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ABSTRACT

The research work reported here investigates the behaviour of reinforced concrete beams
strengthened in shear with Fibre Reinforced Polymer (FRP) sheets. A full-scale testing
program was undertaken to expand the database on beams rehabilitated with FRP. This
experimental data was used to develop a rational shear design method that includes and
integrates all shear carrying components.

A series of four type G-girders removed from existing bridges were first strengthened
with two types of FRP and two repair schemes. The shear capacity of the girders was
increased significantly by the FRP sheets. However, due to the geometry of the girder and
the loading set-up, the failure occurred in the end diaphragm of the hat-shaped beams.
Three commonly used shear strength evaluation methods: a) Strut-and-Tie, b) Madified
Compression Field Theory, and c) grid analysis were also investigated and the prediction
results were compared to the experimental results. The shear capacity of each beam was
accurately predicted but was limited to the ultimate shear load and to the elastic range of
the load deflection curves.

The second part of the experimental study involved eight full-scale T-beams cast in
laboratory conditions and extensively instrumented. Four parameters were studied: concrete
strength, stirrup spacing, height of the beam web, and type of FRP. The contribution of the
external FRP sheets was found dependant on the amount of internal reinforcement. The tri-
axial glass fibre reinforcement exhibited a more ductile failure than the other beams
reinforced by the other types of fibre.

The current shear design methods and the recently proposed models, which include the FRP
contribution, were reviewed and were evaluated using the experimental data. From this
analysis, new design equations based on the strip model and the shear friction approach
were developed. The interaction of concrete, stirrups and FRP sheets is accounted for in
these equations. The proposed design equations were validated with 35 available test results

found in the literature and good predictions of the beam behaviour were observed.
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RESUME

Le travail de recherche rapporté étudie le comportement des poutres en béton armé
renforcées en cisaillement par des plaques en FRP (Polymeéres Renforcés de Fibres). Un
program experimental grandeur nature a été entrepris pour augmenter la base de données
de poutres réhabilitées avec des FRP. Ces nouvelles données experimentales ont été
utilis€es afin de de developper une methode rationnelle de design en cisaillement qui
inclue and intégre tous les constituants supportant les forces de cisaillement.

Quatre poutres de Type G démantelées d’un pont ont été renforcées avec deux types de
FRP et deux schémas de réparation. La capacité en cisaillement des poutres a été
augmentée significativement par les laminés en FRP. Cependant, en raison de la
géométrie des poutres et du montage du chargement, la rupture s’est produite dans le
diaphragme d’extrémité des poutres en forme de U inversé. Trois méthodes d’évaluation
du cisaillement généralement utilisées, a savoir les bielles et les tendons (Strut-and-Tie),
la théorie modifiée du champ de compression (Modified Compression Field Theory) et
I’analyse par grillage ont aussi été¢ étudiées and comparées avec les resultats
expérimentaux. La capacité en cisaillement de chaque poutre fut prédite avec précision
mais fut aussi limitée & la charge de cisiallement ultime et a la partie élastique des
courbes charge déflexion.

La seconde partie de 1’étude experimentale comprenait huit poutres en T grandeur nature
coulées au laboratoire et considérablement instrumentées. Quatre paramétres ont €té
étudiés: la résistance du béton, I’espacement des étriers, la hauteur de 1’ame de la poutre
et le type de FRP. 1l a été observé que la contribution des plaques extérieures en FRP
dépendaient de I’importance du renforcement interne. Le renforcement en fibre de verre
tri-directionnel présente un mode de rupture plus ductile que les autres poutres renforcées
par les autres types de fibres.

Les méthodes actuelles de design en cisaillement et les modéles incluant la contribution
des FRP récemment proposés ont €té revus et évalués avec ces données expérimentales.
De cette analyse, de nouvelles équations basées sur 1’approche du cisaillement par friction
et de la méthode par bandes ont €té développées. L’intéraction du béton, des étriers et des

feuilles en FRP est incluse dans ces équations. Les équations proposées ont été validées
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avec 35 résultats d’essais disponibles trouvés dans la litérature et de trés bonnes

prédictions du comporiement de ces poutres ont €té observées.
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RESUMEN

Este trabajo de investigacién estudia el comportamiento de vigas de hormigon armado
reforzadas a cortante con polimeros reforzados con fibras (FRP). El estudio incluye un
extenso programa experimental de vigas de hormigén de tamafio real, encaminado a
aumentar el nimero existente de ensayos en vigas rehabilitadas con FRP. Los resultados
fueron utilizados para desarrollar un procedimiento racional de disefio que integre todos
los componentes que participan en la transferencia de cortante en vigas de hormigén.

El programa experimental fué dividido en dos series. La primera incluye experimentos en
cuatro vigas con seccion transversal en forma de sombrero, comunmente denominadas
del tipo G. Las vigas, obtenidas directamente de un puente de la vida real después de su
desmantelamiento, fueron reforzadas con dos tipos de FRP, siguiendo dos esquemas
diferentes de reparacion. Los resultados demuestran que la capacidad a cortante de las
vigas fué incrementada significativamente por el FRP. Sin embargo, debido a las
propiedades geométricas de las vigas asi como también a la manera como fueron
cargadas, la falla tuvo lugar en los diafragmas extremos de las mismas. Cuatro métodos
convencionales de disefio fueron utilizados para evaluar la capacidad a cortante de las
vigas: a) el modelo de bielas de compresién y tensores (Strut and Tie), b) la teoria del
campo de compresién modificada (Modified Compression Field Theory) , y ¢) un analisis
de malla. La capacidad dltima a cortante de las vigas fué correctamente predicha por estos
métodos, asi como también su respuesta en el rango elastico.

La segunda serie comprende experimentos en ocho vigas T de hormigén armado
fabricadas en el laboratorio. Las vigas fueron instrumentadas minuciosamente. Los
ensayos se desarrollaron variando cuatro pardmetros: la resistencia a la compresion del
hormigén, el espaciamiento del refuerzo a cortante, la altura del alma de la viga y el tipo de
hoja de FRP. Los resultados indican que la contribucién de las hojas de FRP a la respuesta
de las vigas depende de la cantidad de refuerzo interno existente. Las vigas con hojas de
fibra de vidrio orientadas coplanarmente en tres dimensiones exhibieron una falla maés
ductil que aquellas reforzadas con los otros tipos de FRP examinados. Con base en los
resultados de esta segunda fase experimental, los actuales procedimientos de disefio para

determinar la capacidad a cortante de vigas rehabilitadas con FRP fueron revisados, en
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particular aquellos que evalian la llamada contribucién del FRP. Como resultado, se
propone un conjunto de ecuaciones de disefio basadas en el modelo de franjas y en el
modelo de cortante por friccién. Las ecuaciones propuestas consideran el efecto interactivo
existente entre el hormigdn, el refuerzo intemo a cortante y las hojas de FRP. Las
ecuaciones propuestas fueron evaluadas y validadas con base en 35 resultados de

laboratorio reportados previamente en la literatura.
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1 INTRODUCTION

1.1 Problem Statement

Over 40% of the bridges in service today across North America were built 30 to 40 years
ago. Most of these bridges are concrete bridges and most of them are now approaching
their lifetime expectancy. Since the construction of these bridges, the design requirements
have been reviewed and rewritten with the latest research developments. The shear
design provisions have become more stringent as reported by COLLINS et al. (1996). As
discussed, the ACI-318 shear design procedure required only four equations prior to 1963
whereas about 43 design equations were included in the 1995 ACI-318 code. Figure 1.1
illustrates the increase of the number of equations for shear design in ACI-318
Specifications. In addition, the allowable truck load weights for bridge design have also
experienced significant increases. These two important elements of bridge design are

described in more detail below.
1.1.1 Design Truck Loads

The bridges built in the early 50°s and 60°s in North America were designed using the
AASHTO (1949) specifications. The design truck was the H20-S16 which corresponds to
a total weight of 320.3 kN (36 t). The maximum wheel load was 71.2 kN. Today, bridges
in Canada are designed with the CSA-S6 (1988) standard. The new current highway
design truck in Canada is the CS-600 which indicates a total gross load of 600 kN. The
maximum wheel load is now 90 kN which represents a 26.4% increase. However, some
provinces use greater design truck loading which can lead to almost 45% increase
(KORNELSEN and LooO, 1990). Same degrees of increase are also observed in the United

States and elsewhere in the world.
1.1.2 Concrete Shear Strength

In 1973, following a series of research programs, a better understanding of the shear
resistance of concrete members resulted in a complete review of the shear design
provisions (ACI-ASCE COMMITTEE 426). Two major changes have been made: the
concrete shear strength and the stirrup spacing requirements. For instance, using a typical
concrete strength of 27.6 MPa (4000 psi) and a beam height of 400 mm, the AASHTO

1
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(1949) and the CSA-S6 (1988) codes give different concrete shear strength evaluations
and stirrup spacing requirements.

Concrete shear strength

[1.1] v, =0.03f, ve =0.828 MPa AASHTO (1949)
[1.2] V. = 0.19\/E ve = 0.998 MPa CSA-S6 (1988)
Stirrup spacing
[1.3a] s= %—h when required to carry shear s=203 mm

or AASHTO (1949)
[1.3b] s= %h when not required s =304 mm
[1.4] s= % < 600mm s =180 mm CSA-S6 (1988)

where h = height of the beam and d equals 0.9 h.

As shown, the concrete shear strength might be increased by 20.5%. But the spacing of
the stirrups would need to be reduced from 304 mm to 180 mm, representing a 40.8%
difference. Furthermore, in some cases the actual stirrup spacings did not meet the
requirements of the 1949 standard at the time of construction by as much as 25%
(ALEXANDER and CHENG, 1997).

CSA-S6 (1988) also stipulates that a minimum area of shear reinforcement must be
provided where the design shear is greater than one half the shear resistance carried by
the concrete alone. In other words, when the minimum stirrup requirements are not
satisfied, the concrete shear strength should be reduced by half. In the above example, the
concrete shear strength then becomes equal to 0.499 MPa which is then much smaller
than 0.828 MPa.

1.1.3 Beam Shear Strengthening

The above evaluation shows that the bridge girder shear capacity may have decreased by
as much as 40% while the applied loads increased by almost 45% during the past 40
years. These two effects, added to the natural aging of the bridges, have resulted in the

o
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shear deficiency of some of these bridges. Consequently, there is an urgent need to
develop an efficient method of rehabilitation to address this structural deficiency.

The first option is to limit the traffic over the existing structures. This option, however, is
not very practical since it requires redirection of the traffic. The second option is to
replace the old one with a new bridge but this can be a very expensive remedy. The third
option is to upgrade the existing structures to carry additional loads and normally is the
most feasible solution.

The rehabilitation of structures is not new and various repair projects have been carried
out in the world for many years. Steel has been the primary material used to strengthen
deficient structural members. However, adding steel components to the structure
increases the dead load, which may require additional substructure strengthening.
Corrosion protection for the steel also needs to be considered. Fibre Reinforced Polymer
(FRP) materials offer an attractive alternative for the strengthening of structures with
their high strength to weight ratio, low weight to stiffness ratio, non-corrosiveness

property, high fatigue strength and ease of application.
1.2 Objectives and Scope

The primary objective of this program is to evaluate the shear contribution of FRP sheets
bonded externally on reinforced concrete beams. The potential of the FRP shear
reinforcement was first investigated using existing bridge girders. Two types of FRP and
two repair schemes were considered in these tests. Next, a series of laboratory controlled
specimens were cast to investigate specifically the effects of the concrete strength, the
stirrup spacing, the height of the beam web and the type of the FRP. The secondary
objective is to evaluate the test results with various methods of analysis, such as the Strut-
and-Tie model and the Modified Compression Field Theory (MCFT). The FRP design
models available in the literature were also considered. Finally, with a better
understanding of the behaviour of concrete beams strengthened in shear with FRP, the
development of a more rigorous design model has been undertaken. In addition, this
project provides a significant number of full-scale test results of concrete beams

strengthened with FRP to the existing database.
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1.3 Thesis Format

This thesis is prepared in accordance with the regulations for a Paper-Format Thesis as
set out by the Faculty of Graduate Studies and Research at the University of Alberta
(FGSR, 1999). Each chapter includes its own bibliography. Tables and figures are
grouped at the end of each chapter before the bibliography. The nomenclature is
consistent throughout the thesis and is listed in the prefatory pages. References to the
chapters which have been submitted for publication take the form of "(DENIAUD and
CHENG, 2000 [Chapter 4])", which refers to the paper by DENIAUD and CHENG that
appears as Chapter 4 of this thesis.

Considerable information that was generated from this study is presented in Appendices.
These appendices, except Appendix E, include typically photos, crack patterns, detail
experimental data, details of calculation methods, and other essential information that are
not provided in the main chapters. Appendix E presents a copy of the four conference

papers that were presented during the course of this thesis.

1.4 Thesis Outline

This research studies the behaviour of the FRP sheets bonded externally to reinforced
concrete beams. Chapter 2 reviews both the traditional and FRP shear strengthening
techniques, as well as the principal FRP properties. The current shear design methods and
the recently developed shear models, which include the FRP contribution, are also
introduced. Chapter 3 focuses on the shear rehabilitation of four Type G-girders removed
from existing bridges in Alberta. Chapters 4 and 5 present full-scale reinforced concrete
beam tests having a height of 400 mm and 600 mm respectively. These beam specimens
were cast and tested under fully-controlled laboratory conditions. Chapter 6 discusses the
shear design models proposed in the literature to account for the FRP shear contribution.
These model predictions are compared with the experimental data developed in this
research study. Finally, Chapter 7 proposes a new shear design model which accounts for
the interaction of the concrete, the stirrups, and the FRP components. This model is then
validated with available experimental data reported in this study and other published
sources. Finally, summary, conclusions, and recommendations for future study are

presented in Chapter 8.
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2 SHEAR STRENGTHENING TECHNIQUES AND SHEAR EVALUATIONS
OF REINFORCED CONCRETE BEAMS

2.1 Introduction

The infrastructure deficits in North America and elsewhere in the world have reached an
all time high because a large percentage of the inventory has reached its life expectancy.
An estimated 40% of all bridges operating today have been found to be structurally
deficient or obsolete and require repair, strengthening, upgrading or replacement (SEIBLE,
1996). These deficiencies are mainly due to environmental deterioration, insufficient
detailing at the time of construction, inadequate maintenance and increased traffic load
demands. Because of recent budget constraints and scarce funding, the owners of these
structures, comprised mainly of government bodies, are interested in reliable, cost
effective, rapid and sustainable alternative repair solutions.

Fibre Reinforced Polymers (FRPs) have been widely used in the aerospace and defence
industries, but mainly due to economic reasons, applications in civil engineering sectors
have been very limited. The high manufacturing costs of FRP and lack of experience of
civil engineers in using these materials, compared to the cheaper and more well-
established traditional construction materials, such as concrete and steel, made FRP a less
common option. With the end of the Cold War, the excessive production of composite
materials calls for alternative markets for the materials. Combined with the needs of
rehabilitation market, researchers, infrastructure owners, and FRP sectors have started to
explore the possibility of using FRP in construction applications, more specifically in the
market of rehabilitation (HEAD, 1996). In the meantime, new FRP manufacturing
techniques have helped reduce the production costs, making these high quality materials
more competitive.

Over the last decade, a significant number of research projects and field applications have
been carried out in the area of using FRP in civil engineering applications. NEALE (2000)
surveyed the most recent progress in the use of FRP in structures and found that almost
all aspects of structural members could and had been efficiently reinforced with these
lightweight materials. FRP materials were mostly used with concrete structural elements
to increase their flexural capacity (RITCHIE ef al., 1991; SAADATMANESH and EHSANI,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1991). FRP applications in masonry, wood or steel elements were also investigated
(Kuzik et al., 1999; ROWLANDS er al., 1986; DOREY and CHENG, 1996; KENNEDY and
CHENG, 1998).
Since this research focuses on the use of FRP in shear strengthening of reinforced
~ concrete beams, only the area of shear strengthening of concrete beams will be
considered in this chapter. The commonly used shear reinforcement techniques are
briefly reviewed followed by the new FRP strengthening methods recently developed.
The main characteristics of externally bonded FRP sheets are also presented. Finally, the
shear evaluation methods currently available in design standards and other design models

proposed by researchers to include the FRP sheet contribution are introduced.

2.2 Shear Strengthening Methods for Reinforced Concrete Beams

2.2.1 Traditional Techniques

Shear strengthening of concrete beams has traditionally been performed by adding steel
elements to the deficient members. The most common traditional shear strengthening
techniques were illustrated by EMMONS (1993) and will be reviewed briefly and
discussed below. Further design details on bridge rehabilitation can be found elsewhere
(XANTHAKOS, 1996).

Post-tensioning is a technique used to prestress reinforced concrete members. Either
internally or externally placed post tensioning can be added to an existing beam web as
shown in Figure 2.1. The main advantage of this technique is that it provides immediate
active strengthening, which relieves the overstressed conditions of the beam web.
However, the deck overlay needs to be removed and a large number of holes must be
drilled through the member. The labour costs are very expensive and there is some
inconvenience for the users since one part of the bridge would be closed at all times to
facilitate the drilling process. The amount of steel weight added to a structure could also
become a concern for some other bridge elements which, in turn, may also require
strengthening.

Internal mild steel reinforcements can also be used as passive shear strengthening to
increase the shear capacity of a member. Additional reinforcement dowels are placed

perpendicular to the existing cracks. They are placed into drilled holes and then grouted
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into place with epoxy. This repair technique has the same problems associated with the
post tensioning method. In addition, the passive reinforcements imply that the web can
not be severely damaged since the new reinforcement will only be activated if additional
loads are added to the member.

Another technique is to enlarge the cross section of the member to increase the area of
load carrying concrete. An overlay can be cast either around the web or over the top slab
as shown in Figure 2.2 or as a combination of the two. This technique effectively
increases the stiffness and the flexural capacity of the member, but obviously involves the
addition of considerable dead load. A consideration of the effects on the supporting
structural elements, such as the piers or foundation piles, is also required. In some cases,
this technique is therefore not possible due to the lack of capacity of the substructure

components.

2.2.2 FRP Strengthening

2.2.2.1 Laboratory Controlled Specimens

In 1992, Uil reported eight RC specimens with and without internal shear reinforcement.
The beams tested were 200 x 100 mm in cross section and 1300 mm long. Only carbon
fibre sheets were used to strengthen the beams. The sheets were either wrapped around
the beam or applied only on the sides with different amounts and directions of fibres. By
applying the FRP, the shear capacity of the beams without stirrups was substantially
increased. For the beam with stirrups, the shear force carried by the stirrups was reduced.
The strain on FRP and stirrups were found different even at the same locations. Finally
they observed that the tensile force of the FRP sheeis was rciaied to the debonded area
and that the bond of the FRP to the concrete determined the shear capacity.

AL-SULAIMANI e? al. (1994) built 16 beams deficient in shear and repaired them with
FRP sheets. The specimens used were 150 x 150 mm in cross section and 1250 mm long.
The reinforcement consisted of high-strength steel bars and stirrups spaced at 200 mm.
The beams were designed to yield a flexural capacity 1.5 times higher than the shear
capacity. The beams were loaded until the first visible cracks appear. Then, the beams
were repaired using glass fibre sheets with three different repair schemes: strip, wing and

jacket. The jacket gave the best improvement of the shear capacity, but flexural failure
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occurred in this case. Therefore, the full potential of this scheme could not be realized.
The strips and wings yielded an increased shear capacity of 25% and 30%, respectively.
CHAJES et al. (1995) published results of 12 concrete T-beams externally bonded with
FRP. They used three composite materials: Aramid, E-Glass and Graphite. No stirrups
were provided in these beams. The beams were 1200 mm long and 190 mm deep with a
flange of 140 mm wide. The shear failure occurs at the same location in the constant
shear span for all the specimens. They found that the shear behaviour of the beam with
FRP was similar to the flexural behaviour of a reinforced concrete before and after
cracking. They concluded that full-scale tests should be conducted and more tests were
required with varied internal shear reinforcement, different beam geometry, and variety
of shear span to depth ratio in order to develop a more rigorous analytical model.

SATO et al. (1996) conducted six beam tests with carbon fibre sheet shear strengthening.
The CFRP sheets were applied either to the sides of the beam or to both sides and the
bottom of the beam. Only one of the test specimens had internal reinforcement. The
beams had a rectangular cross section 200 mm wide and 300 mm deep. The repair
scheme in a form of U-jacket was more effective than the FRP attached only to the sides.
For the specimens without stirrups, the observed failure mode occurred by delamination
of the FRP sheets along the shear crack.

In 1997, the Swiss Federal Institute of Technology tested seven rectangular beams
reinforced in shear with FRP sheets (ADEY er al.). The beams were 200 x 400 mm in
cross section, which represented the largest beams tested to date. The shear span was 750
mm. The performance of partially wrapped and fully wrapped specimens was
investigated. The beams were only strengthened with carbon fibre sheets. This test series
showed that the partially wrapped specimens resulted in much smaller increases in the
load carrying capacity then observed for smaller specimens. The anchorage length of the
FRP was also found to be a significant parameter affecting the beam strength. They then
recommended focussing any future work on alternative methods for anchoring the FRP
sheets.

Recently, TRIANTAFILLIOU (1998) increased the experimental database on shear
strengthening of reinforced concrete beams using FRP. A series of eleven very shallow

beams (70 mm wide by 110 mm deep) were cast and strengthened with various amount
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of fibres bonded only to the side of the specimens. Combined with all the test results
available in the literature at that time, the effective FRP strain was found to be related to
the axial rigidity of the FRP sheets bonded to the concrete. Further studies on full-scale
test specimens were recommended to validate these observations and also to expand the

experimental database.
2.2,2.2 Rehabilitation of Existing Girders with FRP

Concurrently, several researchers investigated the potential of FRP shear strengthening
with existing bridge girders to solve specific deficiencies.

In 1994, DriMousis and CHENG presented results on type E-Girders strengthened by
carbon fibre sheets. These tests were part of a research program in partnership with the
Alberta Infrastructure at the University of Alberta. The purpose was to study the
feasibility of using FRP in rehabilitation of concrete bridges. A typical cross section of a
type E-girder is presented in Figure 2.3. The peculiarity of this girder type is that the
stirrups alternate from leg to leg. This means that the maximum spacing is actually twice
this distance if considering only one leg. All the tested girders failed in shear. Successful
FRP repair schemes were found to strengthen this type of girders in shear capacity. The
shear capacity was increased by an amount of 21% to 55% over the control beam with no
reinforcement. However, it was pointed out that a more rigorous and controlled
experimental program should be carried out.

Following this initial project, ALEXANDER and CHENG (1997) studied the reinforcement
of type G-girders with FRP. Since the height of the G-girder is less than the type E-girder
(see Figure 2.3), the first tests, conducted under concentric loading, did not fail in shear,
but rather in bending. An eccentric loading system was then created to avoid premature
bending failure. The failure by the combined shear and torsion occurred within the end
diaphragm in all cases. Further investigations of the end panel strengthening for these
girders were recommended.

FRP shear strengthening of prestressed girders were also investigated at the University of
Manitoba {HUTCHINSON et al., 1997). Four, ten meter long, I-shaped, precast, prestressed
beams were fabricated using stirrups with a bent-legged shape identical to that used for
the stirrups of existing bridge girders. This poor existing detail of the internal steel shear

reinforcement in shown in Figure 2.4. Various repair scheme configurations, including
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vertical, horizontal and diagonal CFRP sheets, were investigated. Results showed that
CFRP sheets were effective in reducing the tensile force in the stirrups under the same
applied shear load. The application of both vertical and horizontal CFRP sheets improved
the contribution of the sheets to the shear capacity of the beam. Diagonal CFRP sheets

were also found more efficient than the horizontal and vertical CFRP combination.

2.3 FRP Sheet Properties

2.3.1 General Characteristics

FRP products consist of two or more separate materials that are glued together to form a
single composite unit. The fibres provide the high strength and the stiffness of the FRP
composites and the resin matrix provides the stress transfer among the fibres. Three types
of fibres are commonly used for civil applications: glass, carbon and aramid. The fibres
are embedded in a polymer matrix (i.e. epoxy) which binds the fibres together and protect
them from breakage due to abrasion. The material properties of the fibres and the epoxy,
as well as more commonly used FRPs, are shown in Table 2.1. The matrix has typically
lower modulus of elasticity and greater rupture strain than the fibres (see Figure 2.5).
Randomly short directed fibres such as sprayed FRP (BANTHIA et al., 1996) are also
being used for the repair of existing structures. However, in most cases, continuous
fibres, in one or more directions, are preferred for structural strengthening. The uniaxial
FRP material is linear elastic up to rupture in the direction of the fibres, as shown in
Figure 2.5. With unidirectional FRP sheets, the behaviour of the composite material in
the direction perpendicular to the fibres depends on the matrix properties. Thus, the sheet
is very weak in this direction. Woven FRP materials with cross-pattern fibre layout show
enhanced lateral behaviour. Tri-axial laminates with fibre content equally oriented at 0,
60 and —60 degrees, are also an interesting category of laminates. This material displays
in-plane stiffnesses that are independent of orientation and has been called quasi-isotropic
because it displays isotropic properties within the plane of the laminates. It is often used
when the loading directions are not well known in advance, since no particular direction,
is favoured (SWANSON, 1997).

The FRP sheets can be tailored to a specific application and have a very light weight. The

labour costs are then significantly reduced and negligible weight is added to the structure.
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These advantageous capabilities helped promote the use of externally bonded FRP
systems for the rehabilitation of existing structures over the last decade. Unfortunately,
the relatively high cost of the FRP materials limited their application in civil engineering.
However, due to the constant efforts of the FRP manufacturers over the last few years to
reduce the production costs, FRP materials are now more affordable and more readily
available. '

The application of the FRP to a concrete structure is normally done using adhesives, such
as epoxy. Thus, unless mechanical anchors are used, the efficiency of the FRP system
relies essentially on FRP-to-concrete bond performance. The bond requirements for the

FRP sheet anchorage are therefore very important to transfer shear loads.

2.3.2 Bond Characteristics between Concrete and FRP

2.3.2.1 General Behaviour

Over the last few years, the bond behaviour of FRP sheets glued to concrete has gained a
lot of interest, since it is the key to a successful strengthening technique. KARBHARI
(1995) identified five potential failure modes of the FRP sheet glued on concrete as
shown in Figure 2.6. Although these potential crack paths were observed at the plate
curtailment bonded underneath the beam, they may also describe the failure of FRP
sheets bonded to the vertical side of the beam.

In 1997, BROSENS and VAN GEMERT studied the variation of the shear stress along the
bond joint. Figure 2.7 shows the shear stress distribution on the concrete surface before
and after cracking. They found that the tensile force from the FRP sheet was transferred
into the concrete within an effective bond length. Therefore, when the bonded length
exceeded the criticél length, the fracture load of the joint remained constant. In other
words, there is an effective bond length beyond which the load carried by the joint does
not increase. Similar resuits were observed by other researchers but presented differently
(CHAJES et al., 1996; ALEXANDER and CHENG, 1997; MAEDA et al., 1997; BIZINDAVYI
and NEALE, 1999). In particular, MAEDA et al. presented a schematic strain distribution to
describe the FRP strain profile of the bonded joint, as shown in Figure 2.8. They also
observed a relationship between the effective bond length and the stiffness of the FRP

sheet. The following equation was then proposed:
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[2.1] L., =exp|6.134—0.58In(tE o, )| (Lesr is in mm)
where t and Eggp are the thickness and the elastic modulus of the bonded FRP sheet,

respectively. In this equation, t-Ergp has units of kKN/mm and L. is given in mm.
2.3.2.2 Interface Shear Strength Curves

The average concrete bond strength t is commonly used to characterize the FRP bond
and is written as follows:

P

22 =
[2.2] ‘ Lw

joint

where P is the ultimate load, L is the available length and wjin, the width of the joint.
Since all the bond length provided is not being utilized, as mentioned earlier, the average
bond strength will typically decrease as the available bond length increases (CHAJES et
al., 1996). Several researchers have, therefore, proposed interface shear curves to fully
describe the FRP bonded joints.

ALEXANDER and CHENG (1997) proposed a tri-linear curve as shown in Figure 2.9. This
relationship was developed from a few concrete block tests with 100 mm FRP joint
width. This series of ancillary tests were performed to evaluate the shear strength of
existing girders laterally strengthened with carbon fibre sheets. A few years later,
BizmpAvyY! and NEALE (1999) published extensive bond test results with both glass and
carbon sheets. They used a width of 25 mm for the bonded FRP sheets. They suggested
an exponential formulation with different fitting coefficients for each type of FRP, as

shown below.
[2.3a] =5.3662exp(~0.0051L) (Carbon fibres)
[2.3b] 7 =8.6513exp(-0.0090L) (Glass fibres)

where L and 7 are given in mm and MPa, respectively.

Recently, Kamel er al. (2000) observed that the width of the bonded FRP sheet
significantly affected the average bond strength. Experimental results showed that as the
FRP sheet width decreased, the mean average bond strength increased. This behaviour
was partially attributed to the strain distribution across the sheet. With a narrow sheet, the
strain distribution is roughly uniform, whereas with a wide sheet the edge FRP strain

value can more than double the middle strain value, as shown in Figure 2.10. UEDA et al.
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(1999) made similar observations, but explained this behaviour with the wider failure
zone of the concrete surface than the FRP sheet. Further studies with finite element
analysis are still required to simulate the strain distribution both across the width and
along the length of the joint. The nonlinear bchaviour caused by the cracking of the
concrete should also be considered (MAEDA et al., 1997).

2.3.3 Other Considerations

The anchoring capacity of FRP sheets can be significantly improved by mechanical
anchors. SATO et al. (1997a) investigated several anchoring methods for carbon fibre
sheets, as illustrated in Figure 2.11. The strengthening method with bolt and plate was
found to be the most practical in actual repair since no simultaneous work was required
above the beam slab. They also recommended using longer anchoring bolts which
penetrate the whole width of the beam. SATO er al. (1997b) confirmed also that FRP
sheets with mechanical anchorage were much more effective than strengthening without
mechanical anchorage. They qualitatively demonstrated the shear strength improvement
due to the mechanical anchors, but a quantitative assessment of the anchorage efficiency
needed further study.

The durability of the materials used in rehabilitation is also a major factor of a successful
repair technique. Since the use of FRP in civil engineering is fairly new, an appropriate
assessment of the FRP material behaviour under environmental exposure must be
considered. This document does not intend to provide a thorough review of all the
durability aspects investigated in the past or in current research projects. The latest
developments in FRP durability can be found in BENMOKRANE and RAHMAN (1998).
However, some significant durability works related to external FRP strengthening are
briefly reviewed.

Moisture, temperature, salt environments, freeze-thaw and wet-dry cycles have been
examined with FRP flexural strengthening (KARBHARI and ENGINEER, 1996; BEAUDOIN
et al., 1998; RAICHE et al., 1999; UoMOTO and NISHIMURA, 1999). The investigations
related to moisture were found to be the most aggressive with respect to potential
degradation of the composite - concrete interface when the solution was salty. The FRP
sheets made of carbon fibres showed, in all cases, better durability than the other type of
fibres. The beam tested by RAICHE et al. (1999) also had glass FRP sheets, in a form of
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U-jacket, to anchor the FRP plate underneath the beams. The anchorage of the FRP plate
was found to be the weakest element of the strengthening system, due to the bond
degradation of the glass fibres under severe environmental exposures.

FERRIER et al. (1999) observed that the adhesive joint and the carbon FRP plates were
strong enough for a fatigue loading of one million cycles.

Most of the durability tests on FRP reported in the literature were performed with flexural
reinforcement. The effect of environmental exposure on external FRP shear strengthening

requires further investigations.

2.4 Shear Evaluation of Reinforced Concrete Members
2.41 Current Shear Design Methods

2.4.1.1 Truss Approach

The shear strength of a beam element is traditionally evaluated using a simple truss
analogy initially proposed 100 years ago by RITTER and later by MORSCH (ASCE-ACI
COMMITTEE 445, 1998). This approach is still the basis of several current design codes
(ACI-318, 1998; CSA-A23.3, 1994; CSA-S6, 1988). In this model, the truss consists of a
top longitudinal concrete chord, a bottom longitudinal steel chord, vertical steel ties, and
diagonal concrete struts inclined at 45°. This method also assumes that diagonally
cracked concrete cannot resist tension. Therefore, no diagonal tension members
perpendicular to the concrete struts are considered. The total shear resistance is then the
sum of the concrete and shear reinforcement contributions as follows:

[2.4] V.=V +V,

The concrete contribution term is typically expressed as a function of the square root of
the concrete compressive strength f, (CSA A23.3, 1994):

[2.5] V,=02,fb,d

where by, and d are the width of the web and effective depth of the beam, respectively.
Numerous restrictions are attached to the calculation of V. and are included in this
traditional method to account for parameters that affect the shear strength. These

parameters include the amount and distribution of transverse and longitudinal
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reinforcements, prestressing, span to depth ratio, beam size, coexisting moments and
axial forces.

For the usual case of transverse reinforcement oriented at 90° to the longitudinal
reinforcement, the stirrup contribution is expressed as:

_Afd

s

[2.6] Y

s

where A, is the transverse steel area, f,y is the yield strength of the stirrups and s is the
spacing of the stirrups.

