
 
 شبكة المعلومات الجامعية

 التوثيق الإلكتروني والميكروفيلم

                        

 بسم الله الرحمن الرحيم

               
 

  
HANAA ALY  



 
 شبكة المعلومات الجامعية

 التوثيق الإلكتروني والميكروفيلم

 
 

 شبكة المعلومات الجامعية 
  يق الالكتروني والميكروفيلمالتوث

 
HANAA ALY  

 



 
 شبكة المعلومات الجامعية

 التوثيق الإلكتروني والميكروفيلم

 جامعة عين شمس
 لكتروني والميكروفيلمالتوثيق الإ

 قسم
 ن المادة التي تم توثيقها وتسجيلهانقسم بالله العظيم أ

 علي هذه الأقراص المدمجة قد أعدت دون أية تغيرات

 

 يجب أن
 حفظ هذه الأقراص المدمجة بعيدا عن الغبارت

 
 

HANAA ALY  



 
 

 

 

 

 

 

 

BEHAVIOR OF COMPOSITE CONCRETE COLUMNS WITH 

EXTERIOR STEEL ANGLES AND BATTEN PLATES USING 

DIFFERENT TYPES OF CONCRETE 

 

By 

 

Dina Salah El Din Mohamed Abd El Aziz 

 

A Thesis Submitted to the  

Faculty of Engineering at Cairo University  

In Partial Fulfilment of the 

Requirements for the Degree of 

MASTER OF SCIENCE  

In 

Structural Engineering 

 

 

 

 

 

FACULTY OF ENGINEERING, CAIRO UNIVERSITY 

GIZA, EGYPT 

2021 

 



 
 

 

BEHAVIOR OF COMPOSITE CONCRETE COLUMNS WITH 

EXTERIOR STEEL ANGLES AND BATTEN PLATES USING 

DIFFERENT TYPES OF CONCRETE 
 

By 

 

Dina Salah El Din Mohamed Abd El Aziz 

 

 

A Thesis Submitted to the  

Faculty of Engineering at Cairo University  

In Partial Fulfilment of the 

Requirements for the Degree of 

MASTER OF SCIENCE  

In 

Structural Engineering 

 

 

 

Under the Supervision of  

 Prof . Dr. Sherif A.Mourad                Prof. Dr. Hossam A.Hodhod 

Professor of Steel Structures and Bridges        Professor of Properties & Strength of Materials 

     Structural Engineering Department                           Structural Engineering Department 

 Faculty of Engineering, Cairo University                 Faculty of Engineering, Cairo University 

     

 

 

 

 

 

 

 FACULTY OF ENGINEERING, CAIRO UNIVERSITY 

GIZA, EGYPT 

2021 



 
 

BEHAVIOR OF COMPOSITE CONCRETE COLUMNS WITH 

EXTERIOR STEEL ANGLES AND BATTEN PLATES USING 

DIFFERENT TYPES OF CONCRETE 

 

By 

 

Dina Salah El Din Mohamed Abd El Aziz 

 

A Thesis Submitted to the  

Faculty of Engineering at Cairo University  

In Partial Fulfilment of the 

Requirements for the Degree of 

MASTER OF SCIENCE  

In 

Structural Engineering 
 

 

Approved by the Examining Committee 

Prof. Dr. Sherif A.Mourad                                                Thesis Main Advisor 

 

Prof. Dr. Hossam A.Hodhod                                               Advisor 

 

Prof. Dr. Mohamed M.Atar                                               Internal Examiner 

 

Prof. Dr. Yousry B.Shahin                                                 External Examiner 

Professor of Strength & Testing of Materials-Faculty of Engineering-Mounfia University 

 

 

 

FACULTY OF ENGINEERING, CAIRO UNIVERSITY 

GIZA, EGYPT 

2021 

 



 
 

Engineer’s Name:           Dina Salah El Din Mohamed Abd El Aziz 

Date of Birth:                   08/01/1995 

Nationality:                      Egyptian 

E-mail:                             engdina.salah29@gmail.com 

Phone:                              01123690513  

Address:                           El Haram st.-Giza, Egypt 

Registration Date:            1/10/2017 

Awarding Date:                 /    / 2021 

Degree:                             Master of Science 

Department:                     Structural Engineering 

 

