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ABSTRACT

The strengthening of aging infrastructures is in most cases required because of the
necessity for increased levels of service loads or because of the degradation of structural
materials. The technique of strengthening by externally bonding steel plates has been in
practice as an alternative to other traditional methods since the late 1960’s. However,
steel plates present some disadvantages in terms of weight and corrosion that can be
solved by replacing them with fiber reinforced polymer (FRP) laminates. FRP laminates
provide benefits such as high strength-to-weight and stiffness-to-weight ratios,
corrosion resistance as well as reduced installation costs due to their easy-handling. As
a result, FRP laminates have been used extensively to strengthen reinforced concrete
structures in many parts of the world since the 1990’s.

Existing experimental work has shown that the application of externally bonded
laminates can result in a catastrophic brittle failure in the form of a premature
debonding of the laminate before reaching the design load. Since the weakest point in
the bond between the concrete and the external reinforcement is the concrete layer near
the surface, the most common laminate debonding occurs in the concrete cover along a
weakened layer or along the embedded steel reinforcement. Laminate debonding can
initiate in areas far from the anchorage zone due to the effects of flexural or shear
cracks, or can initiate at the laminate end due to a high stress concentration at the cut-off
point.

The main aim of this research has been the development of a simple effective method to
design and verify the strengthening of an existing structure with an externally bonded
plate while preventing the premature peeling failure that causes the laminate to debond.
Special attention has been drawn on to transfer of stresses from laminate to concrete
through the interface, which is the main key in the correct performance of externally
reinforced concrete structures.

After a historical overview of the existing experimental and theoretical lines of research,
the suitability of using existing theoretical models to forecast and prevent peeling
failures is evaluated in Chapter 2 by means of an experimental bending test database.
This experimental database includes results from the existing literature and results from
an experimental program conducted by the author at the Structural Technology
Laboratory of the Department of Construction Engineering at the Technical University
of Catalonia.

To solve the weaknesses of the existing theoretical models, in Chapter 3, Non-Linear
Fracture Mechanics theory is applied in a pure shear case to model the behavior of the
interface and its premature failures. By assuming a bilinear bond-slip relationship, the
evolution of the debonding process is studied in a pure shear specimen as the applied
load is increased. The laminate tensile stress and interfacial shear stress distributions,
together with the maximum transferred force are obtained as a function of three model



parameters (the fracture energy, the maximum shear stress and the sliding associated to
this stress). Expressions are suggested for the evaluation of these parameters.

The formulae of a pure shear specimen are then extended to a general case of a beam
under transverse loads in Chapter 4. For this purpose, the evolution of the debonding
process is studied for two specific cases: a beam element between two cracks, and a
beam element between the laminate end and the nearest crack. The laminate tensile
stress and interfacial shear stress distributions are obtained for the different stages
observed in the debonding process. A specific highlight observed was that the
transferred force between cracks is at maximum when the maximum shear stress
reaches the less-loaded crack. In this instance, depending on the crack spacing, a
macrocrack may or may not have already initiated. Another point observed is related to
the beam element between the laminate end and the nearest crack, which is similar to
the pure shear specimen previously studied in Chapter 3 when the strain distribution in
the concrete support is not considered. This formulation has been applied to one beam
of the experimental program to find the different stress distributions.

The different laminate and interface stress distributions derived in Chapter 4 allow us to
understand the behavior of an externally reinforced element, but are awkward for design
purposes. Chapter 5 describes both a new design and verification method based on a
maximum shear force-bending moment relationship associated to the theoretical
maximum transferred force between two consecutive cracks before peeling occurs.
After calculating the predicted value for the maximum shear force from the peeling
relationship, the developed method verifies the debonding at the laminate end by
checking the transferred force between the laminate end and the first crack in the
laminate. The reliability of this proposal is verified by means of the assembled bending
test database.

Finally, the main conclusions drawn from the work presented in this dissertation are
summarized in Chapter 6. Future work and research lines are suggested as well.
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RESUMEN

La necesidad de refuerzo estructural en una infraestructura existente puede venir
motivada por la aparicion de nuevos condicionantes de uso o por la degradacion de los
materiales. Desde finales de los afios sesenta, la técnica del refuerzo mediante la
adhesion de platabandas metalicas se ha llevado a la practica como alternativa a otros
métodos de refuerzo tradicionales. Sin embargo, las platabandas metélicas presentan
algunas desventajas, como son su peso y su posible corrosion por agentes atmosféricos,
que pueden solventarse sustituyéndolas por laminados de polimeros reforzados con
fibras (FRP). Estos materiales poseen relaciones resistencia/peso y rigidez/peso
mayores que el acero, facilitando su colocacion, reduciendo costes y plazos de
ejecucion. Por ello, desde su aparicion en los afios noventa, se ha observado un uso
creciente de los laminados FRP en el campo del refuerzo estructural.

En numerosos estudios empiricos se observa como la aplicacion de laminados
encolados puede resultar en una rotura fragil que conduce al desprendimiento prematuro
del refuerzo antes de alcanzar la carga ultima. Este desprendimiento del laminado suele
iniciarse en el recubrimiento, es decir, en el punto mas débil de la interfase entre
hormigén y laminado, bien sea por tensiones excesivas en sus extremos, bien sea por el
efecto de las fisuras de flexioén o cortante en zonas alejadas al anclaje.

El principal objetivo de este trabajo es el desarrollo de un método simple y efectivo para
dimensionar y comprobar el refuerzo de estructuras existentes con laminados adheridos
de tal forma que se eviten los modos prematuros de rotura que conducen al
desprendimiento del laminado. Se ha dedicado especial atencion a la transferencia de
tensiones de laminado a hormigon que resulta el punto clave del correcto
comportamiento de este tipo de refuerzo.

En el Capitulo 2, tras una revision histdrica de las lineas de investigacion existentes,
experimentales y tedricas, se ha evaluado mediante una base de datos experimental la
fiabilidad de los modelos teodricos existentes para pronosticar y prevenir los modos de
rotura prematuros antes mencionados. Esta base de datos experimental incluye
resultados de la literatura existente y de una campana experimental llevada a cabo por el
autor en el Laboratorio de Tecnologia de Estructuras de la Universidad Politécnica de
Cataluna.

Para resolver las deficiencias de los modelos tedricos existentes, en el Capitulo 3, se ha
aplicado la teoria de la Mecanica de Fractura No Lineal a un caso de corte puro para
modelizar el comportamiento de la interfase y sus roturas prematuras. Estableciendo una
relacion bilineal entre la tension tangencial y el deslizamiento entre adherentes, se ha
estudiado la evolucién del proceso de desprendimiento del refuerzo con la carga
aplicada en un espécimen sometido a un estado de corte puro. Se han obtenido las
distribuciones de tensiones tangenciales de la interfase y de tensiones normales en el
laminado junto a la fuerza maxima transferida en funcién de tres parametros (energia de
fractura, maxima tension tangencial y deslizamiento asociado a dicha tension). Ademas,
se sugieren expresiones para evaluar estos parametros.

il



La formulacion de un caso de corte puro se ha extendido a un caso general de una viga
bajo cargas transversales en el Capitulo 4. Con este objetivo, se ha estudiado la
evolucion del desprendimiento del laminado en dos casos especificos: un elemento entre
dos fisuras contiguas, y un elemento entre el extremo del laminado y la siguiente fisura.
Se han obtenido las distribuciones de tensiones tangenciales en la interfase y tensiones
de traccion en el laminado para las distintas fases del proceso. Cabe mencionar que la
fuerza transferida entre dos fisuras alcanza su maximo valor cuando la tension
tangencial maxima llega a la fisura menos cargada. En este instante, dependiendo de la
distancia entre fisuras, ya se puede haber iniciado o no la formaciéon de una macrofisura.
El elemento entre el extremo del laminado y la siguiente fisura es similar al caso de
corte puro estudiado en el Capitulo 3 siempre que se desprecie la contribucion del
hormigén traccionado en la zona del recubrimiento. La formulaciéon desarrollada en este
capitulo se ha aplicado a una de las vigas de la campafia experimental para obtener la
evolucioén de las diferentes distribuciones de tensiones con la carga aplicada.

Las distribuciones de tensiones en el laminado e interfase presentadas en el Capitulo 4
nos ayudan a comprender el comportamiento de un elemento reforzado con laminados
adheridos en su cara traccionada, sin embargo, resultan complejas en la practica. En el
Capitulo 5 se describe un nuevo método de dimensionamiento y verificacion basado en
la obtencién de una relacion entre el maximo cortante antes de que se produzca el
desprendimiento prematuro del refuerzo y el momento aplicado. Esta relacion estd
asociada a la fuerza maxima transferida entre fisuras. A partir de la prediccion del valor
maximo de cortante, se verifica el desprendimiento del extremo del laminado evaluando
la fuerza transferida entre dicho punto y la siguiente fisura. Se ha verificado la fiabilidad
de esta propuesta mediante la base de datos de ensayos a flexion.