2.4.1.2 Modified Compression Field Theory

In 1973, ACI-ASCE COMMITTEE 426 published a state-of-the-art document on shear
design for reinforced concrete members. The committee recommended further research to
develop realistic shear design models. Along with extensive experimental research,
CoLLINS (1978) developed the Compression Field Theory (CFT) for shear. The angle of
inclination © of the diagonal compression strut was calculated in a rational manner but
the tensile stresses in the concrete were still ignored.

A few years later, the Modified Compression Field Theory (MCFT) was proposed to
account for the beneficial effects of small tensile stresses that still remain in diagonally
cracked reinforced concrete members (VECCHIO and COLLINS, 1986). This variable angle
truss method requires iterations to converge to the appropriate solution. Details of the
solution technique can be found in COLLINS and MITCHELL (1987).

The MCEFT is the basis for the general method in the current reinforced concrete design
code CSA-A23.3 (1994). The equations of the MCFT were simplified for design

purposes. Equation (2.5) was re-written as follows:

[2.7] V. =pfb.d,

The P term is a factor which depends on the ability of the concrete to transmit tensile
stresses. The amount of reinforcement and the levels of axial tension or compression,
bending, and prestressing are the main parameters affecting its value. The d, term is the

effective shear depth of the beam defined differently from the effective depth of the

beam.

With a variable angle 0, the steel shear reinforcement contribution is then given by:
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Af. d,
[2.8] V, =——"cotd

s
The background of these design equation simplifications from the MCFT was recently
published by RAHAL and COLLINS (1999).

2.4.1.3 Shear Friction

From Clause 11.1.3 in the CSA-A23.3 code (1994), the shear friction concept can be used
for shear design when slippage may occur along an existing or potential major crack. The

shear stress resistance is then expressed with:

[2.92] v, =kyof, +pf, cose;
with
[2.9b] o=pf, sina;
A
2.9¢ =—L
[2.9¢] Po=7

where k=0.6 for concrete placed monolithically, oy is the angle between the shear friction
reinforcement and the shear plane, f; is the yield strength of the reinforcement crossing
the shear plane, and A.r and Ay are the area of shear friction reinforcement and concrete
section resisting shear transfer, respectively.

Recently, Loov (1998) applied the shear friction concept to evaluate the shear strength of
reinforced beams. Equation (2.9a) was re-written to evaluate the shear strength along a
plane crossing » spaces and »-1 stirrups:

[2.10] V. =0.25k*f. b, hi—; + T,(n-1)

where h and d; are the beam and stirrup heights, respectively. The experimentally-
determined factor k was studied by Loov and PENG (1998) with concrete strengths
ranging from 20 to 100 MPa. The following equation was proposed from a least squares

analysis.
[2.11] k=2.1(£ )"

T, is the tension force in the stirrup and is expressed by:

[2.12] T, =AM,
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The governing shear strength is the lowest shear strength among all potential shear cracks
along which slippage can occur. The discrete formulation presented in Equation (2.10) is
therefore an upper bound solution. Assuming » to be continuous rather than discrete,
Loov (1998) derived the Equation (2.10) with respect to n to obtain the following

continuous design equation, which was slightly conservative.

[2.13] \'4 =k1/f; b hT, T,
S

The tension force T, is then subtracted following the derivation. This subtraction means

that no stirrups are crossing the most critical shear path until »> 1.
2.4.2 Shear Evaluation Models with FRP Strengthening

The use of FRP sheets for shear strengthening of reinforced concrete beams has received
less attention than the flexural strengthening application. Consequently, the first shear
evaluation models with specific application to FRP sheets were published only a few
years ago. For consistency with the truss approach used in current codes, the FRP sheet
contribution was added to the Equation (2.4) to give:

[2.14] V.=V, +V, + Ve,

CHAALLAL et al. (1998)

Based on the FRP sheet capability to stay bonded to the face of the web and assuming
vertical strips, CHAALLAL et al. (1998) proposed the following expression for the
contribution of the FRP sheets in form of U-jacket:

[2.15] Vere = Ty DrrpQpre i
FRP

with

R16] =

1+k, tan33°
025
3E
2.16b k,=t —
e et 25

where berp is the width, drrp is the effective height, sgrp is the spacing and t is the

thickness of one FRP strip, E, is the modulus of elasticity and t, is the thickness of the
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adhesive (i.e. the epoxy in this case). When the FRP sheets are glued only on the side of
the web, Ty in Equation (2.16a) is reduced by half.
KHALIFA et al. (1998)

The same year, KHALIFA et al. (1998), identified two possible failure modes: FRP sheet

rupture and delamination from the concrete surface. The FRP shear contribution with
vertical FRP sheets on both sides of the web takes the form:
2.17] Virp =2tbgpRE e Qe

Srrp
where frrp is the ultimate strength in the principal direction of the fibres and R is a
reduction factor which describe each potential failure mode.
The design approach based on the fracture of the FRP was first investigated by
TRIANTAFILLOU (1998). A relationship between the effective FRP strain and the axial

rigidity of the fibres was determined as follows:

[2.18a] £, =0.0119 —0.0205(0rppE prp )+ 0.0104(0pepE e )°  for 0<prrpErp <1GPa.
[2.18b] &4 =0.00245—0.00065( 0z E i ) for prreErrp >1GPa.
with

o (e

KHALIFA et al. (1998) then improved the model with additional data and proposed a
polynomial equation for the FRP sheet rupture as follows:

[2.20] R =0.778-1.2188(0pzpE rp )+ 0.5622 (0emp E o )

The design governed by the delamination of the FRP sheet bonded to the concrete surface

was described with the following equation:

\2/3
9
1) R o 00042 (sf) W
(EFRP t) ™ € yrre Arrp

with
[2.223] Wcﬂ‘ = dFRP - kchﬂ'
and

f yrre

Eme
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where k. is an integer describing the number of debonding ends as shown in Figure
(2.12).
Finally, the upper limit of the reduction factor was taken as 0.5, based on the concrete
integrity by limiting the shear crack width. The governing value of R is then taken as the
lowest result among the above three limits.

MALEK and SAADATMANESH (1998)
Also in 1998, MALEK and SAADATMANESH used the MCFT to evaluate the shear capacity
of a reinforced concrete member strengthened with FRP. Based on equilibrium of the
section and following the procedures developed by COLLINS and MITCHELL (1987), the
method proceeds by steps with several iterations. By doing so, this method considers a
variable concrete crack angle, but assumes a prefect bond between the concrete and the
FRP sheets. The principal steps of the method are reported below:
1. Assume the shear load, V, and the angle, 6.
2. Calculate the axial force AN developed in the longitudinal reinforcement.

[2.23] AN=—_

tané
3. Calculate the corresponding longitudinal axial strain, €ng, neglecting the effect of the

FRP sheets with respect to the longitudinal reinforcement.

AN <f,.

2.24 g =—— <
[2.24] % A E E

4. Compute the compressive stress in the concrete strut.

v

[2.25] 2 = .
° b,d,sinfcoséd

5. Assume €; and compute the maximum compressive stress frmax.

[2.26] f, =t < f
0.8-0345L
&

cu

c

6. Calculate the compression strain in the concrete strut.

[2.27] £ =&, (1— /l—ffz j

where €, is the compressive uniaxial strain corresponding to f..
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7. Knowing €jong and €2, €1 and ¢, are obtained using the transformation equations and

Mohr’s circle.
e\l +1an’ )¢,
[2.282] & = o . )<
tan” &
[2.28b] & =g (l +tan® @)+ Eiong 10> 6

8. The assumption on ¢, is then checked.

9. Once ¢; is verified, the total shear force resisted by the beam is then determined.

[2.29] V; =Fgp +F,
with
[2.30a] F,=Eg A, d, < LA, d.
s tané stané
and
o
2.30b Fero =2d o0 t| 0 + ——
[2.30b] FRP FRP (O'l- tanej

where 613 and o} are the shear and normal stresses of the FRP sheet along the crack in
the direction 1 and 2. The laminate theory is used to transform the FRP sheet stiffness
from the axis Jong and ¢ to the axis 1 and 2.
Step 1 through 9 are repeated until the assumed shear load V and V; converge for a given
angle 0. The inclination angle 6 corresponding to the maximum shear load is the
governing angle.
The authors acknowledge that the contribution of the aggregate and the concrete in
compression zone are not considered here. Therefore, once the governing angle 6 is
found, the concrete contribution V. can be determined with the equation (2.7) and the
appropriate value of . The total shear capacity of the beam then becomes
[2.31] V.=V, +V,

CSA-S806
The Canadian Standard Association (CSA-S806, 2000) is currently preparing a new
design standard for the construction and rehabilitation of structures with FRP. The shear
design section uses the truss model, with an assumed 45° concrete crack angle. The FRP

shear contribution, with vertical sheets on both sides of the beam web, is simplified to

[\
N

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



[2.32] Voo = 2tbpEmpéadere

Sere

where the value of the effective FRP strain, €., is taken as 0.004 (or 4000u¢).
2.5 Conclusion

The latest advancements in reinforced concrete shear strengthening for existing structures
were revisited. In this process, the current shear design codes and the FRP shear design
models available in the literature were summarized. From this survey, the lack of test data
on FRP shear strengthening with realistic beam depth specimens was continuously
mentioned. Reliable experimental data on laboratory, using controlled, full-scale tests, are
required to address this concern. A better understanding of the interaction between the
concrete, the stirrups and the FRP sheets used in combination to carry shear loads in
reinforced concrete beams is also needed. The results of this investigation will provide a
rigorous database to evaluate the current design methods and the proposed FRP shear
models. From this analysis, a simplified, but general FRP shear design formulation,
including the effects of the FRP, will be developed and proposed.

N
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Table 2.1  Mechanical Properties of Typical Materials (Kaw, 1997)

Material Density  Young’s Ultimate
Modulus  Tensile Strength

GPa MPa
Graphite 1.8 230.0 2067
Aramid 14 124.0 1379
Glass 25 85.0 1550
Unidirectional graphite/epoxy 1.6 181.0 1500
Unidirectional glass/epoxy 1.8 38.6 1062
Cross-ply graphite/epoxy 1.6 96.0 373
Cross-ply glass/epoxy 1.8 23.6 88
Quasi-isotropic graphite/epoxy 1.6 69.6 276
Quasi-isotropic glass./epoxy 1.8 19.0 73
Steel 7.8 203.0 500
Aluminium 2.6 69.0 276
Epoxy 1.2 3.0 80
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Figure 2.5 Typical Stress Strain Relationship for FRP

: Peel failure into concrete

: Interfacial failure between concrete and adhesive

: Cohesive failure in the adhesive

: Interfacial crack between the adhesive and the composite
: Alternating crack path between the two interfaces

(I VN S R
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Figure 2.11 Various Anchoring Methods of FRP Sheets (SATO et al., 1997)
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3 SHEAR REHABILITATION OF G-GIRDER BRIDGES IN ALBERTA USING
FRP SHEETS'

3.1 Introduction

The Type G-girders shown in Figure 3.1 have been used extensively in Alberta for short
span highway bridges constructed in the 1950°s and 60’s. Today, approximately 1500 of
these bridges are still in service across the province. The bridges are typically simply
supported with no shear keys between the girders. The G-girders were found to be
deficient in shear based on current code requirements and evaluation specifications (CSA
S6, 1988). This deficiency is due mainly to an increase in allowable truck loads over the
last 40 years, as well as a better understanding of shear behaviour in reinforced concrete
members since the early 1970°s. Overall, the design shear requirement has increased by
40% and the applied loads have also increased by about 45% over the last 40 years. The
combination of these two effects, plus the aging of the bridges, results in the shear
deficiency problems for type G-girder bridges. Finding a reliable and economical
technique to rehabilitate and strengthen these girders is a major concern for Alberta
Infrastructure. A research program to assess these needs is carried out at the University of
Alberta in collaboration with Alberta Infrastructure and ISIS Canada. A series of full-
scale tests were conducted using G-girders removed from existing bridges.

A preliminary investigation of type G-girders conducted at the University of Alberta in
1997 (ALEXANDER and CHENG) indicated that type G-girders must be loaded
eccentrically about the centroid of the cross section in order to fail the girders in a
combination of shear and torsion. ALEXANDER and CHENG (1997) also showed that the
end panel is the weakest part of the girder under eccentric loading. Special considerations
are therefore required to reinforce not only the inner faces of the legs, but also the end
diaphragm.

The objective of the current series of tests is to establish a comparison between the use of

glass and carbon Fibre Reinforced Polymers (FRP) sheets with various sheet

' A version of this chapter has been accepted for publication in the October 2000 special issue of the

Canadian Journal of Civil Engineering.
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configurations, as a shear repair technique. The end diaphragm was also reinforced using
composite sheets. A 9.5 mm thick steel plate was bonded along the bottom faces of the
girders to avoid flexural failure.

The following three commonly used shear strength evaluation methods were also
investigated: a) the Strut-and-Tie model, b) the Modified Compression Field Theory
(MCFT), and c) the grid analysis. The shear capacity predicted using these methods were

compared to the experimental results.

3.2 Experimental Program

3.2.1 Test Specimens

A total of eight tests were conducted on four G-girders. Each end of the 6.1 m long
girders was tested separately with a different shear strengthening detail, as shown in
Table 3.1. Three of the four girders have round end diaphragms and one has square end
panels, as shown in Figure 3.1.

Prior to application of the steel plates and composite sheets, the concrete surface of the
specimens was prepared using a grinder to remove any bumps. The steel plates were sand
blasted and then glued to the underside of each leg using Sikadur 31 Hi Mod epoxy
provided by Sika Inc. In order to avoid sharp comers, putty was used to round the corners
of the girders. Figure 3.2 shows a typical surface preparation of the end diaphragm. FRP
sheets were then applied on the inner face of the girders. Additional photos of the
specimen preparation can be found in Appendix A.1. One end of the sheet was extended
underneath the flange and the other end extended on top of the steel plate or the end
panel, as shown in Figure 3.3. At least 100 mm development length was provided for the
FRP sheets.

The two types of uniaxial FRP sheets used were carbon fibre - Replark Type 20 from
Mitsubishi Canada Ltd. and glass fibre - SEH51 from Fyfe LLC Ltd. The two repair
configurations used were 250 mm wide vertical sheets and 250 mm wide diagonal sheets
at 45°. A 50 mm spacing between sheets was used in all the specimens. The round end
panels were strengthened using 50 mm wide bands applied vertically while the square

end panel (G4 West) was strengthened with horizontal carbon sheets. Table 3.1 provides
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a full description of the various specimen parameters. Both repair schemes are presented

in Figure 3.4.
3.2.2 Test Set-up and Instrumentation

In order to provide an eccentric loading, a stiff steel beam was used to distribute the load
from the MTS 6000 testing machine to the top of one leg of the girder, as shown in
Figure 3.5. The load applied to the top of the girder was computed using four load cells
located at each support or by subtracting the steel beam support reaction from the MTS
6000 load. The terminology used in the testing program, Close, Far, Unloaded and
Loaded, is described in Figure 3.5.

The side of each leg of the girders was instrumented with several sets of Demec gauges
while electrical strain gauges were applied on the steel plate. Eight cable displacement
transducers were used to record vertical deflections along each leg and four Linear
Variable Differential Transducers (LVDTs) were installed at two stirrup locations of
interest. An additional LVDT was used to record the Far Unloaded support which was
lifting up during each test.

After the first end of each girder was tested, the girder was repaired with external stirrups
prior to testing the second end. The external stirrups consisted of two HSS steel tubes

with tie rods on both ends.

3.3 Experimental Resulits

3.3.1 Material Properties

Coupon tests were carried out in accordance with ASTM Standard A-370 (1996) to
determine the material properties of the steel components of each girder including the
stee] plate used as external reinforcement, the 28.6 mm diameter longitudinal reinforcing
bars, and the 9.5 mm diameter stirrup bars. Table 3.2 gives the steel coupon test results.
For each type of FRP used, coupon specimens were made at the same time as the bands
were being bonded to the girders. Material properties for the two composites are given in
Table 3.3. It should be noted that premature failure was observed for the glass fibre
coupons.

The concrete strength was determined from 100 mm diameter cores drilled from each

girder, in accordance with the ASTM STANDARD C-42 (1994). Three cores were taken in
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each girder at three different locations. Core specimens were soaked for at least 48 hours
prior to testing. Correction factors developed by BARTLETT and MACGREGOR (1994)
were used to find the equivalent in situ strength presented in Table 3.4.

3.3.2 Girder Tests

The girder test results are summerized in Table 3.4. Figure 3.6 shows the Load vs.
Deflection curves at the location of the point load for all tests with round end diaphragms,
while the results of the two tests with square end diaphragms are presented in Figure 3.7.

General Behaviour

When the girders were eccentrically loaded over one leg, as described in Figure 3.5,
about 70 to 75% of the total load was carried by the Close Loaded support reaction and
20 to 25% went to the Far Loaded support. The remainder of the load, no more than 7%,
was carried by the Close Unloaded support. The Far Unloaded support was lifting up in
all cases. From the observations, the load-sharing path was not significantly affected by
the external steel plate or FRP strengthening. Furthermore, the loaded leg carried the
majority of the shear load.
Failure Mode

The failure mode observed in all of the tests, except Girder 2 East and Girder 3 West,
was shear cracks in the end diaphragm induced by the torsion applied in the end panel.
Testing of Girder 2 East was terminated prematurely and Girder 3 West failed in shear in
the Loaded leg with no crack in the end panel. The test results for Girder 3 West are the
most promising for shear rehabilitation of this type of girder, as explained in the
following sections. All of the test results showed that the FRP sheets helped to hold
flexural reinforcement in place. This technique proved to be very efficient in avoiding
premature failure due to steel plate debonding. No debonding of the steel plate was
observed when composite materials were used.

End Panels Cracks - For the control test with the steel plate (Girder I East), the crack in
the end panel was inclined at about 60 to 70 degrees from the soffit of the diaphragm.
The 50 mm wide sheets applied vertically at the end panel prevented any horizontal
cracks. The crack path in the diaphragm then became vertical because it was now the

weakest orientation. This behaviour was clearly observed in Girder 2 West. Girder 3 East

40

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



exhibited similar behaviour but the crack in the end panel was initiated by the peeling-off
of an FRP band underneath the diaphragm.

For Girder 3 West, peeling did not occur since the woven glass fabric used had fibres at
both 0° and 90°, with a ratio of 80 and 20%, respectively. This material was stronger
perpendicular to the main fibre orientation when compared to the uniaxial carbon fibre.
Although only 50 mm wide bands were used, horizontal tension could still be mobilized
in this product and partially explains why the end panel did not fail in this case.
Unfortunately, no strain in the horizontal direction was measured to confirm this
hypothesis.

For the square end panel specimen, Girder 4 West, the carbon sheets were applied
horizontally in the end panel. Therefore, the crack, which was running vertically along
the Close Urnloaded corner, was bridged by FRP. Although vertical cracks could still
develop because of the sharp corner, the horizontal fibres were extremely effective.
Twisting of the fibres can be seen in Figure 3.8. In this case, the horizontal sheets were
long enough to provide sufficient anchorage and avoid peeling off.

Shear Span Cracks - Two major inclined cracks were typically observed in each shear
span. The first one was initiated at the support location and the second one started to open
up about 500 mm away from the support sloping toward the load point. These cracks
were initially oriented at about 45 degrees. However, the ultimate crack orientation
decreased to approximately 30 degrees.

The steel plate alone did not affect the inclination and initiation of the end panel cracks.
However, the failure crack was closer to the beam without FRP, when compared to the
failure crack of a girder strengthened by composites. For the later case, the failure crack
was Initiated at the leg-to-end panel joint, then widened and propagated toward the point
load. The failure crack was therefore shifted away from the support face when the FRP
was used, as shown in Figure 3.9 (see Appendix A.2 for the other girder shear crack
patterns).

Maximum Load

The overall comparison of the total load applied on the girders is presented in Table 3.4.
The results show that the external steel plate increases the capacity of the girder by 35%.
This large increase is due to the significant stiffness the plate adds to the bottom of the
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legs. Deflection of the legs is reduced and the plate acts to hold the concrete in place,
thereby allowing greater shear transfer to occur.

The effect of FRP, determined by superposition, was found to be equal to 5 and 12% for
the vertical and inclined glass sheets, respectively. It should be noted that, although the
total load for Girder 2 East increased by only 24%, the test was stopped prematurely.
With the square end panel, and assuming the same percentage contribution from the
external steel plate, the presence of carbon sheets increased the applied load by 17%.
Although the difference in load increase between girders with inclined and vertical sheets
is not large, the repair scheme using inclined sheets improved the performance, as shown
in Figures 3.6 and 3.7. This phenomenon can be attributed to the absence of cracking in
the gap between the sheets when the fibres are inclined and the presence of vertical
cracks between vertical sheets observed during the test.

Strains in FRP and Steel Plates

Flexural capacity was not an issue when steel reinforcing plate was used since the steel
plate did not yield in any of the tests. The strain values recorded in the FRP sheets for
each test were relatively small compared to the maximum deformation that these
materials can sustain. The maximum strain recorded was 0.18%, while the maximum
elongation for FRP sheets typically exceeds 1%.

The measured strains for the inclined sheets were similar in magnitude in both legs.
However, for the vertical sheets, the sheet on the loaded leg sustained twice the strains
measured in the sheet on the unloaded leg. Therefore, it appears that the inclined repair
scheme distributes the stress and strain more evenly to both legs. Torsion in the end panel

is therefore reduced because the angle of rotation is reduced between the two legs.
3.4 Test Specimen Models

Three commonly used shear design methods: the Strut-and-Tie, MCFT, and grid analysis,
were used to evaluate the shear capacity of the tested specimens. The development of the
test specimen models using these three methods and the discussion of predicted

behaviour and strength are summerized below, along with the test results.
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3.4.1 General Assumptions

In all cases, the shear force was assumed to be carried by the loaded leg only, due to the
combination of the applied bending and torsion forces as observed by the reactions in
both Unloaded and Loaded legs. The bending moments were shared between the two
legs. The bending contribution of the unloaded leg varied from test to test and decreased
with the loading level. Therefore, the L/U (Loaded/Unloaded) ratio from the
experimental results at ultimate was used and is reported in Table 3.5. No FRP strain
measurements were recorded at the ultimate. Since FRP behaves linearly when stressed, a
linear extrapolation was used from the last two Demec readings to evaluate the maximum

FRP strains at the ultimate load, as listed in Table 3.5.
3.4.2 Strut-and-Tie Model

The loaded leg of the specimen was modeled as shown in Figure 3.10. Vertical ties were
placed at the stirrup locations. A longitudinal bent bar was also introduced into the
model. The 300 mm lever arm between the bottom tie and the top chord was used in all
cases.

The effect of load sharing in flexure was accounted for by increasing the area of the
bottom steel tie according to the L/U ratio given in Table 3.5. It was also assumed that
the concrete stresses in any strut were not critical. The truss was loaded until the first tie
reached its elastic limit based on the material properties of the steel. The yielded tie was
then removed and a new strut-and-tie model was created. This process was repeated until
the truss model collapsed due to yielding of all of the ties. The total applied load was the
summation of all the load increments for each mechanism. The effect of the composite
sheets was included by increasing the load level required to yield the vertical ties. The
increased load level was determined as

[3.1] P, =Af, +&Emts

where A, is the area, f,y is the yield strength, s is the spacing, €y is the yield strain of the
stirrups, and Ergp is the elastic tensile modulus and t is the thickness of the sheets. The
second term of the Equation (3.1) represents the FRP contribution to one stirrup tributary

area and the FRP strain is limited to the yield of steel. Equation (3.1) is applied to the
case when the fibres are parallel to the stirrups.
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3.4.3 Modified Compression Field Theory (MCFT)

This variable angle truss method was developed by COLLINS and MITCHELL (1987) and is
the basis of the general method described in CSA-A23.3 (1994). A computer program
was created to include the contribution of the FRP sheets. The procedure requires
iteration to converge to an appropriate solution. The solution technique is described
briefly below. The detailed solution steps are presented in Appendix A.4. Detailed
information on the method can be found in COLLINS and MITCHELL (1987).

The method starts with estimation of the inclination angle, 6, the stirrup stress, f,, the
FRP sheet stress, orrp, and a chosen value for the principal tensile strain, €;. The shear

load 1s then calculated including the contribution of the FRP sheets as

[3.2] V=vdb, +vd,b, +Vgedmeb,
where
[3.33] .= Av—fv
b, s tanf
f.
- ‘\b V - 1
[3.3b] _tan9

[3.3¢] Virp =

in2
Arp Omp (sm o

+sing cosa
tan@

b, Sre
dy and dgrp are the effective shear depth and the height of the FRP sheets, respectively;
by is the width of the web; Arrp and sgrp are the FRP sheet area and bands spacing,
respectively; and « is the angle of the fibres with respect to the longitudinal axis of the
section. Once the compression stress f5 is found to be lesser than fopmay, the principal strain
€2 is computed. The longitudinal strain €ong, Vertical strain €, and composite strain erp
are found by strain transformation. The stirrup stress, f,, and the FRP stress, ogrp, are
determined from the calculated strains. Iteration continues until these stresses agree with
the initial estimated values. Finally, a plane section analysis, with the strain at d set to
€long, 15 performed to check the equilibrium of the axial load on the member.

This procedure is repeated for a specific moment by increasing €; until the shear load
drops, the fibres fail, or the concrete strut crushes. By repeating this procedure for

different moments, the complete shear moment interaction diagram can be developed.
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For this study, the maximum shear load was computed for the specified V/M ratio (which
is a function of the L/U ratio) of each test (Table 3.5).

3.4.4 Grid Analysis

In this approach, the girder was modeled using beam elements. Two longitudinal beams
spaced 660 mm apart represented the two legs, while two and seven transverse beams
were used for the end panel and flange elements, respectively. The spacing between two
consecutive transverse beams was 750 mm except for the first transverse element close to
each end panel element where 660 mm spacing was used.

Material and Section Properties

The material properties of the girder were computed from the experimental data. The
weight of the girder was obtained by summing the four reactions from the load cells in
each support. The compression strength f'c from the concrete cores was used to estimate
the modulus of elasticity (CSA-A23.3, 1994) from the equation

[3.4] E = (3000\/E +69oo)(7f 60)15
)

where v. is the density of the concrete. The shear modulus of the concrete was computed
assuming an isotropic elastic material with Poisson’s ratio, v, equal to 0.2.
Section properties for each element were also determined. The moment of inertia of the
leg elements was calculated using the transformed section method (CPCA, 1995) to
account for cracking from service loads after 30 years of services.
The St. Venant torsional constant, J, was estimated using the membrane analogy by the
finite differences method (ODEN and RIPPERGER, 1981). The cross section of the elements
was discretized by @ 2D mesh into a spreadsheet and several iterations were performed
until convergence was reached for the points on the grid where the stress function was
evaluated. Material and section properties are summarized in Table 3.6.

Cracking Torque of the Diaphragm

The cracking moment in the end panel was estimated from the stress function

calculations. The shearing stresses were computed as well as the principal stresses at

some discrete point of the grid. The maximum principal tensile stress was then compared
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to the direct cracking strength of the concrete, which was calculated based on COLLINS
and MITCHELL (1987) as

[3.5] f, =0.33f;
The cracking torque in the end panel was then evaluated by linear interpolation.
From these calculations, the shear stress was found to be maximum along the inner face

of the end diaphragm for the control specimens. When composite sheets were applied, the

maximum shear stress shifted to the exterior face of the girder.

Flexural Strenoth of the Leg
The flexural strength of each individual leg was computed by a combination of two
strength calculations. The first method assumed a triangular compression zone, as shown
in Figure 3.11, to compute the flexural strength M',. The second method used a
rectangular compression block to obtain MR,. The former method accounts for an
unsymmetric beam section (i.e. inverted L-shape when considering only half the hat-
shaped G-girder) and the later describes symmetrical beam section behaviour.
The flexural strength M, occurs at an L/U ratio (see Table 3.5) equal to 1.0, whereas the
flexural strength M, is assumed to occur when L/U reaches infinity. In order to obtain
the flexural strength of the specimen, an exponential decay relationship between the
flexural strength of the loaded leg and the L/U ratio was adopted. Based on this
assumption, the flexural strength of each test was determined and is reported in Table 3.7.

Shear Strength of the Leg

The shear strength of the leg is the summation of the three contributing components,

concrete, steel stirrups, and FRP sheets and can be expressed as

[3.6] V, =V +V, + Ve

Concrete Shear Strength V. - The modified Zsutty’s T-section formula, along with the
concrete shear strength (1968), was used in calculating V.:

[3’7] Vc = vc (blegd+h§)
where

d /3
[3.8] v, =2.137 (f; Pu —j

a

46

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



bieg is the web width of only one leg, he is the height of the flange, py is the longitudinal

reinforcement ratio, and d and a are the effective depth and shear span, respectively.

Stirrups Shear Strength V — The stirrup contribution was computed by the simplified
equation given in CSA-A23.3 (1994) Standard as

Af, d
=— >

FRP Sheets Shear Strength Vggp — The shear friction formulation in CSA-A23.3 (1994)

[3.9] \

s

is used here with some modifications for Verp. The adopted formulation takes the form

[3.10] Vege = (v, =V, A, sing;
where
[3.11a] v, =k\Jo ! + p EmpE.q COSQ;
[3.11b] o =p,Expe.. sine;
A
3.11¢ =
[3-11c] Pu=

k = 0.6 for concrete placed monolithically

€ext 1S the maximum extrapolated strain (reported in Table 3.5) of the sheets, os is the
angle between the shear friction reinforcement and the shear plane, and Ayr and A, are
the area of shear friction reinforcement and concrete section resisting shear transfer,
respectively. For consistency with the stirrup and concrete shear contributions previously
defined, a shear plane of 45° was assumed. Since the FRP sheets were just glued to the
inner face, only half of the concrete web was assumed to transfer shear stresses, as shown
in Figure 3.12. These shear strength calculations are summerized in Table 3.7 for each
test.

The elastic grid analysis was conducted using the commercial package SAP90. The
boundary conditions of the grid model were such that the Far Unloaded support was able
to lift up. The maximum load applied on the top of the girder was obtained when one of
the elements reached its assumed capacity (see Table 3.7). Because the end diaphragm
often failed first, a second elastic analysis was performed with the end diaphragm
element removed. The maximum applied load was then given by the failure of one of the

loaded leg elements.
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3.5 Discussion

3.5.1 General

The ultimate load predictions from each method along with the test results are presented
in Table 3.8. A comparison of the Load vs. Deflection curves for the three design
methods investigated, along with the test results, is shown in Figure 3.13. Specimen
Girder 3 West was selected as typical specimen. The Load vs. Deflection curves for all
the specimens are presented in Appendix A.3. The ratio of Loaded over Unloaded leg
deflection at the load point location was about 1.5 at the beginning, which is equivalent to
60% and 40% load sharing in bending for the Loaded and Unloaded leg, respectively.
This value increased significantly at ultimate. This indicated that the girder no longer
behaved linearly and as a whole inverted U section. Since this behaviour was difficult to
assess fully with the methods presented, a more sophisticated analysis, such as the finite
element method, could be performed.

The FRP stiffness per unit width (Eggp times t) provided by the glass and carbon fibres
are almost identical at 31.9 and 31.4 kN/mm, respectively. However, the fibres oriented
at 45° were found to perform better than the vertical sheets. In the former case, the
concrete cracks were almost at right angle to the principal orientation of the fibres. The
composite sheets were, therefore, very effective in controlling the crack widths. This
effect is evident in the shear strengths of the girder elements in the grid method (see
Table 3.7).

The strut-and-tie model is known to be a lower bound solution. The predicted results, as
shown in Table 3.8, are conservative except for Girder 2 East, which was stopped
prematurely.

The MCFT method considers only a rectangular concrete stress block when computing
the bending moment for the T-beam section. This leads to an approximation of the
capacity of the leg under an eccentric loading. The approximation can be improved,
however, by using a triangular stress block as shown in Figure 3.11.

The grid analysis can accommodate various loading conditions or combinations. The
initial stage of the load deflection curve can be predicted with reasonable accuracy, as

shown in Figure 3.13. However, the flexural strength of the element needs to be
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evaluated with care since the load sharing between the two legs varies with the position
of the applied load. Since this method is limited to elastic analysis, assessing the cracking
moment in the end panel of the girder becomes difficult. Girder 3 West, for example, did
not fail in the diaphragm, but the analysis predicts end panel cracking. The maximum
predicted load is governed by flexural failure of the leg element rather than shear failure.
However, if one ignores the cracking at the end diaphragm in the grid analysis, the
predicted shear capacity of the leg element is at essentially the same load level as the
previous prediction based on flexural failure.

The shear friction approach used to evaluate the contribution of the composite sheets
gives simple but reasonable results. The Canadian standard CSA-A23.3 (1994), however,
presents two methods that yield a range of shear strength. More research should be
undertaken to refine or specify a preferred method between these two formulations when

considering shear strengthening with composites.
3.5.2 Comparison of the Models

The predictions for each method are presented in Table 3.8. A ratio Pres; Over Pprq ranges
from 1.11 to 1.69 (excluding Girder 2 East which was stopped prematurely) with a mean
ratio of 1.33 and a coefficient of variation 11.0% for all of three methods. Because of the
complex loading with combination of bending, shear, and torsion, it is unreasonable to
expect better accuracy with the assumptions and simplifications necessary for the
analysis. However, the three methods are consistent with each other and, in most cases,
yield similar ultimate loads. Most of the predictions are conservative and, therefore, can
be used for the design of strengthening elements.

A good correlation between the MCFT and the strut-and-tie model was found for almost
all tests except Girder 1 East. In this test, the girder was strengthened only by a steel
plate that gave a heavy longitudinal reinforcement. The stirrups spacing of 380 mm was
too large to assume uniform concrete struts, as is required in the MCFT method (Collins
and Mitchell, 1987).