Supervisors:                     Prof. Dr. Sherif Ahmed Mourad 

                                          Prof.Dr. Hossam Abdel-Ghafour Hodhod 

 

 

Examiners:                       Prof. Dr. Sherif A.Mourad       (Thesis main advisor) 

                                           Prof. Dr. Hossam A.Hodhod     (Advisor) 

                                           Prof.Dr. Mohamed M. Atar      (Internal Examiner) 

                                Prof. Dr. Yousry B.Shahin        (External Examiner)  
                                             Faculty of Engineering-Mounfia University 

Title of Thesis 

Behavior of Composite Concrete Columns with Exterior Steel Angles and Batten 

Plates Using Different Types of Concrete. 

Key Words: Composite column; Steel fiber concrete; Light weight concrete; 

Reinforced concrete; Finite element modelling. 

Summary: 

The main objective of this research is to study the effectiveness of employing 

lightweight concrete or fiber reinforced concrete or reinforced concrete in composite 

steel angled columns. The parameters of the study are: Compressive strength, Ultimate 

strains, Earlier concrete crushing, Non-linear Ductility, Local buckling of steel section 

and Mode of failure. Experimental investigation was carried out for twelve specimens 

(120*120*700 mm) of composite columns filled with plain concrete, Light weight 

aggregate concrete, Fiber reinforced concrete, and Reinforced concrete. Strength 

development, Compressive strength, Density of concrete and Modulus of elasticity for 

different mixes of types of concrete were investigated in order to be used in Finite 

Element Modelling as a parameter of concrete material. Using ABAQUS finite element 

program, models for composite columns of different types of concrete had been 

conducted. The Finite Element model was verified by the experimental results, and then 

used to investigate the compressive strength, load-deflection of overall column, and 

stress-strain curve for concrete type that filled column.

mailto:engdina.salah29@gmail.com


i 
 

 

 

Disclaimer 

 

 I hereby declare that this thesis in my original work and that no part of it as been 

submitted for a degree qualification at any other university or institute. 

 I further declare that I have appropriately acknowledged aa sources used and have 

cited them in the reference section 

Name: Dina Salah El Din Mohamed Abd El Aziz                   Date:  /   /  2021 

Signature: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ii 
 

 

Acknowledgments 

 

First and foremost, I thank ALLAH, the most gracious, the ever merciful for helping 

me finishing this work, then I would like to thank prophet Muhammed. 

 

 I want to thank all those, who helped me by their knowledge and experience. I will 

always appreciate their efforts. I would like to offer my sincere thanks to my supervisors Prof. 

Sherif Ahmed Mourad & Prof. Hossam A.Hodhod for their advice and guidance remarks 

throughout the work presented herein. I owe them valuable supervision, continuous 

encouragement, useful suggestions, and active help during this work. 

 

 I want to thank Material Testing Lab. & Concrete Testing Lab. For allowing me to 

make the experimental test for thesis under supervision of Prof. Dr. Mohamed M.Attar the 

manager of the Material Testing Lab. And I also appreciate the supervision of Prof. Dr. Hatem 

H.Gith professor of concrete structures for giving the advice and helping during the experiment 

work. 

 

 My sincere appreciation and gratitude to my father Eng Salah Abd Aziz and my mother 

for their help and patience during preparation of this work, also my sisters (Alaa & Mayar) for 

providing the appropriate conditions for work. Also, I would like to thank Eng Ahmed Ragai, 

Eng Reda Khaled & Eng Amr Shawat for helping me during experimental and numerical work. 

Special thanks to my uncle the author Abd El Magid Hassan for encouraging me throughout 

my educational path. Finally, I thank my close friends Aya & Randa for always being there to 

push me and get me out of my stress, and my cousins (Marwa, Sara, Radwa & Haneen) for 

encouraging me throughout my work. 

