NS NS NS NS NS N TN NS N N NS N N N N N N N N AN AN X

=X

it | o ek | S
@ ASUNET

et | i ekl | S
(o pSetel | (i ) G gl

@ ASUNET

MONA MAGHRABY
AN AN AN NS NE AN NEENES

SN NN N NN NN NN AN N NN/

N AN AN A AN AN A AN AN NN NN EAEEANEENEAE N

=




=X

Y7
12

SN NN N NN NN NN AN N NN/

it | o ek | S
@ ASUNET

et | i ekl | S
(o pSetel | (i ) G gl

i el
@ ASUNET

4 '

5
*

* &

U

by edead]
he S

Ll

ds2
ol
.

€
MONA MAGHRABY

BRSES CSED P EEo N EE0 N STON STON STON SEON SEON ST N STV SEONSEEN SEONSEONSEON SEON SEON SEON STV ST SE0 N

oA DEAD DA ADEEADEDEAE AN EADE=

PR AR A A A A A A A A



BRSES CSED P EEo N EE0 N STON STON STON SEON SEON ST N STV SEONSEEN SEONSEONSEON SEON SEON SEON STV ST SE0 N

=X

il o ==
@ ASUNET

et | i ekl | S
(O el 1§ w3 G ol

PORICE

b

*

b ey

2al) Gal j3Y) sla Jadad

* ® o0

A Balal) ¢ alial) 4l
b 9 i 38 daadall ol BY) ol o

s

19 ol § bl d| ot el
(o=t

»

@ ASUNET
N]
Loy daa

(ol
it

il §
9
4y

»

okl e
o

<

MONA MAGHRABY
AN AN AN NS NE AN NEENES

SN NN N NN NN NN AN N NN/

PR AR A A A A A A A A

=




AIN SHAMS UNIVERSITY
FACULTY OF ENGINEERING
STRUCTURAL ENGINEERING DEPARTMENT

Moment Redistribution in Continuous RC Elements Top
Strengthened with CFRP and Steel Plates

A thesis submitted in partial fulfillment of the
requirements for the degree of

Doctor of Philosophy
in Civil Engineering (Structural)

by
Amr Mohamed Ibrahim Mostafa

Master of Science in Civil Engineering (Structural)
Faculty of Engineering, Ain Shams University, 2015

Supervised by
Prof. Dr. Ayman Hussein Hosny Khalil
Professor of Reinforced Concrete Structures
Ain Shams University

Dr. Mahmoud Mohamed Mahmoud El-kateb
Assistant Professor, Ain Shams University

Dr. Shady Hesham Abdel-Mohaimen Bakr Salem
Assistant Professor, The British University in Egypt

Cairo — (2020)



AIN SHAMS UNIVERSITY
FACULTY OF ENGINEERING
STRUCTURAL ENGINEERING DEPARTMENT

Moment Redistribution in Continuous RC Elements Top
Strengthened with CFRP and Steel Plates

by

Amr Mohamed Ibrahim Mostafa

Examiners’ Committee:

Signature
Prof. Dr. Nabil Ahmed Fouad = = ciirrreeiiiiineeee.

Professor of Reinforced Concrete Structures
Faculty of Engineering — Hannover University

Prof. Dr. Amr Hussein Abdel Azim Zaher — .ovvvviivviiinnnen.

Professor of Reinforced Concrete Structures
Faculty of Engineering — Ain Shams University

Prof. Dr. Ayman Hussein Hosny Khalil ~ ...oioiiiiiinaes.

Professor of Reinforced Concrete Structures
Faculty of Engineering — Ain Shams University

Date: 07 October 2020



STATEMENT

This thesis is submitted to Ain Shams University, Cairo, Egypt, for the
degree of Doctor of Philosophy in Civil Engineering (Structural).

The work included in this thesis was carried out by the author at the
reinforced concrete lab, Structural Engineering department, Faculty of
Engineering, Ain Shams University.