Finalmente, en el Capitulo 6 se resumen las principales conclusiones del trabajo
presentado en esta tesis y se sugieren futuras lineas de investigacion.

v



CONTENTS

ABSTRACT ...ttt ettt ettt ere e saneenee e i
RESUMEN L.ttt st ettt 111
CONTENTS ettt sttt sttt s e et e sane e e e v
LIST OF FIGURES ......ooiiiiiiii ettt et ix
LIST OF TABLES ...ttt s XV
NOTATION Lottt 1XX

CHAPTER 1. INTRODUCTION

| R 615 (0 Yo 11 (o150 ) s KO RO 1-1
1.2, ODBJECTIVES -ttt sttt sttt 1-3
1.2.1. Problem State€meEnt ...........ccccuviiiiiiieiieiiiiieee et eeeee e e e 1-3
1.2.2. ODBJECLIVES ..ottt sttt ettt ettt et 1-3
1.3. Contents OF thESIS ....ccuvviiiiieieiie et eeaaee e 1-4

CHAPTER 2. FLEXURAL STRENGTHENING OF REINFORCED CONCRETE
STRUCTURES BY PLATE BONDING

2.1 INEPOAUCTION .ottt ettt 2-1
2.2. Experimental background............cccooviieiiiiiiiiiiieiieciiee e 2-2
2.2.1. INrOQUCTION ...ttt sttt s 2-2
2.2.2. HIStOTICAL TEVIEW ...eiiiiiiniiiiiiiiieieeieeite sttt sttt ettt 2-3
2.2.3. Fallure MOdEs .....ccc.eeiiiiiiiiiieeiieee et 2-5
2.2.4. Bending test database ...........ccecuierieiiiieniieeieeiie e 2-9
2.2.5. Single/Double shear test database ...........ccccveeeriieeiiieeiiieeieeeeeeeee e 2-12
2.2.6. Experimental Program ..........ccccceeeueerieeiiienieeniiesieeieeeie et 2-14
2.3. Theoretical background.............ccceeeviiiiiriiiieiiieeiee e 2-21
2.3. 1. INEOAUCHION ..ttt 2-21
2.3.2. Truss analogy ModelS .........ceeeviiiiiiiiiiiieeiieeee e 2-21
2.3.3. Linear elastic analysis at the plate end ............cccceeeeieniiiiieniieciieieeee, 2-24
2.3.4. Linear elastic analysis between cracks of a beam subjected to bending
ANA/ OF SREAT......coiiiiiiiiiiie e 2-35
2.3.5. Closed-form high-order analysis .........cccceevueeeiiieeiiieeiiecee e 2-39
2.3.6. Shear capacity based models ..........ccceeeeuieriiiiiiniieiieecee e 2-40
2.3.7. Concrete tooth MOdelS........c.eeiiiiiiiiiiiiee e 2-44
2.4. Comparative analysis of the existing theoretical methods by using the
bending test database.........c.eeeciiiiiiieiiiie et 2-47
2.4.1. Models developed to prevent peeling failure initiated near cracks........... 2-59
2.4.2. Models developed to prevent plate end shear failure............ccceevveennnenn. 2-64
2.4.3. Models developed to prevent end peeling. Linear elastic models............. 2-67
2.5 Critical discussion about the theoretical existing models...........c.cccccvveeeuveenneee. 2-73



CHAPTER 3. ANALYSIS OF THE INTERFACE BEHAVIOR IN PURE SHEAR
SPECIMENS BY MEANS OF NON-LINEAR MECHANICS

3.1. Introduction to Non-Linear Fracture Mechanics............coeceevieiiiieninniiceninnnen. 3-1
3.1.1. Application to bonded plates. Non-Linear Fracture Mechanics.................. 3-3
3.2. GOVEINING €QUATIONS ....eeuveeuritieierieenteeteeitesteenteeatesteenteeteeteesaeetesaeesbeenreentenaeenee 3-7
3.2.1. The VOIKersen €quation..........c.cccueerieerueerieeirieniieereesreeaeeseeeeseessnesseesseeans 3-7
3.2.2. Bond-slip relationship .........ccooceieiiieiiiiiieiee e 3-8
3.2.3. Volkersen equation for a single shear loaded joint............ccceeevverierereennnns 3-9
3.3. Behavior of a bonded joint prior to the initiation of the debonding process...3-11
3301 StAZE 1 et et e et e e bae e nareeenns 3-11
3.3.2. StAGE 2 oottt sttt a e teenaeereeneeneas 3-12
3.3.3. Short and long bonded lengths ...........cccoovvieviiiiiiiniiiiieece e, 3-14
3.3.4. Stage 2 for long bonded lengths ..........ccccooiiiiiiiniiniiicee, 3-16
3.3.5. Stage 2 for short bonded lengths ..........c.cocveeviiiiiiiiieniieieeee e, 3-22
3.3.6. Maximum transferred force. Summary ..........ccccoceeveniiniininicnicnceee. 3-26
3.4, DebONAING PIOCESS ...eevieriiieriieiiietieeieesieeeieesiteeteeseaeeteesiteebeessaeeseessseenseenens 3-28
3.4.1. Long bonded 1engths .........c.coooiiiiiiiiiiiieie e 3-28
342, SUIMIMATY ....itiieiiieiiieeeiiee ettt ett e e et e st e e sttt e e sateeestbeeeeseeensaeesnsaeesnseeesaseeenns 3-34
3.5. Simplified linear approach...........ccecveeeiiiiiiiiiiiiie e 3-34
3.6. Existing theoretical MOdels .........cccceeiieiiiiiiiiiieie e 3-35
R IAY, (014 (51 B o Y- 11 ] ) SO SS 3-38
3.7.1. Determination Of Z77....ccccveeeeruerierierieiecteeee et 3-38
3.7.2. Determination of fracture energy Gr........ccceeeveevveerieeniieeiieenieeieeseeeveenens 3-41
3.7 3. DEterMINATION OF S7AL eeeeeeeeteeeee e e e et e e e e e e et eeaeeeeeeeeeeaeeaaeeeeeeeeeeanans 3-42
3.7.4. DeterMINatiON OF S70 «oeeeeeeeeeeeeeeeeee e 3-43
3.7.5. SUMMATY ...cooiiiiiiiiiieieeee ettt 3-44
3.8. Application of the proposed formulae to a single shear test example............. 3-44
3.8.1. Long bonded length example (L = 600 m71) ........ccceeevieniiiiniiniieieeienne, 3-45
3.8.2. Short bonded length example (L = 200 7171) .......ccccveevrieecrienieeiieieereenne 3-52
3.9.  Verification of the proposed equations using the experimental
single/double shear test database ..........ccccecveeviieriiiiieiiieiece e 3-56

CHAPTER 4. ANALYSIS OF THE INTERFACE BEHAVIOR IN BEAMS
SUBJECTED TO TRANSVERSE LOADS

4.1, TNEFOAUCLION ..eniiiiiieiie ettt ettt ettt ettt et e et e st e eateesaeeenseeees 4-1
4.2. GOVEINING CQUALIONS....c.vvieiiereieeiieriieeieertreeteesteeseessseesseessseeseessseesseessseesseensns 4-2
4.3. Stress and strain distribution in an element between two cracks ...................... 4-6
4.3.1. Conceptual analysiS ........ccceeriieriieeiiieiieiieeiieeie et ere et e eve e ere e e eese e 4-6
4.3.2. General equations for the stress distribution between two cracks............. 4-16
4.3.3. Stress distribution between two cracks prior to the initiation of the
debONdING PrOCESS. ...c.vietieriiieiieeie ettt st 4-18
4.3.4. Stress distribution between two cracks during the debonding process .....4-28
4.3.5. SUMIMATY ....veiiiiiiiieiieeieeete ettt ettt ettt e e seteesaeesneesaeesneesaneeas 4-34
4.3.6. Transferred fOrCe ........cocoviririiiiiiiiiincrecce e 4-35
4.3.7. Analysis of a beam element between two cracks subjected to pure
FIEXUTE ..ttt sttt 4-39