A truss at 45° was assumed for the shear friction evaluation. A variable angle truss can
also be used, as long as other strength evaluations are consistent. On the other hand, the
MCFT can accommodate variable truss angle but requires computerized codes and

software support.
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Evaluating the material and cross sectional properties of the girder is a critical factor in
order to achieve reliable predictions. However, it can be sometimes difficult to evaluate

these properties in existing structures.
3.6 Conclusion

This series of tests investigated the benefit of using FRP sheets in the shear rehabilitation
of type G-girders. A total of eight tests were performed on four type G-girders removed
from existing bridges. Carbon and glass FRP sheets in two repair configurations were
used in the rehabilitation. All of the girders were loaded eccentrically about the centroid
of the cross section in order to fail the girders in combination of shear and torsion. Three
commonly used shear strength evaluation methods, strut-and-tie model, MCFT, and grid
analysis, were investigated.

The steel plate used to increase the flexural strength of the girders was found to provide
significant increase in the shear capacity. The FRP sheets contributed to the increase of
the total shear capacity of the girders by 5 to 17%. For the two repair schemes
investigated, the inclined sheets were found to be more effective than the vertical sheets.
The woven fabric glass materials performed better than the unidirectional carbon FRP
sheets. The end panel was the weakest part of the girders under eccentric loading because
it did not contain steel reinforcement. The vertical bands of FRP sheets applied in the
inner face of the round end diaphragm were not effective, except for one case in which
woven glass fibre was used. Better results were obtained when the horizontal sheets were
used in the square end diaphragm. The FRP sheets did not fully develop their maximum
capacity throughout the tests. Therefore, the maximum strength of the fibres was not a
design criterion in this type of application.

The three shear evaluation methods presented in this study were consistent with each
other. The test to predicted ratios based on these three methods ranged from 1.11 to 1.69
with a mean ratio of 1.33 and a coefficient of variation of 11.0%. The shear contribution
of composite sheets at any angle can be accurately accounted for in the analysis. The
strut-and-tie model and the MCFT are limited to the prediction of the ultimate shear
capacity of the girders, while the grid analysis provides the complete load deflection

curves with accuracy limited to the elastic range. Most of the predictions based on these
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three design methods are conservative and therefore can be used to design the shear

rehabilitation of concrete girders using externally bonded FRP sheets.
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Table 3.1 Test Matrix

Steel FRP
Girder Plate Repair Scheme
Gl East Yes None
G1 West No None
G2 East Yes Vertical carbon
G2 West Yes Inclined carbon
G3 East Yes Vertical glass
G3 West Yes Inclined glass
G4East  No None
G4 West™ Yes Inclined carbon
" Square end diaphragm

Table 3.2  Steel Coupon Tests

Bar Yield Stress  Elastic Modulus  Ultimate Strength
Diameter fy E F,

mm MPa MPa MPa
Steel Plate 327 202000 502
Girder 2 28.6 (#9 Imp) 306 203000 494
9.5 (#3 Imp) 311 186000 455
Girder 3 28.6 (#9 Imp) 263 191000 414
9.5 (#3 Imp) 302 252000 423
Girder 4 28.6 (#9 Imp) 267 194000 448
9.5 (#3 Imp) 336 203000 511

Table 3.3  Fibre Reinforced Polymers Material Properties

Ultimate Modulus of

Type of Strength  Elasticity = Thickness
FRP Name fibres Test source MPa MPa mm
Replark Type 20  Carbon Fibre strength’ 3400 230000 0.11
Coupon specimens 422 44800 0.70
SEH41 Glass Fibre strength - - -
Coupon specimens 106" 17700 1.80

__Manufacture specified properties
Premature failure

W
8
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Table 3.4  Girder Test Results
In Max.
Situ Load %
Girder fe on girder Increase Failure Mode
MPa kN
Gl East 459 382 355 Torsion in the end panel and plate
debonding
Gl West 459 282 0.0 Torsion in end panel
G2 East 46.2 350 24.1 Shear in loaded leg
G2 West  46.2 412 46.1 Torsion in end panel/ partial concrete
crushing
G3 East 42.8 394 39.4  Torsion in end panel
G3 West 428 415 47.2 Shear in loaded leg
G4 East 325 259 0.0 Torsion in Close Unloaded comer
G4 West™  32.5 395 52.5 Torsion in Close Unloaded comer
" Square end diaphragm
Table 3.5 Parameters Used for the Analysis of the Test Specimens

Girder L/U Ratio Eext V/M Ratio
At Ultimate ue m
G1W 1.62 - 1.147
GIE 3.95 - 0.889
G2E 2.11 1502 1.045
G2wW 8.29 1783 0.795
G3E 4.07 2267 0.883
G3W 2.34 3907 1.012
G4E 3.99 - 0.887
G4W 4.50 1409 0.867
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Table 3.6  Material and Section Properties of the Girder Elements

Leg with two Leg with three
Density @ 28.6 mm bars 7 28.6 mm bars Diaphragm
Ye Ec Gc Ic,- J Icr J J

Girder kg/m* MPa  MPa  10°mm* 10°mm® 10°mm*  10mm*  10® mm*
GIW 2084 25239 10516 9322  137.9 1108.8 1813 7742.1
GIE 2084 25239 10516 1663.8  231.6 17653  288.0 7742.1
G2 2111 25792 10747 1639.1 231.6 1740.4 288.0 7742.1
G3 1942 22109 9212 1820.6 231.6 1922.1 288.0 77421
o G4E 2197 24002 10001 9679  137.9 11488  181.3 1373.2
- G4W 2197 24002 10001 1722.1  231.6 1823.8  288.0 1373.2




Table 3.7  Strength of the Girder Elements
Diaphragm Leg with two & 28.6 mm Leg with three & 28.6 mm
Ter M, V; M, V;
Girder KN m KN m KN KN m kN
G1wW 491 130.4 168.7 181.2 153.4
GlE 49.1 267.6 200.1 308.6 178.0
G2E 55.7 284.4 213.0 3323 194.2
G2W 55.7 272.0 235.3 312.9 216.4
G3E 53.6 258.8 222.1 296.7 203.8
G3W 53.6 264.2 266.3 305.0 248.0
G4E 14.3 120.3 161.8 163.6 144.0
G4awW 14.3 249.5 210.2 282.3 188.8
Table 3.8  Ultimate Point Load Predictions
Test Methods
Results Strut-and-tie MCFT Grid Analysis
Girder kN KN Prest/Prred KN Presy/Ppred KN Prest/Ppred
G1wW 2819 2302 1.225 210.6 1.339 195.9 1.439
G2E 351.0 4095 0.857 393.3 0.892 281.1 1.248
G2W 4126 3134 1.316 320.1 1.289 310.5 1.329
G3E 393.0 319.1 1.232 330.4 1.190 293.1 1.341
G3W 4148 364.6 1.138 373.8 1.110 340.6 1.218
G4E 2590 1726 1.501 171.1 1.514 179.5 1.443
G4W 3957 315.7 1.254 313.7 1.261 277.4 1.427
GI1E 383.1 331.7 1.155 226.3 1.693 264.1 1.451
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



t [ 1ot !
406 :

152 |—— ——329——]
!

(@) Cross-section dimensions

(b) Round diaphragm (plan view)

— 140

(c) Square diaphragm (plan view)

Figure 3.1 Typical Type G-Girder
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Figure 3.3 Typical End Diaphragm Layout
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Figure 3.8 Twisting of Carbon Fibres in Close Unloaded Corner (Girder 4
West)
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Figure 3.11 Geometry for the Triangular Stress Block
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4 REINFORCED CONCRETE T-BEAMS STRENGTHENED IN SHEAR WITH
FRP SHEETS'

4.1 Introduction

During the post-World War II reconstruction, many concrete bridges were built both in
North America and around the world. Since then, traffic volumes and allowable truck
loads have steadily increased. As a result, most of the old bridges are now underdesigned
according to current design codes, such as the American Association of State Highway
and Transportation Officials Specification (AASHTO, 1994) and Canadian bridge design
standard CSA-S6 (1988). At the same time, bridges are showing signs of aging, including
corrosion of steel and spalling of concrete due to the use of de-icing salt.

Few design options are available to address these deficiencies. Limiting traffic loads over
existing structures is not likely practical, as it requires the inconvenient redirection of the
traffic. A second option, the construction of new bridges, is extremely expensive and can
cause serious temporary traffic flow problems. The third option, in which structures are
upgraded to carry additional loads, is the most feasible solution. The strengthening of
existing structures has become a new engineering challenge and cost effective
rehabilitation methods are in high demand.

The rehabilitation of infrastructures is not new, and various projects have been carried out
around the world over the last two decades. Historically, steel has been the primary
material used to strengthen concrete bridges and buildings. Bonded steel plates or stirrups
have been applied externally to successfully repair concrete girders that are deficient in
bending or in shear (SWAMY et al., 1987; JONES et al., 1988). However, steel used as a
strengthening element adds additional dead load to the structure and normally requires
corrosion protection.

Only a few years ago the construction market started to use Fibre Reinforced Polymers
(FRP) for structural reinforcement, generally in combination with other construction

materials, such as wood, steel, and concrete. The FRP’s exhibit several main attractive

! A version of this chapter has been accepted August 7, 2000 for publication in the ASCE Journal of

Composites for Construction.
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properties such as low weight to strength ratios, non-corrosiveness, high fatigue strength
and ease of application.

The use of FRP sheets or plates bonded to concrete beams has been studied by several
researchers (RITCHIE et al, 1991). They have shown that bonded FRP plates are a
feasible method of upgrading the flexural strength of reinforced concrete beams. AL-
SULAIMANI et al. (1994) investigated the feasibility of using glass fibre sheets to repair
shear deficient concrete beams. A series of small-scale concrete beam specimens
deficient in shear were cast. The specimens were loaded until the first visible cracks
appeared, then repaired with glass fibre sheets. But, even when the beams were designed
to yleld a flexural capacity of 1.5 times the shear capacity before repair, some beams still
failed due to bending, and the full potential of the FRP shear strengthening could not be
reached. Similar concrete beam specimens without stirrups were also tested by CHAIES et
al. (1995), but they concluded that, both full-scale tests and more tests with internal shear
reinforcement should be conducted.

The University of Alberta and the Alberta Transportation and Utilities (AT&U) have
worked together to demonstrate the potential of FRP for bridge rehabilitation (Alexander
and Cheng, 1996) in the field. Additionally, old concrete girders have been removed from
existing bridges and were strengthened using carbon fibre reinforced plastic (CFRP)
sheets, then tested in a laboratory setting (DRIMOUSSIS and CHENG, 1994; ALEXANDER
and CHENG, 1997; DENIAUD and CHENG, 1998). Although the tests showed increased
shear strength through the use of CFRP sheets, no information was obtained on the
interaction between the internal stirrups and the CFRP sheets.

This project provides a series of laboratory controlled experiments using concrete beam
specimens strengthened externally in shear with FRP sheets. The project objectives are to
study the effects of the concrete strength, the stirrup spacing, the height of the beam web,
and the type of FRP on the behaviour of the FRP-strengthened concrete beams. The
experimental results of the first series of tests, using a beam height of 400 mm, are

reported in this paper.
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4.2 Experimental Program

4.2.1 Test Specimen

The specimen size was designed to provide a reasonably true behaviour of similar real
life structural elements and to minimize the scale effect. A T-beam shape was selected to
increase the flexural capacity relative to the shear resistance. In addition to the T shape,
two high strength Dywidag bars with a 26 mm nominal diameter were used. The length
of the beams was three meters long. Plain steel undeformed closed stirrups (6 mm
diameter and 520 MPa yield strength) were used with three different spacings: 200 mm,
400 mm, and no stirrups. Figure 4.1 shows a typical cross section of a selected T-beam
and the layout of the stirrups when 200 mm spacing was used. The beam was designed to
provide a flexural capacity of between 2.0 and 3.5 times the shear capacity without FRP
contribution. The specimens were cast with ready-mix concrete from a local supplier.
Ancillary compressive concrete cylinder tests were performed throughout the test
program and the concrete strength for each test was then evaluated with a best fit line by
the least square method (see Table 4.1).

Three types of FRP were used to externally strengthen the web of the T-beams: a)
uniaxial carbon fibre — Replark Type 20 from Mitsubishi Canada Limited; b) uniaxial
glass fibre — SEHS51 from Fyfe LLC Limited; and c) triaxial [0°/60°/-60°] glass fibre —
from Owens Corning. The glass fibres were applied at right angle to the longitudinal
direction along the full length of the shear span. The carbon fibre sheets were placed at
45° angle to the longitudinal beam axis with a width of 50 mm and a gap of 50 mm
perpendicular to the direction of the fibres. In all cases the fibres were extended
underneath the flange to provide a minimum anchor length of 100 mm and wrapped
under the web. The FRP sheets were bonded to the specimens prior to the test. At the
same time the FRP sheets were glued on the test beams, coupon specimens were prepared
in accordance with ASTM Standard D-3039M (1995). Table 4.2 summarizes the tested
material properties of the FRP sheets.

This series tested four beams, but because both ends of each beam were tested separately,
a total of eight tests were conducted. The test matrix for these four beams is presented in

Table 4.1. The specimens were designated with a four character name: T4Sn or T4NS,
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where T4 indicated a T-shape beam with 400 mm depth; S» was S2 or S4 indicating 200
mm or 400 mm stirrup spacing, respectively; and NS was for no internal stirrup. An
additional designation was added to indicate the fibre type used (C45 — carbon fibre in
45°, G90 — glass fibre in 90°, and Tri — glass fibre in 0°/60°/-60°).

4.2.2 Test Set-up

The test set-up, shown in Figure 4.2, consisted of a four point loading system that created
a region of constant moment at mid span. Because of the symmetric loading, the non-
tested shear span of the beam was always strengthened using external stirrups in order to
prevent premature failure. These stirrups consisted of two HSS steel tubes with tie rods
on either end.

Two longitudinal Dywidag bars were extended 150 mm from the ends of the beams and
anchored with a 50 mm thick steel plate. L-shaped steel angles were also used on each
side of the web as a passive confinement for the anchor zone of the flexural
reinforcement. These details (plate and angles), also shown in Figure 4.2, were included

to prevent longitudinal de-bonding failure.
4.2.3 Instrumentation

Up to 20 electrical strain gauges were mounted on the FRP sheets on one side of the T-
beam. These gauges were either vertically or horizontally orientated. The opposite side
was Instrumented with a number of sets of Demec gauges. A Demec gauge of 200 mm
was used for most of the measurements. However, a Demec gauge of 50 mm was used to
record vertical and 45° strains on the side of the web when glass fibre sheets and carbon
fibre bands were glued, respectively.

Nine electrical strain gauges were mounted along the full length of each Dywidag bar.
Both legs of each stirrup located in the shear span were also instrumented at mid height.
These gauges were protected with waterproof coating and silicon prior to casting the
concrete.

The flexural deflection was recorded using three cable transducers, one at each load point
and one at mid span. A total of nine horizontal Linear Variable Differential Transformers
(LVDTs), each with a gauge length of 400 mm, were also installed at two locations
within the shear span (section #4 and section #6 in Figure 4.1, 470 mm and 870 mm from
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the support, respectively) and at mid span of the T-beam. They were used to measure the
strain distribution through the depth of the beam. At each section, a steel apparatus was
fixed on the side of the beam to hold three LVDTs located at the top and bottom of the
flange and at the bottom of the web.

The total load applied by the MTS6000 testing machine on the top of the T-beam was
recorded from a load cell and cross-checked against the two load cells provided at each

support. The dead load of the specimen is not considered in the results presented here.
4.3 Experimental Results

The ultimate loads obtained from each test are summarized in Table 4.3. The strain
distribution through the height of the beam was computed from the LVDT data using the
least square method. Figure 4.3 shows the strain distributions through the depth of the
beam at sections #4, #6, and mid-span for the specimen T4S2 and T4S2G90. The strain
distributions for the remaining specimens are presented in Appendix B.3. The coefficient
of variation (COV) of the compressive strain at the concrete extreme fibre was then
calculated with the best fit line, first using all three LVDTs and then with only the first
two. At the mid span the COV was never greater than 5%. This validates the assumption
that the plane section remains plane. However, at sections #4 and #6 (470 mm and 870
mm from the support, respectively) this value increased drastically after certain loads, as
shown in Figure 4.3, thus implying that the plane section no longer remains plane. The
corresponding loads for each test when the plane section no longer remains plane at these
two locations are also listed in Table 4.3.

For ease of comparison, the loads and deflections obtained from each test were
normalized to the test results of the one with no FRP and no stirrups (T4NS). Figure 4.4
to Figure 4.6 show the normalized load vs. the normalized deflection curves for the three
different stirrup arrangements. Figure 4.7 illustrates the increase of shear strength with
the use of glass fibre and the decrease of stirrup spacing. Table 4.4 summarizes the
normalized ultimate loads and the resultant net increase in shear strength over the
respective control specimen.

The shear force V can be expressed by two components: arching action and beam action.

At any location in a beam when a moment gradient _‘;xﬂ is present, these two effects are
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combined to give the total shear resistance. For a cracked concrete member, these

components can be written as follows:

[4.1] v=™ d M=T.id
ax
Where T and jd are the tensile force in the bottom chord and lever arm, respectively.
Thus,
[4.2] V=T@+jd£
ax ax

The first term of the above equation refers to the arching action while the second term
describes the beam behaviour. These two effects can be evaluated between two known
sections along the length of the beam, thus, Equation (4.2) can be re-written as:

[4.3] v, ;44T
Ax Ax

where A represents change between two sections.

Using the recorded strain gauge data in Dywidag bars at sections #4 and #6 and knowing
the applied shear V, all terms of Equation (4.3) are known. Beam and arching actions
were calculated between the sections #4 and #6 using Equation (4.3) and summarized in
Table 4.5. Table 4.5 shows that shear force starts out being carried entirely by beam
action, but ends with arching action as predominant. The load at which beam and arching

actions share equally in carrying the applied shear is also given in the table.

4.4 Discussion

4.4.1 Initial Flexural Stiffness

As expected, the external and internal shear reinforcements did not increase the initial
flexural stiffness of the beams. Figure 4.4 through Figure 4.7 show that the initial slope of
the load — deflection curves is identical for all tests. Only the maximum load and the final

deflection (ductility) were increased by the reinforcement.
4.4.2 Number of Stirrups

When the same type and amount of fibre (glass fibre SEHS51) were used with various
stirrup spacing, different levels of increase in the shear capacity were observed. With a

200 mm stirrup spacing (heavy internal shear reinforcement) a 21% net increase was
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recorded by using SEH51, while with no stirrups or with s = 400 mm, the glass fibre
sheets provided approximately 40% increase in shear strength (see Table 4.4). These
results indicate that the benefit from the use of FRP reinforcement was reduced when

beams were heavily reinforced with internal shear stirrups.
4.4.3 Strain Distribution Through the Depth

Looking at the data recorded by the horizontal LVDTs (Figure 4.3), we can see that
section #4, located at a distance of 470 mm from the support, did not behave as a plane
section for most of the tests from the early stages of the loading. However, at section #6,
870 mm from the support, the external FRP reinforcement delayed the non-planar section
behaviour (see also Appendix B.3). In all cases but one (test T4S2G90), the section
strengthened with FRP did not remain plane when the maximum load level of the
corresponding control test (T4S2, T4S4 and T4NS) with the same internal reinforcement

was reached.
4.4.4 Beam and Arching Actions

As calculated using Equation (4.3) the shear components between sections #4 and #6
confirmed the results found with the LVDTs. At the beginning of the test, the shear is
carried by beam action until the concrete cracks and the struts start to form (second
column of Table 4.5). The equal share of the shear between beam action and arching
action is reported in the third column of Table 4.5. The last column shows in percentage
terms the remaining beam action that carries the shear. It should be noted that with no
reinforcement in test T4NS, the load was transferred from the point load to the support
only by the arching action. Therefore, 0% remaining beam action is shown in Table 4.5.
No significant increase in percentage terms of the remaining beam action at the
maximum load was observed for the beams with FRP. However, the arching action
behaviour was delayed when FRP sheets were applied to the web of the specimens. An
equal share between beam and arching actions occurred at a load level close to the loss of
the plane section behaviour observed with the LVDTs (see Table 4.5).

4.4.5 Failure Modes

In general, for the tests with no FRP (control specimens), two major shear cracks were

observed within the shear span, as shown in Figure 4.8. The ultimate load was reached
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when the concrete crack extended upward through the flange near the load point. The
failure of both the uniaxial and tri-axial glass fibre reinforced specimens started the same
web shear cracks as control specimens (see Appendix B.1). However, following the web
shear crack formation, a vertical crack was formed on the top of the flange close to the
support and propagated downward; the glass fibre was eventually tearing (unzipping)
vertically, as shown in Figure 4.9. This effect can be explained by strain compatibility
between the flange and the web. When the concrete strut formed in the web, it created a
secondary effect in the top flange. At about 400 mm from the support, horizontal tensile
strains were observed in the flange. Eventually, these strains reached the tensile strength
of the concrete. A vertical crack therefore formed from the top of the flange and extended
downward through the flange thickness until it reached the web and the FRP sheets and
led to a vertical tearing (unzipping) of the fibres. This resulted a sudden drop of load with
the uniaxial glass fibre as shown with the load-deflection curves in Figure 4.6. The
horizontal strain gauges on the FRP sheets captured this behaviour where strains of up to
0.6% were observed at ultimate in the weak direction of the FRP sheets. The failure was
progressive (see Figure 4.6) and the tearing (unzipping) of the fibre can be observed
steadily throughout the test. The specimen reinforced by triaxial glass fibre (T4S2-Tri)
was able to bridge this crack with the fibres inclined at £60° that were crossing the
vertical crack path. Therefore, the sudden tearing (unzipping) phenomenon observed in
the uniaxial glass fibre reinforced specimens was effectively prevented. The
unidirectional carbon bands at 45° were crossing the concrete cracks almost at right
angles and were, therefore, very effective. However, with a gap of 50 mm these bands
generated large shear stresses which were transferred from the surrounding concrete and
thus the sheets peeled off suddenly from the face of the beam web after the bond strength
of the fibre-concrete interface had been reached. This bond strength depends mainly on

the anchorage at the end of the fibre.

4.5 Mechanical Design Model

4.5.1 Strip Method

The contribution of the FRP sheets was evaluated using the strip method, as developed by
ALEXANDER and CHENG (1998). The model was developed from the observation that the
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fibre was first peeling off from the concrete surface at the top of the sheet where it has the
smallest bond length above the shear crack on the beam web. The peeling area was
graduately expanding from the initial debonding area under increasing applied load until
the applied load exceeded the remaining bond strength between fibre and concrete. In the
model, the FRP sheets are described by a series of strips crossing the concrete shear web
crack. The load is distributed linearly between the strips from the bottom of the web to
the flange (up to where the FRP sheets are glued) using the following equation:

[4.4] Yo =—

~ n
2
i=]

where yy is the portion of the load carried by the strip x, X is the strip number and n is the

number of the strip which is still effective.

The maximum allowable strain (gy), which shall not exceed the ultimate tensile strain of
the fibre (eurrp), for each strip is evaluated geometrically using the corresponding shear
transfer length and taking into account the anchorage of the FRP sheets underneath the
flange. From the vertical equilibrium of a unit FRP strip (shown in Figure 4.10), the force
and moment equilibrium about the centroid of the fibre can be used to obtain:

_05a, f,+a,r,

4.5 <

[ ] gx t EFRP 8ultFRP
and

[4.6] £ = 67,a.t £,

'a,(22,-31) T
ay, is the anchor length underneath the flange and ay is the interface length of the strip x.
Ty 1s the average bond strength associated with the strip x. t and Eggp are the thickness
and the modulus of elasticity of the FRP sheets, respectively. Finally, f;; is the concrete
strength in direct tension and can be estimated by (COLLINS and MITCHELL, 1987)

[4.7] f.=033,/f, inMPa

Many researchers (ALEXANDER and CHENG, 1997; CHAIJES et al., 1996) have found that
the average bond strength tx is a function of the bond length. The shear interface curve

developed by ALEXANDER and CHENG (1997) was used for this study. Because their

concrete block bond tests were conducted using only a concrete strength of 45 MPa,
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some transformations must be performed for different concrete strengths. Most of the
concrete strengths given in any design code indicate that the shear strength is
proportional to the square root of f.. The experimental interface shear curve was
therefore scaled accordingly, as shown in Figure 4.11, which uses an example concrete
strength of 30 MPa.
For n number of strips used, the total shear load Vi, calculated from each individual
strip x is given by
[4.8] V= e & g

Y«
where wy is the width of the FRP strip x and a is the angle between the fibre direction
and the longitudinal axis of the beam. The governing shear is the minimum shear load
computed with the above equation among the n strips that are still effective. Because the
strip with the largest index carries the largest share of the load, it is likely to exceed its
own maximum allowable strain. It will then either fail or debond and the load will be
redistributed among the remaining strips. The number of effective strips decreases then to
n-1. This process is continued until the governing shear load calculated with n-1 strips
becomes lesser than the shear value computed in the previous step (i.e. with n strips). At
this point the effective average FRP strain €, over the remaining bonded width as well
as the ratio R (remaining bonded over total widths), can easily be recorded.
The process described above can be repeated for a number of concrete crack angles. It
can be shown that €, and Ry do not vary with the concrete crack angle. However, the
shear load increases when the angle 6 becomes smaller because, of course, there are more
fibre sheets bridging the concrete crack. To complete the evaluation of the load carried by
the FRP sheets, we need to find the appropriate concrete shear crack angle 6. There are
several shear design models, such as the modified compression field theory, available to
determine the concrete shear crack angle. Since this paper is not intended to discuss the
validity of using different shear design models in FRP strengthened beams, only the shear
friction method is used and discussed in this paper. More details about the evaluation of

various shear design models can be found in DENIAUD and CHENG (2000).
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4.5.2 Shear Friction Method

Recently, Loov (1998) reviewed the simplified method of shear design and compared it
with results using the shear friction method, both methods are described in ACI-318
(1995) and Canadian Concrete Design Standard CSA-A23.3 (1994). He found that
among all potential failure planes along which slippage can occur, the lowest shear
strength is the governing shear strength. Using the shear friction method, the general
equation of the shear strength of a beam having a cracking angle 6 can be written as
follows:

[4.9] V,=025k’f. b, htand + T,n,

where k is an experimentally-determined factor, usually equals to 0.6 for design. by, and h
are the width of the effective web and the height of the beam, respectively. T, is the
tension force in the stirrups and ng is the total number of stirrups, if any, crossing the
concrete shear plane at angle 6.

Equation (4.9) is then modified twice. First, to include the contribution of the FRP sheets
along with that of the stirrups, and, secondly, to account for the flange width as well as its
corresponding k factor. Because cracked and uncracked concrete sections behave
differently, the value of 0.6 for k is found to be unconservative for the former case, and
conservative for the latter (Loov, 1998). Therefore, k values of 0.7 and 0.5 were used for
the flange (k) and the web (ky,), respectively:

d FRPt EFRPgavc

[4.10] V,=025f, (kh,b, tand, +k>h b, tan6, )+ T,n, + —r
w arl w

L

where the subscripts f and w stand for flange and web, respectively. degrp 1s the height of
the FRP sheets glued to the web of the beam (for this particular case in fact, dgrp = hw).
A computer program was written to perform the iterative procedure in evaluating the

shear capacity of the beam with all potential concrete crack paths. Since the govermning
€ave and R; are the same for all potential crack angles, the program first calculates the
FRP components (€ay. and Ry) with an assumed 45° crack. The program is then used to
calculate Equation (4.10) with various combinations of 6,, and 6r until the lowest shear

load V. is obtained. The results are presented in detail for all eight tests in Table 4.6.
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4.5.3 Comments

The model described above gives a very good evaluation of the cracking pattern as well
as the resisting shear force. The complete results are presented in Table 4.6. Figures 4.12
and 4.13 show the theoretical shear path and can be compared with the photos shown in
Figures 4.8 and 4.9, respectively. The theoretical shear paths for all specimens are
presented in Appendix B.4. The load predictions are conservative and the model also
shows that FRP sheets are less effective at increasing the shear load when the beam is
heavily reinforced with internal stirrups. The strip method can accommodate the FRP
sheet shear contribution very well at any angle, but further studies are required to validate
the assumptions made and in particular the linear load distribution among the strips.
Finally, the mechanical model presented is based on a rational mechanism and does not

require any experimental reading.
4.6 Conclusion

This series of tests investigated the behaviour of reinforced concrete beams with external

FRP shear strengthening. Several conclusions can be drawn as follows:

1. The effectiveness of FRP strengthening to shear contribution is dependent on the
amount of internal shear reinforcement. It appears that the composites are less

effective when beams are heavily reinforced with internal shear reinforcement.

)

A plane section does not remain plane in the shear span after a certain load level is

reached, but the external FRP sheets delay the loss of plane section behaviour.

(93]

The shear forces carried by arching action are also delayed when FRP is used. The

remaining beam action at ultimate with significant shear reinforcement either by

internal steel stirrups or external FRP sheets accounts for about 20% of the total shear
force.

4. The failure mode of the beams reinforced by continuous uniaxial glass fibre was by
vertical tearing (unzipping) of the fibres close to the support. The geometry of the T-
beam is obviously a significant factor of such failure.

5. Tri-axial glass fibre reinforcement provided the beam with a more ductile failure than

the ones strengthened by unidirectional glass fibres or unidirectional carbon fibres

with a 50 mm gap.
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6. The mechanical design model as presented calculates predicted values that are in
excellent agreement with the experimental results. The behaviour of the FRP sheets

can also be evaluated using a rational shear design model.
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Table 4.1  Test Matrix of the T400 Series
Concrete  Stirrup
Specimen strength Spacing External FRP Reinforcement
MPa mm
T4S2 28.6 200 None
T4S2C45 294 200  Carbon sheets Replark Type 20 at 45° (50 mm gap)
T4S4 29.9 400 None
T4S4G90 30.0 400  Glass fibres SEH51 at 90° (No gap)
T4NS 30.1 None None
T4ANSG90 30.2 None Glass fibres SEH51 at 90° (No gap)
T4S2G90 30.3 200  Glass fibres SEH51 at 90° (No gap)
T4S2Tri 30.4 200  Tri-axial glass fibres (No gap)
Table 4.2  Fibre Reinforced Plastics Material Properties
Type Ultimate Modulus of
FRP Name of Test source Strength  Elasticity = Thickness
fibres MPa MPa mm
Replark Type 20 Carbon Fibre strength 3400 230000 0.11
(Mitsubishi) Coupon specimens 422 44800 0.70
Triaxial Glass Fibre strength - - -
(Owens Coupon specimens 124 8100 2.10
Coming)
SEHS1 Glass Fibre strength - - -
(Fyfe LLC) Coupon specimens 106 17700 1.80

” Premature failure

Table 4.3

Maximum Loads and Loads Corresponding to the Change of
Behaviour when Plane Section no Longer Remains Plane

Test Maximum load At Section#4 At Section #6
kN kN kN
T4NS 230.8 34.6 1554
T4NSG90 318.0 9.1 269.1
T4S4 313.9 0.0 140.6
T4S4G90 411.2 0.0 313.3
T4S2 402.5 83.2 232.1
T4S2C45 438.1 0.0 406.9
T4S2G90 451.2 0.0 361.8
T4S2Tri 485.3 59.4 415.6
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Table 4.4 Normalized Loads

Normalized Load  Stirrup contribution = FRP contribution
Stirrup Spacing (mm) Stirrup Spacing (mm) Stirrup Spacing (mm)

FRP reinforcement None 400 200 None 400 200 None 400 200

control 1.00 136 1.74 - 36.0% 74.4% - - -

glass fibre SEH51 138 1.78 1.96 - 36.0% 74.4% 37.8% 42.2% 21.1%
carbon sheetsar45° na. na. 190 na na 744% na na 154%
tri-axial glass na. na 210 na na 744% na. na 35.9%

Table 4.5 Beam and Arching Shear Actions

Test Beam action =~ Equal share  Remaining beam
until kN action at Ppax
kN %
T4NS 83.0 136.8 0.0%
T4NSG90 214.0 276.0 12.2%
T4S4 65.5 162.2 16.1%
T4S4G90 85.7 313.3 19.6%
T4S2 62.8 162.8 24.8%
T4S2C45 59.8 303.1 20.3%
T4S2G90 111.5 313.2 21.8%
T4S2Tri 91.1 360.6 34.5%

Table 4.6 Mechanical Model Results

Test Ow O¢ €ave Ry g V; chpN r
deg  deg % kN
T4NS 322 149 - - - 1004 1.149
T4NSG90 380 13.2 0.157 0.796 - 129.2 1.231
T4S4 358 157 - - 1 138.0 1.138
T4S4G90  40.3 141 0.156 0.800 1 163.8 1.255
T4S2 41.9 20.1 - - 2 191.7 1.050
T4S2C45 427 19.8 0.142 (.868 2 205.5 1.066
T4S2G90 45.0 18.8 0.157 0.800 2 220.7  1.022
T4S2Tn 450 188 0296 0800 2 221.3 1.096
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Figure 4.9 Photo of the Crack Pattern for T4S2Tri
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5 SHEAR BEHAVIOUR OF RC T-BEAMS WITH EXTERNALLY BONDED
FRP SHEETS'

5.1 Introduction

Many concrete bridges in use today were built in the 40s and 50s and have now exceeded
their original design life. Meanwhile the code requirements and evaluation specifications
have changed and improved over the years with a better understanding of the member
behaviour. In particular, the shear requirements have become more stringent for concrete
girders (ACI-318, 1995; AASHTO, 1994; CSA-S6, 1988; DRiMOUSSIS and CHENG,
1994). In addition, the allowable traffic loads have also increased over the last few
decades. These combined factors lead to many existing bridges structurally deficient,
especially in shear.