No part of this thesis has been submitted for a degree or qualification at any
other University or Institute.

Date : 07 October 2020

Name: Amr Mohamed Ibrahim Mostafa

Signature: Anw Ibrahimy



Name

Date of birth

Place of birth

Last academic degree
Field of specialization
University

Date of issued degree

Current job

RESEARCHER DATA

: Amr Mohamed Ibrahim Mostafa
. 22 September 1987
. Cairo, Egypt
: Master of Science
. Structural Engineering
. Ain Shams University
. February 2015
: Assistant Lecturer at the
Civil Engineering Department,
Faculty of Engineering,
The British University in Egypt.



ACKNOWLEDGMENTS

I would like to offer my deepest gratitude to my
precious supervisor Prof. Dr. Ayman Hussein Hosny
Khalil, for his kind supervision, valuable advice, endless
cooperation, helpful instruction, support, revising the

thesis, and concern about my progress.

My deepest thanks to Dr. Mahmoud El-Kateb, for his
valuable advice, kind assistance, and supervision of this

thesis.

My heartfelt appreciation, and gratitude to Dr. Shady
Salem for his trust, belief, cooperation, and continuous

support throughout the stages of this research.

I would also (ike to thank Dr. Mostafa Shazly and Eng.
Omar ElMeligy for their valuable advice during
conducting the numerical analysis. Their expertise and

knowledge were truly helpful to me in this research.

Amr Mohamed Ibrahim Mostafa




Dedication

I dedicate this thesis to my late father Mohamed
Ibrahim, for raising me on the value of insistence and
determination, setting an example of whom I would be so
proud to be and sacrificing his comfort to provide the

perfect atmosphere for me and my brothers.

I am heavily indebted to my loving mother, for
inundating me with her infinite love and care,
motivating me to chase my dveams, her continuous help

and praying for me to accomplish success in my life.

I am deeply thankful to my wife, Haidy, for her
unequivocal support, endless care, her trust in me and
unconditional love for which my mere expression of
gratitude does mnot suffice. I would also [like to
acknowledge my son Seif, for only his presence in our life
is such a blessing from god. His innocent smiles motivated
me towards overcoming the exhaustion due to the long

days of work.

Amr Mohamed Ibrahim Mostafa




TABLE OF CONTENTS

TABLE OF CONTENTS ...ttt st Vil
LIST OF FIGURES ... Xi
LIST OF TABLES ... oottt bbbt ee e Xiv
ABSTRACT et XVi
Chapter 1 INTrOdUCTION .......c.oiviiiiiiieeceeee e -2-
1.1 GBNEIAL ..o -2-
1.2 Scope of the RESEAICN.........ooiiiiiice s -4 -
1.3 THESIS OULIING ..o -5-
Chapter 2 Literature REVIEW .........ccccuciiiiiiieiese e -8-
2.1 INEFOTUCTION ..o -8-
2.2 Concept of moment redistribUtioN............cccooi it -8-

2.3 Moment Redistribution in continuous RC beams without flexural

SEFENGENEINING ..ot -10-
2.4  Moment redistribution limits in design codes..........c.ccovevvrvieiierieiieieenene -14 -
2.5 Effect of Ductility on Moment Redistribution .............ccoccevvvviveiriiniveneenne -16 -
2.6 Moment Redistribution in RC beams with Flexural Strengthening Plates 8

......................................................................................................................... -18 -
2.7 Moment Redistribution in RC beams reinforced with FRP bars.............. - 36 -
2.8 Need for the Current Research ... - 40 -
Chapter 3 Experimental Program...........ccccceiiiiiiieie e -42 -
3.1 INTFOTUCTION ..ot bbb -42 -
3.2 Loading Configuration...........ccocuieiieiieeiie e -42 -
3.3 Details of the TeSt SPECIMENS .......ccviiiiiiiiiiie s -43 -
331 CONCIEte DIMENSIONS. .....ccuiiiiiiieieiieiesie sttt are s -43 -
3.3.2 ReiNfOrcemMent Of BEAMS .........ciuiiiiiiiiieise et -44 -
34 FOPMWOTK .ttt bbb - 45 -
3.5 TESEMALIIX i - 46 -