Vi



4.3.8. Analysis of a beam element between two cracks subjected to bending

AN SNEAT ...t 4-49
4.4. Stress and strain distribution at the laminate end ............cceceveerierinieniencne. 4-59
4.4.1. Conceptual analysis ........cccveeeueriiririinieieeieneeeeeee et 4-59
4.4.2. General equations for the stress distribution at the laminate end.............. 4-63
4.4.3. Stress distribution at the laminate end prior to the initiation of the
dEebONAING PIOCESS....ccvvierieieiieiieeiieciie ettt e eteerteeebe e e ebeeseeeebeesreeesseenens 4-64
4.4.4. Stress distribution at the laminate end during the debonding process.......4-68
44,5, SUMMATY ....eoiiiiiiiieeiiieeriee et e et e erteeesbeeetaeeeeaeessaaeeessaeessseeesnseeennseessnnes 4-70
4.4.6. Transferred force in an element between the laminate end and the
NEATESt CTACK ...ouviiiiiiiiiiiiiiicictcce e 4-71
4.4.7. Example of a beam element between the laminate end and the closest
CTaCK 1N PIOXIMILY ..veeviieiiieiiiieiieeieeiee et e eieeere et e e e seeeebeesaaeesseenee 4-72
4.5. Stress and strain profiles on a cracked beam..........cc.ccceevieniiiiniiiniincnncnne 4-78

CHAPTER 5. PROPOSAL FOR A DESIGN OR VERIFICATION CRITERIA
FOR BEAMS SUBJECTED TO TRANSVERSE LOADS

5.1, INIFOAUCTION ..ottt ettt et 5-1
5.2. Basis of the desi@n CIIteria........ccceevcuiiieiiieiiiieecieeeriee et eiee e eieeeeeeeeereeeeaee e 5-2
5.2. 1. INtOAUCLION ..ottt st 5-2
5.2.2. Maximum shear force lmit ..........cccooiiiiiiiiiiiiiiieeee e 5-5

5.2.3. Examples to obtain the limit for the maximum shear force before
PEELIING OCCULS ...vieeiiieeiiie ettt et e et e e ebe e e s reeeenaeees 5-12

5.2.4. Simplified maximum shear force vs. bending moment relationship to
prevent peeling failure ...........oocvveeiiieeiiieeeee e 5-16
5.3. Verification ProCeAUIE........cccuteruieriieiierieeieeeie ettt ettt e sae e s e sneeeaee e 5-21
5.4, DeSIZN PrOCEAUIE.......cceiuiiieiiieeiieeeiee et eeiee et eesteeeseaeeetaeestaeesnaeeesnseeennneees 5-29
5.5. Application example of the proposed method............cccceeviieiiiiniiiiiiniieienne, 5-34
5.6. Verification of the proposed method with the experimental database ............ 5-37

CHAPTER 6. CONCLUSIONS

6.1, INTrOAUCTION ...ttt et e 6-1
6.2. Concluding remarks...........coovveeiiiiiiiiiieie e 6-2
6.2.1. Conclusions about the suitability of FRP strengthening method ................ 6-2

6.2.2. Conclusions for the reliability of the existing theoretical models in
predicting peeling failure ............oeecviieiiieeiiicceeeeeee e 6-3

6.2.3. Conclusions from the analysis of the interface behavior in a pure shear
CASE. c ettt euttee ettt e ettt e ettt e e a e e h bt eeat e e h bt e e bt e e bt e e e bt e e e ba e e ettt e e bt e e eabeeenabeeeearee s 6-4

6.2.4. Conclusions from the analysis of the interface behavior in a beam
subjected to transverse 10ads.........eecviieriieeiiie e 6-5
6.2.5. Conclusions from the proposal of design or verification procedure ........... 6-7
6.3. Recommendations for future research..........cc.cccooeeiiiiniiiniiiiiiniiencceeeee, 6-9

REFERENCES

vii



APPENDICES

APPENDIX A. Experimental database of bending test

APPENDIX B. Experimental database of shear tests

APPENDIX C. Experimental program

APPENDIX D. Assumptions and boundary conditions employed in the derivation of the
interfacial shear stress governing equations

viii



LIST OF FIGURES

CHAPTER 1. INTRODUCTION

Figure 1.1. Strengthening of the Ibach Bridge in 1991 in Switzerland. (Cress,

Figure 1.2. Application of composite materials for retrofitting concrete structures
such a bridge deck, a slab or a column. (Bettor MBT, Degussa Construction

Chemicals ESPana, S.AL) ...ccuieciieiiieiienie ettt ettt sbe e esse e 1-10

CHAPTER 2. FLEXURAL STRENGTHENING OF REINFORCED CONCRETE
STRUCTURES BY PLATE BONDING

Figure 2.1. Types of peeling-off failures. ..........ccocueeiieiiiiiiiniii e 2-7
Figure 2.2. Test set-up for Beams 1 and 2...........cccoovvieiiiiiienieeiieiecieee e 2-14
Figure 2.3. Peeling failure in Beams 1/C, 1/B, 1/A, 2/D, and 2/C. ........cccveveveueenneen. 2-18
Figure 2.4. Beams 1/D, 1/C, 1/B, 1/A and 2/D sections vs. 1/D (#2) and 2/C.
(DIMENSIONS TN TN .ttiiiiiieeiieeeiieeeieeeeieeeeteeeeaeessaeeetaeeesseessaeessseesssseeessseennns 2-18

Figure 2.5. Test set-up for Beam 2/B with full-height plies of carbon sheet as
external anchorage. Sheet rupture after laminate peeling in Beam 2/A (right

side) and 2/B (1eft SIAE). .....ccouviiiiuiiieiieecie e 2-19
Figure 2.6. Slot-applied laminates in Beam 1/B. Load vs. midspan strain. ................ 2-19
Figure 2.7. Diagram for truss model CONCept. .........ocveveiierireiiieniieieeieeie e 2-23
Figure 2.8. Forces acting on a strengthened differential element of a beam under

trANSVETSE 1OAAS. ..veiiiiiieiiiieeiee s 2-26
Figure 2.9. Comparison of experimental, analytical and numerical shear stresses

1N BEAM 1/B. .. 2-31
Figure 2.10. Analytical and numerical comparison of interfacial normal stresses

fOr Beam 1/B. ..o 2-31
Figure 2.11. Mesh for Beam 1/B. ......cc.cooiiiiiiiiiiiiececeeee e 2-32
Figure 2.12. Kupfer and Gerstle’s failure criterion. ..........cocceeevveveeienienenneneenieenne. 2-33
Figure 2.13. Mohr-Coulomb’s failure Criterion. ..........cccccuveeevveeeieeeniiee e e 2-34
Figure 2.14. Forces acting in an element between two cracks. .......c..cocceeveerieneneenen. 2-36
Figure 2.15. Crack pattern in Beam 2/C prior to strengthening. ...........cccceeevvveeeveenns 2-37
Figure 2.16. Shear stresses in Beam 2/C at failure load. ..........ccccooevieninnenencnnnnnnn. 2-38
Figure 2.17. Shear stresses in Beam 2/C at service load. .........ccccceeevviveeniieincieeeninenns 2-38
Figure 2.18. Shear peeling model according to Ali etal........c.cccceevieniiieniinciiinienn. 2-42
Figure 2.19. Jansze’s model. Analogy to the model of Kim and White...................... 2-43
Figure 2.20. Behavior of a tooth between two adjacent flexural cracks according

to Ra00f and Zhang. ............oooviiiiiiiiiiii et 2-44

Figure 2.21. 1, 5, 25, 50, 75, 95 and 99 percentiles for experimental-to-theoretical
ratio for peeling failure when analyzing truss models, shear capacity based

models and concrete tooth models. ........cccoooiriiiiiiiiiiiniin 2-55
Figure 2.22. Demerit Points for beams failing by laminate peeling-off...................... 2-57
Figure 2.23. Percentage of X.,/X, ratios for beams that failed by peeling in the

different ranges defined by CoOllNS. .......c.cooveeiriiieiiiieeie e 2-57

X



Figure 2.24. Experimental-to-theoretical ratios when applying Colotti and

Spadea’s MOAEL........cocuiviiiiiiiiiiee e 2-60
Figure 2.25. Experimental-to-theoretical ratios according to Ali et al.’s model......... 2-61
Figure 2.26. Experimental-to-theoretical ratios for peeling failure tests when

applying concrete tooth MOdels. ..........ccveeiiiriiiiiiiiie e 2-63
Figure 2.27. Experimental-to-theoretical ratios for plate end shear failure tests

when applying Jansze’s and Ahmed et al.’s models. ........c.cccceeeviieriiiiiieniiiennn, 2-67
Figure 2.28. Experimental-to-theoretical ratios for end peeling failure when

performing a linear elastic analysis (a>50mm).........ccccccuveveerciienieniieie e, 2-72