The rehabilitation or the strengthening of old concrete bridges becomes the new
challenge for structural engineers today. In the last ten years, through intensive research
and development, Fibre Reinforced Polymer (FRP) sheets have brought new and
innovative solutions to this increasingly important market. The low strength to weight
ratio, the non-corrodible and magnetically neutral behaviour, and the ease of construction
make the FRP very attractive. Although the cost of the FRP products remains high, the
reduced labour costs and minimal traffic disturances of an FRP rehabilitation solution
make this repair technique competitive compared to more traditional rehabilitation
methods.

Most of the past research has focused on the potential use of FRP for the flexural
strengthening of concrete beams (SAADATMANESH and EHSANI, 1991; VARASTEHPOUR
and HAMELIN, 1997, BUYUKOZTURK and HEARING, 1998). Very little research has been
done in the area of using FRP in shear strengthening. Most of the research in shear
strengthening has focused on promoting the use of FRP for specific application
(DriMoussIS and CHENG, 1994; ALEXANDER and CHENG, 1996; RIAD et al., 1998).
Relatively few experimental data in FRP shear strengthening is available for full-scale

' A version of this chapter has been accepted July 31, 2000 for publication in the American Concrete

Institute Structural Journal.
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specimens (ADEY et al., 1997; LAMOTHE et al., 1998; DENIAUD and CHENG, 2000b
[Chapter 4]).

This research project studies the interaction of the concrete, the steel stirrups, and the
external FRP sheets in carrying shear loads using full-scale reinforced concrete T-beams.
The first series of the test results using a beam height of 400 mm was presented in detail
in a previous publication (DENIAUD and CHENG, 2000b [Chapter 4]). In this paper, the
experimental results of the second series, using a beam height of 600 mm, are reported.
The objective of the second series of tests is to further study the effects of different

concrete strength and beam size on the shear behaviour of FRP strengthened beams.
5.2 Research significance

An experimental program was conducted using fuil-scale concrete T-beams strengthened
externally using FRP sheets to study the interaction between FRP sheets and steel stirrups
in carrying shear load. The test results show that FRP reinforcement significantly
increases the maximum shear strengths over beams with no FRP. The magnitude of the
increased shear capacity is dependent not only on the type of FRP, but also on the amount
of internal shear reinforcement. This paper also presents a design model based on the
failure mechanisms of the test specimens. Good agreement was obtained between test and

predicted results using the proposed model.

5.3 Experimental Program

5.3.1 Test Specimens

The specimen size of 600 mm represents a typical full-scale beam used in bridges or
buildings. The beam was designed to provide a flexural capacity much greater (between
2.0 and 3.5 times) than the shear capacity without FRP contribution. A T-beam shape was
then selected and four high-strength Dywidag bars with a 26 mm nominal diameter were
provided for the longitudinal reinforcement. The length of the beams was 3.7 m long.
Plain, undeformed, steel-closed stirrups (6 mm diameter and 520 MPa yield strength)
were used with three different spacings: 200 mm, 400 mm, and no stirrups. Figure 5.1
shows a typical cross section of the T-beams and the layout of the stirrups when 200 mm

spacing was used. The specimens were cast with one batch of ready-mix concrete from a
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local supplier. Ancillary compressive concrete cylinder tests were performed throughout
the test program and the average concrete strength was 44.1 MPa.

Three types of FRP were used to externally strengthen the web of the T-beams: a)
uniaxial carbon fiber — Replark Type 20 from Mitsubishi Canada Limited; b) uniaxial
glass fibre — SEH51 from Fyfe LLC Limited; and c¢) triaxial [0°/60°/-60°] glass fibre —
from Owens Coming. The glass fibres were applied at right angles along the full length
of the shear span. The carbon fibre sheets were glued at 45° or 90° angles to the
longitudinal beam axis with a width of 50 mm and a gap of 50 mm perpendicular to the
direction of the fibres. In all cases, the fibres were extended undemeath the flange to
provide a minimum anchor length of 100 mm and wrapped under the web. All the FRP
sheets were bonded to the specimens prior to the test. Coupon specimens were prepared
in accordance with ASTM Standard D-3039M (1995) when the FRP sheets were glued to
the test beams. Table 5.1 summarizes the material properties of the FRP sheets.

This test series tested four beams, but because both ends of each beam were tested
separately, a total of eight tests were conducted. Table 5.2 presents the test matrix for
these eight tests. A four character name designation was used: T6Sn or T6NS, where T6
indicated a T-shape beam with 600 mm depth; S» was S2 or S4 indicating 200 mm or
400 mm stirrup spacing, respectively; and NS was for no internal stirrup. An additional
designation was added to indicate the fibre type used: C45 — carbon fibre in 45°, G90 —
glass fibre in 90°, and Tri — glass fibre in 0°/60°/-60°.

5.3.2 Test Set-up

The test set-up, shown in Figure 5.2, consisted of a four-point loading system that created
a region of constant moment at mid span. In order to fail the beam in the tested shear
span, external stirrups were provided to strengthen the non-tested span. These stirrups
consisted of two HSS steel tubes with tie rods on either end.

Four longitudinal Dywidag bars were extended 150 mm from the ends of the beams and
anchored with a 50 mm thick steel plate. L-shaped steel angles were also used on each
side of the web as a passive confinement for the anchor zone of the flexural
reinforcement. These details (plate and angles), shown in Figure 5.2, were included to

prevent longitudinal de-bonding failure.
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5.3.3 Instrumentation

Up to 20 electrical strain gauges were mounted on the FRP sheets on one side of the T-
beam. These gauges were all vertically orientated, except when a set of three gauges was
placed to form a strain rosette in order to determine the principal strains and directions.
The opposite side of the T-beam was instrumented with a number of sets of Demec
gauges, as shown in Figure 5.3. A Demec gauge of 200 mm was used for most of the
measurements. However, a Demec gauge of 50 mm was used to record vertical or
inclined at 45° strains on the side of the web when FRP sheets were glued.

Nine electrical strain gauges were mounted along the full length of each Dywidag bar.
Both legs of each stirrup located in the shear span were also instrumented at mid height.
These gauges were protected with waterproof coating and silicone prior to casting the
concrete.

The flexural deflection was recorded at mid span with one cable transducer. A total of 12
horizontal Linear Variable Differential Transformers (LVDTs) were also installed at
three locations (section #4, section #6, and section #8 in Figure 5.2) within the shear span
(470 mm, 870 mm, and 1270 mm from the support, respectively) and at mid span of the
T-beam. They were used to measure the strain distribution through the depth of the beam.
At each section, a steel apparatus was fixed on the side of the beam to hold three LVDTs
at various elevations (see Figure 5.3).

The two load cells provided at each support were used to record the total load applied on
the top of the beam. The dead load of the specimen is not included in any of the results

presented here.
5.4 Experimental Results

The total loads applied at ultimate on the top of the beam for each test are reported in
Table 5.3. The strain distribution through the depth of the beam was recorded with the
LVDT data using the least square method. The compression strain at the extreme fibre of
the concrete was calculated with a best fit line, first using all three LVDTs and then with
only the top two. The coefficient of variation (COV) could then be evaluated with these
two values of the compression strain. At mid span the COV varied from 2% to 8% for all

the tests. This validates the assumption that plane sections remain plane. However, at

92

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



sections #4, #6, and #8 (470 mm, 870 mm, and 1270 mm from the support, respectively)
the COV increases drastically, much greater than 8%, after certain loads, thus implying
that the plane section does not remain plane in the shear span. Table 5.3 summarizes the
corresponding loads for each test when the plane section no longer remains plane at these
three locations.

For ease of comparison, the loads and deflections obtained from each test were
normalized to the weakest beam test results with no stirrup and no FRP reinforcement
(T6NS). Figures 4 and 5 show the normalized load vs. the normalized deflection for two
different stirrup spacing arrangements. Figure 5.6 shows the effect of the stirrup spacing
with the use of carbon fibre bands. The normalized ultimate loads and the resultant net
increase in shear strength over the respective control specimen are summarized in Table
5.3.

The shear force V can be expressed by a combination of two components: arching action
and beam action. At any location in a beam when a moment gradient —d-;ls present,

these two effects are combined to give the total shear resistance. For a cracked concrete

member, these components can be written as follows:

[5.1] V=@ and M=T-jd
ax
where T and jd are the tensile force in the bottom chord and lever arm, respectively.
Thus,
[5.2] V=T@+jdir—
ax dx

The first term of the above equation refers to the arching action while the second term
describes the beam behaviour. These two effects can be evaluated between two known
sections along the length of the beam, thus Equation (5.2) can be re-written as:
[5.3] '\J='1'—Aj—d+jdA—T

Ax Ax
where A represents the change between two sections.
The recorded strain gauge data in Dywidag bars between sections #4 and #6, and #6 and
#8, and the applied shear V, allow all terms in Equation (5.3) to be calculated. Beam and

arching actions were calculated between sections #4 and #6, and #6 and #8, using
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Equation (5.3). Table 5.4 summarizes the change of full beam action to partial arching
action, the equal share between beam and arching actions, and the remaining beam action
at the maximum load. It shows that shear force starts out being carried entirely by beam
action, but ends with arching action as predominant. The load at which beam and arching
actions share equally in carrying the applied shear is also given in the table.

Using the Demec and strain gauges on the FRP sheets, the strain distribution in the
vertical direction along the shear span of the beam was drawn by interpolation from the
known scattered gauge locations. Figure 5.7 shows a typical distribution with concrete

cracks superimposed. Additional FRP strain distributions are presented in Appendix C.4.

5.5 Discussion

5.5.1 Initial Flexural Stiffness

Figure 5.4 to Figure 5.6 show that the initial slope of the curves remains identical for all
the tests. Thus, the external and internal shear reinforcements did not increase the initial
stiffness of the beams. However, the ultimate loads and the ductility of the beam were, of

course, affected by the shear reinforcement provided.
5.5.2 Number of Stirrups

The increasing amount of internal reinforcement reduced the net increase of the FRP
sheets with respect to the ultimate load. Take the carbon fibre sheet reinforcement for
example: the CFRP sheets increased the shear carrying capacity by 94% for the specimen
with no stirrup, but with s = 400 mm, the stirrups provided 70% increase and the CFRP
sheets shear contribution was down to 78% for a total increase of the beam shear capacity
of 148% (see Table 5.3). In previous tests (DENIAUD and CHENG, 2000a [Chapter 3]) the
fibres oriented at 45° were found to be more effective than at 90°, but by only 7%. Thus,
the change in the angle of the FRP bands orientation from 45° to 90° cannot solely
explain the 17% drop in shear load carried by the carbon fibres. Furthermore, with s =
200 mm, the ultimate load of specimen T6S2C90 did not reach the maximum load of the
corresponding control specimen (T6S2). This result seems, at first, a contradiction in

engineering judgement, but this particular test is discussed in more detail below.
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5.5.3 Strain Distribution through the Depth

For almost all the tests, the data recorded by the LVDTs (Table 5.4) shows that section
#4, located at 470 mm from the support, did not behave as a plane section from the very
beginning of each test. Section #6, 870 mm from the support, generally lost its plane
section behaviour before section #8, 1270 mm from the support, except for T6S4C90 and
T6S2. The external FRP reinforcement, however, delayed the non-plane section
behaviour in all cases but one (T6S2C90).

5.5.4 Beam and Arching Actions

The FRP sheets delayed the formation of the concrete strut, as shown for most cases in
Table 5.4. The contribution of the two shear action modes can be seen graphically by the
normalized load and deflection curves, as shown in Figure 5.8 with typical examples
using s = 400 mm and the tri-axial glass fibres (see also Appendix C.3 for additional
curves). When FRP sheets were used, the shear load carried by beam action reached the
ultimate load level of the corresponding control test. No noticeable differences between
sections #4 and #6, and #6 and #8 were also observed in terms of the ratio of the beam
and arching action; however, the delay in the strut formation was less pronounced with

the FRP sheets when the stirrups were spaced at 200 mm.
5.5.5 FRP Strains

The FRP strain distribution in the vertical direction shown in Figure 5.7 gives valuable
information on the behaviour of the FRP sheets. The measured maximum FRP strains at
ultimate have reached values from 4000 to 6000 pe. These strain levels were similar to
those observed in the previous series (DENIAUD and CHENG, 2000b [Chapter 4]) and were
well below the ultimate strain in tension that such FRP can sustain (see Table 5.1). Figure
5.7 shows that the fibres crossing a concrete crack experienced the same level of strain
along the path of the crack. In other words, the load carried by the FRP sheet crossing the
crack is uniformly distributed among those fibres. This observation differs from the linear
strain distribution assumption made by others and by the authors in previously published
work (ALEXANDER and CHENG, 1997; DENIAUD and CHENG, 2000b [Chapter 4]).
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5.5.6 Failure Modes

5.5.6.1 General

All the tests failed in shear with the formation of a web shear concrete crack, which
extended through the flange at ultimate. Photographs of all the failed specimens can be
found in Appendix C.1. Two major concrete cracks appeared during the test, crossing at
mid height of the sections #4 and #6, and at 470 and 870 mm, respectively. The critical
shear crack path that led to failure was always the one close to the support. The angle of
the principal strains, recorded with the Demec rosettes, got flatter at ultimate from 35° to
27° and 22° when the internal shear reinforcement decreased from s = 200 mm to s = 400
mm and no stirrups, respectively, for the three control tests. The flexural capacity of the
beam was never reached as the measured Dywidag strains at mid span were always below

the yield strain.
5.5.6.2 Carbon Fibre Sheets

The CFRP bands at 90° started to debond at section #35, located at 600 mm from the
support, above a concrete crack that was crossing the fibres at about 60 to 75 mm below
the flange. When further loads were added to the specimen, the band between sections #4
and #5 (500 mm from the support) peeled off. The shear load was then too high to be
carried by the remaining strips. Thus, all the bands located between section #5 and the
support peeled off in a very sudden manner above the concrete crack, as shown in Figure

5.9. The CFRP sheets at 45° also debonded all at once in a very sudden manner.
5.5.6.3 Glass Fibre Sheets

The GFRP sheets showed a debonded area surrounding the path of the crack. Once the
debonded surface reached the flange, the debonding process accelerated along the corner
of the web-flange toward the support. Eventually a large trapezoidal shape of debonded
sheets formed close to the support. Figure 5.10 shows the typical debonded area growing
process in the sheets as the load increased. Additional schematic debonding growths can
be found in Appendix C.2.

Once a large area of GFRP sheets was debonded, the sheets behaved like a very thin

shell. The compression concrete strut that formed ended up buckling the FRP sheets as
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shown in Figure 5.11 with the tri-axial glass fibres. Similar buckling was observed with
the SEHS51 glass fibres, but with a lower amplitude. Because the SEH51 product is not
quasi-elastic, like the tria-axial fibres, it ended up tearing (unzipping) close to the support
when vertical tensile strains started to appear at the top of the flange. This typical failure
mode was also observed in smaller beams (DENIAUD and CHENG, 2000b [Chapter 4]).

5.5.7 T6S2C90 Test

This test was the most reinforced in shear, with a combination of internal stirrup at 200
mm and external CFRP bands. However, the maximum load for this test did not even
reach the corresponding load of the control test with no CFRP. The load difference
represented only 13% between these two tests. The variability of the experimental
specimens can partly explain this behaviour. The T6S2C90 test failed suddenly when the
CFRP bands debonded as described above. Inspection of the failed beam showed that the
stirrups were cut at the shear crack locations. The recorded stirrup strains from both tests
gave some clues to explain this unexpected premature failure. As shown in Figure 5.12,
the stirrups of the T6S2C90 test barely reached their yield strain prior to failure of the
CFRP bands. However, with the T6S2 test, four stirrups have clearly yielded well before
the ultimate load was reached. The authors thus believe that at the time the CFRP failed,
the energy released to the stirrups was so great that the beam slipped along the web shear

crack and snapped the stirrups.
5.6 Mechanical Design Model

The evaluation of the shear capacity of the beams was performed using the combination
of the strip method and the shear friction method described in a previous paper (DENIAUD
and CHENG, 2000b [Chapter 4]). However, some modifications were added to this model
based on the experimental observations from this test series as well as further
improvements in the shear friction approach. These two methods are reviewed briefly and

the modifications are presented below.

5.6.1 Strip Method

ALEXANDER and CHENG (1998) developed the strip method to evaluate the FRP sheet
contribution. The FRP sheets crossing the concrete web crack are described as a series of

strips. Each strip is evaluated individually to find its maximum allowable strain from the
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geometry of the FRP sheets. The geometry includes the bonded length of the strip above
and below the crack as well as the anchorage of each end of the strip (rounded and
bonded underneath the flange and wrapped at the bottom of the web in this case).
Initially, this method assumed that the load was linearly distributed among the fibres;
however, the experimental results presented in Figure 5.7 show a uniform strain
distribution rather than a linear distribution. Thus, the uniform distribution was used to
reflect the true behaviour of the fibres.

Figure 5.13 shows the interface mean shear stress curve developed from experimental
concrete block tests (ALEXANDER and CHENG, 1997). This curve was used to evaluate the
bond strength and the corresponding maximum allowable strain & of each strip. From the
uniform strain distribution assumption, the same strain level is applied to all the FRP
strips crossing the concrete web shear crack. The maximum allowable strain €, of the
strip close to the web-flange comer is very small due to the small bond length and will
fail first, thus starting the sequential peeling off. The load is then redistributed to the
remaining strip with a larger critical €. Eventually, as the critical & increases, the
number of remaining strips decreases until the load carried by the remaining FRP strips
reaches a maximum. At this point the maximum FRP strain emac as well as the ratio R

(remaining bonded length over total length) are recorded.
5.6.2 Shear Friction

Recently, Loov (1998) reviewed the simplified method of shear design and compared it
with results using the shear friction method. Both methods are described in ACI-318
(1995) and Canadian Concrete Design Standard CSA-A23.3 (1994). He found that
among all potential failure planes along which slippage can occur, the lowest shear
strength is the governing shear strength. Using the shear friction method, the general
equation of the shear strength of a beam having a cracking angle 6 can be written as
follows:

[5.4] V.=0.25k*f. b, htand + T, n,

where k is an experimentally-determined factor; b,, and h are the width of the effective
web and the height of the beam, respectively; Ty is the tension force in the stirrups and ng

is the total number of stirrups, if any, crossing the concrete shear failure plane at angle 6.
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The experimentally-determined factor k is usually taken as 0.5 for normal concrete
strength. However, Loov and PENG (1998) found that the value of k needed to be
substantially reduced with higher concrete strengths based on the test results. From a least
squares fit of given data with a concrete strength ranging from 20 to 100 MPa they

proposed the following equation:

[5.5] k=2.1(f ]

Recently, TozSER and Loov (1999) observed that the concrete area byh was too
conservative for T-beams and I-beams. They suggested approximating the effective
section of the flange that participates in the shear friction with a 45° angle as shown in
Figure 5.14.

Equation (5.4) is then re-written to include the contribution of the FRP sheets and to
account for the effective flange area. Thus, we obtain:

[5.6] V,=025K*f (A, tand, + A, tanf, )+ T,n, + dmeErmpia o

tang,, -

Ar is the effective concrete flange area and A, is the concrete web area, which is equal
to the web height h,, times the web width by. The subscripts f and w stand for flange and
web, respectively. dggp is the height of the FRP sheets glued to the web of the beam (for
this particular case, drrp = hy). t and Eggp are the thickness and the modulus of elasticity
of the FRP sheets, respectively.

The governing shear strength is the lowest shear strength given by Equation (5.6) among
all the potential failure planes. A computer program was written to find the most critical
shear path given the layout of the stirrups for each test and the shear span. The results are

summarized in detail in Table 5.5.
5.6.3 Comments

The predicted shear capacities are in very good agreement with the test results. The Vey
over V; ratios are close to one and the two unconservative predictions are within 10%.
These two specimens failed by FRP buckling, but, unfortunately, the mechanical model
used in its present form does not include this failure mode. The Vey/V; ratio for the test

T6S2 presents the only high value, which also suggests an unusually strong specimen.
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The FRP strains €mac used in the mechanical model are similar to the observed values.
The theoretical shear failure plane and, thus, the web and flange shear plane angles, are
also in very good agreement with the experimental crack patterns. The uniform load
distribution among the FRP strips seems adequate and gives reasonable results. Assuming
a uniform strain distribution also makes the model easier to implement.

The total number of stirrups ns crossing the concrete shear path reduces when the
specimen is strengthened with FRP sheets. In other words, the FRP sheets change the
critical shear path by increasing the web crack angle in the same manner as an increased

amount of internal reinforcement does (see Table 5.5).
5.7 Conclusion

This series of tests investigated the behaviour of reinforced concrete T-beams with
external FRP shear strengthening and with a beam height of 600 mm. Several conclusions
can be drawn and are summarized below:

1. The contribution of the FRP sheets to the shear capacity of the beam is dependent on
the amount of internal reinforcement. The FRP sheets are less effective when beams
are heavily reinforced internally. The external FRP reinforcement can eventually
reduce the shear capacity of the beam by changing the critical path that will lead to an

even more sudden shear failure.

]

The FRP strains are uniformly distributed among the FRP strips crossing the concrete

shear crack.

P)

The failure mode of the beams strengthened with FRP is characterized by the

debonding and the peeling of the sheets above the concrete shear crack. The

debonded sheets then buckle like a thin shell when the sheets are continuously

wrapped. The deep web height contributes largely to this behaviour.

4. The plane sections do not remain plane in the shear span after a certain load level is
reached, but the external FRP sheets delay the loss of the plane section behaviour.

5. Arching action is delayed when FRP is used. Beam action can often represent over
40% of the ultimate load when FRP are used.

6. The mechanical design model based on combination of the strip method and the shear

friction approach calculates predicted values that are in very good agreement with the
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experimental results. The behaviour of the beams strengthened by FRP sheets can be

evaluated and described by using the proposed design model.
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Table 5.1  Fibre Reinforced Polymer Material Properties

Type Ultimate  Modulus
FRP Name of Test source Strength of Thickness
Fibres MPa Elasticity mm
MPa
Replark Type 20  Carbon Fibre strength 3400 230000 0.11
(Mitsubishi) Coupon specimens 422 44800 0.70
Triaxial Glass Fibre strength - - -
(Owens Corning) Coupon specimens 124 8100 2.10
SEHS51 Glass Fibre strength - - -
(Fyfe LLC) Coupon specimens 106" 17700 1.80

" Premature failure

Table 5.2 Test Matrix of the T600 Series

Stirrup
Specimen Spacing External FRP Reinforcement
mm

T6NS None None

T6NSC45 None  Carbon sheets Replark Type 20 at 45° (50 mm wide,
50 mm gap)

T6S4 400  None

T6S4C90 400  Carbon sheets Replark Type 20 at 90° (50 mm wide,
50 mm gap)

T6S4G90 400  Glass fibres SEH51 at 90° (No gap)

T6S4Tr 400  Tri-axial glass fibres (No gap)

T6S2 200  None

T6S2Tri 200  Carbon sheets Replark Type 20 at 90° (50 mm wide,
50 mm gap)

Table 5.3 Maximum Loads and Loads Corresponding to the Change of
Behaviour when Plane Section no Longer Remains Plane

Maximum Normalized At Section#4 At Section #6 At Section #8

Test Load Load kN kN kN
kN
T6NS 220.2 1.00 0.0 204.7 213.7
T6NSC45 427.2 1.94 0.0 378.6 427.2
T6S4 375.1 1.70 154.5 288.8 343.8
T6S4C90 545.6 248 0.0 500.7 461.8
T6S4G90 594.9 2.70 0.0 404.5 5184
T6S4Tr 633.4 2.88 0.0 462.9 608.5
T6S2 713.7 3.24 0.0 389.0 235.7
T6S2C90 619.6 2.81 n.a. 363.5 n.a.
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Table 5.4 Beam and Arching Shear Actions

Between sections #4 and #6 Between sections #6 and #8
Beam Remaining Beam Remaining

Test action until Equal share beam action  action until Equal share beam action

kN kN at Pray kN kN at Prmayx
T6NS 92.6 96.8 34.4% 50.9 70.0 20.7%
T6NSC45 136.0 1574 38.8% 171.6 187.7 39.4%
T6S4 72.4 150.3 26.8% 45.5 132.0 43.1%
T6S4C90 56.0 - 52.5% 1423 204.0 36.8%
T6S4G90 122.7 235.1 21.1% 111.7 201.4 7.8%
T6S4Tri 106.9 298.9 31.5% 158.3 291.0 20.4%
T6S2 106.1 121.6 25.0% 92.8 166.7 3.3%
T6S2C90 72.5 299.3 46.3% 127.3 330.1 44.8%

Table 5.5 Mechanical Model Results

Ow O¢ Emax Vi
Test deg deg % RL ng AN Veo/V:
T6NS 252 182 - - - 1032 1.067
T6NSC45 27.1 157 0471 0891 - 148.1 1.443
Té6S4 284 19.1 - - 2 173.7 1.079
T6S4C90 314 153 0469 0851 1 223.0 1.224
T6S4G90 454 185 0468 0851 1 326.0 0.912
T6S4Tri 454 185 0536 0851 1 3264 0.970
T6S2 31.8 222 - - 4 2504 1.425
T6S2C90 393 245 0469 0.851 3 2898 1.069
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Figure 54 Normalized Load Deflection Curves with 400 mm Stirrup
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Figure 5.6 Normalized Load Deflection Curves with Carbon Fibre Sheets
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Figure 5.7 FRP Strain in the Vertical Direction with T6S4C90 at 501 kN
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Figure 5.8 Beam and Arching Shear Actions with 400 mm Stirrup Spacing
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9 Photo of the Debonded Carbon Bands for T6S4C90
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Figure 5.11 Photo of the Debonded Tri-Axial Glass Fibre Sheets
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6 REVIEW OF SHEAR DESIGN METHODS FOR RC BEAMS
STRENGTHENED WITH FRP SHEETS'

6.1 Introduction

The rehabilitation of concrete structures using Fibre Reinforced Polymer (FRP) materials
has become a growing area in the construction industry over the last few years. Many
research projects in Canada and elsewhere in the world were carried out to promote this
efficient repair technique to extend the service life of existing concrete structures (NEALE,
2000). The low strength to weight ratio, the non-corrosive and magnetically neutral
properties, and the ease of construction make the FRP very attractive. Most of the
research and development in this area was focused on the flexural reinforcement
(SAADATMANESH and EHSANI, 1991; VARASTEHPOUR and HAMELIN, 1997;
BUYUKOZTURK and HEARING, 1998). As a result, the flexural design methods are well
developed and accepted in design offices. In opposition, few researchers have proposed
design methods to evaluate the shear capacity of beams strengthened in shear by FRP.
Reinforced concrete beams strengthened in shear using externally bonded FRP sheets
were investigated successfully with laboratory controlled specimens (AL-SULAMANI et
al., 1994; CHAJES et al. 1995; HUTCHINSON, 1999). Girders removed from existing
bridges were also strengthened in shear with FRP and tested in laboratory (DRIMOUSSIS
and CHENG, 1994; ALEXANDER and CHENG, 1997; DENIAUD and CHENG, 2000a [Chapter
3]). The Strut-and-Tie model, the Modified Compression Field Theory (MCFT) and the
shear friction method (CSA-A23.3, 1994) were used to evaluate the test results and were
found to yield reasonable and conservative predictions (DENIAUD AND CHENG, 2000a
[Chapter 3]). These three methods are commonly used in design offices and were slightly
modified to account for the contribution from the FRP sheets.

In 1998, several researchers developed design equations and analytical models to
evaluate specifically the FRP contribution to the shear strength of reinforced concrete
beams (TRIANTAFILLOU; MALEK and SAADATMANESH; KHALIFA et al.; CHAALLAL et al.).

' A version of this chapter has been accepted September 20, 2000 for publication in the Canadian Journal

of Civil Engineering.
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These approaches were found successfully in predicting the beam shear strength.
However, the experimental specimens considered were small in scale with the depth less
than 300 mm. COLLINS and MITCHELL (1980), and MACGREGOR (1997) mentioned that
the size of the beam is one of the important factors affecting the shear strength of
reinforced concrete beams. Conceptually, beams strengthened in shear with FRP sheets
should also be affected by scale-effect. Furthermore, some of the specimens considered
have FRP sheets fully wrapped around the beams. In most of practical cases, the
accessibility of the beams during rehabilitation is often limited. Normally only the bottom
and the sides of the beams can be strengthened. CHAJES ef al. (1995) concluded that full-
scale specimens should be studied and more tests were required with different amounts of
internal reinforcement, different geometry, and various shear span to depth ratio.
DENIAUD and CHENG (2000b [Chapter 4], 2000c [Chapter 5]) have also shown that the
amount of internal reinforcement can affect the net shear contribution from the FRP
sheets.

This paper aims to review and discuss six recenily published FRP shear design models.
Experimental test results from a series of full-scale reinforced concrete beam specimens
with various stirrup spacing and external FRP shear reinforcement (DENIAUD and CHENG,
2000b [Chapter 4]; 2000c [Chapter 5]) are used in this study to compare the predicted

loads from each model investigated.
6.2 Experimental Program

A brief description of the test specimens is presented below as well as a summary of the
testing results. The testing program details have been published elsewhere and will not be
discussed here (DENIAUD and CHENG, 2000b [Chapter 4]; 2000c [Chapter 5]).

6.2.1 Test Specimens

A total of eight T-beams were cast in the program. Two web heights of 250 and 450 mm
were used (four T-beams of each height). The beams had a length of 3 m and 3.7 m,
respectively. All the beams have flange of 400 mm wide and 150 mm thick and web of
140 mm thick, as shown in Figure 6.1. The specimens were subjected to four point
loading. The shear spans were 1100 and 1550 mm for the short and long beams,

respectively.
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Each end of the specimens was tested separately while the other end was strengthened
using external stirrups made of 19 mm diameter steel rods. The flexural reinforcement
was provided by two and four Dywidag bars for the 3 m and the 3.7 m beams,
respectively, both with a nominal diameter of 26 mm and a yield strength of 950 MPa.
The design provided a flexural capacity between 2.0 and 3.5 times the shear capacity
without FRP contribution. The beams were cast with ready-mix concrete from a local
supplier. The concrete strength was 29 and 44 MPa for the short and the long beams,
respectively. The Dywidag bars were anchored at the end of the beam by using a 50 mm
thick steel plate to avoid longitudinal de-bonding shear failure. Closed stirrups of plain
undeformed steel (6 mm diameter, 550 MPa yield strength) were used with three
spacings: 200 mm, 400 mm, and no stirrups.

Three types of FRP were used to strengthen externally the web of the T-beams: a)
uniaxial glass fibre - SEH51 from Fyfe LLC; b) triaxial [0/60/-60] glass fibre — from
Owens Corning; and c) uniaxial carbon fibre — Replark Type 20 from Mitsubishi. The
glass fibres were applied at right angles along the full length of the shear span. The
carbon fibre sheets were placed either inclinedly at 45° or at right angles, both cases with
a width of 50 mm carbon sheets and a gap of 50 mm perpendicular to the direction of the
fibres. Tension coupon specimens were prepared in accordance with ASTM Standard D-
3039M (1995) when the FRP sheets were glued on the test beams. Table 6.1 summarizes
the material properties of the FRP sheets used.

The test matrix with the total load applied to each specimen at ultimate are presented in
Table 6.2. A four character name designation was used: T4 or T6 indicated a T-shape
beam with 400 or 600 mm depth; S» was S2 or S4 indicating 200 mm or 400 mm stirrup
spacing, respectively; and NS was for no internal stirrup. An additional designation was
added to indicate the fibre type used (C45 — carbon fibre in 45°, G90 — glass fibre in 90°,

and Tri — glass fibre in 0°/60°/-60°).
6.2.2 Testing Results

The contribution of the FRP strengthening to the shear capacity of the beam was

dependent on the amount of internal reinforcement. The FRP sheets were less effective
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when beams were heavily reinforced with internal shear reinforcement. The external FRP
reinforcement could eventually reduced the shear capacity of the beam by changing the
critical path that led to an even more sudden shear failure (DENIAUD and CHENG, 2000c
[Chapter 5]). The FRP strains were found to be uniformly distributed among the FRP
strips crossing the concrete shear crack.

The failure mode of the beams strengthened with FRP was significantly affected by the
web height of the T-beam as well as the layout and the type of the FRP sheets. With the
400 mm beam height, two major shear cracks formed within the shear span and extended
upward toward the load point. Following the web shear cracks, vertical crack formed on
the top of the flange closed to the support and propagated downward. Eventually, the
FRP sheet was tearing (unzipping) vertically when this vertical crack reached the web.
This effect can be explained by strain compatibility between the flange and the web due
to the shallow geometry of the beam with a very wide top flange. The failure mode of the
600 mm beams was mostly affected by the layout of the FRP. The CFRP bands with a 50
mm gap peeled off above the concrete shear crack. The GFRP sheets fully wrapped
without any gap showed a debonded area surrounding the path of the concrete shear
crack. Once a large area of GFRP sheets was debonded, the sheets behaved like a thin

shell. The compression concrete strut ended up buckling the FRP sheets.
6.3 Shear Evaluation Methods

Most of the current concrete design codes (CSA A23.3, 1994; ACI-318, 1998) in North
America evaluate individually the shear contribution of each material used in the
structural member. The general formulation of the shear capacity of any reinforced
concrete beam including the FRP strengthening can be written as follows:

[6.1] V.=V, +V, + Vg,

where the subscripts ¢, s and FRP stand for concrete, steel and FRP sheets, respectively.