 

 

Dina Salah El Din Mohamed Abd El Aziz 

 

 

 



iii 
 

Table of Contents 

ACKNOWLEDGMENTS 

TABLE OF CONTENTS 

LIST OF TABLES 

LIST OF FIGURES 

ABSTRACT 

Chapter 1 INTRODUCTION .............................................................................................................. 1 

1.1 General ......................................................................................................................................... 1 

1.2 History of Composite Columns .................................................................................................. 3 

1.3 Objective of the Research ........................................................................................................... 3 

1.4 Outline of the Research .............................................................................................................. 4 

Chapter 2 Literature Review ............................................................................................................... 6 

2.1 Introduction ................................................................................................................................. 6 

2.2 General Background ................................................................................................................... 6 

2.2.1 Experimental Testing of Composite Sections .................................................................... 7 

2.2.2 Experimental and Numerical Studies for Steel Composite Column Battened with Four 

Angles ........................................................................................................................................... 14 

Chapter 3 Experimental Program ..................................................................................................... 19 

3.1 General ....................................................................................................................................... 19 

3.2 Test Specimens .......................................................................................................................... 19 

3.3 Fabrication of test specimens ................................................................................................... 26 

3.3.1 Stage One ............................................................................................................................ 26 

3.3.2 Stage Two ............................................................................................................................ 28 

3.4 Material Properties ................................................................................................................... 29 

3.4.1 Plain concrete ..................................................................................................................... 29 

3.4.2 Steel Reinforcement ........................................................................................................... 32 

3.4.3 Fiber Reinforced Concrete (FRC) .................................................................................... 35 

3.4.4 Light weight concrete (LWC) ........................................................................................... 39 

3.5 Test Setup .................................................................................................................................. 41 

3.5.1 Instrumentation .................................................................................................................. 41 

Chapter 4 Experimental Results & Discussion ................................................................................ 46 

4.1 Introduction ............................................................................................................................... 46 

4.2 Plain concrete samples (PC) ..................................................................................................... 47 

4.3 Light weight aggregate concrete samples (LWAC) ............................................................... 51 

4.3.1 10% light weight aggregate concrete (foam) ................................................................... 51 



iv 
 

4.3.2 25% light weight aggregate concrete (foam) ................................................................... 56 

4.4 Fiber Reinforced Concrete samples (FRC)............................................................................. 60 

4.4.1 1% Fiber reinforced concrete (1% FRC) ........................................................................ 60 

4.4.2 1.5% Fiber reinforced concrete (1.5% FRC) .................................................................. 64 

4.5 Reinforced concrete .................................................................................................................. 69 

4.5.1 Welded bars reinforced concrete (Welded RC) .............................................................. 69 

4.5.2 Longitudinal bars and stirrups reinforced concrete (Stirup RC) .................................. 73 

4.6 Comments on Experimental Results ....................................................................................... 77 

4.6.1 Comparing plain concrete and light weight aggregate concrete (LWAC).................... 77 

4.6.2 Comparing plain concrete and fiber reinforced concrete .............................................. 83 

4.6.3 Comparing plain concrete and all reinforced concrete .................................................. 89 

Chapter 5 Properties of Concrete Types ........................................................................................... 95 

Chapter 6 Numerical Analysis ........................................................................................................... 99 

6.1. Introduction .............................................................................................................................. 99 

6.2. Finite element modelling ......................................................................................................... 99 

6.2.1 Part Type and Mesh Discretization ................................................................................ 101 

6.2.2 Material properties .......................................................................................................... 103 

6.2.3 Boundary conditions ........................................................................................................ 104 

6.2.5 Loading model. ................................................................................................................. 104 

6.2.6 Concrete-steel interface. .................................................................................................. 104 

6.2.7 Step configuration. ........................................................................................................... 105 

6.3 Verification of the Finite Element Modelling ....................................................................... 106 

6.3.1 Case1: Verification of specimens of plain concrete ....................................................... 106 

6.3.2 Case2: Verification of specimens of LWAC of 10% foam. .......................................... 109 

6.3.3 Case3: Verification of specimens of LWAC of 25% foam. .......................................... 112 

6.3.4 Case4: Verification of specimens of 1% steel fiber concrete. ....................................... 115 

6.3.5 Case 5: Verification of specimens of 1.5% steel fiber concrete. ................................... 118 

6.3.6 Case6: Verification of specimens of reinforced concrete with welded bars. ............... 121 

6.3.7 Case7: Verification of specimens of reinforced concrete with stirups. ....................... 124 

5.4 Effect of composite action....................................................................................................... 127 