CHAPTER 3. ANALYSIS OF THE INTERFACE BEHAVIOR IN PURE SHEAR
SPECIMENS BY MEANS OF NON-LINEAR MECHANICS

Figure 3.1. Fracture modes (adapted from Irwin, 1957). ....ccoeiiiiiiiiiiiiieeee 3-3
Figure 3.2. Bonded joint between a linear elastic laminate and linear elastic

18] 010 SO OO OO PRUTPROTPR 3-3
Figure 3.3. Shear stress — slip relations for different types of reinforcement (FIB

Task Group 9.3 FRP, 2001).....ccueiiiiiiiniiiiiineeeecneeieeeese e 3-4
Figure 3.4. Bond-slip relationship. .........ccceevieeviieniiiiiieieeieeeeeee e 3-4
Figure 3.5. Stored energy in @ JOINL. ......ccccueeeruiieeiieeeiieeecieee e e eieeesveeesreeesereeesereeeenes 3-5
Figure 3.6. Fracture @NerZy Gr. ....cccoecveerieeiiieeiieeiieeiie ettt ettt et e et e 3-5
Figure 3.7. Fracture Srowth. .........cccoooiiiiiiiiciiie ettt 3-6
Figure 3.8. Single shear test model. .........ccccooviiiiiiiiiiiiieeeeee e 3-7
Figure 3.9. Bonded joint loaded in pure shear...........ccceecveeeiiiiciiienieeeeee e 3-8
Figure 3.10. Bilinear bond — slip relationship. .........ccccocveiieiiiiiiiniiiiieieceeee 3-9
Figure 3.11. Shear and laminate tensile stress distribution in Stage 1. ....................... 3-11
Figure 3.12. Distribution of stresses under Stage 2.........ccocveeveeriienienieenieeieeneeeenenn 3-13
Figure 3.13. Maximum shear stress location along Stage 2 as a function of the

shear stress at the loaded end..........cccooieiiiiiiiiiiiiine 3-15
Figure 3.14. Long and short bonded length.............ccccoeviiiiiiiieciiieceeee e 3-15
Figure 3.15. Transferred force against the shear stress at the loaded end. .................. 3-18
Figure 3.16. Transferred force against the length of Zone II. ...........ccooovviiiiiinnnn. 3-19
Figure 3.17. Detail of transferred force vs. shear stress at the loaded end for a 450

I JAININALE. ...ttt ettt ettt ettt 3-20
Figure 3.18. Shear stress distribution during Stage 2b. ..........cceeceeviieiieniienienieeaene 3-23
Figure 3.19. Transferred force during Stage 2a and 2b. ........cccoeevveviveercieencieeceieeee, 3-24
Figure 3.20. Maximum transferred force for short bonded lengths............cccccoeennnee. 3-25
Figure 3.21. Maximum Force Pyax (N) vs. Bonded Length L (mm)...........cccvveenneeen. 3-27
Figure 3.22. Distribution of stresses in Stage 3a. .......ccocvevveeriieniienienieeieeieeee e 3-29
Figure 3.23. Transferred force along Stage 3a. .......cccveeeiiieciiieeiieeceeecee e 3-31
Figure 3.24. Distribution of shear stress at the beginning of Stage 3b........................ 3-32
Figure 3.25. Shear stress evolution during Stage 3b. .......cccceeveeeiiieeiieeniieeeiee e 3-33
Figure 3.26. Simplified linear bond-slip relationship........c.cccoceeveriineineniincencniene. 3-35
Figure 3.27. MONI’S PUIE CITCIE. .....eeiiiieiiiieciiie ettt ee e 3-40
Figure 3.28. Long bonded length of 600 mm. Short bonded length of 200 mm........... 3-44
Figure 3.29. Shear stress distribution during Stages 1 and 2 depending on the slip

VAIUC AL X = 0t 3-46
Figure 3.30. Shear stress distribution during Stage 3a depending on the slip value

AL X T 0. ettt bbbttt et sb et st nbe b 3-46
Figure 3.31. Evolution of Zone II’s length along Stage 3. .........ccccoevveeviieeecieeeeieee 3-47



Figure 3.32. Shear stress distribution during Stage 3b depending on the slip value

AL X =0 ettt e e sttt e et e st e b e st e e te e aeenaenteenbeentenneensans 3-47
Figure 3.33. Laminate tensile stress distribution during Stages 1 and 2 depending

on the slip Value at X = 0. ...ccoiiiiiiiiiie e 3-48
Figure 3.34. Laminate tensile stress distribution during Stage 3a depending on the

SIP QL X = 0. et ettt et 3-49
Figure 3.35. Laminate tensile stress distribution during Stage 3b depending on the

SIP QL X = 0. e ettt ettt e 3-49
Figure 3.36. Transferred force vs. relative sliding at the loaded end of the

JAMINALE. ..ot ettt ettt 3-50
Figure 3.37. Relative sliding during Stages 1 and 2 depending on the slip value at

X T 0 ettt ettt b e et ettt e e nte st e st enteentenseenseentenneentean 3-51

Figure 3.38. Relative sliding during Stage 3a depending on the slip value at x = 0. .. 3-51
Figure 3.39. Relative sliding during Stage 3b depending on the slip value at x = 0. .. 3-52
Figure 3.40. Shear stress distribution during Stages 1 and 2a depending on the slip

VAIUE AL X = 0t ettt et b e e 3-53
Figure 3.41. Shear stress distribution during Stages 2b depending on the slip value

AL X =0 oottt e e st et e ettt e te et e ae e aeenee st enteenteeneensans 3-53
Figure 3.42. Laminate tensile stress distribution during Stage 1 and 2a depending

on the SHP Value at X = 0. ...ooeeiiiiiiiieee e e e 3-54
Figure 3.43. Laminate tensile stress distribution during Stage 2b depending on the

] T oI 1 e USRS 3-54
Figure 3.44. Comparison of the transferred force vs. relative sliding at the loaded

end of the laminate between L = 600 mm and L = 200 mm..............cccocveveenen.e. 3-55
Figure 3.45. Relative displacement between concrete and laminate during Stages

| TR 3 s Vo 10 o RO 3-56
Figure 3.46. Experimental-to-theoretical ratio of maximum transferred force for

FRP laminates and steel plates. .........ccceeveiieeiiiieiiiecie et 3-58
Figure 3.47. Percentages of ratios according to the Demerit Point Classification.

Percentiles for the experimental-to-theoretical ratios according to Collins. ....... 3-59
Figure 3.48. Percentages of ratios according to the Demerit Point Classification

when removing the tests where adhesive properties were not reported. ............. 3-59

CHAPTER 4. ANALYSIS OF THE INTERFACE BEHAVIOR IN BEAMS
SUBJECTED TO TRANSVERSE LOADS

Figure 4.1. Forces acting on a differential section of a strengthened beam, dx. ........... 4-2
Figure 4.2. Forces acting in a section of an element between two existing cracks. ...... 4-4
Figure 4.3. Forces acting in an element between two existing cracks............ccccevvennene 4-7
Figure 4.4. Interfacial shear and laminate tensile stress distribution between two
CTACKS 1N STAZE L. .oueiieiiieiiieiieie ettt ettt et e aaeebeesaee e 4-8
Figure 4.5. Interfacial shear and laminate tensile stresses between two cracks in
StAGE 28. 1. 1ottt e e e aneeeans 4-9
Figure 4.6. Interfacial shear and laminate tensile stress distribution between two
CTacks 1N StAGE 28.2. ....iioiiiiiieeie ettt ettt ettt e 4-10
Figure 4.7. Shear stress distribution once the maximum shear stress is reached in
CTACK L. 1ot 4-12
Figure 4.8. Interfacial shear and laminate tensile stress distribution between two
CTaCKS 1N STAZE 38, .eieuiiieiiieiie et ettt ettt 4-13

Xi



Figure 4.9. Shear stress and laminate tensile stress distribution in Stage 3b once

the maximum shear stress reaches crack L...........ccooooiiiiiiiiniiiii 4-14
Figure 4.10. Shear stress and laminate tensile stress distribution between two