3.6 Material PrOPEITIES .....cccooiiiiiiiiieic s - 47 -
3.6.1. (070 0103 =1 (TR PTUP PP OTRPURRURPR -47 -
3.6.2. Steel reinforcemMENt DArS ........ccco i -49 -
3.6.3. Steel strengthening PIateS .......cocoveieiie i s -49 -
3.6.4. CFRP strengthening plates & adhesive 8POXY.......c.cooereivriiniirineneeeeee -50 -
3.7 Fabrication of the Tested SPECIMENS ........cccccvveiieieiieie e -51-
3.8 INSTrUMENTALION ... -53 -
3.8.1. Data ACQUISTTION ......cviiiieeieiiiie e -54 -
3.9 Test Setup and Loading SCheme ... - 55 -
Chapter 4 Experimental Results & ANalysis.........ccccceveiiiveciecieie e - 58 -
g 11 ¥ (oo 18 ot [ o [ USSP - 58 -
4.2 Test Observations and Beam Behavior ...........cccovvviiiniieninenisee - 58 -
421 Beam BL (CONMIOI) ...t e -59 -
422 BEAM SNL ...ttt - 60 -
423 BEAM SEL ...ttt -62-
424 BEAM SN2 ...ttt -63-
425 BEAM SE2 ... s -64 -
4.2.6 BEAM CINL... ittt -65-
427 BEAM CEL.....oeiiii ittt s sttt - 66 -
428 BEAM CIN2....oeiiietee ettt -68-
T B 1= § [=Tod 1 o o RSSO - 69 -
] £ = 11 ST PRSSRP - 76 -
44.1 Tensile strains of the lower reinforcement at the sagging zones ...........ccecvvee -76 -
4.4.2 Tensile strains of the upper reinforcement at the hogging zones............c.c.c....... -84 -
443 Tensile strain of the strengthening plates ..o -88-
4.4.4 Concrete compressive strains at the sagging regions..........c.ccoceveeerereieeiennnne -90 -
445 Concrete compressive strains at the central support section...........ccccccceeevenene. -91-
4.5 Experimental Moments and Achieved MR Enhancement .............c..c........ -93 -
4.6 Load — Moment Relationships.........cccocveiiiiiieiicieccc e -95-

viii



4.7 Applied Loads vs Percentages of MR Enhancement Relative to the Control

BBAIM ... - 100 -
4.8 Experimental vs EIastic MOMENTS.........ccoooiiiiiiiiiiecee e - 108 -
4.9 Load vs Percentage of MR Relative to the Elastic Moments.................... -110 -
4.10 Deflection DUCKHlity INICES.......ccoiiiiiiiieiicc s -112 -
4.11 Moment-Curvature Relationships..........cccovveviiiiiicic e -113 -
Chapter 5 Numerical Analysis (Finite Element Modeling)...........cccccevvvvenene. -118 -
5.1 INEFOTUCTION ..viiiiiiieiecie ettt -118 -
5.2  Finite Element MOdel ..o -120 -
5.3  Material Modeling .........ccoooiiiiiiiiiiei e -122 -
5.3.1 (000 o Tod £ (I \Y (o0 =1 1T o [OOSR -122 -