The shear contribution of the concrete can be expressed with:

b, d
6.2 vV, =Bf, ——
(6.2 =BT
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where B is a reduction factor accounting for cracked concrete, f. is the compressive
concrete strength; by and dy are the effective web width and the stirrup height,
respectively; and 6. is the angle of the concrete crack to the longitudinal axis of the beam.

The transverse steel reinforcement V is commonly written as:

[6.3] V,=A1, d
© stané

where Ay and f,y are the cross-sectional area of two legs of stirrups and the yield strength
of the steel stirrups, respectively; and s is the spacing of stirrups.
Similarly, the FRP shear contribution with o the angle of the principal direction of the
fibres to the longitudinal axis of the beam, as shown in Figure 6.2, is defined by:

d

[6.4] Vere = Arrplire ﬂz—(sina +cos tand)
o tand

with Arrp = 2 brrp t; brrp and t are the width and the thickness of one FRP strip,
respectively. From the Figure 6.2, sprp and drgp are the spacing and the effective height
of the FRP strips, respectively. frgrp is the effective FRP stress in the principal direction of
the fibres. The effective FRP stress, frrp, is probably the most difficult and sensitive
parameter to evaluate. Many researchers have published different expressions for frrp

that are summarized below using the same notations.
6.3.1 Bond Models

In these bond models, the angle 0 is assumed equal to 45° and B in Equation (6.2) is taken
as 0.2 for sections having either: at least the minimum amount of transverse
reinforcement or an effective depth not exceeding 300 mm. For all the other cases, f§ in

Equation (6.2) is computed as follows:

260 .
6.5 = > 010 (d
(6] F =000+ (din mm)
The Equations (6.3) and (6.4) are also simplified to:
[6.6] V.=A[f, d
° s

dmp - 2 -
[6.7] Vire = Ampplre —— ((sm a)” +cosasin a)

s

FRP
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CHAALLAL et al. (1998)
In their formulation, the effective FRP stress frgrp is determined based on the FRP sheets

capability to stay bonded to the web surface:

| J
[6.8] fere = Ty A_FRP—

FRP

< fime

for FRP sheets in a form of U-jacket,

[6.92] P L -
1+k, tan33°
025
3E
6.9b k. =t p| —2—
[ ] 1 FRP[EFRP t: ta ]

where d is the distance from the extreme compression fibre to the centroid of the tension
steel reinforcement; f;rrp and Egrp are the ultimate strength and the modulus of elasticity
in the principal direction of the fibres, respectively; E, and t, are the modulus of elasticity
and the thickness of the adhesive (i.e. the epoxy in this case), respectively.

KHALIFA et al. (1998)
KHALIFA et al. expressed the effective FRP stress as a fraction of the ultimate FRP

strength with the use of a reduction factor R. Thus, frrp is written as:

[6.10] fere = RE e

They provided three requirements for the value of the reduction factor R:

The effective FRP strain governs the first limit state. In a previous work, TRIANTAFILLOU
(1998) presented a relationship between the axial rigidity of the FRP and the effective
FRP strain. KHALIFA et ol (1998) then made a minor modification to the model to include
more test results. The limit on the FRP sheet rupture takes the form of a polynomial

equation as follows:
[6.11] R =0.778-1.2188(0pp E e )+ 0.5622 (0pepE e )
with

2t ) begp
12 ”m{%:)(g]

The second limit comes from the bond mechanism of the FRP sheet glued to the concrete

surface with the following equation:
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0.0042(£. F w4

6.13 R =
[6.13] e O e d
with
[6.14a] W = dm _ e(6.l34-0.58|n(tEm))
fult!-'R.F'
[6.14b] Eyprp =
Ee

The last limit ensures the shear integrity of the concrete. By experience and common
practice, the upper limit of the reduction factor is taken as 0.5. The governing value of R

is then the lowest result among the three limits.
6.3.2 CSA-S806 (2000)

The Canadian Standard Association is currently preparing a new design standard for the
construction of building with FRP. The shear design criteria uses the simplified approach
of the CSA — A23.3 (1994) with 6 equals 45° and B=0.2 in Equation (6.2). The effective
FRP stress, frrp, is simply given by:

[6.15] frre =Emre €t

where the effective FRP strain g.¢ is equal to 0.004 (or 4000 ps).

6.3.3 Modified Compression Field Theory (MCFT)

In 1998, MALEK and SAADATMANESH have worked out the section equilibrium of the
forces acting along a concrete crack inclined at an angle 6. The method follows the
iteration procedures similar to the MCFT developed by COLLINS and MITCHELL (1989).
This method considers a variable concrete crack angle and assumes a prefect bond
between the concrete and the FRP sheets. The laminate theory is used to transform the
FRP sheet stiffness from the local axis of the FRP to the principal axes along the concrete
crack angle 6. The inclination angle 6 corresponding to the maximum shear load is the
governing angle. The authors acknowledge that the contribution of the aggregate and the
concrete in compression zone are not considered in the derivation. Therefore, once the
governing angle 0 is found, the concrete contribution V., which can be calculated using
Equation (6.2) and the appropriate value of B, is added to the shear capacity of the beam
(see Appendix D.2 for the detailed procedure).
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6.3.4 Modified Shear Friction Method

The shear friction method was first presented by Loov (1998) to review the simplified
method of shear design in the Canadian concrete design standard CSA-A23.3 (1994).
Using the shear friction approach, the shear contribution of the concrete is expressed as
follows:

[6.16] V,=0.25k*f_ b, htand

where k is an experimentally determined factor and h is the height of the beam. The
factor k was studied by Loov and PENG (1998) for a concrete strength ranging from 20 to
100 MPa. The following equation was proposed from a least squares fit:

[6.17) k=2.1(F )"

Recently, TozsER and Loov (1999) observed the concrete area byh was too conservative
for T-beams and I-beams. They suggested approximating the effective section of the
flange that participates in the shear friction with a 45° angle as shown in Figure 6.3.
Equation (6.16) is then modified as follows:

[6.18] V, =025k*f. (A, tan6, + A_, tand,,)

A is the effective flange concrete area and A.,, is the web concrete area which is equal
to the web height hy, times the web width by,. The subscripts f and w stand for flange and
web, respectively.

The shear contribution of the stirrups is expressed by:

[6.19] V,=A,f, n

where 1, is the total number of stirrups, if any, crossing the concrete shear plane at angle
0.

The main advantage of the shear friction approach is that the strain compatibility is not
required. The shear strength calculations are therefore easier to perform without any
iteration. In a previous work, DENIAUD and CHENG (2000c [Chapter 5]) extended the
shear friction method to include the effect of the FRP sheets. The effective FRP stress in

Equation (6.4) is expressed by the equation:
[6.20] fere = Emrp €max R1L
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where €m.c and Ry are evaluated with the strip model proposed by ALEXANDER and
CHENG (1997) and summarized below.

The FRP sheets crossing the concrete web crack are described as a series of strips. Each
strip is evaluated individually to find its maximum allowable strain &, from the geometry
of the FRP sheets. The geometry includes the bonded length of the strip above and below
the concrete crack as well as the anchorage detail at each end of the strip. The load is
assumed linearly distributed among the fibres (DENIAUD and CHENG, 2000c [Chapter 5]).
With the FRP sheets in a form of U-jacket, the maximum allowable strain g of the strip
close to the web-flange comer is very small (due to the available bond length) and will
fail first. The load is then redistributed to the remaining strips with a larger critical strain
&x. Eventually, as the critical & increases, the number of remaining strip decreases until
the load carried by the remaining FRP strips reaches the maximum. At this point the
maximum FRP strain €n, as well as the ratio Ry (remaining bonded width over total
width crossing the concrete web crack) are recorded.

Finally, the general modified shear friction equation is the addition of Equations (6.18),
(6.19), and (6.4) with frrp obtained from the Equation (6.20). The lowest shear strength
among all potential failure planes is the governing shear strength. Given the layout of the
stirrups for each test and the shear span, the most critical shear path can be found. A
simple computer program was written to scan all potential concrete shear paths to find the
lowest shear capacity of the beam. The predicted shear crack path for the T400 and T600
beams can be found in Appendices C.5 and D.1, respectively.

6.3.5 Strut-and-Tie Model

Strut-and-tie model uses a truss to describe the shear span of a concrete beam. The
bottom and vertical steel reinforcements represent the tension ties. The concrete is shown
as an inclined compressive strut between the vertical stirrups. For a beam without
stirrups, AL-NAHLAWI and WIGHT (1992) have successfully proposed a truss model with
tension concrete ties. Their approach was thus used with the beam specimens having no
internal reinforcement.

The layout of the trusses is presented in Figure 6.4 for the T600 beams. The concrete

compressive struts were assumed adequate and were not checked. The predicted failure
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load was obtained when the vertical steel reinforcement yielded or when the tension
concrete ties exceeded the cracking strength of the concrete. The effect of the composite
sheets was integrated in the method by increasing the load level required to yield the

vertical ties and to crack the concrete tension ties.
6.4 Discussion

The above methods were used to predict the 16 experimental test results. The
experimental shear strength to predicted shear strength ratios, Vey/V,, were computed to
evaluate each model efficiency and for comparison between the models. Figure 6.5 shows

graphically the model results.
6.4.1 Comment on Each Modei

CHAALAL et al. (1998)

Table 6.3 presents the principal components of the method as well as the ratio Vey/V:.
With this model the FRP stresses were limited by the ultimate strength of the sheets for
all the tests (4™ column in Table 6.3). In other words, the beam web wrapped by the FRP
was tall enough that the bond shear stresses at the end of the sheets did not govern the
failure. This model thus assumed that the full strength of the sheets could be mobilized to
enhance the shear capacity of the beam. This is contrary to the actual behavior that was
governed by FEP debonding. Fortunately, the assumed 45° concrete crack angle limited
the overall shear capacity of the FRP U-jacket. All the specimens strengthened with the
glass fibre sheet SEH51 were largely over-estimated. Furthermore, allowing the full
strength of the FRP sheets implies also that the ultimate FRP strain could be reached. In
most cases, the ultimate FRP strain as high as 1% would have a significant impact on the
concrete integrity.

KHALIFA et al. (1998)

The major components and the predicted shear capacities of this model are summarized
in Table 6.4. In this model, three possible failure modes are identified. The T400 beams
strengthen with the glass fibre SEHS1 are found to be governed by the bond limit. But for
all the other cases, in particular when the beam height increases to 600 mm, the FRP
sheet rupture becomes the governing failure mode. As shown in Table 6.4, the governing

stress reduction factor for the FRP material is roughly equal to 0.33. Combined with the
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assumed 45° concrete crack angle, the predicted values were found conservative even if
predicted failure modes were incorrect.

CSA-S806 (2000)
Table 6.5 presents the FRP shear contribution using Equation (6.15) as well as the

predicted beam capacity and V.y/V; ratio. The simple limitation of the FRP strain to
4000 pe gives conservative results. This method is very efficient and can then be used for
a preliminary design. However, the mode of failure of the FRP cannot be determined by
the method.

Malek and Saadatmanesh (1998)

The principal components of this model are summarized in Table 6.6. This model uses

the compatibility of the stirrups and FRP strains without crushing the concrete strut. The
vertical shear components are then evaluated consistently with each other. The model
tends to overestimate the FRP shear contribution when fewer steel stirrups are present. In
fact, the method converges to a smaller concrete crack angle, which leads directly to a
substantial increase of the fully wrapped FRP sheets. This method does not provide any
insight for the FRP failure mode.

Modified Shear Friction Method

Table 6.7 summarizes the principal components of the modified shear friction method.
The model can predict with a very good accuracy the critical crack path as shown in
Figure 6.6. The shear contribution of the FRP sheets and the number of stirrups crossing
the concrete crack are also accurately evaluated. As mentioned in a previous work
(DENIAUD and CHENG, 2000c [Chapter 5]) the model does not address at this point the
buckling failure of the wrapped FRP sheets. Two test results (T6S4-G90 and T6S4-Tri)
are thus overestimated by this model. But the predicted capacity remains within 10%
difference from the test results. Since this approach is an upper bound solution, care
should be taken in the evaluation of all potential concrete crack paths. This includes
checking any potential cracks between two FRP bands when the gap is wide enough to
allow cracking to develop between two consecutive FRP bands.
Strut-and-Tie Model
The predicted shear load V; and the ratio Vexy/V; are presented in Table 6.8. The Strut-

and-tie model is a lower bound solution. Therefore, conservative values were expected
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and indeed this approach underestimated the capacity of all the specimens. The FRP
shear contribution is also limited in this method by the yield strain of the stirrup or the
tensile strength of the concrete. The full tensile potential of the FRP sheets is thus

significantly reduced.
6.4.2 Comparison of the Models

For ease of comparison, the mean, the standard deviation and the coefficient of variation
were computed with the 16 Vey,/V, ratios found for each model. Table 6.9 summarizes
these calculations. From the table, the modified shear friction method seems to yield the
most accurate and reliable predictions with a mean value of 1.233 and a coefficient of
variation of 16.7%. The method also provides accurate estimate of the concrete crack
angles and the description of failure modes. The models proposed by CSA-S806 (2000)
and KHALIFA et al. (1998) follow quite closely with a mean value of roughly 1.5 and a
coefficient of variation of about 20%. However, the CSA-S806 equation is simple and
easy to use but is lacking in providing the sense of the FRP failure modes. The other three
models presented in this study have very scattered results with a coefficient of variation
over 30% (see also Figure 6.5).

Only three methods (including modified shear friction method) address the FRP modes of
failure. Unfortunately, models presented by CHAALLAL et al. (1998) and KHALIFA et al.
(1998) miss the debonding of the FRP sheets when the beam height gets taller. They also
assume a conservative concrete crack angle of 45°, which is not representative of the
experimental results when the beams are internally reinforced with stirrups.

Three approaches give conservative results for all the 16 tests used in this study: CSA-
S806 (2000), KHALIFA et al. (1998) and Strut-and-Tie Model. The modified shear friction
method is also conservative except for the two specimens that failed by FRP buckling.

But none of the methods investigated here has addressed this mode of failure.
6.5 Conclusion

Several FRP shear design models proposed recently in the literature were reviewed and
compared with 16 full-scale reinforced concrete T-beam tests. All the test specimens
were failed in shear. Except the modified shear friction method, all the design models

yield very conservative and scattered predictions with a test to predicted coefficient of
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variation exceeding 20%. The modified shear friction method seems very promising in
evaluating the shear contribution of the FRP sheets. The method provides the most
reliable and consistent predictions among the models investigated with a mean test to
predicted ratio of 1.233 and a coefficient of variation of 16.7%. The method also provides
the accurate estimate of concrete crack angles and the description of failure modes.

The test results show that the size of the beam affects significantly the FRP shear
behavior of the specimens. More tests are needed to substantiate the size effect. This
factor must be accounted for in any shear evaluation method. The buckling of the FRP
sheet needs to be addressed as a potential failure mode in the design. None of the

presented shear models includes this failure mode.
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Table 6.1  Fibre Reinforced Polymer Material Properties

Type Ultimate Modulus of
of Strength  Elasticity  Thickness

FRP Name fibres Test source MPa MPa mm
Replark Type 20 Carbon  Fibre strength 3400 230000 0.11
(Mitsubishi) Coupon specimens 422 44800 0.70

Triaxial* Glass Fibre strength - - -
(Owens Coupon specimens 124 8100 2.10

Corning)

SEHS1 Glass Fibre strength - - -

(Fyfe LLC) Coupon specimens ~ 250** 17700 1.80
* In 0° fibre direction.

** Assumed with roughly €yurrp=1.5%.

Table 6.2 Test Matrix and Ultimate Loads

Stirrup Ultimate

Spacing load
Specimen mm  External FRP Reinforcement kN
T4NS None None 230.8
T4NSG90 None Glass fibres SEH51 at 90° (No gap) 318.0
T4S4 400 None 313.9
T4S4G90 400  Glass fibres SEH51 at 90° (No gap) 4112
T4S2 200  None 402.5

T4S2C45 200  Carbon sheets Replark Type 20 at 45°  438.1
(50 mm wide, 50 mm gap)
T4S2G90 200  Glass fibres SEH51 at 90° (No gap) 451.2

T4S2Tri 200  Tri-axial glass fibres (No gap) 4853

T6NS None None 220.2

T6NSC45 None Carbon sheets Replark Type 20 at 45° 4272
(50 mm wide, 50 mm gap)

T6S4 400  None 375.0

T6S4C90 400  Carbon sheets Replark Type 20 at 90°  545.6
(50 mm wide, 50 mm gap)
T6S4G90 400  Glass fibres SEH51 at 90° (No gap) 594.9

T6S4Tri 400  Tri-axial glass fibres (No gap) 633.4
T6S2 200  None 713.7
T6S2Tri 200  Carbon sheets Replark Type 20 at 90°  619.6

(50 mm wide, 50 mm gap)
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Table 6.3 CHAALLAL et al. (1998) Model Predictions

Tult frrp VEre V;
Specimen ki MPa MPa kN kN Vexp/Vr
T4NS - - - - 52.3 2.208
T4NSG90 0.978 3302 250.0 1625 2147 0.741
T4S4 - - - - 81.2 1.934
T4S4G90 0.978 3302 250.0 162.5 2436 0.844
T4S2 - - 107.6 1.870

T4S2C45 0.602 425.0 45.8 1534 1.428

3.882
T4S2G90 0.978 3302 250.0 162.5  270.1 0.835
T4S2Tr 1.092 3.159 127.4 96.6 204.2 1.188
T6NS - - - - 83.7 1.315
T6NSC45 0.602 3.882 425.0 67.3 151.0 1.414
T6S4 - 137.4 1.365

T6S4C90 0.602 425.0 78.8 216.2 1.262

3.882
T6S4G90 0.978 3302 250.0 2385 3759  0.791
T6S4Tri 1.092 3.159 127.4 1418 2792 1.134
T6S2 176.2  2.025

425.0 78.8 255.0 1.215

LI
0
o
8]

T6S2C90 0.602

Table 6.4 KHALIFA et al. (1998) Model Predictions

Specimen Roond Rstress VEerp V; Vexp/V r
kN kN

T4NS - - - 523 2.208

T4NSGS0 0.286 0.340 64.2 116.5 1.365

T4S4 - - - 81.2 1.934

T4S4G90 0.286 0.340 64.2 1454 1.414

T4S2 107.6 1.870

T4S2C45 0.428 0.345 25.6 1333 1.644
T4S2G90 0.286 0.340 64.2 171.9 1.313

T4S2Tn 0.442 0.381 51.0 158.6 1.530
T6NS - - - 83.7 1.315
T6NSC45 0.645 0.345 46.2 129.9 1.644
T6S4 - - - 1374 1.365
T6S4C90 0.645 0.345 46.2 183.5 1.486
T6S4G90 0.430 0.340 137.6  275.0 1.082
T6S4Tr 0.675 0.381 91.8 229.2 1.382
T6S2 - - - 176.2  2.025
T6S2C90 0.645 0.345 46.2 2224 1.393
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Table 6.5 CSA-S806 (2000) Model Predictions

VFRP Vr
Specimen kN kN Vexp/Vr
T4NS - 54.7 2.109
T4NSG90 63.7 118.4 1.343
T4S4 - 81.2 1.934
T4584G90 63.7 144.9 1.419
T4S2 - 107.6 1.870
T452C45 314 139.0 1.576
T452G90 63.7 1713 1.317
T4S82Tri 55.8 163.4 1.485
T6NS 98.5 1.117

TONSC45 56.4 155.0 1.378
T6S4 - 137.4 1.365
T6S4C90 56.4 193.8 1.407
T654G90 114.7 2521 1.180

T6S4Tri 1005 2379 1.33
T6S2 - 176.2  2.025
T652C90 56.4 232.7 1.332

Table 6.6  MALEK and SAADATMANESH (1998) Model Predictions

¢ Vc Vs VFRP Vr
Specimen deg kN kN kN kN Vexp/Vr
T4NS 34.0 40.4 - - 404 2.859
T4NSG90 28.0 20.5 - 181.3 201.8 0.788
T4S4 21.1 30.0 67.1 - 97.1 1.616
T4S4G90 27.3 224 50.3 69.4 142.1 1.447
T4S2 25.9 23.6 106.8 - 130.4 1.544
T4S2C45 28.1 214 97.1 30.5 148.9 1.471
T4S2G90 30.2 21.1 89.1 60.0 170.2 1.325
T4S2Tri 30.8 20.8 87.1 68.2 176.0 1.378
T6NS 37.0 4388 - - 438.8 2.256
T6NSC45 223 494 - 265.1 314.5 0.679
T6S4 19.1 66.0 117.3 - 183.3 1.023
T6S4C90 22.7 58.6 96.9 77.9 233.3 1.169
T6S4G90 279 41.6 76.7 339.7 458.0 0.649
T6S4Tri 28.5 40.2 74.7 355.3 470.1 0.674
T6S2 18.2 54.5 170.2 - 2248 1.588
T6S2C90 25.9 56.5 167.3 65.6 289.4 1.071
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Table 6.7 Modified Shear Friction Model Predictions

Ow Or €max V;
Specimen deg  deg % RL n, AN Veo/Vi
T4NS 258 18.7 - - 0 68.3 1.691
T4NSG90 38.5 13.1 0316 0.792 0 1322 1.203
T4S4 29.2 19.8 - - 1 105.3 1.490
T4S4G90 39.5 14.3 0314 0792 1 163.7 1.256
T4S2 347 250 - - 2 1547 1.301
T482C45 35.6 242 0311 0848 2 1673 1.310
T4S2G90 42.1 200 0317 0792 2 2054 1.098
T4S2Tri 421 20.0 0364 0.792 2 2056 1.180
T6NS 252 18.2 - - 0 103.0 1.069
T6NSC45 27.1 157 0471 0891 O 148.0 1.443
T6S4 28.4 19.1 - - 2 1738 1.079
T6S4C90 314 153 0469 0851 2 2229 1.224
T6S4G90 454 185 0468 0851 1 3260 0.912
T6S4Tri 454 185 0536 0851 1 3264 0.970
T6S2 31.8 222 - - 4 2504 1.425
T6S2C90 39.3 245 0469 0851 3 289.7 1.069

Table 6.8 Struts-and-Ties Model Predictions

V;
Specimen kN Vexp/ Vs
T4NS 36.4 3.172
T4NSG90 429 3.707
T4S4 65.7 2.389
T4S4G90 120.9 1.701
T4S2 95.0 2.118

T4S2C45 133.9 1.636
T4S2G90 150.2 1.502

T4S2Tri 1572  1.544
T6NS 70.6 1.560
T6NSC45 1254  1.703
T6S4 99.9 1.877

T6S4C90 1376  1.983
T6S4G90 1594  1.866
T6S4Trn 175.1 1.809
T6S2 1292 2762
T6S2C90 166.9  1.857
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Table 6.9 Model Comparison

Model Name Average Sdt dev. c.0.v. %
CHAALLAL et al. (1998) 1.348 0.456 33.8
KHALIFA et al. (1998) 1.561 0.305 19.6
CSA-S806 1.512 0.304 20.1
MALEK and SAADATMANESH (1998) 1.346 0.590 43.8
Modified Shear Friction 1.233 0.206 16.7
Struts-and-Ties 2.074 0.632 30.5
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Figure 6.6 Graphical Modified Shear Friction Results (TENSC45)
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7 A SIMPLIFIED SHEAR DESIGN METHOD FOR CONCRETE BEAMS
STRENGTHENED WITH FRP SHEETS'

7.1 Introduction

The use of Fibre Reinforced Polymers (FRP) for the rehabilitation of existing concrete
structures has grown very rapidly over the last few years (NEALE, 2000). Researches
(DriMoussIs and CHENG, 1994) have shown that FRP can be used very efficiently in
strengthening the concrete beams weak in shear. Unfortunately, the current concrete
design standards (ACI-318, 1995; CSA-A23.3, 1994) do not include any provisions for
the shear strengthening of structural members with FRP materials. This lack of design
standards led to the formation of partnerships between the research community and
industry to investigate and to promote the use of FRP in shear rehabilitation of existing
structures (DRIMOUSSIS and CHENG, 1994; ALEXANDER and CHENG, 1997; HUTCHINSON
et al., 1997). From these projects, design procedures were often proposed, but were
generally limited to each specific project.

Several researchers have recently published design equations and analytical models to
specifically evaluate FRP shear strengthening of reinforced concrete beams. Most of
theses methods assumed a 45° concrete crack angle (TRIANTAFILLOU, 1998; KHALIFA ef
al., 1998), which is consistent with the assumption of the shear design provisions in the
current codes (ACI-318, 1995; CSA-A23.3, 1994). This simplified truss model is known
to be conservative (COLLINS and MITCHELL, 1987), but a variable concrete crack angle
will give a more realistic prediction of the behaviour and strength of beams failing in
shear (MACGREGOR, 1997). MALEK and SAADATMANESH (1998) successfully extended
the Modified Compression Field Theory (MCFT) proposed by Collins and Mitchell
(1987) to include the contribution of the FRP sheets with variable concrete crack angles.
However, the MCFT involves iterative process to calculate the shear strength of a beam
element that may not be feasible in design offices when minimal design time is often
required. Recently, RAHAL (2000) proposed a simplification of the equations used in the

MCFT method to eliminate the iterative procedures and found comparable accuracy.

! A version of this chapter is in preparation for publication in the 4SCE Structural Journal
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Further research is still required to extend this simplified model to FRP shear
strengthening.

DENIAUD and CHENG (2000c [Chapter 6]) revisited the different shear evaluation models
specifically developed for FRP shear strengthening. They showed that the strip model,
combined with the shear friction approach, was the most reliable and consistent model.
The strip model is based on the bond mechanism observed from the tests. The shear
friction approach assumes a formation of a concrete web shear crack along which
slippage occurs, whereas the MCFT assumes a uniform concrete strut along the shear
span with no discontinuity. Since the FRP sheets bonded to the beam sides are only
activated after a concrete web crack has formed, the shear friction model is, therefore,
better suited to describe this behaviour.

However, the strip and shear friction models require finding all potential shear crack
paths to yield the lowest shear capacity. To find this lower bound solution by iteration
was then the drawback of this otherwise viable design method.

A new simplified shear design method, which is based on the strip model (ALEXANDER
and CHENG, 1997; DENIAUD and CHENG, 2000b [Chapter 5]) and the shear friction
approach (Loov, 1998), is developed here for the shear evaluation of reinforced concrete
beams strengthened externally in shear with FRP sheets. The method, eliminating the
need of iteration, is covered in this paper in detail, and the method is also validated with

experimental data available in the literature.

7.2 Strip Method

7.2.1 General Description

The shear contribution of FRP sheets using the strip method was first developed by
ALEXANDER and CHENG (1997). In their model, the FRP sheets crossing the concrete web
crack are described as a series of strips. Each strip is evaluated individually to find its
maximum allowable strain from the geometry of the FRP sheets. The geometry includes
the bonded length of the strip above and below the crack, as well as the anchorage at each
end of the strip. A free body diagram of a unit FRP strip can be used to work out the
force and moment equilibrium (DENIAUD and CHENG, 2000a [Chapter 4]). In the original
model proposed by ALEXANDER and CHENG (1997), the load was assumed to be linearly
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distributed between the strips from the bottom of the web to the flange. However, further
experimental results showed a uniform strain distribution rather than linear distribution
among the fibres crossing the concrete web crack (DENIAUD and CHENG, 2000b [Chapter
5]). Thus, the uniform distribution will be used here to reflect the experimentally
observed behaviour of the fibres.

The interface mean shear stress curve is used to evaluate the bond strength and the
corresponding maximum allowable strain, €, of each strip. From the uniform strain
distribution assumption, the same strain level is applied to all the FRP strips crossing the
concrete web shear crack. The g, of the strip closest to the web-flange corner is very
small due to its small bond length. As a result, it will then fail first, thereby, starting a
sequential peeling off. The load in this peeled strip is then redistributed to the remaining
strips. Eventually, as the strain €, increases, the number of remaining strips decreases
until the load carried by the remaining FRP strips reaches a maximum. At this point the
maximum FRP strain g, as well as the ratio Ry (remaining bonded over total length),
are recorded.

To complete the model, an interface mean shear stress curve is needed and is presented in

the following section.

7.2.2 Interface Shear Strength Curve

7.2.2.1 Interface Shear Strength Curve Development

The interface shear strength curve used initially by ALEXANDER and CHENG (1997) in the
strip model was developed with the results of a few concrete block tests. Recently, many
other researchers have also published concrete and FRP bond test results using various
test set-ups (CHAIJES et al., 1996; MAEDA et al., 1997; Brosens and Van Gemert, 1999;
BizINDAVYI and NEALE, 1999; KAMEL et al., 2000). The existence of an ultimate load
beyond which no further increase of the load carried by the FRP-concrete bond joint
occurs was commonly observed. A corresponding minimum transfer or effective bond
length corresponding to the load could also be found. MAEDA et al. (1997) found that the
effective bond length is a function of the FRP stiffness per unit length, t-Eggp, and
proposed the equation

[7.1] L.s =exp|6.134—0.58In(tE )]
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where t-Epm; is in GPa-mm and L.sis in mm.

Figure 7.1 presents the experimental data from various researchers using dimensionless
axes P/Pjoint vs. L/Les. A curve is proposed to fit these data and is also included in the
figure. The proposed relationship uses a quadratic curve up to L equal to L.g, followed by

a constant joint load when P reaches Pjqint, 2s shown in Equation (7.2).

[7.2a] P =- L + 2—L— when L <Leg
P L eff Lcﬂ'

Joint

[7.2b] PP =1 when L > Leg

Joint

The quadratic equation was selected to create a continuous curve and a smooth transition
when L/Lgr equals one. The maximum load Pjyin; carried by the joint can be expressed by
[7.3] P

Joimt = Teft Lot W soin

where T.sr is the mean concrete bond strength over the effective bond length L.g, and
Wioint 1S the width of the FRP joint. Similarly, the load P carried by any joint length L can
be written as

[7.4] P=rLw,,

where T is the average concrete bond strength over the joint length L. Substituting

Equations (7.3) and (7.4) into Equation (7.2) it can be show that

[7.5a] S (2 _L ) when L < Leg
T L

[7.5b] L whenL > Legr
T L

Let 7.5 = B/f, , Equations (7.52) and (7.5b) can be rewritten as

[7.62] f_— = (2 - LL j B when L < Legr
fc eff
[7.6b] f = I‘Li B when L > Legr

where § is a factor accounting for the concrete bond shear resistance evaluated at L/Leg=

1. With a best fit regression and using the data from the University of Alberta
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(ALEXANDER and CHENG, 1997; KAMEL et al., 2000), B was found to be equal to 0.23.
The coefficient of multiple determination R for this regression was 0.87.

The proposed interface shear strength curve is plotted in Figure 7.2, as well as the test
data from the literature. Shear strength curves proposed by other researchers

(ALEXANDER and CHENG, 1997; BizINDAVY! and NEALE, 1999) are also included.
7.2.2.2 Interface Shear Strength Curve Discussion

The bond strength curves proposed in the literature well described the data from which
they were defined. However, large discrepancy and scattering between these curves are
shown in Figure 7.2.

In the figure, it clearly indicates that the width of the FRP sheets bonded to the concrete
block has a significant effect. In fact, as the width of the FRP sheets becomes smaller, the
bond strength increases. The difference in strength between the 25 mm and 100 mm FRP
widths has a factor of two to three times. The strain distribution along the width of the
FRP sheets can provide a rational explanation for such behaviour. KAMEL et al. (2000)
observed that the strain values at the edge are much higher than at the centre of the sheet.
They also found that the difference was increasing as the ultimate load was reached.
Using narrow FRP sheets bonded to the concrete, the strain distribution along the width is
likely to be fairly uniform. Since high strain concentrations exist at the edge of wide FRP
sheets, the maximum load per unit width of the joint can then be significantly reduced.
Therefore, for conservative reason, the bond strength data from the University of Alberta
(ALEXANDER and CHENG, 1997; KAMEL et al, 2000), were used for the proposed
interface bond strength curve (Equation (7.6) with = 0.23), as shown in Figure 7.2. The
proposed B value (= 0.23) is very similar to the coefficient commonly used in the
concrete design codes (ACI-318, 1995; CSA-A23.3, 1994) where the concrete shear

strength v, is express as

[7.7] v, =02,

< c

Further investigations should be conducted to evaluate specifically the effect of the FRP
width bonded to the concrete. Such studies are however beyond the scope of this

research.
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7.2.3 An Example of Using the Strip Method

A beam strengthened externally by FRP sheets, as shown in Figure 7.3, is used to
illustrate the typical procedures of strip method. Assume that the FRP sheets have a
height of 450 mm with t-Errp = 35.85 kKN/mm and surrp = 2.0%. These values were
taken from the available manufactures’ data of glass fibre product Tyfo SEH51 (FYFE Co.
LLC, 1999). From Equation (7.1), L. equals 57.9 mm. The sheets are bonded to the side
of the concrete beam without any gap at 90° from the longitudinal axis of the beam. The
top end of the sheet is free whereas the bottom end of the sheet is wrapped underneath the
web. The concrete strength of the beam is 45 MPa.