CTaCKS 1N STAZE 3C. cuvieiiiiiiiiitireee ettt 4-15
Figure 4.11. Comparison of the tensile stresses in the internal reinforcement and

the laminate before and after steel yielding..........cocceeviieiiiniiiiinieece 4-16
Figure 4.12. Cases between two cracks depending on the steel tensile stress............. 4-16
Figure 4.13. Relationship between the laminate tensile stress in crack I and in

crack J in a three or four-point bending load configuration. ..............ccceuvenennee. 4-23
Figure 4.14. Limit condition for the development of Stage 2b. ..........cccceveriininninne. 4-24
Figure 4.15. Limit condition for the development of Stage 2b together with the

evolution of the tensile stress in crack J. .......ccoooiiiiiiiiiiiiiiiee e, 4-25
Figure 4.16. Shear stress distribution for the crack distance limit. ........ccccceceveenennee. 4-26
Figure 4.17. Crack distance limit for the development of Stage 2b for a certain

three point bending load configuration...............cccveevieriierieenienie e 4-27

Figure 4.18. Maximum shear stress reaches crack I at the beginning of Stage 3b......4-29
Figure 4.19. Evolution of shear stresses along Stage 3b depending on the internal

StEEL YICIAINE. ..ttt 4-32
Figure 4.20. Transferred force between two cracks. .........cceeevievieriiinieniiieniesieeiene 4-36
Figure 4.21. Maximum transferred force in a short and long crack distance............... 4-38
Figure 4.22. Maximum transferred force between two cracks in a three-point

bending load cONfigUIation. ..........cccuieeiiiieiiee e e e 4-39
Figure 4.23. Beam segment in a zero shear force region. ........c..cceceevevieneeneneeneenne. 4-40
Figure 4.24. Shear stress distribution between two cracks under a pure flexure

SEALE. ..ttt ettt ettt ettt ettt b e st nae e e e naees 4-41
Figure 4.25. Tensile stress in the laminate along the crack spacing.............c.cccuuee..... 4-42
Figure 4.26. Force increment between one crack and the middle point of the crack

SPACIIIE. 1.ueveeeeteeeiteeeeteeetteeeaeeesaeeessseeessseeeasseeesseeesseeenssaeansseeansseeansaeeasseeennseeanns 4-43
Figure 4.27. Relative displacement between concrete and laminate under a pure

FIEXUIE STALE. ..eeiutieiieiiieet ettt ettt et e 4-45
Figure 4.28. Force transferred vs. slip in the pure flexure case according to the

analysis performed and equation (4.82). .....cceeeeiieeiiieeiie e 4-46
Figure 4.29. Shear stress distribution between two cracks in a bending state for

different B valUues. ....cccuvieeiiieeiie e 4-47
Figure 4.30. Tensile stress distribution between two cracks for different fvalues. ... 4-48
Figure 4.31. Tensile stress distribution between two cracks for low load levels. ....... 4-48
Figure 4.32. Beam segment subjected to bending moments and shear forces. ........... 4-49
Figure 4.33. Shear stress distribution at the interface between two cracks

subjected to shear forces and bending moments. ..........ccceevveeeiiieecieeniieeeies 4-51
Figure 4.34. Shear stress distribution at the interface between two cracks

subjected to shear and bending during Stage 1. ..........cccovviriiiiiiiieniie e 4-52
Figure 4.35. Shear stress distribution at the interface between two cracks

subjected to shear and bending during Stage 2a.2.........cccceeevveeiiieiiiieeniieeieens 4-52
Figure 4.36. Shear stress distribution at the interface between two cracks

subjected to shear and bending during Stage 3a and 3b..........cccceevcvveeiiieenieens 4-53
Figure 4.37. Evolution of the macrocrack length along Stages 3a and 3b. ................. 4-53
Figure 4.38. Laminate tensile stress distribution between two cracks subjected to

shear and bending during Stage 1, 2a.2 and 3. .......cccceevveriienieniieenieeieeeeee, 4-54
Figure 4.39. Laminate tensile stress distribution between two cracks subjected to

shear and bending during Stage 3b........ccccceviiiiiiiiiiiiiiieee e 4-55

Xii



Figure 4.40. Force increment between each crack and the zero shear stress point.

Transferred force along the crack distance...........ccccoeveeviiiiiiniiiiniiiiieiceee 4-57
Figure 4.41. Maximum transferred force between cracks Iand J. ...........cccoeeiinnnn. 4-57
Figure 4.42. Relative displacement between support and laminate. .............cccccueenee. 4-58
Figure 4.43. Shear stress distribution at the laminate end in Stage 1............c.cccuee.e.. 4-59
Figure 4.44. Shear stress distribution at the end of the laminate in Stage 2a. ............. 4-60
Figure 4.45. Shear stress distribution at the end of the laminate in Stage 2b.............. 4-61
Figure 4.46. Shear stress distribution at the end of the laminate in Stage 3a. ............. 4-62
Figure 4.47. Shear stress distribution at the end of the laminate in Stage 3b.............. 4-62
Figure 4.48. Assumed concrete tensile stress distribution. ...........ccccceeeeeviieieeneennen. 4-64

Figure 4.49. Shear stress distribution at the interface between the end of the
laminate and the nearest crack during Stages 1 and 2a. .........cccceveeviniincnnennn. 4-74

Figure 4.50. Shear stress distribution at the interface between the end of the
laminate and the nearest crack during Stages 1 and 2a when the concrete’s

contribution in tension is N0t cONSIAEred. .........ccouerierieriiriienieieiereee e 4-74
Figure 4.51. Shear stress distribution at the interface between the end of the

laminate and the nearest crack during Stage 2b .........ccccoevvievieniienienciieieeeene, 4-75
Figure 4.52. Laminate tensile stress distribution at the end of the laminate during

Stage 1 and 20.....cc.eeeiiiiiieiieeie e et as 4-76
Figure 4.53. Laminate tensile stress distribution at the end of the laminate during

STAZE 2D, et ettt ettt e e st enreas 4-77
Figure 4.54. Transferred force along the interface at the end of the laminate............. 4-77
Figure 4.55. Relative displacement between concrete and laminate at the laminate

EIUA. ettt b e st bt e et e et esat e e b e eaeas 4-78
Figure 4.56. Crack pattern of Beam 2/C before strengthening............ccccovcveveeiennnnne. 4-79
Figure 4.57. Limit between a short and long crack distance for Beam 2/C. ............... 4-81
Figure 4.58. Shear stress distribution along the interface...........ccocevceeveriiniincnnennnn. 4-81
Figure 4.59. Laminate tensile stress distribution. ...........cccuveeciiieeiieeniieeesiieesiie e 4-82
Figure 4.60. Analyitical and experimental strain distribution along the laminate. ..... 4-82
Figure 4.61. Slip between concrete and the CFRP laminate. ............cccooevvveeniiiennnen, 4-83
Figure 4.62. Transferred force to maximum transferred force ratio between crack

L ANA 2. ettt et e be e e 4-86
Figure 4.63. Crack pattern of Beam 2/C at failure load. ..........ccccooeiviniiiniinincniene. 4-87

CHAPTER 5. PROPOSAL FOR A DESIGN OR VERIFICATION CRITERIA
FOR BEAMS SUBJECTED TO TRANSVERSE LOADS

Figure 5.1. Crack element between crack I and J..........cccooeeviiiiiiiiiiiiiicie e 5-2
Figure 5.2. Maximum transferred force in short and long crack distances. .................. 5-4
Figure 5.3. Crack distance IMit..........c.cceoviiiiiieiiiieeiiecie e 5-10
Figure 5.4. Shear force vs. bending moment for a 100 mm crack distance. ............... 5-14
Figure 5.5. Shear vs. bending moment for a 200 mm crack distance..............ccccueue... 5-16
Figure 5.6. Simplified maximum shear force vs. bending moment relationship......... 5-17
Figure 5.7. Shear force vs. bending moment relationship. Point (A) location. ........... 5-20
Figure 5.8. Possible cases for the shear force vs. bending moment relationship. ....... 5-21
Figure 5.9. Local Failure at the laminate end. .............ccoooveeriiieniiiinie e 5-24
Figure 5.10. Verification procedure StPS. .......ceevveerieeriieriieeriieeiieniieeieenieeereeseneennees 5-26
Figure 5.11. Shear vs. bending moment relationship for Beam group 1..................... 5-27
Figure 5.12. Shear vs. bending moment relationship for Beams 2...........ccccccoeenenee. 5-28