5.3.1.1 CONCIete iN COMPIESSION. ......evitiieiriitirtesieterte ettt sttt sttt sb e -122 -

5.3.1.2 CONCIete iN TENSION ....ouviiiieeciieieeiieie ettt ettt st st reene e e nne e e -123-

5.3.1.3 Concrete failure MOUEIING ......c.ocviiieiieiee e -124 -
5.3.2 Modeling of the steel reinforcement and steel plates .........cccooeveveevievciecnenn, -126 -
5.3.3 Modeling of CFRP 1amMiINALES .........cceieiiiiiiiiisie e -127 -
5.4 INTEIACTIONS ..oviiiiiiieieieie ettt bbbt - 127 -
54.1 Interaction between concrete and steel reinforcement..........cccccooeveieieinnenne - 127 -
54.2 Contact between concrete and steel plates...........cccoovvviiiiiininieicce -128 -
543 Contact between concrete and CFRP plates ..........ccccooviviiineniniicce -129 -
5.5 Loading and Boundary CONAItIONS...........ccoceriiiriiiniienenene e -129 -
551 Displacement [0AdING ........cccoviiiiriieieiei e -129 -
5.5.2 Boundary CONAITIONS. ........ccuoiiiiiiiieee e -130 -
5.6 Validation of the FE model...........ccooiiiiiiiie e - 130 -
5.6.1 11 oo [1Tox 1 To] o ST -130 -
5.6.2 SErength Of DEAMS ......c.iiviiiieee e -130 -
5.6.3 =] =T ] SRS -132 -
5.6.4 Tensile strains of lower steel reinforcement at the sagging zones ................... - 138 -
5.6.5 Tensile strains of the hogging upper reinforcement...........ccooevevevereieininninns -141 -
5.6.6 Concrete COMPIESSIVE STFAINS ........cviiiiriiriiriesie e - 143 -
5.6.7 Failure MOES ..o e e - 146 -
5.6.8 Model Validation ............cooo i e - 148 -



Chapter 6 ParametriC STUAY .........ccooeiiiiiiieie e - 150 -

6.1 INEFOTUCTION ...ttt - 150 -
6.2  Parametric StUAY MatriX.........ccooieiiiiiiiiiiesesee e - 151 -
6.3  Material Properti€s ........cccoeiieiiiie e - 154 -
6.3.1 (000 0 Tod £ (I o] (0] 1= o (=T S OSSTSSN -154 -
6.3.2 SEEEI PIOPEITIES ...t - 154 -
6.3.3 CFRP PIOPEITIES. ...ttt - 154 -
6.4  RESUITS.....eiiiie ettt re e nre s - 154 -
6.4.1 Beams strengthened with NSM steel plates ..., - 155 -
6.4.1.1 Effect of concrete compressive Strength..........cccviiiiiiiiie s - 156 -
6.4.1.2 Effect of reinforcement ratio.........cooveiiieiiiieieee e - 157 -
6.4.1.3 Effect of DEAM thiCKNESS.........ciiiieieie e - 159 -
6.4.1.4 Effect of plate thiCKNESS ........coviiiiiiiee s - 160 -
6.4.2 Beams strengthened with NSM CFRP 1aminates ...........cccoovvvvenenenencinnnn, - 161 -
6.4.2.1 Effect of concrete compressive StreNgth..........cocviiiiiiiiiiee s - 162 -
6.4.2.2 Effect of reinforcement ratio.........oooveriieiiiiieee e - 163 -
6.4.2.3 Effect 0f DEAM thiCKNESS.........coviieieee e s - 164 -
6.4.2.4 Effect of plate thICKNESS ..o s - 165 -
6.4.3 Comparison of results for beams strengthened with NSM steel and CFRP plates .....
.......................................................................................................................... - 167 -

6.4.4 Beams strengthened with EB steel plates ..., -170 -
6.4.4.1 Effect of concrete compressive Strength...........ccovvveiiiie e -171 -
6.4.4.2 Effect of reinforcement ratio ..ot -172 -
6.4.4.3 Effect of DEAM thICKNESS.........ciiiiiieee e -173 -
6.4.4.4 Effect of plate thICKNESS ..ot -174 -
6.4.4.5 Ultimate loads vs loads at plate debonding ..........ccccoviriininiininineeee - 176 -
6.4.5 Comparison of results for beams strengthened with NSM and EB steel plates - 177 -
6.5  SUMMANY Of FESUILS.......eciiieieie e - 180 -
Chapter 7 Summary & ConcClUSIONS ..........cccooiiiiiiiiieiee e -184 -
7.1 SUMIMALY ittt et e e sbb e e s bee e e nbeeeanbeeeannes -184 -
7.2 CONCIUSIONS ..ottt sttt ae e sreeteeneesreeneeaneenrens - 186 -
7.3 Recommendations for future research ............cccoooeiiiiiiniin - 189 -
REFERENGCES. ... ..ottt tae e s e e e e anae e -190 -
APPENAIX A ettt e e e et e et e nre e beenree s - 200 -
APPENIX B ..o - 204 -



