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Summary: 
An experimental study will be presented to evaluate the behavior of RC beams 

with openings subjected to pure torsion repaired with CFRP. The effect of CFRP 
configuration, the opening’s width and CFRP Layers were the three main parameters 
in this study. 

 The experimental results indicated that the presence of the opening in the beams 
leads to the decreasing of the cracking and ultimate torques. Repairing the beam 
specimens with CFRP improved the ultimate torque, and ultimate rotation angle. Using 
one-layer Vertical CFRP configuration in repairing beams with openings improved the 
ultimate torque by 109.52% and using one-layer Inclined CFRP improved the ultimate 
torque by 61.90%. Increasing the layer of CFRP to two layers led to the increase in the 
ultimate torque by 128.50%. Finally, in case of repairing beams with opening width of 
300 mm and 500 mm with constant height of 150 mm by using one layer of vertical 
CFRP, the ultimate torque increased by 109.5% and 128.5%, respectively. 

  



i 
 

DISCLAMER 

I hereby declare that this thesis is my own original work and that no part of it has been 
submitted for a degree qualification at any other university or institute.  

I further declare that I have appropriately acknowledged all sources used and have cited them 
in the references section. 

 
Name: Amar Mohamad Diaa Zarzour                                       Date:  /  /2022 

 
Signature: 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 



ii 
 

Dedication 

To my grandfather and grandmother who supported and trusted me. 
To my wonderful family, my mother, father, fiancée, sisters, brother and friends to whom I owe 
and love so much. God bless them and grant them good health. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



iii 
 

Acknowledgments  

First and foremost, I thank ALLAH, the most gracious, the ever merciful for helping me finish 
this work.  

 
I would like to offer my sincere gratitude to my supervisors Prof. Dr. Hany Abdalla for his 

valuable supervision, continuous encouragement, useful suggestions, and active help during this 
work.  

 
I would also like to thank my grandfather and grandmother who supported and trusted me 

throughout my journey. 
 
My sincere appreciation and gratitude to my father, my mother, my fiancée, my sisters, and 

my brother for their help and patience during the preparation of this work.  
 
I would also like to thank all everybody who has helped me in any way to accomplish my 

thesis such as my friends.  
 
I would also like to give my special thanks to Cairo University laboratory technical staff for 

their help in experimental work. 
 
 
 

 

 

 

 

  

 

 

 

 

 

 



iv 
 

Table of contents 

DISCLAMER .............................................................................................................................. i 
Dedication .................................................................................................................................... ii 
Acknowledgments ........................................................................................................................ iii 
Table of contents.......................................................................................................................... iv 
List of Tables ............................................................................................................................... vii 
List of Figures………………………………………………………………………………….viii 
List of Symbols, abbreviations, and Nomenclature ................................................................. xi 
Abstract........................................................................................................................................ xii 
Chapter 1 : Introduction ............................................................................................................ 1 

1.1. General ............................................................................................................................ 1 
1.2. Research Objective ......................................................................................................... 1 
1.3. Scope ............................................................................................................................... 1 
1.4. Thesis Organization ........................................................................................................ 2 

Chapter 2 : Literature Review................................................................................................... 3 

2.1. General ............................................................................................................................ 3 
2.2. Strengthening using FRP Composites ............................................................................ 3 

2.2.1.Strengthening with CFRP Composites .................................................................................... 4 
2.2.2.Strengthening with GFRP Composites .................................................................................... 9 
2.2.3.Strengthening with AFRP Composites .................................................................................. 12 
2.2.4.Strengthening using Steel Plates ............................................................................................ 14 

2.3. Behavior of RC Beams with Openings Subjected to Torsion ....................................... 16 

Chapter 3 : Experimental Program .......................................................................................... 23 

3.1. General .......................................................................................................................... 23 
3.2. Material Properties ........................................................................................................ 23 

3.2.1.Concrete Materials ................................................................................................................. 23 

3.2.1.1. Cement………………………………………………………………………………………..23 
3.2.1.2. Water………………………………………………………………………………………….24 
3.2.1.3. Fine Aggregate………………………………………………………………………………..24 
3.2.1.4. Coarse Aggregate……………………………………………………………………………..24 
3.2.1.5. Reinforcement Steel…………………………………………………………………………..25 
3.2.1.6. Super-plasticizer………………………………………………………………………………25 

3.2.2.Strengthening Materials ......................................................................................................... 26 

3.2.2.1. SikaWrap®-230 C…………………………………………………………………………….26 



v 
 

3.2.2.2. Sikadur®-230 C………………………………………………………………………………27 

3.3. Specimens ..................................................................................................................... 27 
3.4. Concrete Mix Design, Pouring and Curing ................................................................... 32 

3.4.1.Concrete Mix Design ............................................................................................................. 32 
3.4.2.Formwork .............................................................................................................................. 32 
3.4.3. Pouring ................................................................................................................................ 33 
3.4.4. Vibrator ................................................................................................................................ 33 
3.4.5. Curing ................................................................................................................................ 33 
3.4.6.Testing Cubes ........................................................................................................................ 34 