Xiii



Figure 5.13. Shear force vs. bending moment for Beams 1 with different crack

SPACTILZS. ..veenteeeutieeite et e euteette et e bt e e bt e et e eabeesateeabeeeaee et e e sabe e beeenbeebeeenbeeneeenbeennes 5-29
Figure 5.14. Influence of the fracture energy on the shear force vs. bending
moment relatioNSRIP. ....coceiiiiiiiiie e 5-29
Figure 5.15. Design procedure (). .....coooiieiiieiieeiieiieeieecee et 5-32
Figure 5.16. Design verification (I1).........ccoccoeiiiiiiiiniiiieieeec e 5-34
Figure 5.17. Verification of peeling failure between cracks in a beam under
UNITOTM 10A. ..ot 5-36
Figure 5.18. Verification of peeling at the laminate end in a beam under uniform
LOA. ettt ettt e aeas 5-36
Figure 5.19. Equivalent 3-point bending configuration case............cccccceerveevreererennnen. 5-37
Figure 5.20. Failure for the uniform load and the 3-point bending configuration
CASC. -etutteeuteeeuteeuteeeut e e bt e eu bt e bt e et e e bt e et e e bttt e e h et e bt e e h et et e e eh bt e bt e e ab e e bt e et e e nhe e e b e eaee 5-37
Figure 5.21. Ratio between experimental and predicted maximum shear force. ........ 5-40
Figure 5.22. Percentages of ratios included in each range of the Demerit Points
CLaSSITICATION. .....iiiiiiiieeiie ettt ettt ettt et 5-41
Figure 5.23. Ratio between experimental and predicted shear force for the
observed failure MOdes. .........ooouieiiiiiiieie s 5-42
Figure 5.24. Ratio between experimental and predicted shear force for the
theoretical and observed failure modes. ...........ccccoiiiiiiiiiiiniiie 5-44
Figure 5.25. Comparison of the statistically better performing models. ..................... 5-47
Figure 5.26. Better scored models by using the Demerit Point Classification............ 5-48

Xiv



LIST OF TABLES

CHAPTER 2. FLEXURAL STRENGTHENING OF REINFORCED CONCRETE
STRUCTURES BY PLATE BONDING

Table 2.1. Summary of specimen characteristics. .........cocueereercieerieniieerieeere e 2-11
Table 2.2. Summary of pure shear specimen characteristics. ..........ceceeeevuerevereennennne. 2-13
Table 2.3. Internal reinforcement of tested beams. .........ccccceeevinineniiniieiiinicncncnnenn 2-15
Table 2.4. External reinforcement of Beams 1..........ccccooiiiiiiiiiiiiiiiniiieceeee 2-15
Table 2.5. External reinforcement of Beams 2..........c.ccecieviiienininniniiciccncnenenn 2-16
Table 2.6. Test results in Beams 1........cccooiiiiiiiiiiiiiiiieeee e 2-16
Table 2.7. Test results in Beams 2..........ccccceviririiiniiiiiiiiicceneeeeeeeeee e 2-17
Table 2.8. Typical values for the shear stress parameters and for the maximum

SREAT STIESS. ...ttt e 2-28
Table 2.9. Typical values for the {'parameter and the interfacial normal stress. ........ 2-29
Table 2.10. Comparison of the experimental, analytical and numerical interfacial

stresses on Beams 1 and 2 at the plate end. ...........cccvvieiiiiiiiiiciiieeeee, 2-30
Table 2.11. Parameters for Beam 1/B..........cccccooiiiinininiiiiiiiiieceeeee 2-31
Table 2.12. Failure criteria for Beams 1 and 2 at the plate end..........c.ccccoeevverirennnn. 2-35
Table 2.13. Summary of assembled SPECIMENS. ........cceevueriiniinieriinieceieneneeeees 2-48
Table 2.14. Summary of specimens with a peeling mode of failure. .............c.ccc...... 2-49
Table 2.15. Experimental-to-theoretical ratios for tests that failed by laminate

PEEIING-OFT. ..oiiiiiiiii ettt ettt e be e e 2-50
Table 2.16. Theoretical-to-experimental ratios for tests that failed by laminate

PEEIING-OFT. ..ot et e e et beeaee e 2-50
Table 2.17. Comparison between both experimental-to-theoretical and theoretical-

to-experimental ratios in terms of conservative bias, accuracy and safety. ........ 2-51
Table 2.18. Experimental-to-theoretical ratios for tests that failed by laminate

PEEIING-OFT. ..ooiiiiiiii et ettt e beeaee e 2-52
Table 2.19. Significant percentiles of the experimental-to-theoretical ratios for

laminate Peeling-0fT...........coviiiiiiiiiiee e 2-53
Table 2.20. Demerit Points Classification for beams failing by laminate peeling-

O . ettt 2-56
Table 2.21. Experimental-to-theoretical ratios for Colotti and Spadea’s model......... 2-59
Table 2.22. Demerit Points Classification for Colotti and Spadea’s model................ 2-60
Table 2.23. Experimental-to-theoretical ratios for Ali et al.’s model.......................... 2-61
Table 2.24. Demerit Points Classification for Ali et al.’s model............cccccecvereennen. 2-61
Table 2.25. Experimental-to-theoretical ratios for Raoof et al.’s model..................... 2-62
Table 2.26. Demerit Points Classification for Raoof et al.”’s model.................c.c..... 2-63
Table 2.27. Experimental-to-theoretical ratios in precracked beams for both the

original and the modified Raoof et al.’s model. ..........c.cccceeevviieviieniinciieieeeee, 2-64
Table 2.28. Demerit Points Classification for both the original and modified

Raoof et al.’s MOdEL.......coeviriiriiiiiiiiiccce e 2-64
Table 2.29. Experimental-to-theoretical ratios for Jansze’s model. ...........c...ccccce. 2-65
Table 2.30. Demerit Point Classification for Jansze’s model.........c..cccceceeeveiiiiniennenn 2-65

XV



Table 2.31. Experimental-to-theoretical ratios for Ahmed et al.’s model.................... 2-65

Table 2.32. Demerit Points Classification for Ahmed et al.’s model.......................... 2-66
Table 2.33. Experimental-to-theoretical ratios for Malek et al.’s model. ................... 2-68
Table 2.34. Demerit Points Classification for Malek et al.’s model. ..............cccc.c... 2-68
Table 2.35. Experimental-to-theoretical ratios for El-Mihilmy and Tedesco’s
100704 <) FOR PSSRSO 2-69
Table 2.36. Demerit Points Classification for EI-Mihilmy and Tedesco’s model. ..... 2-69
Table 2.37. Experimental-to-theoretical ratios for Oller’s model. ............cccccoeenenne. 2-70
Table 2.38. Demerit Points Classification for Oller’s model. ..........c.cccceeverieneniennen. 2-70
Table 2.39. Experimental-to-theoretical ratios for Brosens’ model. ...............cccc....... 2-71
Table 2.40. Demerit Points Classification for Brosens’ model. ...........ccccceveinennnennee. 2-71

Table 2.41. Theoretical-to-experimental ratios in beams that fail by plate rupture. ... 2-73

CHAPTER 3. ANALYSIS OF THE INTERFACE BEHAVIOR IN PURE SHEAR
SPECIMENS BY MEANS OF NON-LINEAR MECHANICS

Table 3.1. Stages that arise in a pure shear specimen for long and short laminates.... 3-34
Table 3.2. Summary of maximum transferred force according to the different

EXISTING MOAECIS. ..ottt ettt e 3-37
Table 3.3. Concrete surface influence factor (Brosens, 2001). .......cccveevvveeniieeninenns 3-41
Table 3.4. Typical values of the model parameters. ...........cccceevieriiieniieiienieeiieee 3-44
Table 3.5. Test-to-predicted debonding strength ratios for all plate materials............ 3-57
Table 3.6. Test-to-predicted debonding strength ratios for FRP reinforcements

when distinguishing the manufacturing procedure............ccceeevveerciieeniieenneeennee. 3-57
Table 3.7. Demerit point classification for pure shear specimens failing by

laminate peeling-0fT...........oooiii e e 3-58

CHAPTER 4. ANALYSIS OF THE INTERFACE BEHAVIOR IN BEAMS
SUBJECTED TO TRANSVERSE LOADS

Table 4.1. Stages that arise between two cracks for long and short laminates............ 4-34
Table 4.2. Stages that arise at the laminate end for short and long laminates.............. 4-70
Table 4.3. Comparison of the shear stress values at the laminate end x = 0 mm......... 4-73
Table 4.4. Crack position and distance between cracks in Beam 2/C. ........................ 4-79

CHAPTER 5. PROPOSAL FOR A DESIGN OR VERIFICATION CRITERIA
FOR BEAMS SUBJECTED TO TRANSVERSE LOADS

Table 5.1. Experimental-to-theoretical ratios for the verification proposal given in

.3 bbbttt ettt eae 5-39
Table 5.2. Demerit point classification for beams failing by laminate peeling-off..... 5-41
Table 5.3. Experimental-to-theoretical ratios distinguishing the observed peeling

FAIIUTE MOAE. ... 5-42
Table 5.4. Demerit Points Classification for the verification proposal of §5.3........... 5-43
Table 5.5. Experimental-to-theoretical ratios for tests that in theory failed by

peeling NEAT CTACKS. ...cicuiiieiiieeiee e e e e e 5-43
Table 5.6. Experimental-to-theoretical ratios for tests that in theory failed by end

J0LEL<] 11 0PSRN 5-44

Table 5.7. Demerit Points Classification for tests that failed in theory near cracks.... 5-44

xvi



Table 5.8. Demerit Points Classification for tests that failed in theory at the plate

BT, oot e e et e e e ta e e e aa e e et e e e e beeeebeeeeaeeeanbeeennbeeenaraeans 5-45
Table 5.9. Experimental-to-theoretical ratios for different crack distances. ............... 5-46
Table 5.10. Demerit Points Classification for different crack distances. .................... 5-46
Table 5.11. Demerit Points Classification for peeling failure in general. ................... 5-48

Xxvii



xviii



NOTATION

Notations and abreviations are explained in the main text when they first occur. A list of
them is presented here with the corresponding SI-units in brackets.