LIST OF FIGURES

Figure 1. 1 — The current vs our approach fOr MR ... -3-
Figure 2. 1 — Allowable MR in Codes Worldwide (Oehlers et al., 2010)......c.ccceeevevivrieiinrieeieieneeen -10-
Figure 2. 2 - Plastic hinge in a concrete beam (Wu. et al., 2008) ........ccovevveiiiieierenie e -11-
Figure 2. 3 - Details of the tested specimens (Bagge et al., 2014) ........ccccvveveeieieresiesie e -12 -
Figure 2. 4 - Moment redistribution according to ECP 203 ........cccoocviiiieiinieeic e -14 -
Figure 2. 5 - Details of strengthened beams (Aiello et al., 2007)........cccccveveiiiieienene e -20-
Figure 2. 6 - Plate debonding mechanisms (Oehlers et al. 2004@) .........ccccovrereiireneiineieeeeesee -21 -
Figure 2. 7 - (Moment / tension face strain) relation (Oehlers et al. 2004a) ..........c.cccvvereiineneienennn -22-
Figure 2. 8 - Influence of plate dimensions on MR (Haskett et al., 2010) .........cccooereiinenniineneicnee -25-
Figure 2. 9 - Influence of yield stress of EB steel plates on MR (Haskett et al., 2010) ..........cc.cccvrueneen - 27 -
Figure 2. 10 - Plated slab in parametric study (Liu et., 2005) ........ccceourereiineneineneesenee e -28-
Figure 2. 11 - Load arrangement and details of the T beams in the first group (Tajaddini et al., 2016a) ....

..................................................................................................................................................... -30 -
Figure 2. 12 - Material Models adopted for the numerical model (Tajaddini et al., 2016b) ................ -33-
Figure 2. 13 - Tension and compression forces in an FRP strengthened section (Tajaddini et al., 2016b) ..

..................................................................................................................................................... -34 -
Figure 2. 14 - Details and steel reinforcement of the tested beams (EI-Ghandour et al., 2004)............ -35-
Figure 2. 15 - Frame details, dimensions and steel reinforcement (Farahbod et al., 2010).................. -36-
Figure 2. 16 - Test setup, instrumentation and cross-sections (Rahman S.M.H. et al., 2017) .............. -38 -

Figure 3. 1 - Test setup (dimensions in mm). 1 - Steel or CFRP EB plate; 2 - Steel or CFRP NSM plate; 3

- roller SUpPOrt, 4 - 108G CEIL ...c..oiiiiie e -43 -
Figure 3. 2 - Cross sections (dimensions iN MM)........ccoiiiriiinii s -44 -
Figure 3. 3 — Steel reinforcement within the fOrmworK .............ccoiiiiinin s -45 -
Figure 3. 4 — Strengthening of the fOrm WOIK...........ccoooiiiiiicc e - 46 -
Figure 3. 5 — Cube compressive Strength t8ST.........cccv i e - 49 -
Figure 3. 6 — Tensile SIreNgtN TEST .......ccviiie et r e ae s -50 -
Figure 3. 7 — Coupon cut after tensile Strength teSt..........cvovieii e -50 -
Figure 3. 8 — CFRP plate coated with epoxy adhesive [ayer...........cccocvvveeiiiie e -51-
Figure 3. 9 — Steel plate with U-shaped anchors...........ooiiiiiiiiice s -52 -
Figure 3. 10 — Typical instrumentation of the tested beams ..........ccocvviriininiine -54 -
Figure 3. 11 — Instrumentation devices used in MEASUrEMENT...........ccoervreriiirerie e -54 -
Figure 3. 12 — Data acquisition device with the channel DoX...........ccccoerinniinni, -55-
FIQUIE 3. 13 — TESE SBIUPD .eveeetietireei ettt bbbttt bbbttt - 56 -
Figure 3. 14 — Hinged support (a) — load cell (b) — roller SUPPOrt (C) .......ccoereereneiineneiseesees - 56 -
Figure 4. 1 — Beam BL at TAIHUIE .......coiiiiiice s -59 -
Figure 4. 2 — Left span (a), right span (b) and central support (c) of beam B1 at failure...................... - 60 -
Figure 4. 3 - Beam SNL At fAIUIE........ooiiiiiie s -61-
Figure 4. 4 - Left span (a), central support (b) and plastic hinge at right span (c) of beam SN1 at failure...