3.5. Test Setup and Test Procedure ...................................................................................... 36 

3.5.1.Test Setup .............................................................................................................................. 36 
3.5.2.Test Procedure ....................................................................................................................... 36 

3.6. Repair of Specimens ..................................................................................................... 37 

3.6.1.Steps of Repairing ................................................................................................................. 37 
3.6.2.Methods of Repairing ............................................................................................................ 41 

3.7. Measuring Instruments .................................................................................................. 42 

3.7.1.Hydraulic Loading Jack ......................................................................................................... 42 
2.7.3. Deflection Measurements ..................................................................................................... 42 

3.8.  Strain Gauges ................................................................................................................ 43 
3.9.  Supports ........................................................................................................................ 45 
3.10.  Painting of Specimens ............................................................................................ 46 

Chapter 4 : Experimental Results ............................................................................................. 47 

4.1. General .......................................................................................................................... 47 
4.2. Behavior of Tested Groups ........................................................................................... 47 

4.2.1.First Group ............................................................................................................................. 47 

4.2.1.1. Control Specimen (C-0)………………………………………………………………………47 

4.2.2.Second Group ........................................................................................................................ 49 

4.2.2.1. Control Specimen (C-300)……………………………………………………………………49 
4.2.2.2. Repaired Specimen (R-300-V)………………………………………………………………..52 
4.2.2.3. Repaired Specimen (R-300-I)………………………………………………………………...56 
4.2.2.4. Repaired Specimen (R-300-V-2)……………………………………………………………..60 

4.2.3.Third Group ........................................................................................................................... 64 

4.2.3.1. Control Specimen (C-500)……………………………………………………………………64 



vi 
 

4.2.3.2. Repaired Specimen (R-500-V)………………………………………………………………..66 

Chapter 5 : Analysis and Discussion of Results ....................................................................... 71 

5.1. Introduction ................................................................................................................... 71 
5.2. Group A ........................................................................................................................ 72 

5.2.1.Mode of Failure ..................................................................................................................... 72 
5.2.2.Cracking and Ultimate Torque .............................................................................................. 74 
5.2.3.Maximum Rotation Angle VS Ultimate Torque ................................................................... 74 
5.2.4. Strain ................................................................................................................................ 75 

5.3. Group B ......................................................................................................................... 78 

5.3.1.Mode of Failure ..................................................................................................................... 78 
5.3.2.Cracking and Ultimate Torque .............................................................................................. 80 
5.3.3.Maximum Rotation Angle VS Ultimate Torque ................................................................... 80 
5.3.4. Strain ................................................................................................................................ 81 

5.4. Group C ......................................................................................................................... 84 

5.4.1.Mode of Failure ..................................................................................................................... 84 
5.4.2.Cracking and Ultimate Torque .............................................................................................. 86 
5.4.3.Maximum Rotation Angle vs Ultimate Torque ..................................................................... 86 
5.4.4. Strain ................................................................................................................................ 87 

5.5. Cost Effectiveness of the Repairing Technique ............................................................ 90 

Chapter 6 : Summary and Conclusions .................................................................................... 91 

6.1. Summary ....................................................................................................................... 91 
6.2. Conclusions ................................................................................................................... 91 
6.3. Recommendations for Future Research ........................................................................ 92 

References .................................................................................................................................... 93 

 
 
 
 
 
 

 



vii 
 

List of Tables 

Table 2-1: The cracking torque, cracking twist angle, yield torque, yield twist angle [1] .. 5 
Table 2-2: Cracking and final torsional moments [9] ....................................................... 12 
Table 2-3: The torsional moment, twist angle of beams [11] ........................................... 13 
Table 2-4: The experimental test program [16] ................................................................. 20 
Table 3-1: Properties of addicrete BVF [19] ..................................................................... 26 
Table 3-2: Concrete mix design ........................................................................................ 32 
Table 3-3: parameters evaluated in this investigation ....................................................... 35 
Table 5-1: Failure load, ultimate torque, and rotation angle for groups A,B and C ......... 71 
Table 5-2: Mode of failure for groups A specimens ......................................................... 72 
Table 5-3: Failure modes for the group B specimens. ...................................................... 78 
Table 5-4: Failure modes for the group C specimens. ...................................................... 84 
Table 5-5: The cost of repairing materials for each specimen .......................................... 90 
Table 5-6: Increased capacity / repairing cost (%/L.E) ..................................................... 90 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