Roman capital letters

A,r,c* area of the strengthened section transformed into concrete (mmz)

A, area of concrete in tension (mm?)

Ar cross-sectional area of externally bonded reinforcement (mm?)

A cross-sectional area of internal steel reinforcement in tension (mm?)

A’ cross-sectional area of internal steel reinforcement in compression
(mm?)

Ay cross-sectional area of steel shear reinforcement (mm?)

C. compressive force in the concrete (V)

Cr empirical constant in the fracture energy definition

C; integration constant

cor coefficient of variation

E, modulus of elasticity for the adhesive layer (MPa)

E. modulus of elasticity for concrete (MPa)

E; modulus of elasticity for the external reinforcement (MPa)

E; modulus of elasticity for steel (MPa)

F applied load (kN)

F. cracking load (kN)

F service load (kN)

F, failure load (kN)

Fiyexp experimental failure load (kN)

F, yield load (kN)

AF increment of the external applied load (kN)

G energy of the system (MPa mm)

G, shear modulus of the adhesive layer (MPa)

G, shear modulus of the concrete (MPa)

Gc energy required to grow an existing crack (MPa mm)

Gr fracture energy by unit bonded area (MPa mm)

GF fracture energy of Zone I of the bond - slip relationship (MPa mm)

G#' fracture energy of Zone II of the bond - slip relationship (MPa mm)

G, shear modulus of the resin between composite layers (MPa)

1. second moment of inertia of the concrete cross-section (mm®*)

I second moment of inertia of the laminate cross-section (mm®)

It,,c* second moment of inertia of the strengthened section transformed to
concrete (mm”)

I, o second moment of inertia of the strengthened section transformed to
laminate (mm”)

K constant in the existing definitions of the maximum transferred force
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L

Ly

Lb, end
Lcrack, crit
Ly,

LL, eff
memck
merack, left
memck, right
Liim
Lshear

Lshear crack

Lshear mod
M(x)
M.,

M.

My

Mo

M;

M,

MJ, max(i)

My

Mim
Mpeel
Mpeel, min
Mpeel, max

M, peel, pure flexure

Mpeel, V=0

P, max
P max,L=Lb

P max,L=Lb,end
P max,L=scr

P max,L=scr lim

laminate bonded length (mm)

remaining bonded length (mm)

bonded length at the laminate end (mm)

critical diagonal crack location (mm)

laminate length calculated for the concrete tooth model (mm)
effective length of the steel plate in the shear span (mm)

macrocrack length (mm)

macrocrack length starting from crack I (mm)

macrocrack length starting from crack J (mm)

limit between a short and long bonded length

shear span (mm)

critical shear crack location of a conventionally reinforced concrete
beam (mm)

fictitious shear span (mm)

bending moment acting on the x coordinate (Nmm)

cracking moment (kNm)

bending moment acting on the concrete section (Nmm)

design bending moment of the strengthened section (Nmm)

design bending moment of the unstrengthened section (Nmm)
bending moment acting on crack I (Nmm)

bending moment acting on crack J (Nmm)

bending moment associated to the maximum force of point (i) of the
peeling limit relationship (Nmm)

bending moment acting on crack H (Nmm)

limit bending moment (kNm)

bending moment that causes laminate peeling-off (kNm)

lower bound of the peeling bending moment (kNm)

upper bound of the peeling bending moment (kNm)

peeling bending moment in a pure flexure case (Nmm)

peeling bending moment at the laminate end when the shear force is
zero (kNm)

yield bending moment of the strengthened section (Nmm)

yield bending moment of the unstrengthened section (Nmm)

ultimate bending moment of the strengthened section (Nmm)
ultimate bending moment of the unstrengthened section (Nmm)
experimental bending moment at failure (kNm)

bending moment increment between crack I and crack J (Nmm)

axial force acting on the concrete section (V)

transferred force (V)

experimental maximum transferred force in a pure shear specimen
(N)

maximum transferred force (V)

maximum transferred force for a pure shear specimen whose length
is the bonded length L, (N)

maximum transferred force for a pure shear specimen whose length
is the bonded length at the laminate end Ly g (V)

maximum transferred force for a pure shear specimen whose length
is the crack distance (V)

maximum transferred force for a pure shear specimen whose length
is the crack distance limit (V)
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P max, L=scr-Lmcrack

AP scr

AP scr,end
AP max,scr
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T
T
U
Ur
Uy
V(x)
VCV

AV

Vcracks
ch

Vend

Vi

Vs
VJ,max )
VJ, max(l

Vpeel
Vpred

maximum transferred force for a pure shear specimen whose length
is the remaining bonded length along crack distance (N)

transferred force between cracks I and J (V)

transferred force between the laminate end and the nearest crack ()
maximum transferred force between two adjacent cracks, I and J (N)
maximum transferred force between crack I and the zero shear stress
location ()

tensile force in the laminate (N)

tensile force in the internal steel rebars (V)

internal strain energy (MPa mm)

stored energy in the laminate (MPa mm)

bond strength according to Colotti and Spadea (2001) (Nmm)

shear force acting at the x coordinate (N)

shear force that causes diagonal cracking (kN)

shear component resisted by the plate (k)

shear force that prevents peeling failure near cracks (kN)

shear capacity of the concrete in the RC beam alone without the
contribution of the stirrups

shear force that prevents peeling failure at the laminate end (kN)
shear force acting on crack I (&)

shear force acting on crack J (V)

maximum shear force acting on crack J (V)

maximum shear force associated to point (i) of the peeling limit
relationship (N)

shear force that causes laminate peeling-off (kN)

predicted shear force that causes laminate peeling-oft (k)

shear force that causes failure along the cracked section (kN)
experimental shear force at failure (kN)

shear force associated to the yield bending moment of the
unstrengthened section (N)

released energy when the fracture increases in length (MPa mm)
experimental value for a certain parameter

ultimate theoretical value expected for a certain parameter

Roman lower case letters

S o

L
bro

C]
C2

CF

da
dx

unplated length between the support and the laminate end (mm)
crack length (mm)

concrete section width (mm)

laminate width (mm)

reference width according to Brosens (2001) (mm)

constant of the fracture energy or maximum shear stress equation
defined by FIB Task Group 9.3 FRP (2001)

constant of the maximum slip definition defined by FIB Task Group
9.3 FRP (2001)

constant determined by linear regression analysis of shear test results
effective depth of the concrete section (mm)

differential crack length (mm)

differential length (mm)
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Jed

Jex

fcm
fcm, cylinder
ﬁm, cube
fctm
ﬁtm, eff
Jiy

S

g

Jrd

Jom

h

SRR

SLm
SL0

SCV
Secrlim _

i
Scr,lim( )