-61 -

Figure 4. 5 — Crushing of concrete at in right span (a), top concrete side at central support (b)......... -61-
Figure 4.6 —Beam SEL @t fAllUIE .......cvoiiiiie e - 62 -
Figure 4. 7 - Left span (a), right span (b) and central support (c) of beam SN1 at failure ................... -62 -
Figure 4. 8 - Beam SN2 @t fAIIUIE..........cooiiii it -63-
Figure 4. 9 — Mid-span section (a) and central support section (b) of SN2 at failure...........ccccccoeenee. - 63 -
Figure 4. 10 — Tension failure (a) and concrete crushing (b) at the central support section for beam SN2 ..

.................................................................................................................................................... -64 -
Figure 4. 11 — Beam SE2 @t fAIlUIe ........ovoiiiiiciece s - 65 -
Figure 4. 12 — Failure mode at mid-span (a) and central support (b) for beam SE2.........c..cocevrenee. - 65 -
Figure 4. 13 -Beam CNL @t AU ........cooiiie i - 66 -
Figure 4. 14 — Central support section (a), left mid-span section (b) and right mid-span section (c) of

DEAMS CNL @t COIIAPSE ... .cveeneee ettt b bbbt sbe b e - 66 -
Figure 4. 15 — Beam CEL At fAIlUIE.......cc.oiiieiii e e - 67 -
Figure 4. 16 - Debonding of the CFRP plate from the concrete surface in beam CEL .........ccccccoeeee. - 67 -

Xi



Figure 4. 17 — Left span (a), right span (b) and central support (c) of beam CE1 at failure. ................ - 67 -

Figure 4. 18 — Beam CN2 @t fAIIUIE .........ooeieiicecce et - 68 -
Figure 4. 19 - Left span (a), right span (b) and central support (c) of beam CN2 at failure................. - 68 -
Figure 4. 20 — Applied loads vs maximum deflection at left and right spans for all beams .................. -72-

Figure 4. 21 - Effect of the method of installment of 1 steel plate on the load-deflection relationship .- 73 -
Figure 4. 22 - Effect of the method of installment of 2 steel plates on the load-deflection relationship - 73 -