viii 
 

List of Figures 

Figure 1-1: Examples of the structural elements subjected to torsional moments .............. 1 
Figure 2-1: Details of repair configurations [1] .................................................................. 4 
Figure 2-2: Experimental setup for applying torsion on beams [2] .................................... 6 
Figure 2-3: Sheets configurations [3] .................................................................................. 6 
Figure 2-4:  FRP-strengthened reinforced concrete beam [6] ............................................. 8 
Figure 2-5: Sheets configurations [7] .................................................................................. 8 
Figure 2-6: Details of repair configurations [8] ................................................................ 10 
Figure 2-7: Schematic descriptions of strengthening systems [9] ..................................... 11 
Figure 2-8: Experimental technique [9] ............................................................................ 11 
Figure 2-9: Section details of specimens [11] ................................................................... 13 
Figure 2-10: The torsional moment-angle of twist of beams [11] .................................... 14 
Figure 2-11: Steel plate placement [12] ............................................................................ 14 
Figure 2-12:  Schematic descriptions of strengthening systems [13] ................................ 15 
Figure 2-13:  Arrangement of the test setup for all the tested specimens [13] ................. 17 
Figure 2-14: Schematic descriptions of steel strengthening system [16] .......................... 18 
Figure 2-15: Schematic descriptions of CFRP strengthening system [16] ....................... 19 
Figure 2-16: Schematic of Testing Setup [17] .................................................................. 21 
Figure 3-1: Cement used in the concrete mix .................................................................... 23 
Figure 3-2: Fine aggregate used in the concrete mix ........................................................ 24 
Figure 3-3: Coarse aggregate used in the concrete mix .................................................... 24 
Figure 3-4: Utilized reinforcement cage of specimens ..................................................... 25 
Figure 3-5: Additives used in the concrete mix................................................................. 25 
Figure 3-6: Concrete dimensions of RC specimens .......................................................... 28 
Figure 3-7: Load locations at RC specimens ..................................................................... 28 
Figure 3-8: Detail of specimen without opening ............................................................... 29 
Figure 3-9: Detail of specimen with (150X300) opening ................................................. 30 
Figure 3-10: Detail of specimen with (150X500) opening ............................................... 31 
Figure 3-11: Formworks of the beam specimens .............................................................. 32 
Figure 3-12: Vibrating the concrete mix inside the formwork .......................................... 33 
Figure 3-13: Cubes in the processing room ....................................................................... 34 
Figure 3-14: Testing the cubes in the research laboratory ................................................ 34 
Figure 3-15: Test set-up layout .......................................................................................... 36 
Figure 3-16: Polishing the specimens ................................................................................ 37 
Figure 3-17: Cleaning the surface of specimens ............................................................... 38 



ix 
 

Figure 3-18: Mixing the adhesive components ................................................................. 38 
Figure 3-19: Cutting fibers ................................................................................................ 39 
Figure 3-20: Putting the first layer of adhesive in the specimens. .................................... 39 
Figure 3-21: Putting fiber sheets around opening ............................................................. 40 
Figure 3-22: Putting strain gauges in the specimens around opening ............................... 40 
Figure 3-23: The methods of repair ................................................................................... 41 
Figure 3-24: Location of the load ...................................................................................... 42 
Figure 3-25: Schematic of rotation angle calculation and LVDT locations ..................... 43 
Figure 3-26: Strain guages locations ................................................................................. 44 
Figure 3-27: Location of roller supports ........................................................................... 45 
Figure 3-28: Roller supports .............................................................................................. 45 
Figure 4-1: The torque-rotation angle relation for the control specimen (C-0) ................ 47 
Figure 4-2: Crack propagation for the control specimen (C-0) ......................................... 48 
Figure 4-3: The torque-strain curves for control specimen (C-0) ..................................... 49 
Figure 4-4: The torque-rotation angle relation for the control specimen (C-300) ............ 50 
Figure 4-5: Crack propagation for the control specimen (C-300) ..................................... 50 
Figure 4-6: The torque -strain curves for edge, opening stirrups and bottom longitudinal 
bar (C-300) ........................................................................................................................ 51 
Figure 4-7: The crack pattern of the preloading stage of beam (R-300-V) ....................... 52 
Figure 4-8: The torque-rotation angle relation for the control specimen (R-300-V) ........ 52 
Figure 4-9: Crack propagation of (R-300-V) after repairing ............................................ 53 
Figure 4-10: The torque-strain curves for edge, opening stirrups and bottom longitudinal 
bar (R-300-V) .................................................................................................................... 54 
Figure 4-11: The torque-strain curve for corner and bottom CFRP (R-300-V) ................ 55 
Figure 4-12: The crack pattern of the preloading stage of beam (R-300-I) ...................... 56 
Figure 4-13: The torque-rotation angle relation for the control specimen (R-300-I) ........ 56 
Figure 4-14: Crack propagation and mode of failure for beam (R-300-I) after repairing 57 
Figure 4-15: The torque-strain curves for edge, opening stirrups and bottom longitudinal 
bar (R-300-I) ...................................................................................................................... 58 
Figure 4-16: The torque-strain curve for corner and bottom CFRP (R-300-I) ................. 59 
Figure 4-17: The crack pattern of the preloading stage of beam (R-300-V-2) ................. 60 
Figure 4-18: The torque - rotation angle relation for the control specimen (R-300-V-2) . 61 
Figure 4-19: Crack propagation and mode of failure for beam (R-300-V-2) after repairing
 ........................................................................................................................................... 61 
Figure 4-20: The torque - strain curves for edge, opening stirrups and bottom longitudinal 
bar (R-300-V-2) ................................................................................................................. 62 
Figure 4-21: The torque - strain curve for corner and bottom CFRP (R-300-V-2) ........... 63 