Chapter 7 Summary, Conclusions, and Recommendations of Further Work ............................ 128 

7.1 Summary .................................................................................................................................. 128 

7.2 Conclusions .............................................................................................................................. 129 

7.3 Recommendations for Future Research Work..................................................................... 130 

List of References .............................................................................................................................. 131 



v 
 

 

List of Tables. 

 

Table 3-1 Details of specimen’s characteristic of concentric axial loading…………………..…..25 

Table 3-2: Characteristic of fine aggregate………………………………………..….............…....30 

Table 3-3: Characteristic of coarse aggregate……………………………………….............….....30 

Table 3-4: Characteristic of Reinforcing Steel Bar…………………………………......................32 

Table 3-5:  Geometric characteristics of steel fibers………………………………………........…36 

Table 3-6: Chemical composition of steel fiber according to Nassar Group company ………....36 
 

Table 3-7: Properties of foam……………..……………..…………….……………………………39 

Table 4-1:  Shows Results for all Columns tested………………………………..…………..….....46 

Table 4-2: Comparison of PC & LWAC due to early concrete crushing,  

non-linear ductility, and strength to weight ratio……………………………………………….…80 

 

Table 4-3: Comparison of PC & SFC due to early concrete crushing,  

non-linear ductility, and compressive strength……………………………………...….…….……86 

  

Table 4-4: Comparison of PC, SFC, RCwelded bars, and RCstirups 

 due to early concrete crushing, non-linear ductility, and compressive strength………….…….92 

 

Table 5-1: Results of Testing prisms under Uniaxial Compression Loading ……..……...……..96 

Table 6.1: Results of experimental and numerical for Plain concrete…………………….….…106 

Table 6.2: Results of experimental and numerical for 10% of foamed concrete………….……109 

Table 6.3: Results of experimental and numerical of 25% of foamed concrete……………...…112 

Table 6.4: Results of experimental and numerical for 1% of steel fiber concrete……………...115 

Table 6.5: Results of experimental and numerical for 1.5% of steel fiber concrete……...…….118 

Table 6.6: Results of experimental and numerical for welded bars reinforced concrete……....121 

Table 6.7: Results of experimental and numerical for RC stirup reinforced concrete.......……124 

 

 

 

 

 

 



vi 
 

List of Figures 

Figure 1-1 Fleet Place House, London (30) ......................................................................................... 1 

Figure 1-2 Composite Columns at Foundations (50) ......................................................................... 2 

Figure 2-1 Stress-Strain Relationship of Steel and Concrete used by Kim et al. (2014)................. 7 

Figure 2-2 Section Types of Pervious Test Specimens Eom et al. ( 2014,2017) ............................... 8 

Figure 2-3  Set-up  of RCFT Specimens Kim et al. (2014) .............................................................. 10 

Figure 2-4 Failure  for CFT columns including weld fracture and local buckling of steel tube .. 11 

Figure 2-5 Specimens of M.Mouli et al. (2006) ................................................................................. 13 

Figure 2-6 Hollow and  Lsteel section Kim et al. (2014) .................................................................. 14 

Figure 2-7 Failure mode for L-steel section Kim et al. ( 2014)........................................................ 15 

Figure 2-8 Four specimens used  at Kim et al. (2017) ...................................................................... 16 

Figure 2-9 Test set up for concentric loading  Kim et al. (2017) ..................................................... 16 

Figure 2-10 Failure modes of specimens Kim et al. (2017) .............................................................. 17 

Figure 2-11 Local buckling and cover spalls of specimens Kim et al. (2017) ................................ 17 

Figure 3-1 Plan view of composite column ....................................................................................... 20 

Figure 3-2 Elevation of composite column ........................................................................................ 20 