Assume that the concrete crack has a 45° angle and the width of the strip is 50 mm (see
Figure 7.3). The average bond length, L,, of each individual strip above the crack is then
easily computed from the given geometry. Using Equation (7.6), the mean bond strength

T« of each strip can be evaluated. For this particular example, the maximum allowable

strain €, is then given by
7. L
7.8 g, === £
[ ] X t E ultFRP

Strip #9 has the lowest allowable strain (= 0.00132) due to its shortest bond length and
will fail first. The shear load carried by all the FRP strips just prior to failure of the strip
#9 1s
Vere = 0.00132-(9)-(50)-(35.85) =21.31 kN

These calculations are summarized in Table 7.1. The load is then redistributed among the
remaining strips. This process is continued until the maximum shear load carried by the
FRP sheet reaches a value of 27.95 kN, as shown in Table 7.1. The maximum FRP strain
€max 1S then found to be 0.195% and the ratio R equal to 0.889.

The effects of the crack angle 6, the number of strips and the strip widths are investigated

below to study the sensitivity of the strip method.
7.2.3.1 Effect of the Concrete Crack Arnigle 6

The above example was computed with a 45° concrete crack angle. Consider a new crack
angle of 26.6° (2 to 1 slope) and assume the same number of nine strips. The width of

each individual strip becomes 100 mm. However, the bond length and, therefore, the
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bond strength of each individual strip remains the same. Thus, the maximum allowable
strain, €, is unchanged. Since the FRP sheet crossing the concrete crack is twice as wide,
the load carried by the FRP sheet will double. However, the peak FRP load will occur at
the same step once the strip #9 has failed.

The maximum FRP strain €max and the ratio Ry are thus independent of the concrete crack
angle 6. However, the load carried by the FRP sheet is, of course, a function of the

number of FRP strips crossing the crack.
7.2.3.2 Effect of the Number of Strips and the Strip Width

The number of strips and the strip width are obviously related to each other for any given
overall width. Consider the data given in the above example with an increasing number
of strips and, consequently, a decreasing strip width. A computer program was written to
calculate the FRP components €max and Ry. The strip number was increased from 1 to 450
at which time the width of each individual strip was 1 mm. Figure 7.4 shows the variation
of emax and Ry with respect to the strip width.

From these results, it can be seen that the number of strips does not affect the maximum
FRP strain value, given in percent up to three decimal digits. Graphically, these very
slight changes are barely noticed (Figure 7.4a).

A strip width of 450 mm in this example means that only one strip is considered. The
sequential failure mechanism described by the strip method can obviously not be applied.
Figure 7.4b shows that the bonded to total length ratio R converges when the FRP strips
become smaller than 50 mm wide. In other words, any reasonable strip width, that has

dimensional and physical meaning, can be selected to obtain an accurate result.

7.3 Parametric Study

7.3.1 Methodology

A computer program was written to generate data for use in the strip method. For this
study, five variables were identified: the concrete strength ., the height and the stiffness
per unit width of the FRP sheets (dggrp and t-Egrp, respectively), the angle of the principal
direction of the fibre, and the anchorage of the FRP sheets. The concrete strength varied
from 20 to 50 MPa in increments of 10 MPa. The height of the FRP ranged from 250 to
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1250 mm in increments of 200 mm. The stiffness per unit width of the FRP sheets started
at 5 kN/mm and was increased in steps of 5 kN/mm up to 50 kN/mm. Four principal
direction angle of the fibre were used: 30°, 60°, 75°, and 90°. Finally, the FRP sheets were
assumed to be either bonded only to the side of the web, wrapped underneath the web,
or/and were extended underneath the flange with a 100 mm anchor length. A slight
modification of the program was included to account for the end of the FRP sheets
bonded underneath the flange. The anchorage detail of the FRP sheet was made using a
free body diagram and is fully describe elsewhere (DENIAUD and CHENG, 2000a [Chapter
4]). The ultimate FRP strain, €urrp, Was not used as a limiting factor when the data were
generated, but this constraint is discussed later.

This set of parameters was selected to cover the practical ranges and conditions for the
use of FRP in rehabilitation projects for most applications. The maximum FRP strain and
the remaining bonded to total lengths were then calculated for each combination of the
parameter investigated. The commercially available statistical software package
SigmaPlot 5.0 (SPSS, 1999) was used to perform the non-linear regression. The
coefficient of multiple determination (R?) was also used to measure the predictive ability

of a proposed regression equation (DEVORE, 1991).
7.3.2 Development of the gnax Equation

The value of the maximum FRP strain was first determined using only the data generated
with the FRP sheets bonded to the side of the beam or wrapped underneath the web. After

several trials, the following equation was found to give the greatest value of R%:

[7.9] & =2, (£)* (Aprp) ™ (tEgp )™ (sin@)™ (k, )™ (in percent)
with the optimal regression coefficients of the non-linear analysis given below:

a; =3.03318 a; =0.160524 as =-0.09557

a; = 0.51503 a3 =-1.53175 ag=-0.111054

where f.’. drrp and t-Epgp are in MPa, mm and kIN/mm, respectively. k, describes the
anchorage end conditions, as shown in Figure 7.5. For this equation, R* was found equal
to 0.99331, which means that 99.3% of the predicted data describes the response

perfectly.
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The values of the regression coefficients were further studied and were rounded to
provide a more compact equation without losing significantly the predictive ability of the
equation. The compact equation takes the form

[7.10] £ .= 3‘/f—°'dm’o'w

= i ) (R*=0.99296
" (tEg )7 (k, sina)™ (in percent) - ( )

From this analysis, €max Was found to be primarily a function of the concrete strength, the
FRP stiffness and, to a lesser degree, the FRP sheet height. The anchorage conditions and
the orientation of the fibre showed comparatively less effect.

Equation (7.10) was then used to calibrate the anchorage factor k, when the FRP sheets
were extended underneath the beam flange. The optimal value of k, was then found equal
to 0.79 with R* = 0.99421. The detail of this anchorage is also shown in Figure 7.5. With
this method, the effectiveness of any anchor system can be demonstrated and an
appropriate value for the anchorage factor k, can be easily found for each anchor system.
If the anchorage provided is such that no bond failure can occur (fully wrapping for
instance), k, = 0 shall be used and ena from Equation (7.10) then reaches infinity. In
other words, the maximum FRP strain is not governed by the bond failure mechanism.

As mentioned earlier, eprpyr Was not used as variable in the generated data. Therefore, in
order to complete the formulation following the above discussion, the designer should

also check that the value of emay given in Equation (7.10) is less than or equal to €rrpyi.
7.3.3 Development of the R_ Equation

Similarly, the generated data were visually screened and, after several trials, the

following form of the Ry equation was found with the greatest R? value.

d
7.11 R, =1-a, exp| —| —Sm®e__
(7.11] L 'exPL [kchﬁsina) }

where k. is an integer describing the number of debonding ends, as shown in Figure 7.5.
The optimal coefficients a; and a; of the non-linear regression analysis were found equal
to 1.196 and 0.4008, respectively (R> = 0.99365). The equation coefficients were again

rounded to give the more simplified equation
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[7.12] R, =1 —1.2exp|:— K—dm’—] | } (R =0.99356)

k,L.gsina
This equation is in dimensionless form and the concrete strength is not an influencing
parameter. The effective length L., which is dependent on the stiffness of the FRP sheet

(tErrp), and the depth and its orientation angle of FRP are found to be the most

significant variables influencing the remaining bonded area ratio.

7.4 Design Equation based on Shear Friction Method

7.4.1 Strength along the Weakest Plane through Stirrups

In 1998, Loov reviewed the CSA-A23.3 (1994) simplified method of shear design using
the shear friction approach. The shear strength along a plane crossing n spaces and

intersecting »-1 stirrups can be written as

[7.13] V.=0.25k*f, bwhf‘li + T,(n-1)
ns

where the experimentally determined factor k is given by (LOOV and PENG, 1998):

[7.14] k=210 )"

and by is the width of the web and h is the height of the beam; d; is the height of the
stirups and s is the stirrup spacing. Ty is the tension force in a stirrup and can be
expressed as:

[7.15] T,=Af,

A, and £,y are the area and the yield strength of the stirrups, respectively.

The effect of the FRP sheets bonded to the side of the beam web can be added and

Equation (7.13) is then re-written as

[7.16] v,:o.zssz;bwh$ + T,(n-1) + nTg
ns
with
[7.17] Tree =as—dm tE e £ R,
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In the above equation, Trrp represents the contribution of the FRP sheets applied without
any gap between two stirrups. All the terms of the Equation (7.17) are defined in the
previous sections.

For design purposes, it is conservative to ignore the contribution of the concrete flange
for T-beams and I-beams. However, TOZSER and Loov (1999) suggested approximating
the effective concrete section of the flange that participates in the shear friction with a 45°
angle. DENIAUD and CHENG (2000b [Chapter 5]) have also used the effective concrete
section in the analysis of their test results with good success.

For members with inclined FRP sheets and with an FRP width band of wegrp, as shown in
Figure 7.6, the Trrp contribution of the FRP sheets becomes

[7.18] Tere = A irp tE frp € RL(W—FRPJ (Es—sinowcosa)sina

Serp s
Finally, the governing shear strength of the beam is given by the lowest shear strength
among all potential failure planes, calculated with Equation (7.16). With the formulation
presented in Equation (7.18) the gap between the FRP bands is assumed very small. This
assumption implies that the governing shear strength of the beam does not bypass the
FRP bands. Similar to steel shear reinforcement, KHALIFA et al. (1998) suggested

limiting the spacing of the FRP bands to
[7.19] S S wm+%

The other way to check whether the FRP bands are wide enough to allow the formation
of a diagonal crack without intercepting a band is to actually calculate the shear strength
of this failure mode. The following equation should then be checked.

[7.20] V. < 025k’f.b, hﬁ + T,n,
where ng is the number of stirrups crossing the clear distance between two consecutive
FRP bands, if any.

7.4.2 Continuous Equation

Equation (7.16) was developed in a discrete format. Therefore, all the potential shear
planes must be evaluated to find the weakest shear strength of the beam. In some cases,

several repetitive computations are needed. Although a computer program can be written
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to find the critical shear path given the layout of the stirrups and the shear span, it is

desirable to have a continuous design equation to avoid the need of iteration. If we

assume 7 to be continuous rather than discrete, Equation (7.16) can be differentiated with

respect to z and set equal to zero.
oV,

[7.21] —L = -—O.25k2f;Ac d,s +T, + T =0
on n°s

The number of spaces corresponding to the weakest shear plane is then given as

[7.22] n=0.5k \/[_LA_](d_J
T, +Tegpe )\ s

By inserting » from Equation (7.22) into (7.21), the continuous shear friction design

equation can be derived:

[7.23] v, = k\/ £ A (T, + Tep )Sli -T,
S

It should be noted that the negative sign is not a typographical error but follows the

derivation. It simply means that no stirrups are crossing until n > 1.

7.5 Validation of the Proposed Equations

7.5.1 Experimental Test Data

The available test data were used to validate the proposed design method. The data
include both small-scale specimens ( SATO et al., 1996; Ui, 1992; AL-SULAIMANI et al.,
1994; CHAJES et al., 1995; TRIANTAFILLOU, 1998) and full-scale specimens (DRIMOUSSIS
and CHENG, 1994; ADEY et al., 1997; DENIAUD and CHENG, 2000a [Chapter 4] and 2000b
[Chapter 5]). The beam specimens fully wrapped by FRP sheets reported by
TRIANTAFILLOU (1998) were not considered here. In rehabilitation projects, it is often not
practical to fully wrap the beams due to limited access. Table 7.2 describes the available
experimental data. In total, 35 test specimens strengthened with FRP sheets were

considered.
7.5.2 Discussion of the Design Equations

Equation (7.23) was used to predict the available experimental test results. The

corresponding values, using an effective concrete area, used in the equation are listed in
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Table 7.3. For comparison purposes, both the rectangular beam cross section and the
effective concrete area were investigated and the results are shown in Figures 7.7 and 7.8,
respectively. As expected, the predictions using a rectangular cross section for the T-
beams (both Drimoussis and Cheng’s and Deniaud and Cheng’s data in the figures) are
found more conservative than the predicted values using effective concrete area, as
recommended by TOZSER and Loov (1999).

As mentioned earlier, the proposed method does not include, in this present form, the
effect of the FRP width when bands are used. Therefore, some results were found very
conservative as noted in the Figure 7.7.

CHAJES et al. (1995) reported that the fabric did not debond prior to failure in any of their
tests. Just prior to failure of the concrete, the FRP strain measurement also indicated that
the fabrics had not reached their full tensile capacity. This premature FRP sheet failure
may explain the non-conservative predictions. With all but one of their tests, the
maximum FRP strain calculated with Equation (7.10), as shown in Table 7.3, was limited
by the ultimate strain of the FRP (see Table 7.2). It is therefore possible that the use of
ultimate FRP strains for the beam strength predictions were not appropriate. Further
investigations are required to study this particular failure mode.

The experimental results reported by DRIMOUSSIS and CHENG (1994) are slightly over-
estimated, as shown in Figures 7.7 and 7.8. The legs of the type E-girder were tapered
and only the average width of the girder legs was reported in Table 7.2. These bridge
girders were also designed with a large shear key slot on both side of the flange. With
less concrete area in the flange, the capacity of the beam is then decreased. This reduction
in concrete area was not taken into account in Equation (7.22).

The conservative predictions with the test specimens presented by UJi (1992) cannot be
rationally explained by the author. Possible explanations, such as the scale effect or the
variability of the experimental test (including the concrete cylinder tests), can only be

suggested.
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7.6 lllustration of the Proposed Equations

7.6.1 Design Example

The design example (Example 4.4) used in the CPCA Design Handbook (1995) is used
here to illustrate the design procedures using the proposed method. Figure 7.9 shows the
beam dimensions, support conditions and other details including the stirrups spacing. The
beam has a simple span of 11 m, a cantilever span of 3.5 m, and is loaded uniformly.
Assume that the beam needs to carry a 30% more live load. The factored uniform design
load then becomes

wr=125wp + 1.5wy = 1.25 x 30 + 1.5 x (1.3) x 35 =106 kKN/m
The shear at the support toward the interior span is found to be 642 kN. Given that d, =
844 mm at the negative moment location, f.’ =25 MPa (normal concrete), f, = 400 MPa,
o = 0.60, ¢s = 0.85 and A, = 200 mm>. The critical section for shear is located at a
distance d, from the face of the support and is calculated as

Ve=642 - 106x(0.15+0.844) = 536.6 kN
The first step in the design is to calculate k using the Equation (7.14):

k=2.1(25)%*=0.580
From Equation (7.15):

Ty =200x400x107 = 80 kN
Re-arranging Equation (7.23) to solve for Trrp, including the concrete, steel and FRP

resistance factors ¢, ¢s and dgrp, respectively, we have

V.+4.T.Y s
7.24 T.. >l f " 7sv 4T
[ ] ¢FRP FRP ( , k ) ds ¢cf Ac ¢s v
Pere Lrrp 2[336'6+9 .85x80) - 400 —___(0.85x80=2.76kN
0.580 910(0.6 x 25)(1000x 450)10~3

Assume that the manufactured glass fibres Tyfo SEH5I (Fyfe Co. LLC, 1999) were
selected for the shear reinforcement of the beam and have the same material properties of
the FRP previously given in section 7.2.3. Also assume that a resistance factor ¢grp of
0.50 is used as suggested for the glass FRPs (ISIS, 2000), Equation (7.1) gives:

L., =exp(6.134~0.581n(35.85)) = 57.9mm
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Now, assume that the FRP sheets are to be bonded to the side and on both faces of the
beam with the principal fibres oriented at 90° from the longitudinal axis of the beam.
Thus, ka=2.0, ke =2 and a = 90°. Consider also that only the first 2/3 of the beam height

were accessible which gives derp = 666 mm. From Equation (7.10)

2.5 0.16
Ema = o2 f,,-“DX66.6 ——=0.185% < 2%
35.85° x(2xsin90°)"™

From Equation (7.12)

0.4
R, =1-12exp| - - 666, =0.840
2x57.9 xsin90°

Next, assume that 40 mm clear cover top and bottom to the No. 10 stirrups was required,
thus ds = 910 mm. Finally, Equation (7.18) can be re-arranged and solved for the ratio

WERpP OVET SErp aS

[7.25] had; SN Lo 4
SkrP Prre Aerp tErrp & R S
W erp > 2.76 . 910 ~0.582
Serp 0.5x666x35.85x0.185/100x 0.840 400

If we assume that wegp = 200 mm, then we find sprp < 344 mm. Use 100 mm gap. The
maximum spacing of the FRP bands is also found to be adequate with Equation (7.19).
Given d=937.5 mm,

937.5 =434mm

Sgrp < 200+

Equation (7.20) can also be used to check the adequacy of the spacing sgrp.
7.6.2 Comparison between the Discrete and Continuous Design Equations

In the above example, the factored shear resistance provided can be found using
Equations (7.18) and (7.23), which give Trrp = 7.25 kKN and V,;=539.7 kN.

As mentioned earlier, the discrete formulation more accurately represents the critical
shear path. Several calculations were performed using Equation (7.16) and an increasing
number of spacings, n, to scan the potential crack paths and find the weakest shear
strength. The resistance factors were added in Equation (7.16) to give comparable values

with the above example. Table 7.5 summarizes the results. The weakest shear plane was
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found when three stirrups (four spaces) are crossing the shear plane. In this case, the
beam shear strength is 541 kN, which is slightly higher than the prediction by the
continuous equation.

In fact conservative results will always be obtained with the continuous equation. Both
equations lead to the same shear strength only when the number of spaces given by

Equation (7.22) yields an integer number.
7.7 Conclusion

A simple design formulation for the evaluation of reinforced concrete beam strengthened

in shear with FRP sheets was presented. The proposed equations are based on the strip

model and the shear friction approach. From this study, the following conclusions can be

drawn:

1. The proposed design formulation can conservatively predict the experimental test
results. The steps in calculating the strength of the beam are simple and easy to use

without any iteration.

N

A parametric study was carried out to investigate the FRP sheet shear contribution
with well-defined variables within their useful range of application. The maximum
bond strain and the remaining bond area at the time of FRP debonding failure were

presented using two simple equations from the regression analyses.

W)
D

The strip method used to evaluate the FRP contribution can also be adapted for other
FRP sheet anchorage configurations. The description of the anchor should, however,
be evaluated with care.

4. The interface bond strength curve requires further study. In particular, further
investigations are required to fully assess the width effect of the FPR bands when the

FRP sheets are not continuously bonded to the concrete beam along the shear span.

n

Despite the simplicity of the method, the proposed method well describes the
interaction between the concrete, the stirrups and the FRP sheets. Since the concrete
crack angle is no longer limited to 45°, the variable angles therefore enhances the

accuracy of the model predictions.
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Table 7.1  Summary of the Strip Method Example with Nine Strips

Strip# Bond Length Bond Strength Maximum FRP Shear

1 Lx Tx Allowable Strain Load

mm MPa &x VErp

% kN
1 425 0.164 0.195 3.49
2 375 0.186 0.195 6.99
3 325 0.215 0.195 10.48
4 275 0.254 0.195 13.98
5 225 0.311 0.195 17.47
6 175 0.399 0.195 20.96
7 125 0.559 0.195 24.46
8 75 0.932 0.195 27.95
9 25 1.894 0.132 21.31
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Table 7.2  Experimental Data on Shear Strengthening with FRP

Specimen’ h by £ tEmre emppar dRP S d o Ve
mm mm MPa kN/m % mm mm mm deg kN
m

Dr(2NE) 610 206 28.0 240 167 430 80 543 90 198.0
Dr(2SW) 610 206 28.0 240 1.67 485 705 543 90 229.0
Dr(3NE) 610 206 28.0 240 167 510 660 543 90 235.0
Dr(3SW) 610 206 280 240 167 445 625 543 90 1465
D(T4NSG90) 400 140 302 319 141 250 1100 400 90 159.0
D(T454G90) 400 140 30.0 319 141 250 400 354 90 205.6
D(T4S82G90) 400 140 303 319 141 250 200 354 90 2256
D(T4S2C45) 400 140 294 314 095 250 200 354 45 219.1
D(T4S2Tri) 400 140 304 203 129 250 200 354 90 2427
D(T6NSC45) 600 140 44.1 314 095 450 1550 600 45 213.6
D(T6S4C90) 600 140 44.1 314 095 450 400 554 90 2728
D(T6S4G%) 600 140 44.1 319 141 450 400 554 90 2975
D(T6S4Tri) 600 140 441 203 129 450 400 554 90 316.7
D(T6S2C90) 600 140 44.1 314 095 450 200 554 90 309.8
A(B2) 400 200 464 299 152 267 750 400 45 2107
A(B5>) 400 200 464 299 152 267 150 334 45 271.7
S(S2) 300 200 452 255 151 300 700 300 90 160.5
S(S3) 300 200 413 255 151 300 700 300 90 202.1
S(S4) 300 200 375 255 151 300 700 300 90 156.3
S(S5) 300 200 397 255 151 300 700 300 90 198.2
9[6)) 200 100 241 224 115 200 425 200 90 893
u(6) 200 100 269 224 115 200 425 200 56 1138
U(7) 200 100 269 447 115 200 425 200 90 893
CAa) 191 64 469 115 203 127 406 191 90 344
C(E) 191 64 451 65 120 127 406 191 90 354
C(G) 191 64 455 123 089 127 406 191 90 36.0

C(G45) 191 64 445 123 089 127 406 191 45 424
A-S(SO) 150 150 377 467 129 150 200 94 90 415
A-S(WO) 150 150 37.7 467 129 120 200 94 90 420
T(S1-90) 110 70 300 362 140 110 320 110 90 206
T(S1-45) 110 70 300 362 140 110 320 110 45 223
T(52-90) 110 70 300 362 140 110 320 110 90 226
T(S2-45) 110 70 300 362 140 110 320 110 45 237
T(S3-90) 110 70 300 362 140 110 320 110 90 20.1
T(S3-45) 110 70 300 362 140 110 320 110 45 204

” Dr=Drimoussis and Cheng (1994); D=Deniaud and Cheng (2000a and 2000b) [Chapter 4 and 5]; A=Adey
et al. (1997); S=Sato ez al. (1996); U=Uji (1992); C=Chajes et al. (1995);A-S=Al-Sulaimani er al. (1994);
T=Triantafilliou (1998)
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Table 7.3  Predicted Beam Strength using an Effective Concrete Area

Specimen A ka ke Leg Ty &max RL V:
(eff. arzea) mm kN % kN
mm

Dr(2NE) 135660 200 2 731 563 034 0743 2104
Dr(2SW) 135660 200 2 73.1 563 034 0.762  236.1
Dr(3NE) 135660 079 1 731 563 0.38 0.864 2602
Dr(3SW) 70490 079 1 731 563 037 0.845 158.6
D(T4NSG90) 78100 079 1 62.0 none 023 0.791 139.6
D(T4S4G90) 78100 079 1 620 293 023 0.791 163.1
D(T4S52G90) 78100 079 1 620 293 023 0.791 205.0
D(T4S2C45) 78100 079 1 625 293 023 0.838 176.8
D(T4S2Tri) 78100 079 1 805 293 045 0.751 213.0
D(T6NSC45) 106100 079 1 625 none 032 0.904 133.1
D(T6S4C90) 106100 079 1 625 293 031 0.867 2144
D(T6S4G90) 106100 079 1 620 293 030 0.868 3104
D(T6S4Tri) 106100 079 1 805 293 059 0.836 3325
D(T6S2C90) 106100 079 1 625 293 031 0.867 286.8
A(B2) 80000 200 2 643 none 030 0.742 1515
A(BS) 80000 200 2 643 245 030 0742 2658
S(S2) 60000 200 2 704 none 0.36 0.690 83.2
S(S3) 60000 1.00 1 704 none 0.37 0.799 86.2
S(S4) 60000 200 2 704 none 033 0690 138.2
S(S5) 60000 1.00 1 704 none 0.37 0.799 157.1
U(3) 20000 200 2 761 none 0.30 0.607 524
U(6) 20000 200 2 76.1 none 0.33 0.639 53.7
18[@)) 20000 200 2 509 none 0.11 0.676 48.3
Ca) 15000 1.00 1 1120 none 1.15 0.581 52.7
CE) 15000 1.00 1 1554 none 2.62 0.523 384
C(G) 15000 1.00 1 1079 none 1.03 0.587 479
C(G45) 15000 1.00 1 1079 none 1.05 0.648 43.0
A-S(SO) 22500 200 2 497 254 0.12 0.631 27.5
A-S(WO) 22500 200 2 497 254 0.17 0.592 38.0
T(S1-90) 7700 200 2 575 none 0.15 0.551 10.5

T(S1-45) 7700 200 2 575 none 0.16 0.612 94
T(S52-90) 7700 200 2 57.5 nonme 0.15 0.551 14.0
T(S2-45) 7700 200 2 575 none 0.16 0.612 12.3
T(S3-90) 7700 200 2 57,5 mnone 0.15 0.551 21.0
T(S3-43) 7700 200 2 575 none 0.16 0.612 18.4

157

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 7.4  Discrete Equation Results

spaces V;
n kN
1 1293
2 720
3 577
4 541
5 548
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Figure 7.5 FRP Sheet Anchorage and End Conditions
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Figure 7.6 Inclined FRP Band Notation
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8 SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

8.1 Summary

The primary objective of this research was to expand the database for reinforced concrete
beams strengthened in shear with FRP sheets, using full-scale specimens. As reported in
the literature by several researchers (AI-SULAIMANI et al., 1994; CHAIJES et al., 1995), the
beam specimens repaired with FRP sheets and tested to failure were very shallow with
few or no stirrups. The shear capacity evaluation of beams strengthened with FRP was
also limited to basic design methods. The FRP contribution was simply derived from the
steel stirrup formulation with minor modifications to account for the properties of the
FRP. The intent throughout this study has been to find, or develop, a rational design
method that includes and integrates all shear carrying components.

Four type G-girders removed from existing bridges were first tested in the L.F. Morrison
Structural Testing Laboratory at the University of Alberta. The type G-girders have been
found deficient in shear and torsion when loaded eccentrically about the centroid of the
cross section (ALEXANDER and CHENG, 1997). Glass and carbon fibre materials were
used with various sheet configurations as a shear repair technique to enhance the load
capacity of the girders. Three commonly used shear strength evaluation methods: a)
Strut-and-Tie, b) Modified Compression Field Theory, and c¢) grid analysis were
investigated and the results compared to the experimental data. The shear capacity of
each beam was accurately predicted, but was limited to the ultimate shear load and to the
elastic range of the load deflection curves.

In the second part of the experimental program, eight full-scale T-beams were cast in
laboratory conditions and were extensively instrumented. Both ends of each beam were
tested separately to provide a total of 16 test results. The objective was to study the
effects of the concrete strength, the stirrups spacing, the height of the beam web and the
type of FRP on the behaviour of the FRP-strengthened concrete beams. This
experimental work provided data to enhance basic understanding of the interaction
between concrete, internal stirrups and FRP sheets in carrying shear load.

The current shear design methods, as well as the recently proposed models which include

the FRP contribution, were then reviewed. The experimental T-beam data was used to
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compare the predicted loads from each model investigated. From this analysis, design
equations, which account for the interaction of the concrete, the steel stirrups and the FRP
sheets, were developed. The method adopted the strip model for the FRP and the shear
friction approach for the shear capacity of the strengthened beam. The proposed
equations were validated with the available data found in the literature and very good

predictions of the beam behaviour were observed.
8.2 Conclusions

The G-girder tests revealed that the shear capacity could be increased effectively using

FRP sheets. The inclined sheets were found to be more efficient than the vertical sheets

and the woven glass fabric performed better than the unidirectional carbon/glass sheets.

However, the end panel of the girder remained the weakest part under eccentric loading.

The T-beam testing program provided a significant database on full-scale reinforced

concrete beam specimens strengthened in shear with FRP that has not been investigated

or reported in the literature. The experimental findings are reported below:

1. The effectiveness of FRP strengthening to the shear contribution is dependent on the
amount of internal reinforcement. The FRP sheets are less effective when beams are
heavily reinforced with internal reinforcement. Eventually, the external FRP
reinforcement can reduce the shear capacity of the beam by changing the critical path

that will lead to an even more sudden shear failure.

o

The FRP strains are uniformly distributed among the FRP strips crossing the concrete
shear crack.

The height and the geometry of the beam affect the failure mode of the FRP sheets.

‘UJ

With a 400 mm high specimen, the continuous glass fibres failed by vertical tearing
(unzipping) of the fibres close to the support. With a 600 mm high T-beam, the FRP
sheets debonded and peeled above the concrete shear crack. The debonded sheets
then buckled like a thin shell when the sheets were longitudinally wrapped without
any gap.

4. Tri-axial glass fibre reinforcement provides the beam with a more ductile failure than
the ones strengthened by unidirectional glass fibres or unidirectional carbon fibres

with a 50 mm gap.
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5. Plane sections do not remain plane in the shear span after a certain load level is
reached, but the external FRP sheets delay the loss of the plane section behaviour.

6. The shear forces carried by arching action are delayed when FRP is used. The beam
action can often represent between 20% to 40% of the ultimate load when FRP are

used.

Several FRP shear design models recently proposed in the literature were reviewed and
compared with the experimental data collected during this investigation. From this
analysis, the mechanical design model based on combination of the strip model
(ALEXANDER and CHENG, 1997) and the shear friction approach (Loov, 1998) provided
the most reliable and consistent predictions. This modified shear friction method
predicted also accurate estimate of concrete crack angles and an accurate description of
the failure modes. Data were generated by the strip method with well-defined variables
within their useful range of application. A regression analysis reduced this data to the
following two simple equations for the maximum FRP strain €pa and the remaining

bonded to total lengths ratio R,

-~ f' d 0.16
[8.1] Emax = J\/; e 5 (in percent)
(tEqp )" (k, sina)
d 04
[8.2] R, =1-12exp -| —F—
k.L . sina

where f, is the concrete strength, drgrp is the height, t is the thickness, Eggp is the elastic
modulus, and « is the principal fibre direction of the FRP sheets. f., drrp and t-Eggp have
units of MPa, mm and kN/mm, respectively. k. and k, are two parameters describing the
anchorage conditions. The effective bond length L. is given by

[8.3] L. =exp[6.134—-0.58In(tE p )] (Lefr is in mm)

Finally, a simple shear design formulation based on the modified shear friction approach

was derived as

[8.4] V. = k\/fc'Ac (T, +T o)fli ~T,
S

with
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[8.52] k=21( )"
[8.5b] T,=A,f,

[8.5¢] Tere = dirp tE irp € RL(W;RL] (isina-i-coso:]sina
Srp /) \d

where A. is the effective concrete area, ds and s are the length and the spacing of the
stirrups, Ay and £,y are the cross-sectional area and the yield strength of the stirrups, and
werp and sgrp are the width and the spacing of the FRP bands. The Equation (8.4) is easy
to use and has the advantage of taking into account not only the contribution of the
concrete, the stirrups and the FRP sheets but also the interaction of all these shear
resisting components. It was also determined that the concrete crack angle is no longer
limited to 45°. Variable angles can indeed be used, thereby enhancing the accuracy of the
model predictions. Equation (8.4) is therefore a significant improvement compared to the

current design equations found in the literature.
8.3 Recommendations

To refine the design approach developed and presented in this research, further studies
should be undertaken. Because the FRP sheets are externally bonded to the concrete
surface, a better understanding of the bond characteristics of the FRP and concrete
interface is required. In particular, the effect of the FRP fibre direction and the principal
loads should be investigated. Many researchers have published bond test results with
unidirectional fibres. The bond properties of other types of FRP material such as the Tri-
axial and the woven fabrics, should also be rigorously evaluated. Further investigations
are also required to fully assess the width effect of the FRP bands when the FRP sheets
are not continuously bonded to the concrete beam along the shear span.

Because access to deficient concrete beams is often limited in shear rehabilitation
projects, usually the FRP sheets are only partially wrapped on the member. A good
anchorage on both ends of the FRP sheets is recommended and many anchorage systems
for the FRP sheets have been proposed in the literature. Often, the performance of each
anchor is only qualitatively defined and should be rationally evaluated. The strip method
has the potential to describe any FRP sheet anchorage configuration using a free body

diagram.
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The shear friction approach was used to determine the concrete shear crack angle in this
study for the simplicity of the method. The Modified Compression Field Theory (MCFT)
is also available to determine the shear crack angle. A validation of the equations used in
the MCFT to predict the behaviour of reinforced concrete beams strengthened in shear
with FRP should be undertaken.

This research was limited to reinforced concrete members but the proposed shear design
equations should also be able to extend to prestressed concrete beams. Further study in
the applicability of the proposed method to prestressed concrete members should be
conducted.

