 apprication of the next
lager of caming

For appiication In cold or hot conditions, pre-condition
material Tor 24 hours in temperature conteolled stor-
age faciities 1o impeove mixng. applikcation and pot
1 limits.

Fer further information on over coating, number of
lwers or creep, please consult a structural engineer
for calculations and see also the “Method Statement
for SikaWrap® manual dry appication” Ref 85041 02,
Skachur® reding are formulsted 1o have ow creep un-
der permanest ioadIng. Mowever gue to the creep be-
haviour of all polymes matecids under losd, the long
term structural desgn koad must account for creep.
Gersraly tha loeg term structural design oad must be
lower than 20.25% of the failre koad. Please consult a
structural enginear for load calculatians for the spacit-
ic application.

ECOLOGY, HEALTH AND SAFETY

Fer information and adwce on the safe handling. stor-
g and disposal of Crenmical products, usars shall
refer to the most recent Safety Data Sheet |SDS) con-
taining physical, ecological, sedlcologicat and other
sefety-related data.

PROOCT SATA baprt
oadatinse

Onoade: 008 wiew ki 2}
CLOOSCONO0 BoON0e
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APPLICATION INSTRUCTIONS

SUBSTRATE QUALITY

Suatrate must be sound and of suffickent tonsile
strength to provide & munimum pull o# strength of

1.0 N/mew or &6 per the reguiroments of the design
specificabon.

See also the "Method Statemert for SikaWrap® manu-
= dry spplication” Ref 3041 02,

SUSSTRATE PREPARATION

See the *Method Statement far SkaWrap® manaal dry
spplication’ Ref 850 21 02,

Pre-batched units:

Mix components A«8 tagether for at keast 1 minutes
with a mising spindie attached to a show speed electric
drll (max, 300 rpm) untd the materiy becomes
smooth n corsistency and a undorm grey colour,
Avod geration while mixing. Then, pour the whobs mex
nto o clean container and stir agan for approx. 1
moce minute ot low speed 10 keep air entrapment ot
minemum. Mixonly tht quantity which can be used
within its pos Me.

Bulk packing, not pre-batched

First, str sach component tharoughly. Add the com-
ponents in the correct proportions ¥10 2 sultable mie
g pad and stir correctly using an electric low speed
mixer as above for

pre-bstched units.

APFUCATION METHOO / TOOLS

See the "Method Statement for SkaWrap® marcal dry
noptication” Ref 850 41 02,

CLEANING OF EQUIPMENT

Clean ab pquipment immediately with Ska® Coima
Cleaner Oured materal can onfy be removed mechan-
caty.
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LOCAL RESTRICTIONS

Plrase note that as a result of spedfic local regalations
the deciared data for this product may vary from
COUNtiy 10 country. Please consult the lecal Preduct
Dsta Sheet for the exact product data

LEGAL NOTES

Tee information, ond, in particular, the recommenda-
tons refating 1o the applcation and end-cse of Ska
procucts, are grven in good fath based on Sika's cur-
rent nowkecge and auparsnce of the products when
progeesly stored, hendled and applied under normal
conditions in accardance with Sika's racammenda-
tany, In practics, the dflersaces in materaly, wo-
strates and actual site conditions are such that no war-
ranty in respect of meschantusility or of ftness for e
particular purpase, nor any Naddity arising out of any
gl relatiandvp whstiomr, can ke inferred sither
from thes information, or from any written recom-
mendations, o from any ather achice affered, The
user of the product must test the product’s sustsbiity
for the etended application and purpose. Sika re-
serves the right 1o change the roperties of its
products. The progrietary fights of third parties must
be cbnerved. Al arcers e acoepted subject to our
current terms of sale and delhvery. Users must always
refer ta the mont recent daue of the locsl Product
Data Shees for the product concermed, copies of which
will be supplied cn regusst,
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