Figure 3-3 Straining actions and Dimensions of batten plates ........................................................ 22 

Figure 3-4 Dimensions of weld ........................................................................................................... 23 

Figure 3-5  Composite column specimens ......................................................................................... 24 

Figure 3-6 Marking weld places ........................................................................................................ 26 

Figure 3-7 Welding Process of composite column ............................................................................ 27 

Figure 3-8 Form work for composite column ................................................................................... 27 

Figure 3-9 Mixing and casting of concrete ........................................................................................ 28 

Figure 3-10  Curing of cubes .............................................................................................................. 29 

Figure 3-11 Grading curves for coarse and fine aggregates used for the composite column ....... 31 

Figure 3-12 Coarse aggregate used for the composite column........................................................ 31 

Figure 3-13 Fine aggregate  used for the composite column ........................................................... 31 

Figure 3-14 Longitudinal bars and stirrups encased inside column laced with stiffeners ........... 33 

Figure 3-15 Welded bars at corners of column ................................................................................ 34 

Figure 3-16 Hooked end rounded steel fibers used for composite columns ................................... 35 

Figure 3-17 WOLPERT machine ...................................................................................................... 37 

Figure 3-18 SHIMADZU Machine with test set up.......................................................................... 37 

Figure 3-19 Distribution of steel fibers inside mix ........................................................................... 38 

Figure 3-20 Foam ................................................................................................................................ 39 

Figure 3-21 Distribution of foam inside mix ..................................................................................... 40 

Figure 3-22 Hydraulic machine with load cell data ......................................................................... 41 

Figure 3-23 Test Setup ........................................................................................................................ 42 

Figure 3-24 Horizontal strain gage batten plate at the middle of column ..................................... 43 

Figure 3-25 Horizontal strain gage on concrete at the middle of column ...................................... 43 

Figure 3-26 vertical strain  gage on concrete at the middle of column .......................................... 43 

Figure 3-27 LVDT at left and right sides of column ........................................................................ 44 

Figure 3-28 Test setup of composite column .................................................................................... 45 

Figure 4-1 Stress-strain curve for batten plate for plain concrete ................................................. 47 

Figure 4-2 Stress-Strain curve for Horizontal strain on plain concrete......................................... 48 

Figure 4-3 Stress-Strain curve for vertical strain on plain concrete .............................................. 48 

Figure 4-4 Load-Deformation Curve for plain concrete filled column .......................................... 49 

file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153691
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153692
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153693
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153694
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153695
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153696
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153697
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153698
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153699
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153700
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153701
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153702
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153704
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153705
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153706
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153707
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153708
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153709
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153710
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153711
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153712
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153713
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153714
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153715
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153716
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153717
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153718
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153719
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153720
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153721
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153722
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153723
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153724
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153725
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153726
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153727
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153728
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153729
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153730
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153731
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153732
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153733
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153734
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153735


vii 
 

Figure 4-5 Load-deformation curve identifying observed deterioration stages for PC ................ 49 

Figure 4-6 Concrete cover spall off ................................................................................................... 50 

Figure 4-7 Initial cracking of concrete .............................................................................................. 50 

Figure 4-8 Local buckling of steel angle ............................................................................................ 50 

Figure 4-9 Weld failure at batten plate  for specimen S4 ................................................................ 51 

Figure 4-10 Stress-Strain curve for Horizontal strain on batten plate for 10% LWAC .............. 52 

Figure 4-11 Stress-Strain Curve For Horizontal strain on 10% LWAC ....................................... 52 

Figure 4-12 Stress-Strain for vertical strain on 10% LWAC ......................................................... 53 

Figure 4-13 Load-Deformation curve for 10% LWAC ................................................................... 53 

Figure 4-14 Load-deformation curve identifying observed deterioration stages for 10% LWAC

 .............................................................................................................................................................. 54 

Figure 4-15 Concrete cover spall off ................................................................................................. 55 

Figure 4-16 Initial Cracking of concrete ........................................................................................... 55 

Figure 4-17 Local Buckling of steel angle ......................................................................................... 55 

Figure 4-18 Stress-Strain curve for horizontal strain on batten plate for 25% LWAC ............... 56 