Finally, the long-term performance and the durability of the FRP shear strengthening
techniques should be studied. The FRP behaviour for shear strengthening in fatigue and

under cyclic loading has not yet been assessed and should be investigated.
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APPENDIX A ADDITIONAL TYPE G-GIRDER DATA

A.1 Photographs

Figure A1 Preparation and Mixing of the Epoxy
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Figure A.2 Epoxy Application on the Face of the Specimen
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Figure A3 Soaking the Glass Fibres with Epoxy
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Figure A.4 GFRP Band Application Inside the Leg of the Girder
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Figure A5 GFRP Band Application in the Round End Diaphragm
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Figure A.10 Drilling of Concrete Cores
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Figure A.11 Underneath View of Girder 1 East at Ultimate

182

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



- SERIES 2
G2 WEST

Mo © Jor 1997

Figure A.12 Underneath View of Girder 2 West at Ultimate
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Figure A.13 Underneath View of Girder 3 West at Ultimate
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Figure A.14 Underneath View of Girder 4 East at Ultimate
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Figure A.15 Underneath View of Girder 4 West at Ultimate
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Figure A.16 Concrete Cracks on the Exterior Face of the Loaded Leg
without FRP Shear Strengthening (Girder 1 East)

Figure A.17 Concrete Cracks on the Exterior Face of the Loaded Leg with
FRP Shear Strengthening (Girder 2 West)
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A.2 Loaded Leg Shear Crack Patterns
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Figure A.18 Cracking Growth of Girder 1 East

188

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



a) At 176 kN \ v

M

b) At255 kN \ ‘

c) At 276 kN (Ultimate)

Figure A.19 Cracking Growth of Girder 1 West
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Figure A.20 Cracking Growth of Girder 2 East
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Figure A.21 Cracking Growth of Girder 2 West
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Figure A.23 Cracking Growth of Girder 3 West

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2) At 99 kN \ v
_________ N NI o e mm e e ‘ {
| S —= -. :
i //____\,_ ;| ~——— | :
; Y \ Coo
{ | — \ \ —— : :
\ =~
b) At 196 kN ‘ ‘
\\
e T e T N '
TUERIRET
: \ ) | \\ __.\__. \\ &
\ ZaN
¢) At259 kN (Ultimate) *
\

Figure A.24 Cracking Growth of Girder 4 East
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Figure A.25 Cracking Growth of Girder 4 West
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A.3 Point Load Deflection Comparisons
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Figure A.26 Point Load Deflection Comparisons (Girder 1 East)
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Figure A.27 Point Load Deflection Comparisons (Girder 1 Wesf)
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Figure A.28 Point Load Deflection Comparisons (Girder 2 East)
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A.4 Modified Compression Field Theory (MCFT) Detailed Procedure

This method was developed by COLLINS and MITCHELL (1987). It is the basis of the
general method used in CSA-A23.3 (1994) with a variable angle truss model. A
computerized program was created to include the contribution of the FRP sheets. The
procedure requires iterations to converge to the appropriate solution. The solution
technique is described briefly below but complementary information of the method can

be found in COLLINS and MITCHELL (1987).

Step 1: Choose a value of the principal tensile strain g at which to perform the
calculation.

Step 2: Estimate the inclination 6.

Step 3: Estimate the stresses in the stirrups f, and in the composite sheets Grre.

Step 4: Calculate the diagonal tensile stress fj.

Step 5: Calculate the shear load with

[A.12] v, _ AE
b, s tand

[A.1b] A =L

tand
[A.1c] Vigp = Arwp O [ S0 +sina cosa

b, Sgp |\ tané

and
[A.1d] V=vd b, +vd,b, +Vgpdmeb,

where « is the angle of the fibres with respect to the longitudinal axis of the section.

Step 6: Calculate the diagonal compression stress f;

Step 7: Calculate the maximum allowable compression stress fomax

Step 8: Check that frr.<f;. If not, solution is not possible. Return to step 2 and choose
larger © or return to step 1 and choose smaller €;.

Step 9: Calculate principal compressive strain €.

Step 10: Calculate longitudinal strain €, vertical strain &; and composite strain €rrp.

Step 11: Calculate f, and orrp from previous strains.
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Step 12: Check estimates of f, and orgrp . If necessary, revise estimates and return to step

inl

J.
Step 13: Calculate the axial load on the member with

v

[A.23] N, =-—Ys b d
tan &
-V
A.2b N.= +f, |b,d
[ ] c [tan@ IJ wev
[A.2c] Nee = ;;:*g b,d, + ArrpCrpdrpC0S 0 (sm 2 +cos aj
Srre
and
[A.2d] N, =N, +N_ + N

Step 14: Using a plane section analysis with the strain at d set to €, find the strain
distribution which corresponds to the desired moment and then determine the
corresponding axial load N,,.

Step 15: Check if N-N, equals zero. If it does not, make a new estimate of 6 and return

to step 2.
This procedure is repeated for a specific moment by increasing €; until the shear load

drops, or the fibres fail, or the concrete strut crushes. By repeating this procedure for

various moments, the complete shear moment interaction diagram can be found.
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APPENDIXB ADDITIONAL T400 BEAM DATA
B.1 Photographs

Figure B.1 T4NS Specimen after Failure (Face A)

Figure B.2 T4NS Specimen after Failure (Face B)
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Figure B.4 T4NSG90 Specimen after Failure (Face B)
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Figure B.6 T4S4 Specimen after Failure (Face B)
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Figure B.7 T4S4G90 Specimen after Failure (Face A)

Figure B.8 T4S4G90 Specimen after Failure (Face B)
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Figure B.10 T4S2 Specimen after Failure (Face B)
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Figure B.11 T4S2G90 Specimen after Failure (Face A)

Figure B.12 T4S2G90 Specimen after Failure (Face B)
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Figure B.14 T4S2C45 Specimen after Failure (Face B)
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Figure B.16 T4S2Tri Specimen after Failure (Face B)
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B.2 Schematic Shear Crack Patterns
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Figure B.17 Cracking growth of T4NS Specimen

210

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



At 318 kN (Ultimate)

Figure B.18 Cracking of TANSG90 Specimen at Ultimate
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Figure B.19 Cracking Growth of T4S4 Specimen
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At 411 kN (Ultimate)

Figure B.20 Cracking of T4S4G90 Specimen at Ultimate
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Figure B.21 Cracking Growth of T4S2 Specimen (continued)
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Figure B.22 Cracking Growth for T4S2GS0 Specimen
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Figure B.23 Cracking Growth for T4S2C45 Specimen

217

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



@-

@

LS

S
SRR

S

<

- g gy g TR

mate)

1t

d) At485 kN (U

Figure B.24 Cracking Growth for T4S2Tri Specimen

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



B.3 Strain Distribution Through the Depth of the T-beam
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Figure B.25 Horizontai LVDT Data for TANS and TANSG90 Specimens
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Figure B.26 Horizontal LVDT Data for T4S4 and T4S4G90 Specimens
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Figure B.27 Horizontal LVDT Data for T4S2 and T4S2G90 Specimens
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B.4 Crack Pattern Prediction
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Figure B.29 Crack Prediction for T4ANS Specimen with a Linear FRP Strain
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Figure B.30 Crack Prediction for TANSG90 Specimen with a Linear FRP
Strain Assumption
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Figure B.31 Crack Prediction for T4S4 Specimen with a Linear FRP Strain
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Figure B.33 Crack Prediction for T4S2 Specimen with a Linear FRP Strain
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Figure B.34 Crack Prediction for T4S2G90 Specimen with a Linear FRP
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Figure B.35 Crack Prediction for T4S2C45 Specimen with a Linear FRP
Strain Assumption
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Figure B.36 Crack Prediction for T4S2Tri Specimen with a Linear FRP
Strain Assumption
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APPENDIXC ADDITIONAL T600 BEAM DATA
C.1 Photographs

Figure C.1 Formworks and Bar Placement Prior to Casting the Concrete
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Figure C.2 Test Set-up

ide of the Beam

Figure C.3 Horizontal LVDTs on the S
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Figure C.4 T6NS Specimen after Failure (Face A)

Figure C.5 T6NS Specimen after Failure (Face B)
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Figure C.7 T6NSC45 Specimen after Failure (Face B)
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Figure C.9 T6S4 Specimen after Failure (Face B)
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Figure C.11 T6S4C90 Specimen after Failure (Face B)
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Figure C.13 T6S4G90 Specimen after Failure (Face B)
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Figure C.15 T6S4Tri Specimen after Failure (Face B)
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Figure C.16 T6S2 Specimen after Failure (Face A)

Figure C.17 T6S2 Specimen after Failure (Face B)
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Figure C.18 T6S2C90 Specimen after Failure (Face A)
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C.2 Schematic Shear Crack Patterns

a) At 111 kN

b) At 205 kN

()=

¢)At 220 kN (Ultimate)

Figure C.20 Cracking Growth for TENS Specimen
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C)At 305 kN

Figure C.21 Cracking Growth of TENSC45 Specimen (continued)
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e)At 427 kN (Ultimate)

Figure C.21 Cracking Growth for TENSC45 Specimen (concluded)
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Figure C.22 Cracking Growth of T6S4 Specimen
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Figure C.23 Cracking Growth for T6S4C90 Specimen (continued)
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d) At 403 kN
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e) At 501 kN

f)At 546 kKN (Ultimate)

Figure C.23 Cracking Growth for T6S4C90 Specimen (concluded)
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Figure C.24 Cracking Growth for T6S4G90 Specimen (continued)
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Figure C.25 Cracking Growth for T6S4Tri Specimen (continued)
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Figure C.25 Cracking growth for T6S4Tri Specimen (concluded)
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Figure C.26 Cracking Growth for T6S2 Specimen (concluded)
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C.3 Beam and Arching Shear Actions
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Figure C.28 Beam and Arching Actions for TENS and T6NSC45 Specimens
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Figure C.29 Beam and Arching actions for T6S4 and T6S4C90 Specimens

(8]
W
f—"

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4
—T6S4

- - - - Beam Action T6S4
o —T6S4G90
-~ 3 {|- - - Beam Action T6S4G90
®
o
<
0, . .
o Arching action
k5
S A <N
° en Beam action
Z e i R

0 . . ‘ -t

0 1 2 3 4

Normalized Deflection

Figure C.30 Beam and Arching actions for T6S4 and T6S4G90 Specimens

4
—_—T634
- = = Beam Action T6S4
—T6S4Tri

3 {| - - -~ Beam Action T6S4Tri

Arching action

Normalized Shear Load
N

0 1 2 3 4
Normalized Deflection
Figure C.31 Beam and Arching Actions for T6S4 and T6S4Tri Specimens

N
W
o

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



—T6S2

B - - - BeamActionT6S2 |
o ——T6S2C90 W
-;l 3 1{i- - - Beam Action T6S2CS80 !
©
o
®
s 2 Arching action
O
'E — e S,
= o T,
& 1 %
5 —
2 1" Beam action

0- . )

0 2 4 6

Normalized Deflection

Figure C.32 Beam and Arching Actions for T6S2 and T6S2C90 Specimens

L]
W
(V3]

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



C.4 FRP Strain in the Principal Direction of the Fibre
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Figure C.33 FRP Strains for TENSC45 Specimen at 400 kN.
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Figure C.34 FRP Strains for T6S4C90 Specimen at 501 kN
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C.5 Crack pattern Predictions with a Uniform FRP Strain Distribution
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Figure C.38 Crack Prediction for TENS Specimen with a Uniform FRP
Strain Assumption

Figure C.39 Crack Prediction for T6BNSC45 Specimen with a Uniform FRP
Strain Assumption
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Figure C.40 Crack Prediction for T6S4 Specimen with a Uniform FRP Strain
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Figure C.41 Crack Prediction for T6S4C90 Specimen with a Uniform FRP
Strain Assumption
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APPENDIX D ADDITIONAL SHEAR DESIGN METHOD DATA
D.1 T400 Crack Pattern Predictions with a Uniform FRP Strain Distribution
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Figure D.1 Crack Prediction for TANS Specimen with a Uniform FRP
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D.2 Detailed Design Procedure Proposed by MALEK and SAADATMANESH
(1998)
In 1998, MALEK and SAADATMANESH have worked out the section equilibrium of the

forces acting along a concrete crack inclined at an angle 6.. The method proceeds by
steps that are reported below:

1. Assume the shear load V and the angle 6.

2. Calculate the axial force AN developed in the longitudinal reinforcement with:

[D.1] aN=—_
tané,

-

3. Calculate the corresponding axial strain € neglecting the effect of the FRP sheets

with respect to the longitudinal reinforcement.

[D.2] &, = < X

4. Compute the compressive stress in the concrete strut with:

_ \Y
* b,d,sind, cosé,

[D.3]

5. Assume ¢; and compute the maximum compressive stress foma from:

[D4] I P

T 08-0345
&

<

cu
6. Calculate the compression strain in the concrete strut with the following equation
(CoLLINS and MITCHELL, 1989).

[D.5] 52=8w(1— -t J

2max

where €, is the compressive uniaxial strain corresponding to f;’.
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7. Knowing e and €;, € and &, are obtained using the following transformation

equations from the Mohr’s circID.

_gfirani @),

[D.6a] g T

[D.6b] g, =& [1+tan*(8,)]+ &, tan?(6,)
8. Check the assumptior: on €.

9. The total shear force resisted by the beam is then expressed by

[D‘7] Vl=FFRP+Fs
with
[D.8a] F,=E ¢ A, d, < f A, d,
T s A s tanf,
c
D.8b Ferp = 2d p tepp| 00 +—2
PO W SR

where 6> and oy, are the shear and normal stresses of the FRP sheet along the crack in

the direction 1 and 2. The laminate theory is used to transform the FRP sheet stiffness

from the axis | and t to the axis 1 and 2.

Step 1 through 9 are repeated until the assumed shear load V and V; converge for a given
angle 6. The inclination angle 6. corresponding to the maximum shear load is the
governing anglD.

Once the governing angle 6. is found, the concrete contribution V. can be found with the
Equation (6.2) and the appropriate value of B. The total shear capacity of the beam
becomes then:

[D.9] V.=V, +V,
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SHEAR REHABILITATION OF TYPE G GIRDERS USING ACM:
EXPERIMENTAL STUDY

Christophe DENIAUD and J.J. Roger CHENG
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Summary

Type G-girders have been used extensively in Alberta for highway bridges in 1950°s and 60’s, with
approximately 1500 of these bridges still in service all over the province today. Structural deficiency,
especially in shear, of the G-girders plus economic constraints of the government has demanded an
economical and efficient method of rehabilitation for these bridges. A research program at the University of
Alberta, in collaboration with Alberta Transportation and Utilities has been established to study the
feasibility of using advanced composite materials (ACM) to rehabilitate those concrete bridge girders
deficient in shear. This project is designed to find the most efficient repair scheme for type G-girders. This
paper will address the structural deficiency of the G-Girders and present the results from the full scale tests.
A toal of eight tests were carried out from four G -Girders removed from the existing bridges. Three of
them have round end diaphragms and the remaining one has square end panels. Fibre reinforced plastic
(FRP) sheets, both carbon and glass fibres, were used in the rehabilitation. Two shear repair schemes on the
inside face of the girders were investigated: vertical sheets of 250 mm wide spaced at 300 mm (gap of 50
mm) and inclined sheets at 45° with the same width and gap perpendicular to the principal direction of the
fibres. One girder (two ends) was strengthened with glass fibres. Three ends (one square and two round
diaphragms) were strengthened with carbon fibres. At the end diaphragms, vertical straps of 50 mm wide
sheets were provided on the inside face of the round diaphragms. Additional horizontal carbon fibres were
also added for the square end diaphragm. All girders were subjected to eccentric loading in order to
produce shear and torsion in the end panels. In order to avoid the flexural failure, full length longitudinal
steel plates were glued at the bottom face of the girders.

Preliminary results show that the maximum load capacity of the girders is increased by 47% and 39 %
when strengthened with inclined and vertical sheets, respectively. A large portion of the increased capacity
comes from the glued steel plates. However, different failure modes were observed for the specimens with
and without FRP strengthening. The type of fiber (carbon or glass) showed little influence on the capacity
of the girders when sheets are applied at 45 degrees.
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INTRODUCTION

Type G-girders as shown in Figure 1 have been used extensively in Alberta for highway bridges in 1950°s
and 1960’s. Today, there are approximately 1500 of these bridges still in service across the province.
Today, these girders are deficient in shear with regard to cumrent code requirements and evaluation
specifications. The deficiency is mainly due to the increase of allowable loads for the last 40 years as well
as better understanding of shear behavior in reinforced concrete since the early 1970’s. It is a major
concern for the Alberta Transportation and Utilities (AT&U) to find a reliable technique to rehabilitate and
strengthen these girders at the lowest cost. A research program is carried out at the University of Alberta in
collaboration with AT&U using removed girders as full scale test specimens.

a) Cross Section Dimensions b) Round Diaphragm ¢) Square Diaphragm
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Figure 1: Typical Type G-Girder

A preliminary investigation on type G girders was conducted at the University of Alberta in 1996 [1]. The
results of that study showed that type G girders always failed in flexure if loaded through the centroid of
the section, regardless of the longitudinal location of load application. This flexural failure still resulted
despite the provision of four full length longitudinal layers of CFRP sheets along the extreme fibre.
Therefore, the girders were loaded eccentrically about the centroid of the cross section in order to fail these
girders in combination of shear and torsion. It was also shown that the end panel ended up being the
weakest part of the girder under eccentric loading. Special considerations are therefore required to reinforce
not only the inner faces of the legs but also the end diaphragm.

The objective of this series of tests was to establish a comparison between two different types of fibre
reinforced plastic (FRP), namely glass and carbon fibres, with various configurations, as a shear repair
technique. Reinforcement of the end diaphragm is also provided by the use of composite sheets. Because
the flexural strength of the girders is not the principal investigation, a 9.5 mm thick steel plate is bonded
along the bottom faces of the girders to avoid the flexural failure.

STRUCTURAL DEFICIENCY

Type G-girder bridges were designed using AASHO-49 specifications [2]. The design truck used was H20-
S16 which corresponds to a total weight of 320.3 kN (36 t). The maximum wheel load was 71.2 kN. Today,
bridges in Alberta are designed with CAN/CSA-S6-88 standard [3]. Three trucks, CS1 to CS3, are used in
practice with a total weight increasing from 274.7 to 618 kN, respectively. The maximum wheel load is
now 103 kN which represents a 44.7% increase.

In 1973, following 2 series of research programs, a better understanding of the shear resistance of the
concrete members has resulted in a complete review of reinforced concrete design in shear [4]. Two major
changes have been reported: concrete shear strength resistance and stirrups spacing. The AASHO-49 and
CAN/CSA-S6-88 codes give different values using concrete design strength of 27.6 MPa and effective
depth (d) of 376 mm for type G girder.

Concrete shear strength

AASHO-49: v, =003 f, v, = 0.828 MPa
CAN/CSA-S6-88: ve=0.19 (F)'? v, = 0.998 MPa
267
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Stirrups Spacing

AASHO-49: s=%h when required to carry shear s=203 mm
or

s=%h when not required s =304 mm

CAN/CSA-56-88: s =d/2 <600 mm s=188 mm

It shows that the shear strength might be increased by 20.5%. But the spacing of stirrups would need to be
reduced from 304 to 188 mm which represents a 38.2% difference. Furthermore, it was found, with heip of
steel detector, that the spacing of G-girders tested did not even meet the requirements of AASHO-49. The
actual spacings were more than twice the maximum spacing allowed by current CAN/CSA-S6-88 standard.

CAN/CSA-S6-88 also stipules that minimum area of shear reinforcement must be provided where the
design shear is greater than one half the permissible shear resistance (v.) carried by the concrete [3]. In
other words, when minimum stirrups requirements are not satisfied, the concrete shear strength should be
reduced by half to give, in this example, v, = 0.499 MPa. The later result is then compared to 0.828 MPa.

Overall, the design shear capacity has decreased by 40% while the applied loads have increased by about
45% over the last 40 years. These two effects added together plus the aging of the bridges result in the
shear deficiency of type G-girders.

EXPERIMENTAL PROGRAM
Test Specimen

Two types of specimens were used in this series. Three of the girders investigated had round end
diaphragms and the last girder had square end panels. The girders were 6.1 m long. The girder dimensions
are presented in Figure 1.

When the specimens were strengthened, the concrete surface was prepared using a grinder to remove any
bumps where the steel plates and composite sheets were to be applied. The steel plates were also sand
blasted before gluing it underneath each leg. The epoxy used to bond the steel plate to concrete was Sikadur
31 Hi Mod provided by Sika Inc. This paste comes in two parts with a mixing ratio of 3 parts A to 1 part B
by volume.

In order to avoid sharp corners for the ACM, putty was used to round the corners when necessary. This
procedure was particularly difficult in the end panel, as can be seen in Figure 2. Figure 3 shows a typical
layout of the end diaphragm where vertical carbon fibre sheets were used. One end of the sheet extended
underneath the flange and the other end extended on the top of the steel plate or underneath the end panel
as shown in Figure 4. In any case, at least 100 mm development length was provided for the FRP sheets.
The bands were 250 mm wide on the side of the legs. However, bands of 50 mm wide were used in the end
diaphragm to be able to bond them properly to the round surface.

Two main repair schemes were used in this series. CFRP sheets were glued vertically to the inside legs for
the first scheme and at an angle of 45° degrees for the second scheme. Round end panels were strengthened
using 50 mm wide bands applied vertically in both cases. One square end panel (G4 West) was
strengthened with horizontal carbon sheets. A Full description of the various configurations and materials
used at each end is described in Table 1. The maximum load in the Table 1 is the applied load on the top of
the girder at ultimate.

Both repair schemes are presented with dimensions and layout in Figure 4.
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Test Set Up

In order to provide an eccentric loading frame, a stiff steel beam was used to distribute the load from the
MTS 6000 testing machine to the top of one leg of the girder. The test set-up is presented schematically in
Figure 5. The applied load on the top of the girder in each test was then computed using two methods:
surnmation of all four load cells located at each supports, and subtraction of the distributing steel beam
support and the MTS 6000.

Figure 2: Putty Applied in the End Panel Figure 3: Typical End Diaphragm Layout
a) Cross Section Dimensions a) Cross Section
> |
‘ =100 mm mini
¢ L MTS 6000
Steel Plate : —= 7 i Knife cdge

127x9.5 mm "\

Steel ball

FibresiSheets 2
> = Unloaded
Leg

b) Vertical Sheets ‘ !

| RN l

Steel Plate g { Fibres Shccts .
127x95mm ’ b) Side View '

) Inclined Sheets at 45°
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Table 1: Test matrix and Results

Girder Steel  In Situ ACM Max. Load % Failure Mode
Plate f.’ Repair on girder Increase
MPa Scheme kN

G1 East Yes 459 None 382 355 Torsion in the end panel and
.................................................................................. platedebonding

Gl West No 459 None 282 0.0 Torsion in end panel

G2East  Yes 462  Vertcal 350 241 Shearinloadedleg
...................................... el R

G2 West Yes 46.2 Inclined 412 46.1 Torsion in end panel/ partial
...................................... carbon e, CORCIEteCUshing

G3 East Yes 428 Vertical 394 394 Torsion in end panel
....................................... a8 e ne e

G3 West Yes 42.8 Inclined 415 472 Shear in loaded leg

glass

G4 East’ No 325 None 259 0.0 Torsion in Close Unloaded
_________________________________________________________________________________ (CU)comer . ..

G4 West  Yes 325 Inclined 395 525 Torsion in Close Unloaded

carbon (CU) corner
" Square end Diaphragm

Special terminology used in testing program is specified in Figure 5. This system used the following
keywords: Close, Far, Unloaded and Loaded. These terms serve as a general cardinal orientation because
the loaded leg could be either one for each end tested.

Instrumentation

The side of each leg of the girders was instrumented with numerous sets of Demec gauges. A Demec gauge
of 250 mm was used on the outside of each girder leg and an 200 mm Demec gauge was used on the inside
to speed up the recording process by two crews. Electrical strain gauges were provided on the steel plate.

In order to record flexural deflection, eight cable transducers were used along each leg. Four LVDTs were
also installed at two stirrup locations of interest, between the point load and the close supports. An extra
LVDT was set up later during the test program to record the Far Unloaded support which was lifting up
during each test

Test Procedure

Each test was performed under stroke control by the MTS6000. The following steps were followed:

1. Initial reading of all Demec points were taken.

2. Initial electronic data were recorded using a data acquisition system.

3. The specimen was loaded at a rate of 10 to 20 pm/s to give approximately 15 kN per
minute in the elastic range.

4. Any sound or noise was recorded during the test.

5. For every load step of 25 kN applied on the top of the girder, a complete set of data

was collected by the data acquisition system.

6. At every 100 kN load step, called szage in the remaining part of this paper, up to 300
kN when applicable, the loading process was paused in order to record manually all Demec gauge
readings. During each stage, visual inspection of the girder was made to record any cracks and/or
damage that may have occurred.

7. The girder was continuously loaded until failure with all visual cracks and noises
being recorded.
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Only the load applied to the top of the girder was recorded. Therefore, the dead load of the specimen is not
taking into account for any results presented here.

After the first end of each girder was completed, external stirrups were provided to the failed end prior to
testing the second end. These stirrups consisted of two HSS steel tubes with tie rods on both ends.

EXPERIMENTAL RESULTS
Material Properties

Concrete strength was obtained by drilling 100 mm diameter cores in accordance with the ASTM Standard
C-42 [5]. Three cores were taken in each girder at three different locations to average the data. Core
specimens were then soaked for at least 48 hours prior to testing. Correction factors developed by Bartlett
and Mac Gregor [6] were used to find the equivalent in situ strength presented in Table 1.

Coupon tests were carried out in accordance with ASTM Standard A-370 [7], to determine the stress strain
curve for each steel component. Two coupons were cut from the plate used as external reinforcement.
Three coupon test specimens were taken from the #9 longitudinal reinforcement bars and one coupon test
specimen from the #3 stirrup bars for each girder. Coupons from girder 1 could not be taken because of
further scheduled testing. Table 2 gives relevant information on steel coupon test results.

Table 2: Steel Coupon Tests

Yield Stress Elastic Modulus Ultimate Strength

f, E F,

MPa MPa MPa

Steel Plate 327 202000 502
Girder 2 #9 306 203000 494
#3 311 186000 455

Girder 3 #9 263 191000 414
#3 302 252000 423

Girder 4 #9 267 194000 448
#3 336 203000 511

Two composite materials were used in this series. Unidirectional carbon fibres Replark Type 20 from
Mitsubishi Canada Limited and woven glass fibres SEH4] from Excel Fyfe Canada Ltd were used to
strengthen the sides of the girder legs and the end panel of the girders. The first one is in the form of a
prepregnated tape that is mixed with two parts epoxy resin. The later is not prepreg but is also mixed with
two components epoxy resin. The epoxy resin used with glass fibres was less viscous because the sheets
need to be soaked in it before positioning on the concrete. Training was received on campus from Excel
Fyfe on the proper use of their product. Only one layer was applied on the concrete surface. The same
repair schemes were used with both composites.

ACM coupon specimens were made at the same time as the bands were being bonded. Material properties
for the two composites are given in Table 3. It should be noted that a premature failure was observed from
the glass fibre coupons.
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Table 3: Advanced Composites Material Properties

Type of Ultimate Modulus of
ACM Name fibres Test source Strength Elasticity Thickness
MPa MPa mm
Replark Type 20 Carbon Fibre strength 3400 230000 0.11
Coupon specimens 422 44300 0.70
SEH41 Glass Fibre strength - - -
Coupon specimens 106* 17700 1.80

* Premature failure

Girder Tests

This test program includes the test results of four girders. Because both ends of each girder are tested, eight
test results are reported. Table 1 summarizes the maximum loads reached and the failure modes observed
for each test. Figure 6 shows the load vs point load deflection for all tests with round end diaphragm. The
two tests with square end diaphragm are presented in Figure 7.
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Figure 6: Load vs Point Load Deflection Curves for Specimens with Round End Diaphragm
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Figure 7: Load vs Point Load Deflection Curves for Specimens with Square End Diaphragm

DISCUSSION
General Behavior

When the girders are eccentrically loaded over one leg as described above, the load is distributed among
the four supports in similar manner for all tests. About 70 to 75% of the total load was carried by the Close
Loaded support reaction and 20 to 25% went to the Far Loaded support. The remainder of the load, no
more than 7%, was carried by the Close Unloaded support. The Far Unloaded support was lifting up in all
cases. It appears from these observations that the load-sharing path is not significantly affected by the
external plate or ACM strengthening. Furthermore, only the loaded leg carries majority of the shear load.

From the deflection data recorded along each leg, the ratio of Loaded over Unloaded leg at the load point
location is about 1.5 during the first stages. This value increases significantly at ultimate, but it should be
noted that by then the section is fully damaged. The girder no longer behaves as a whole inverted U section.
However, because the deflections of the leg are proportional to the applying moment, load sharing occurs
between the two legs in bending. During the first stages, flexure loads are distributed as follows: Loaded
and Unloaded legs carry 60% and 40% of the bending moment, respectively.

Faiiure Mode
All of the test results in this series showed that FRP sheets helped to hold flexural reinforcement in place.
No debonding of the steel plate occurred when composite materials were used because FRP sheets were

extended to cover the steel plate. This technique was proved to be very efficient to avoid premature failure
by steel plate debonding. Except for Girder 2 East, where the test was stopped prematurely, and Girder 3
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West, the failure mode observed was torsion in the end panel that induced shear cracks in the end
diaphragm. Girder 3 West failed in shear in the Loaded leg with no crack in the end panel. This result is the
most promising in shear evaluation of this type of girder and tentative explanations are provided in the next
sections.

End Panel Cracks

For all the round diaphragms, a major crack occurred in the end panel (Girder 2 East is discarded as
mentioned before because of premature test stop) except Girder 3 West, which will be discussed later.

It should be recalled that bands of 50 mm wide were applied vertically in the end panel. From the control
test with the steel plate (Girder 1 East), the crack in the end panel was inclined at about 60 to 70 degrees
from the soffit of the diaphragm. The vertical fibres provided prevented any vertical displacement or
appearance of cracks perpendicular to the principal orientation of fibres (i.e. horizontal in this case). The
crack path in the diaphragm then became vertical which was now the weakest orientation. This behavior is
clearly observed with Girder 2 West. Girder 3 East is similar but the crack in the end panel was initiated by
the peeling-off of a band underneath the diaphragm.

With Girder 3 West, such peeling off did not occur. The woven glass fabric used also presented fibres in
both directions (0° and 90° with a ratio of 20 and 80%, respectively). This material was stronger than the
unidirectional carbon fibres in the principal axis perpendicular to the main fibre orientation. Even if bands
of only 50 mm wide were used, horizontal tension in this product can be mobilized and partially explains
why the end panel did not fail in this case. Unfortunately, no strain in the horizontal direction was
measured to confirm this hypothesis.

For the square end panel specimen, the carbon sheets were applied horizontally in the end panel (Girder 4
West). Therefore, the crack, which was running along the Close Urnloaded comer, was covered by ACM. A
vertical crack can still be developed because of the sharp corner but then the fibres become extremely
effective. Twisting of the fibres can be seen in Figure 8. In this case, the horizontal sheets were long
enough to provide good anchorage and to avoid peeling off.

Figure 8: Twisting of Carbon Fibres in CU Corner (Girder 4 West)
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Shear Span Cracks

Two major inclined cracks were usually observed in each shear span. The first one was initiated at the
support location and the second one started to open up about 500 mm away from the support slopping
toward the load point. These cracks were initially oriented at about 45 degree. However the ultimate crack
orientation decreased to roughly 30 degree.

The steel plate alone did not affect the inclination and start up of these cracks. However, the failure crack
without any ACM was closer to the support as opposed to the failure crack of the girder strengthened by
composites. For this later case, the failure crack initiated at the leg-end panel joint, where the legs become
wider and it grows toward the point load. In other words, the failure crack is shifted away from the support
face when the ACM was used. For example, Figure 9 shows a comparison of two typical cases with and
without ACM (Girders 2 West and I East, respectively).

Girder 1 East Girder 2 West
(without ACM) (with ACM)

Stage 1: 103 kN Stage 1: 110 kN

Stage 2: 197 kN Stage 2: 201 kN
| |
; A 4 Y. ‘
i </ _ i
’__ / / / . 2 j v } . _-‘
Stage 3: 292 kN Stage 3: 291 kN
| |
\ 4 \ 4 ,
Wy NN
7 ] SN ) __
Ultimate: 382 kN Ultimate: 412 kN

| !
WAy NN

Figure 9: Typical Shear Crack Patterns

Maximum Load

The overall comparison of the total load applied on the girder (Table 1) shows that the external steel plate
by itself increases the capacity of the girder by 35%. This large amount comes from the large stiffness the
plate adds at the bottom of the legs. Therefore, deflections of the legs are reduced and the plate acts to hold
the above concrete in place thereby allowing greater shear transfer to occur.
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The effect of ACM can be found by superposition and is equal to 5 and 12% for the vertical and inclined
sheets, respectively. It should be noted that Girder 2 East increased only by 24% but the test was stopped
prematurely. With the square end panel, and assuming the same percentage attributed by the external steel
plate, the presence of carbon sheets increased the applied load by another 15%. Even tough the difference
between inclined and vertical sheets is not so large, the repair scheme using inclined sheets gave better
performance. This phenomena can be explain by the fact that cracking cannot occurs in the gap between the
sheets when the fibres are inclined. In fact vertical cracks were observed between vertical sheets during the
test, compared to cracks oriented at 90° from principal axis of the inclined sheets.

ACM and Steel Strains

From the experimental data, the maximum steel strain was never greater than the yield strain measured
during coupon tests. Therefore, the flexural capacity was therefore not an issue when steel plate was used.

The values of strain recorded in the FRP sheets at each stage were relatively small compared to the
maximum deformation that these materials can sustain. The maximum strain recorded was 0.18% while
ACM usually deform up to and more than 1%.