Scr,lim end
Ser,min

Scr,min Stage 3¢
Scr,max

(S cr” merack),lim

(S cr- merack),lim end
Sw

ta

Le,ref

L
t

Us
ur,

ur

Wi

compressive strength of concrete (MPa)

design value of concrete compressive strength (MPa)
characteristic cylinder compressive strength in concrete (MPa)
mean value of concrete compressive strength (cylinder) (MPa)
mean value of concrete cylinder compressive strength (MPa)
mean value of concrete cube compressive strength (MPa)

mean value of axial tensile strength in concrete (MPa)

effective tensile strength in concrete given by Zhang (1997) (MPa)
yield strength of the externally bonded reinforcement (MPa)
concrete formal shear stress (MPa)

yield strength of internal steel reinforcement (MPa)

design yield strength of internal steel reinforcement (MPa)

mean value of yield strength of internal steel reinforcement (MPa)
total depth of the concrete section (mm)

stress intensity factor

empirical constant in the width influence factor

width influence factor

concrete surface influence factor

layers of the composite laminate

transverse distributed load (N/mm)

concrete cover (mm)

relative displacement between concrete and laminate (mm)

slip associated to the maximum shear stress (mm)

maximum slip before laminate debonding (mm)

distance between cracks I and J (mm)

limit between a short and long crack distance (mm)

limit between a short and long crack distance at point (i) of the
peeling limit relationship (mm)

limit between a short and long distance at the laminate end (mm)
minimum stabilized crack spacing (mm)

minimum crack spacing for the development of Stage 3¢ (mm)
maximum stabilized crack spacing (mm)

limit crack distance for the remaining bonded length between cracks
(mm)

limit distance for the remaining bonded length at the laminate end
(mm)

distance between stirrups (mm)

thickness of the adhesive layer (mm)

concrete thickness where stresses are influenced by the external
reinforcement

laminate thickness (mm)

resin thickness (mm)

displacement on the longitudinal direction (mm)

internal steel to concrete average bond strength (MPa)

internal steel plate to concrete average bond strength (MPa)
laminate displacement on the longitudinal direction (mm)
displacement on the vertical direction (mm)

crack width (mm)

longitudinal coordinate (mm)

neutral axis depth (mm)
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X0 neutral axis depth of the unstrengthened section (mm)

X7 location of crack I (mm)

Xy location of crack J (mm)

XK zero shear stress location (mm)

XLM maximum shear stress location (mm)

XLM left maximum shear stress location closest to crack I (mm)

XLM max maximum value for the length of Zone II in a pure shear specimen
(mm)

XLM.P maximum shear stress location for the maximum transferred force
(mm)

XLM,right maximum shear stress location closest to crack J (mm)

Xr0 macrocrack tip location (mm)

XL0,lefi location of the tip of the macrocrack initiated in crack I (mm)

XL0,right location of the tip of the macrocrack initiated in crack J (mm)

Yo height of the compression block in the unstrengthened section (mm)

Ve position of the center of gravity in the concrete cross-section (mm)

Y+ distance from the bottom concrete fiber to the gravity center of the
strengthened section (mm)

VL position of the center of gravity in the laminate cross-section from its
top fiber (mm)

Ay increase on the compression height block (mm)

Ay, ultimate increase on the compression height block (mm)

zr laminate lever arm (mm)

ZL] laminate lever arm in crack I (mm)

zLJ laminate lever arm in crack J (mm)

Zs steel lever arm (mm)

Zs ] steel lever arms in crack I (mm)

ZsJ steel lever arms in crack J (mm)

Greek capital letters

N ratio of bond strength to stirrup tensile strength

Q constant defined to solve the differential equation governing the
laminate tensile stresses in Zone I of the bond-slip relationship
(1/mm)

(9)) constant defined to solve the differential equation governing the
laminate tensile stresses in Zone II of the bond-slip relationship
(1/mm)

Q) constant defined in the simplified linear approach to solve the

differential equation governing the laminate tensile stresses in Zone |
of the bond-slip relationship (1/mm)

Greek lower case letters

a factor defined as the first static moment of the plate divided by both
the plate width and the homogeneous moment of inertia of the
section (1/mm?)

p fraction of the concrete tensile strength
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éL

gL, max

&L pure flexure
ELu

5Lu, k

Esy
o
P
Y
n

A

0
g”

eexp
PL
p s
D

Pw

(o}

Oc

Oc,b

(o)}

O], max
Ol

o1

O]l max
Ollu

oL

O] LI
O_L[]
OL1
Aoy, iy
A JL,IJ, max

OLJ
OL.J end

concrete ultimate strain (&)

laminate strain (ué)

maximum experimental laminate strain (ue)

laminate strain associated to peeling in a pure flexure case (u€)
ultimate strain of the externally bonded laminate (&)

characteristic value of the ultimate strain of the laminate according
to the manufacturer (&)

yielding strain of the internal steel reinforcement (&)

diameter of longitudinal tensile steel rebars (mm)

diameter of shear steel rebars (mm)

shear deformation

experimental constant of the shear capacity based models of Ali et
al. (2001) that depends on the load type and equals to 1.6 for point
loads

constant given by the product of x by the square of the crack
distance (MPa)

parameter on the resolution of the differential equation for shear
stresses in linear elastic models given by equation (2.9) (1/mm)
constant depending on the f concrete fraction and the crack distance
(MPal/mm®)

arc tangent of the quotient between bending moment and shear force
(rad)

arc tangent of the quotient between bending moment and shear force
for point (1) of the peeling limit relationship (rad)

0 associated to the experimental failure load (rad)

externally bonded reinforcement ratio

longitudinal internal steel reinforcement ratio in tension

longitudinal internal steel reinforcement ratio in compression

shear steel reinforcement ratio

normal stress (MPa)

concrete stress on the longitudinal direction (MPa)

concrete tensile stress on the bottom fiber of the section (MPa)
maximum principal stress at the laminate end (MPa)

maximum experimental principal stress at the laminate end (MPa)
maximum principal stress at the laminate end at failure (MPa)
minimum principal stress at the laminate end (MPa)

minimum experimental principal stress at the laminate end (MPa)
minimum principal stress at the laminate end at failure (MPa)
laminate tensile stress (MPa)

laminate tensile stress in Zone I of the bond-slip relationship (MPa)
laminate tensile stress in Zone II of the bond-slip relationship (MPa)
laminate tensile stress in crack I (MPa)

laminate tensile stress increment between cracks I and J (MPa)
maximum laminate tensile stress increment between cracks I and J
(MPa)

laminate tensile stress in crack J (MPa)

laminate tensile stress in the nearest crack (crack J) to the laminate
end (MPa)
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Tmin

Tmax
z-rnax, exp
Tmax, FEM

TPES
Tu

A Tmod
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laminate tensile stress in crack H, the second crack nearest to the
laminate end (MPa)

minimum tensile stress in the laminate (MPa)

maximum tensile stress in the laminate (MPa)

internal steel tensile stress (MPa)

internal steel tensile stress in crack I (MPa)

internal steel tensile stress in crack J (MPa)

steel tensile stress increment between cracks I and J (MPa)

tensile stress in the bottom concrete layer at the laminate end (MPa)
interfacial normal stress (MPa)

maximum analytical normal stress at the laminate end under failure
load (MPa)

ultimate interfacial normal stress at the laminate end (MPa)
interfacial shear stress (MPa)

fiber end shear stress (MPa)

interfacial maximum shear stress (MPa)

minimum shear stress (MPa)

maximum analytical shear stress at the laminate end under failure
load (MPa)

maximum experimental shear stress at the laminate end under failure
load (MPa)

maximum numerical shear stress at the laminate end under failure
load calculated by the Finite Element Methods (MPa)

plate end shear stress that causes plate end shear failure (MPa)
ultimate shear stress at the laminate end according to Mohr-Coulomb
criterion (MPa)

modification factor (MPa)

relationship between laminate tensile stresses in both cracks I and J
parameter given by equation (2.5)

bond parameter given by equation (2.49)

constant defined to solve the differential equation governing the
laminate tensile stresses between cracks in Zone I of the bond-slip
relationship when assuming Navier-Bernouilli’s law (1/mm)

constant defined to solve the differential equation governing the
laminate tensile stresses between cracks in Zone II of the bond-slip
relationship when assuming Navier-Bernouilli’s law (1/mm)

constant defined to solve the differential equation governing the
laminate tensile stresses between cracks in both Zones I and II of the
bond-slip relationship when assuming Navier-Bernouilli’s law
(1/mm)

parameter on the resolution of the differential equation for interfacial

normal stresses in linear elastic models given by equation (2.20)
(1/mm)
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Abreviations

AFRP
cC
CFRP
GFRP
F
FRP
LEFM
M
NLFM
NR

PED
PES

RC

Th

Aramid Fiber Reinforced Polymer
Concrete crushing

Carbon Fiber Reinforced Polymer
Glass Fiber Reinforced Polymer
Fabrication procedure

Fiber Reinforced Polymer

Linear Elastic Fracture Mechanics
Material

Non-Linear Fracture Mechanics
Not clearly reported

Other modes of failure

Preloaded prior to laminate bonding
Pultruded laminates

Premature peeling failure

Peeling initiated near cracks

Plate end debonding

Plate end shear failure

Plate rupture

Reinforced concrete

Shear failure

Theoretical

Wet lay-up laminates
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