Figure 4-19 Stress-Strain curve for horizontal strain for 25% LWAC ......................................... 57 

Figure 4-20 Stress-Strain curve for vertical strain for 25% LWAC .............................................. 57 

Figure 4-21 Load-Deformation curve for 25% LWAC ................................................................... 58 

Figure 4-22 Load-deformation curve identifying observed deterioration stages for 25% LWAC

 .............................................................................................................................................................. 58 

Figure 4-23 Initial cracking of concrete ............................................................................................ 59 

Figure 4-24 Concrete cover spall off ................................................................................................. 59 

Figure 4-25 Local Buckling of steel angle ......................................................................................... 59 

Figure 4-26 Stress-Strain curve for horizontal strain on batten plate for 1% FRC ..................... 60 

Figure 4-27 Stress-Strain Curve for horizontal strain for 1% FRC .............................................. 61 

Figure 4-28 Stress-Strain curve for vertical strain for 1% FRC .................................................... 61 

Figure 4-29 Load-Deformation Curve for 1% FRC ........................................................................ 62 

Figure 4-30 Load-deformation curve identifying observed deterioration stages for 1% FRC .... 62 

Figure 4-31 Concrete cover spall off ................................................................................................. 63 

Figure 4-32 Initial cracking of concrete ............................................................................................ 63 

Figure 4-33 Local Buckling of steel angle ......................................................................................... 63 

Figure 4-34 Misdistribution of steel fibers inside composite column ............................................. 64 

Figure 4-35 Stress-Strain curve for horizontal strain on batten plate for 1.5% FRC .................. 65 

Figure 4-36 Stress-Strain Curve for horizontal strain for 1.5% FRC ........................................... 65 

Figure 4-37 Stress-Strain curve for vertical strain for 1.5% FRC ................................................. 66 

Figure 4-38 Load-Deformation curve for 1.5% FRC ...................................................................... 66 

Figure 4-39 Load-deformation curve identifying observed deterioration stages for 1.5% FRC . 67 

Figure 4-40 concrete cover spall is almost disappear ...................................................................... 68 

Figure 4-41 Initial cracking of concrete ............................................................................................ 68 

Figure 4-42 Local Buckling of steel angle ......................................................................................... 68 

Figure 4-43 Stress-Strain curve for horizontal strain on batten plate for welded RC ................. 69 

Figure 4-44 Stress-Strain curve for vertical strain for welded RC ................................................ 70 

Figure 4-45 Load-Deformation Curve for welded RC ..................................................................... 70 

Figure 4-46 Load-deformation curve identifying observed deterioration stages for welded RC 71 

Figure 4-47 Concrete cover spall off ................................................................................................. 72 

Figure 4-48 Initial cracking of concrete ............................................................................................ 72 

Figure 4-49 Local Buckling of steel angle ......................................................................................... 72 

file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153736
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153737
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153738
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153739
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153740
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153741
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153742
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153743
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153744
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153745
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153745
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153746
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153747
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153748
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153749
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153750
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153751
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153753
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153753
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153754
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153755
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153756
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153757
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153758
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153759
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153760
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153761
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153762
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153763
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153764
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153765
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153766
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153767
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153768
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153769
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153770
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153771
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153772
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153773
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153774
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153775
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153776
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153777
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153778
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153779
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153780


viii 
 

Figure 4-50 Stress-Strain curve for horizontal strain on batten plate for Stirup RC................... 73 

Figure 4-51 Stress-Strain curve for horizontal strain for Stirup RC ............................................. 74 

Figure 4-52 Stress-Strain curve for vertical strain for Stirrup RC ................................................ 74 

Figure 4-53 Load-Deformation curve for Stirup RC ....................................................................... 75 

Figure 4-54 Load-deformation curve identifying observed deterioration stages for Stirup RC . 75 

Figure 4-55 Concrete Cover spall off ................................................................................................ 76 

Figure 4-56 Initial concrete cracking ................................................................................................ 76 

Figure 4-57 Local buckling of steel angle .......................................................................................... 76 