Figure 4. 23 - Effect of the number of the NSM steel plates on the load-deflection relationship.......... -74 -
Figure 4. 24 - Effect of the number of the EB steel plates on the load-deflection relationship ............. -74 -
Figure 4. 25 - Load-deflection relationships for beams strengthened with CFRP plates...................... -75-
Figure 4. 26 - Load-deflection relationships for all beams ... -75-
Figure 4. 27 — Applied loads vs maximum tensile strains at left and right spans for all beams............ -79-
Figure 4. 28 - Effect of the method of installment of 1 steel plate on the load-tensile strain relationship .....
...................................................................................................................................................... - 80 -
Figure 4. 29 - Effect of the method of installment of 2 steel plates on the load-tensile strain relationship....
...................................................................................................................................................... - 80 -
Figure 4. 30 - Effect of the number of the NSM steel plates on the load-tensile strain relationship......- 81 -
Figure 4. 31 - Effect of the number of the EB steel plates on the load-tensile strain relationship ........ -81-
Figure 4. 32 - Load vs tensile strain of the lower reinforcement for all beams strengthened with CFRP
PLALES ...ttt bbb bbb R bbb e bbbt b et e -82-
Figure 4. 33 - Load vs tensile strain of the lower reinforcement for all beams..........cc.ccoeoviriiennnn, -82-
Figure 4. 34 - Load vs tensile strain of the upper reinforcement for all beams strengthened with steel
PLALES ...ttt bbb bbb R bbb e bbbt b et e - 86 -
Figure 4. 35 - Load vs tensile strain of the upper reinforcement for all beams strengthened with CFRP
1 F= LSS - 87 -
Figure 4. 36 - Load vs tensile strain of the upper reinforcement for all beams..........c...cccooeveveivinenen. - 87 -
Figure 4. 37 — Applied load vs plate strains for steel top plated beams..........c.cceevvveviiiecieieccen, -89-
Figure 4. 38 - Applied load vs plate strains for CFRP top plated beams...........cccccvveviiviecneieecieenen, -89-
Figure 4. 39 - Applied load vs plate strains for all strengthened beams ............cccccvvveviviecccie e, -90 -
Figure 4. 40 - Applied load vs concrete compressive strains at the central support sections for steel top
PIALEA DEAIMS ...ttt bbbt b bbbttt -92-
Figure 4. 41 - Applied load vs concrete compressive strains at the central support sections for steel top
PIALEA DEAIMS ...ttt bbb bbbttt b ettt -92-
Figure 4. 42 — Applied loads vs sagging moments for top steel plated beams ...........ccocovevininennne, - 96 -
Figure 4. 43 - Applied loads vs sagging moments for top CFRP plated beams ..........c.ccoceovinicinennne, -97 -
Figure 4. 44 - Applied loads vs sagging moments for all beams ...........ccccooveviive s, -97 -
Figure 4. 45 - Applied loads vs hogging moments for top steel plated beams............cccccevvvevveiiinenen, -99-
Figure 4. 46 - Applied loads vs hogging moments for top CFRP plated beams...........ccccovvevveieinenen. -99-
Figure 4. 47 - Applied loads vs hogging moments for all beams............cccevevieiiee i, - 100 -
Figure 4. 48 - Applied load vs percentages of reduction in sagging moments for steel top plated beams .....
.................................................................................................................................................... -103 -
Figure 4. 49 - Applied load vs percentages of reduction in sagging moments for CFRP top plated beams...
.................................................................................................................................................... - 103 -
Figure 4. 50 - Applied load vs percentages of reduction in sagging moments for all strengthened beams....
.................................................................................................................................................... -104 -
Figure 4. 51 - Applied load vs percentages of increase in hogging moments for steel top plated beams ......
.................................................................................................................................................... - 106 -
Figure 4. 52 - Applied load vs percentages of increase in hogging moments for CFRP top plated beams....
.................................................................................................................................................... - 107 -
Figure 4. 53 - Applied load vs percentages of increase in hogging moments for all strengthened beams .....
.................................................................................................................................................... - 107 -
Figure 4. 54 - Applied loads vs average % of MR for steel top plated beams relative to elastic values ........
.................................................................................................................................................... -111 -
Figure 4. 55 - Applied loads vs average % of MR for CFRP top plated beams relative to elastic values......
.................................................................................................................................................. -111-
Figure 4. 56 — Moment vs curvature of critical sections for each beam...........cccoevvviiiiiiiniinenns -115-
Figure 4. 57 — Moment vs maximum curvature at mid-span sections for all beams............c.ccccocevenee - 116 -
Figure 4. 58 - Moment vs curvature at central support sections for all beams ... - 116 -
Figure 5. 1 — Typical model of the strengthened beams .............cccvvvriirireinierese e -120 -

Xii