Figure 4-58 Stress-Strain curves on batten plates for PC & LWAC (foam) ................................. 77 

Figure 4-59 Stress-Strain curves for horizontal strain on concrete for PC & LWAC (foam) ..... 78 

Figure 4-60 Stress-Strain curves for vertical strain on concrete for PC & LWAC (foam) .......... 79 

Figure 4-61 Load-Deformation Curves for PC & LWAC (foam) .................................................. 79 

Figure 4-62 Comparing Non-linear ductility between PC & LWAC (foam) ................................. 81 

Figure 4-63 Effect of Local buckling on PC & LWAC (foam) ....................................................... 82 

Figure 4-64 Stress-Strain curves on batten plates for PC & SFC .................................................. 83 

Figure 4-65 Stress-Strain Curves for horizontal strain on concrete for PC & SFC ..................... 84 

Figure 4-66 Stress-Strain curves for vertical strain on concrete for PC & SFC ........................... 85 

Figure 4-67 Load-Deformation curves for PC & SFC ..................................................................... 85 

Figure 4-68 Effect of non-linear ductility on PC & SFC ................................................................. 87 

Figure 4-69 Effect of local buckling on PC & SFC .......................................................................... 88 

Figure 4-70 Stress-Strain curves on batten plates between PC and all types of reinforcement .. 89 

Figure 4-71 Stress-Strain curves for horizontal strain on concrete between PC and all types of 

reinforcement ...................................................................................................................................... 90 

Figure 4-72 Stress-Strain curves for vertical  strain on concrete between PC and all types of 

reinforcement ...................................................................................................................................... 91 

Figure 4-73 Load-Deflection Curves between PC & all types of reinforcement ........................... 91 

Figure 4-74 Effect of non-linear ductility on PC & RC stirups & RC welded bars ...................... 93 

Figure 4-75 Effect of Local Buckling on PC & RC stirrup & RC welded bars ............................ 94 

Figure 5-1 Quarter cubes for all types of concrete ........................................................................... 95 

Figure 5-2 Quarter cubes covered with Teflon................................................................................. 95 

Figure 5-3 Effect of increasing foam percentage and density of foamed concrete ........................ 96 

Figure 5-4 Effect of increasing fiber percentage and density of fiber reinforced ......................... 97 

Figure 5-5 Relation between compressive strength and density of concrete ................................... 97 

Figure 5-6 Relation between modulus of elasticity and density of concrete .................................. 98 

Figure 6-1 Simulation of column ..................................................................................................... 100 

Figure 6-2 Meshing of model............................................................................................................ 102 

Figure 6-3 Meshing of model............................................................................................................ 102 

Figure 6-4 Boundary conditions of FE model ................................................................................ 105 

Figure 6-5 Stress-Strain curve for horizontal strain on concrete for plain concrete .................. 107 

Figure 6-6 Stress-Strain curve for vertical strain on concrete for plain concrete ....................... 107 

Figure 6-7 Load-Deformation curves for plain concrete ............................................................... 108 

Figure 6-8 Failure mode of plain concrete ...................................................................................... 108 

Figure 6-9 Stress-Strain curve for horizontal strain on concrete for 10% LWAC ..................... 110 

Figure 6-10 Stress-Strain curve for vertical  strain on concrete for 10% LWAC ...................... 110 

Figure 6-11 Load-Deformation curves for 10% LWAC ............................................................... 111 

Figure 6-12 Failure mode of 10% LWAC ...................................................................................... 111 

Figure 6-13 Stress-Strain curves for horizontal strain on concrete for 25% LWAC ................. 113 

file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153781
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153782
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153783
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153784
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153785
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153786
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153787
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153788
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153789
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153790
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153792
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153793
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153794
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153795
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153796
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153797
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153798
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153799
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153800
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153801
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153802
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153802
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153803
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153803
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153804
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153805
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153806
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153807
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153808
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153809
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153810
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153811
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153812
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153813
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153814
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153815
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153816
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153817
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153818
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153819
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153820
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153821
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153822
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153823
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153824
file:///E:/Master%20propsal/THESIS/THESIS.docx%23_Toc89153825