However, an interesting observation can be seen between inclined and vertical repair schemes. For the
inclined sheets, the measured strains were similar in magnitude in both legs. For the vertical sheets, the
loaded leg sheet sustained twice more strain than the unloaded leg. Therefore, the inclined repair scheme
seems to evenly distribute the strains and stresses in the fibres to both legs. Torsion in the end panel is then
reduced because inclined sheets stiffen both legs to rotate one from the other. This result cannot be
observed, of course, with Girder 3 West because the failure occurs in the shear span. It shows much more
deformation in the loaded leg than for torsion and shear failure occurring in the end panel.

CONCLUSIONS

This series of tests has investigated the benefit of ACM in shear rehabilitation of type G girders. Several
conclusions can be drawn from the test results.

1. The steel plate used as flexural reinforcement provides significant increase in shear capacity.

2. From two repair schemes investigated, the inclined sheets were more effective than the vertical sheets.

3. Woven fabric materials also perform better than unidirectional fibres, when principal stresses are not
obvious a priori or are not constant during loading process.

4. The end panel remains the weakest part of the girder under eccentric loading because it does not

contain steel reinforcement. Strengthening can only be applied from the inner face and therefore
presents a challenge, due to the convex surface.

5. Vertical bands of composites applied in the round diaphragm were not efficient, except for one case to
avoid failure in the end panel. Better results were obtained with horizontal sheets in the square end
diaphragm.

6. The FRP sheets do not fully develop their maximum capacity throughout the test. Therefore, the

maximum strength of the fibres is not a criterion to consider in this type of application.

Proper anchorage of the composite sheets must be provided to avoid fibre peeling off.

The combination of the steel plate and the composite sheet along the inner faces of the girder legs

tends to shift the failure crack from the support face to the leg end panel joint, inducing less torsion in

the diaphragm.

® N
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RECOMMENDATIONS

In order to complete this investigation of repair technique for girders, further tests should be carried out to
evaluate and to study particular elements to improve the efficiency of the repair technique by ACM. The
recommendations for these further tests are as follows:
1. Other types of flexurai reinforcement, such as composite straps should be used because they are
likely to be used in combination with ACM sheets.

2. Reinforcement of the end panel of type G girder should be investigated with horizontal sheets.

3. Bi-directional or multi directional composite materials should be used as shear reinforcement
rather than unidirectional sheets.

4. A detailed investigation of the development length for various composites should be carried out to
develop design criteria.

5. External reinforcement cannot be placed between the support abutment and the girder without
removing the girder. Flexural reinforcement with cut off close to the support should be studied.
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ABSTRACT

Type G-girders have been used extensively in Alberta for highway bridges in 1950’s
and 60°s. There are approximately 1500 bridges still in service in the province today.
Structural deficiency, especially in shear, of the G-girders plus economic constraints
has demanded a more economical and efficient method of rehabilitation for these
bridges. This research program is established to study the feasibility of using Fibre
Reinforced Polymers (FRP) to rehabilitate the G-girders in shear and evaluate the
applicability of existing design and analytical models for this new technology. Three
analysis methods for shear evaluation, the strut and tie model, the grid analysis, and the
Modified Compression Field Theory (MCFT) were investigated in the paper. The
methods were used to predict and compare the full-scale G-girder test results.

All three methods gave reasonable and conservative prediction of the test results and
were consistent with each other. The methods can be used conservatively as design
tools for the shear strength of the concrete girders strengthened by FRP sheets. The
strut and tie model and the MCFT provide only the ultimate shear capacity of the girder
whereas the grid analysis provides also the load deflection curves but the accuracy is
limited to the elastic range. The shear contribution of FRP sheets at any angle can be
accurately accounted for in the analysis.
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INTRODUCTION

Precast concrete type G-Girder was used extensively in highway bridges (with a span length around 6 to 9
meters long) in Alberta around 1960’s. Today in Alberta, there are approximately 1500 of these bridges
still in service. These girders were found structurally deficient in shear based on current code requirements.
It is a need to seek a reliable technique to rehabilitate and strengthen these girders as well as analytical
methods to evaluate the repaired girder strength. A research program is carried out at the University of
Alberta in collaboration with Alberta Transportation and Utilities (AT&U) to assess these needs.

An experimental research program testing full-scale type G-girders was conducted at the University of
Alberta (Alexander and Cheng, 1997; Deniaud and Cheng, 1998). These studies investigated the potential
of using Fibre Reinforced Polymer (FRP) sheets as shear reinforcement materials. Two different types of
FRPs, namely carbon and glass fibres, with various repair configurations were studied in the program.

In this paper, three analysis methods for shear evaluation, the strut and tie model, the grid analysis, and the
Modified Compression Field Theory (MCFT), were investigated. The methods were used to predict and
compare the G-girder test results obtained by Deniaud and Cheng (1998).

EXPERIMENTAL PROGRAM DESCRIPTION

The test set-up consisted of four supports at each comner of the girder. The load was applied on the top of
one leg of the girder through a distributing beam, as shown in Figure 1. Before the FRP sheets were
applied, a 9.5 mm thick steel plate was provided underneath each leg to increase the flexural capacity of the
girder. Bands of 250 mm FRP sheets were then giued to the inside face of the webs with a gap of 50 mm in
either vertical or inclined layouts. The end diaphragm of the girder was also reinforced by FRP bands of 50
mm applied vertically in all cases.

The flexural reinforcement of each girder consisted of three 28.5 mm diameter steel bars per leg. One of
three bars in each leg was bent up 45° at 1085 mm from the support. The stirrups were made of 9.5 mm
steel reinforcements and were spaced at 254 mm and 381 mm close to the support and at mid span,
respectively.

A total of eight tests were conducted on four G-girders. Each end of girders was tested separately to
provide eight test results. Girder I was used as a control bearn without FRP reinforcement with the West
End tested "as is" condition and the Easz End reinforced with a steel plate. Girder 2 was reinforced with
carbon fibre sheets in shear. Vertical bands and inclined bands were applied on the East and West End,
respectively. Girder 3 was identical to the girder 2 but glass fibre sheets were used instead. Finally, Girder
4 had a square end diaphragm rather than round in other three girders. Therefore, only the West End was
reinforced with inclined carbon sheets while the East End was used as a control specimen.

The in-situ concrete strength ranged from 32 to 46 MPa, as shown in Table 1. The steel reinforcements
showed a yield stress around 300 MPa with usual characteristic of the steel properties for both the stirrups
and the longitudinal bars. FRP coupons were made at the same time the fibres were applied. The carbon
coupons were 0.7 mm thick with a modulus of elasticity of 44800 MPa and an uitimate strength of 422
MPa. The glass coupons were 1.8 mm thick and the modulus of elasticity equaied 17700 MPa.
Unfortunately, the ultimate strength of the glass fibres was not available because a premature failure within
the grips occurred.

The experimental tests were presented previously in detail (Deniaud and Cheng, 1998). The test results will
be summarized later in this paper. However, the Girder 2 East and Girder 3 East were discarded here
because the test was stopped prematurely and a FRP band peeled off in the end diaphragm, respectively.
The failure mode for all other tests was by cracking in the end panel due to the applied torque except the
Girder 3 West. In this case, the end diaphragm did not fail but a shear failure occurred in the loaded leg.
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ANALYTICAL MODELS FOR TEST SPECIMENS

In all cases, the shear load is assumed to be carried by the loaded leg only as observed during the tests. The
bending loads were shared between the two legs. However, the contribution of the unloaded leg varied
from test to test as well as it increased with the load level. Therefore, the L/U (Loaded/Unloaded) ratio
from experimental results at the ultimate was used. No FRP strain measurements were recorded at the
ultimate. A linear extrapolation was used from the last two Demec records to evaluate the maximum FRP
strains at the ultimate load. Table 1 summarizes the parameters used for the analysis. As mentioned before,
three shear design models, the strut and tie model, the grid analysis, and the Modified Compression Field
Theory (MCFT) were used to evaluate the shear strength of the girders.

Struts and Ties

The loaded leg of the specimen was modeled as shown in Figure 2. Vertical ties were located at the stirrup
locations. The longitudinal bar that bent up at 1080 mm from the support was also introduced intc the
scheme (Figure 2). The 300-mm level arm between the bottom tie and the top chord was used in all cases
regardless whether external flexural reinforcement was provided or not.

The effect of the load shearing in flexure by unloaded leg will be considered in the grid analysis. The area
of the bottom steel tie was increased accordingly to the L/U ratio given in Table 1. It was also assumed that
the concrete stresses in struts were not critical.

The truss model shown in Figure 2 was loaded until a first tie reached its elastic limit with respect to the
material properties of the steel. The yielded tie then removed from the model and a new scheme was
created. This process was repeated until the truss collapses by yielding all ties. The ultimate load was the
summation of all incremental loads from each mechanism. The effect of the composite sheets was
integrated in the method by increasing the load level required to yield the vertical ties.

Grid Analvsis

In this approach, the girder was modeled by the use of beam elements. Two longitudinal beams spaced 660
mm apart representing the two legs. Two and seven transverse beams were used for the end panel and
flange elements, respectively. The spacing between two consecutive transverse beams was 750 mm except
for the first transverse element where 660 mm to the end panel element was used.

Material and Section Properties — The material properties of the girder were computed from the
experimental data. The in situ concrete strength f. obtained from core tests was used to calculate the
modulus of elasticity using the equation in CSA-A23.3-94 (1994). The shear modulus of the concrete was
computed assuming an elastic material with Poisson’s ratio v=0.2.

Section properties of each element were also evaluated. The moment of inertia of the leg elements was
calculated using the transformed section method (CSA-A23.3-94, 1994) to account for cracking from
service loads after 30 years.

The St. Venant torsion constant J was estimated using membrane analogy. The cross section of the
elements was discretized by a two-dimensional mesh. The equation of compatibility for torsion of a
prismatic section is:

7’0 9’0

2 + 2

oy- 0x°

where ® is the stress function at any point (X, y). G is the shear modulus and 9 is the angle of twist per unit

length. The stress function ® was then determined by finite difference method. Iteration processes were
employed until equilibrium was reached for each discrete point of the grid (Oden and Ripperger, 1981).

=-2G4 (1
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The constant J can then be easily found by the membrane analogy. The material and section properties used
in the analysis are summarized in Table 2.

The cracking moment in the end panel was evaluated by using the calculated stress function. The shearing
stresses can be computed as well as the principal stresses at any discrete point. The maximum principal

tensile stress was then compared to the direct cracking strength of the concrete f =0.33/f] , presented

by Collins and Mitchell (1987). The cracking torque in the end panel can then be evaluated by linear
interpolation. The maximum shearing stress was found along the inner face of the end diaphragm. When
composite sheets are applied on this surface, the maximum shearing stress that leads to cracking of the end
panel was shifted to the exterior face of the girder.

Flexural Strength of the Leg — The flexural strength of each individual leg was computed by a combination
of two strength calculations. The first method uses a triangular compression zone as shown in Figure 3 to
compute the flexural strength M",. The second method uses a rectangular compression block to obtain M,X.
The former method accounts for unsymmetrical beam section (i.e. inverted L-shape when considering only
half the hat-shaped G girder) and the later describes symmetrical beam section behavior. The flexural
strength of the leg was then estimated using an exponential decay relationship that is a function of the ratio
L/U from Table 1. The flexural strength M, occurs at L/U equals one whereas the flexural strength M, is
assumed to occur when L/U reaches infinity. Table 3 gives the flexural strength of the girder elements for
each test.

Shear Strength of the Leg ~
Concrete: The statistically derived equation (Eq. 2) by Zsutty (1968) for the shear strength of concrete
member was used to evaluate the concrete shear strength of the loaded leg.

d 1/3
v, =2.137 (fc' L —) (in MPa) [2]
a

where p, is the longitudinal reinforcement ratio, d and a are the effective depth and shear span,
respectively. It is important to note that the contribution of the flexural reinforcement and the type of the
beam are included in the above formulation through the use of p, and a. The strengthening effect from the
flange is ignored for design purposes.

Stirrups: The stirrup contribution was computed by the simplified equation given in CSA-A23.3-94
(1994):
Afd

s 3]
S

where A, , fyand s are the area, yield strength, and spacing of the stirrups, respectively.

FRP Sheets: Shear friction formulations in CSA-A23.3-94 (1994) were used to evaluate the shear
contribution of FRP sheets with some modifications to the specifics of the sheets. Equations used are
described below:

v, =ko £, +p E; ¢ cosa, (4]

. A
where o =p E;& sine;; p, = A—"f; k= 0.6 for concrete placed monolithically; Erand ¢ are the
cv
elastic tensile modulus and maximum measured strain of the sheets, respectively. o, is the angle between
the shear friction reinforcement and the shear plane. A,sand A, are the area of shear friction reinforcement
and concrete section resisting shear transfer, respectively.

For consistency with stirrups and concrete shear contribution previously defined, a shear plane at 45° was
assumed. Only half of the concrete web was assumed to transfer shear stresses due to the FRP sheets glued
only on one face, as shown in Figure 4. Finally, the contribution of the FRP sheets becomes:
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Verp = (Vr = Ve )Acy sinag 5]
The shear strength of the leg is then the summation of all its components as follows:

V, =V, + V+ Verp [6]
The calculated shear strengths for each test are summarized in Table 3.

The elastic grid analysis was conducted using the finite element program SAP90. The boundary conditions
of the grid model were such that the FU support was able to lift up. The maximum load applied on the top
of the girder was calculated when one of elements reaches its assumed capacity (see Table 3). If the end
diaphragm failed first, a second elastic analysis was performed with the end diaphragm element removed.
The maximum applied load was determined by the failure of one of the loaded leg elements.

Modified Compression Field Theorv (MCFT)

This method was developed by Collins and Mitchell (1987). It is the basis of the general method used in
CSA-A23.3-94 (1994) with a variable angle truss model. A computerized program was created to include
the contribution of the FRP sheets. The procedure requires iterations to converge to the appropriate
solution. The solution technique and relevant information of the method can be found in Collins and
Mitchell (1987). The predicted strength using MCFT is summarized in Table 4.

DISCUSSION

The analytical results of each test obtained by using the three methods along with the test results are shown
in Figure 5 to Figure 12. The test girders behave nonlinearly as the load increases (Deniaud and Cheng,
1998). This behavior can not be fully assessed with the methods of analysis presented. A more
sophisticated analysis such as finite element method could be used.

The FRP stiffness per unit width (modulus of elasticity E¢ times the thickness hy of the coupons) provided
by the glass and carbon fibres are found to be 31.9 and 31.4 KN/mm, respectively. The fibres oriented at 45°
performed better than vertical sheets. In the former case, the concrete cracks were almost at right angle to
the principal orientation of the fibres. The composite sheets became then very effective to restrain the
opening of cracks to stiffen the leg in shear. This effect is also well described by analysis when computing
the strength of the girder element using the grid method (see Table 3).

Comments on Each Model

The strut and tie model is known to be a lower bound solution. The experimental result is therefore
expected to be higher than predicted. Predicted results are in fact conservative except for Girder 2 East but
as mentioned before this test was stopped prematurely.

The grid analysis can accommodate easily various loading conditions or combinations. Load deflection
curves in the initial stage can then be performed with reasonable accuracy. However, the flexural strength
of the element along the longitudinal axis needs to be evaluated with care. The load sharing between the
two legs varies with the position of the applied load. Further investigations should be carried to evaluate
this aspect.

The grid analysis gives a very good agreement with the test results in the elastic range. This method is
obviously limited to the elastic analysis and cannot include any plastic behavior of the elements. The
difficulty comes to assess the cracking moment in the end panel of the girder. Girder 3 West for instance
did not fail in the diaphragm but the prediction gives end panel cracking. However, if one ignores the
cracking at the end diaphragm in the grid analysis, the failure occurs by exceeding the shear capacity of the
leg element at almost the same load level.

The shear friction approach used to evaluate the contribution of the composite sheets gives simple but
reasonable results. The Canadian standard CSA-A23.3-94 (1994) however presents two methods that give a
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range of shear strength. More research works should be undertaken to refine or specify a preferred method
between these two formulations when applied to composites.

The MCFT method considers only a rectangular concrete block for the T-beam section when computing a
plane section analysis to find the corresponding flexural moment. This assumption can only lead to an
approximation of the capacity of the leg under eccentric loading. As shown in Figure 3, a triangular
compression block represents a better solution for loads applied on the top of one leg,

Comparison of the Models

A good correlation between the MCFT and the strut and tie models was found for almost all tests except
Girder 1 East. In this test, the girder was strengthened only by a steel plate that gave a heavy longitudinal
reinforcement. The stirrups spacing of 380 mm is then too large to assume uniform concrete struts as
describe in the MCFT method.

The overall predictions for each method are presented in Table 4. A ratio P over Ppqy is included to
facilitate the comparison. The ratios range from 0.857 to 1.514. Because of the complex loading with
combination of bending, shear and torsion, it is difficult to expect better accuracy with the assumptions and
simplifications made in the analysis. However, these three methods are consistent with each other and give
for most cases conservative and similar ultimate loads.

CONCLUSION

Based on the three models analyzed, several conclusions can be drawn as below:

1. The three methods presented in this study are consistent with each other. They can be used
conservatively as tools to design the rehabilitation of existing structures.

[

The strut and tie model and the MCFT give only the ultimate load capacity of the girder whereas the
grid analysis provides also the load deflection curves but the accuracy is limited to the elastic range.

(93]
D

The shear contribution of FRP sheets at any angle can be accurately accounted for in the analysis. The
shear friction method using 45° crack angle provided simple and reasonable results. The method can be
be extended for variable crack angle.
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Table 1 Parameters Used for Analysis of test Specimens

Girder

L/U Ratio

V/M Ratio

fe €f
MPa At Ultimate LE
G1IW 45.9 1.62 1.147 -
GIlE 459 3.95 0.889 -
G2E 46.2 2.11 1.045 1502
G2wW 46.2 8.29 0.795 1783
G3E 42.8 4.07 0.883 2267
G3W 42.8 2.34 1.012 3907
G4E 325 3.99 0.887 -
G4W 32.5 4.50 0.867 1409

Table 2 Material and Section Properties of Girder Elements

Girder  Density E G Leg with 2#9 Leg with 3#9 Diaphragm
Y J
kg/m’ MPa  MPa Ier ] Ler ] 10° mm’
10° mm’ 10° mm’ 10° mm’ 10° mm’
G1IwW 2084 25239 10516 9322 137.9 1108.8 1813 7742.1
GIE 2084 25239 10516 1663.8 231.6 1765.3 288.0 7742.1
G2 2111 25792 10747 1639.1 231.6 1740.4 288.0 7742.1
G3 1942 22109 9212 1820.6 2316 1922.1 288.0 7742.1
G4E 2197 24002 10001 967.9 137.9 1148.8 1813 1373.2
G4W 2197 24002 10001 1722.1 231.6 1823.8 288.0 1373.2
Table 3 Strength of Girder Elements
Leg with 2#9 Leg with 3#9 Diaphragm
Girder M, V: M; V: Ter
kN m kN kKN m kN kKN m
G1w 130.4 168.7 181.2 1534 49.1
GlE 267.6 200.1 308.6 178.0 49.1
G2E 2844 213.0 3323 194.2 55.7
G2w 272.0 2353 3129 2164 55.7
G3E 258.8 2221 296.7 203.8 53.6
G3W 264.2 266.3 305.0 248.0 53.6
G4E 120.3 161.8 163.6 144.0 14.3
G4W 249.5 210.2 282.3 188.8 14.3
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Table 4 Ultimate Point Load Predictions

Test Methods
Girder  Results MCFT Strut and Tie Grid Analysis
kN kN PTgst/P Pred kN PTcit/P Pred KN PTmt/P Pred
G1wW 281.9 210.6 1.339 230.2 1.225 195.9 1.439
G2E 351.0 393.3 0.892 409.5 0.857 281.1 1.248
G2W 412.6 320.1 1.289 3134 1.316 310.5 1.329
G3E 393.0 3304 1.190 319.1 1.232 295.1 1.341
G3W 414.8 373.8 1.110 364.6 1.138 340.6 1.218
G4E 259.0 171.1 1.514 172.6 1.501 179.5 1.443
G4W 395.7 313.7 1.261 315.7 1.254 2774 1.427
GIE 383.1 226.3 1.693 331.7 1.155 264.1 1.451
1386
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ABSTRACT

This research is designed to study the interaction of the concrete, the steel stirrups, and
the external fibre reinforced polymers (FRP) reinforcement in carrying shear loads in
reinforced concrete beams. A total of eight tests were conducted on four concrete T-
beams. The flange of the T-beams was 400 mm wide and 150 mm thick. The height of
250 mm and thickness of 140 mm was used in the web. All the beams had a length of 3
m. The nominal concrete strength of 25 MPa was used. The flexural reinforcement was
provided by two Dywidag bars with a nominal diameter of 26 mm. The Dywidag bars
were extended 150 mm from the end of the beams and were anchored with 50 mm thick
steel plate to avoid longitudinal de-bonding shear failure. Closed stirrups of plain steel
(6 mm diameter) were used with three different spacing: 200 mm, 400 mm and no
stirrups. The beams were subjected to a four point loading. Each end of the beam was
tested separately. Three types of FRP were used to strengthen externally the web of the
T-beams: uniaxial glass fibre, uniaxial carbon fibre, and tri-axial glass fibre. The glass
fibres were applied at the right angle along the full length of the shear span. The carbon
fibres were placed inclinedly at 45° with a width of 50 mm and a gap of 50 mm
perpendicular to the direction of the fibres. The test results showed that the FRP
reinforcement increased the maximum shear strengths from 15.4% to 42.2% compared
to the ones with no FRP. The magnitude of the increased shear capacity is not only
dependent of the type of FRP but also the amount of internal shear reinforcement. The
failure mode of the beams reinforced by FRP was by vertical zipping of the fibres close
to the support. The tri-axial glass fibre reinforced beam exhibited a more ductile failure
than other beams reinforced by two other types of fibre.
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INTRODUCTION

After World War II, many concrete bridges were built in North America and elsewhere in
the world due to the reconstruction. Since then, the volumes of traffic and the allowable
loads of trucks have increased steadily. As a result, most of the old bridges are now
underdesigned according to the current bridge design codes, such as Canadian bridge
design standard CAN/CSA-S6-88 (1988). At the same time, bridges have shown signs of
aging, such as corrosion of steel and spalling of concrete due to the use of de-icing salt.

In order to accommodate these deficiencies, a few options are available for designers:
limit the traffic loads, upgrade the structures to carry additional loads, or construct new
bridges. The first choice is not likely desirable because it creates inconvenience in the
redirection of the traffic, and the last option is extremely expensive and can cause serious
traffic flow problems. Therefore, the strengthening of existing structures becomes a new
challenge and cost effective rehabilitation methods are in demand.

The rehabilitation of infrastructures is not new and various projects were realized in the
world in the last two decades. In general, steel was the primary material used to
strengthen concrete bridges or buildings. External bonded steel plates or external stirrups
have been successfully used to repair concrete girders that were deficient in bending or in
shear (SWAMY et al., 1987; JONES et al., 1988). However, strengthening by steel elements
adds additional dead loads on the structures and corrosion protection to the steel is
normally required.

The construction market started only a few years ago to include Fibre Reinforced
Polymers (FRP) as structural materials, generally used in combination with other
construction materials, such as wood, steel, and concrete. The main attractive properties
of FRP are low weight to strength ratios, non-corrosive and electromagnetically neutral
behavior.

The use of FRP sheets or plates bonded to concrete beam was investigated by several
researchers (RITCHIE et al, 1991). They have shown that bonded FRP plates are a
feasible methed of upgrading the flexural strength of reinforced concrete beams. AL-
SULAIMANI et al. (1994) investigated the feasibility of using glass fibre sheets to repair
shear deficient concrete beams. A series of small-scale concrete beam specimens
deficient in shear were cast. The specimens were loaded until the first visible cracks
appeared, then repaired with glass fibre sheets. But, even the beams were designed to
yield a flexural capacity 1.5 times higher than the shear capacity, some beams still failed
in bending and the full potential of the FRP shear strengthening could not be reached.
Similar concrete beam specimens without stirrups were also tested by CHAIJES et al.
(1995) but they concluded that full-scale tests should be conducted and more tests were
required with internal shear reinforcement.

The University of Alberta and the Alberta Transportation and Utilities (AT&U) have
worked together to demonstrate in the field the potential of FRP for bridge rehabilitation
(ALEXANDER and CHENG, 1996). Meanwhile, old concrete girders removed from existing
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bridges were strengthened by carbon fibre reinforced plastic (CFRP) sheets and tested in
laboratory (DRIMOUSSIS and CHENG, 1994; ALEXANDER and CHENG, 1997). Although the
tests showed increased shear strength by using CFRP sheets, however, no information
was obtained on the interaction between the internal stirrups and CFRY sheets.

This project is to provide a series of laboratory controlled concrete beam specimens
strengthened in shear with FRP sheets. The objectives are to study the effects of the
concrete strength, the stirrups spacing, the height of the beam web, and the type of FRP
on the FRP strengthened concrete beams. The experimental results of the first series of
tests with a beam height of 400 mm are reported in this paper.

EXPERIMENTAL PROGRAM

Test Specimen

The size of the specimens is designed to provide a reasonably true behavior of such
structure element and to minimize scale effect. T-beam shape is selected to increase the
flexural capacity relatively to the shear resistance. In addition to the T shape, two high
strength Dywidag bars with a nominal diameter of 26 mm were used. The length of these
beams was 3 m. Closed stirrups of plain steel (6 mm diameter) were used with three
different spacing: 200 mm, 400 mm, and no stirrups. Figure 1 shows a typical cross
section of a selected T-beam. The beam was designed to give a flexural capacity between
2.0 to 3.5 times the shear capacity without FRP contribution. The specimens were cast
with ready-mix concrete from a local supplier. The nominal concrete strength for this
series was 25 MPa.

This test series includes the test of four beams. Because both ends of each beam were

tested, a total of eight tests were conducted. The test matrix for these four beams is
presented in Table 1.

Table 1: Test matrix of the T400 series

Stirrups
Specimen Spacing End External FRP Reinforcement
mm
T4S2 1 None
T4S2-C45 200 2 Mitsubishi carbon sheets at 45° (50 mm wide, 50 mm gap)
T4s4 1 None
T4S4-G90 400 2 Fyfe glass fibres SEH51 at 90° (No gap)
T4NS 1 None
T4NS-G90 None 2 Fyfe glass fibres SEH51 at 90° (No gap)
T4S2-G90 1 Fyfe glass fibres SEH51 at 90° (No gap)
T4S2-Tri 200 2 Triaxial glass fibres (No gap)

Three types of FRP were used to strengthen externally the web of the T-beams: a)
uniaxial carbon fibre; b) uniaxial glass fibre SEH51; and c) triaxial [0/60/-60] glass fibre.
The glass fibres were applied at right angle along the full length of the shear span. The
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carbon fibre sheets were placed inclinedly at 45° with a width of 50 mm and a gap of 50
mm perpendicular to the direction of the fibres. In all cases the fibres were extended
underneath the flange to provide a minimum anchor length of 100 mm. The FRP sheets
were also bonded to the specimens prior to the test.

Test Set-up

The test setup shown in Figure 2 consisted of four points loading system that created a
constant moment region at mid span. Because of the symmetric loading, the non-tested
shear span of the beam was always strengthened by external stirrups to avoid the
premature failure. These stirrups consisted of two HSS steel tubes with tie rods on both

ends.

Lo e ——
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e L
Figure 1 T-Beam cross section Figure 2 Isometric view of the test set-up

The two longitudinal Dywidag bars, as shown in Figure 1, were extended 150 mm from
the end of the beams and were anchored with a 50 mm thick steel plate. L-shaped steel
angles were also provided on each side of the web to be used as a passive confinement
for the anchor zone of the flexural reinforcement. These details (plate and angles) are also
shown in Figure 2 and were designed to avoid longitudinal de-bonding failure.

Instrumentation

Up to 20 electrical strain gauges were provided on the FRP sheets on one side of the T-
beam. These gauges were either vertically or horizontally orientated. While the other side
was instrumented with numerous sets of Demec gauges. A Demec gauge of 200 mm was
used for most of the measurements. However, a Demec gauge of 50 mm was used to
record vertical and inclined at 45° strains on the side of the web when glass fibre sheets
and carbon fibre bands were glued, respectively.
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The Dywidag bars were instrumented along the full length with nine electrical strain
gauges. Both legs of the stirrups located in the shear span were also instrumented at mid
height. These gauges were protected with waterproof coating and silicon prior to casting
the concrete.

The flexural deflection was recorded by three cable transducers that were located at each
load point and at mid span. A total of nine horizontal LVDTs were also installed at two
locations (section #4 and section #6) within the shear span (470 mm and 870 mm from
the support, respectively) and at mid span of the T-beam to measure the strain
distribution through the depth of the beam. At each section, a steel apparatus was fixed
on the side of the beam to hold three LVDTs at various elevations.

The total load applied by the MTS6000 on the top of the T-beam was recorded from a
load cell and checked with the two load cells provided at each support. The dead load of
the specimen is not considered in the results presented here.

EXPERIMENTAL RESULTS

The ultimate loads obtained from each test are summarized in Table 2. From the LVDT
data, the strain distribution through the height of the beam was computed by the least
square method. The coefficient of variation (COV) of the compressive strain at the
concrete extreme fibre was then calculated with the best fit line from all the three LVDTs
and with the only first two LVDTs. At the mid span the COV was never greater than 5%,
it validated the assumption of plane section remains plane. However, at the sections #4
and #6 (470 mm and 870 mm from the support, respectively) this value increased
drastically after certain loads, it implies that the plane section no longer remains plane.
The corresponding loads when the plane section no longer remains plane at these two
locations are shown in Table 2 for each test.

Table 2: Maximum loads and loads corresponding to the change of behavior when
plane section no longer remains plane

Test Maximum load At Section #4 At Section #6
kN kN kN

T4NS 230.8 34.6 155.4
T4NS-G90 318.0 9.1 269.1
T4S4 313.9 0.0 140.6
T4S4-G90 411.2 0.0 3133
T4S2 402.5 832 232.1
T4S2-C45 438.1 0.0 406.9
T4S2-G90 4512 0.0 361.8
T4S2-Tri 485.3 594 415.6

For ease of comparison, the loads and deflections obtained from each test were
normalized to the test results of the one with no FRP and no stirrup (T4NS). Figure 3 to
Figure 5 show normalized load vs. normalized deflection curves for three different stirrup
arrangements. Figure 6 illustrates the increase of shear strength with use of glass fibre
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and decrease of stirrup spacing. Table 3 summarized the normalized ultimate loads and
the net increase in shear strength over the respective control specimen.

Table 3: Normalized loads

Normalized Load Net increase (%)
Stirrups Spacing (mm) Stirrups Spacing (mm)
FRP reinforcement None 400 200 None 400 200
control 1.00 1.36 1.74 - - -
glass fiber SEH51 1.38 1.78 1.96 37.8% 42.2% 21.1%
carbon sheets at 45° n.a. n.a. 1.90 n.a. n.a. 15.4%
tri-axial Glass n.a. n.a. 2.10 n.a. n.a. 35.9%
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The shear force V can be expressed by two components: namely arching action and beam
action. At any location in a beam when a moment gradient %is present, these two

effects are combined to give the total shear resistance. For a cracked concrete member,
these components can be written as follows:

[Eq. 1] V=i?xd— and M=T-jd
Where T and jd are the tensile force in the bottom chord and lever arm, respectively.
Thus,
dd .. dl
.2 V=T—+jd—
[Eq. 2] e I

The first term of the above equation is referred to the arching action while the second
term describes the beam behavior. These two effects can be evaluated between two
known sections along the length of the beam with the recorded strain gauge data and the
applied moment at each location. Beam and arching actions were calculated using Eq. 2
between the sections #4 and #6. The calculated results corresponding to the change of
beam action to arching action, equal share between beam and arching actions, and
remaining beam action at the maximum load are summarized in Table 4.

Table 4: Beam and arching shear actions

Test Beam action until Equal share Remaining beam action at the Py,
kN kN %
T4NS 83.0 136.8 0.0%
T4ANSG90 214.0 276.0 12.2%
T4S4 65.5 162.2 16.1%
T4S4G90 85.7 313.3 19.6%
T4S2 62.8 162.8 24.8%
T4S2C45 59.8 303.1 20.3%
T452G90 111.5 3132 21.8%
T4S2Tri 91.1 360.6 34.5%
Distance (mm)
200 400 600 800 1000
-1000 ' — :
0 . ="—[l:__\ —
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Figure 7 Horizontal FRP strain distribution for T4S2—-G90
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From the strain gauges on the FRP sheets, horizontal strain distribution can be drawn
along the length of the T-beam. A typical distribution is shown in Figure 7.

DISCUSSION OF TEST RESULTS

Initial flexural stiffness: As expected, the external and internal shear reinforcements did
not increase the initial flexural stiffness of the beams. Figure 3 to Figure 6 show that the
initial slope of the curves is identical for all tests. Only the maximum load and the final
deflection (ductility) are increased by the reinforcement.

Amount of stirrups: When the same type and amount of fibre (glass fibre SEH51) is
used with various stirrup spacing, different degrees of increase in the shear capacity were
observed. With 200 mm stirrup spacing (heavy internal shear reinforcement) the net
increase by using SEHS1 was 21% while with no stirrups or with s = 400 mm, the glass
fibre sheets provided about 40% increase in shear strength (see Table 3). These results
indicated that the benefit from the use of FRP reinforcement was reduced when beams
were heavily reinforced by internal shear stirrups.

Strain distribution through the depth: From the data recorded by the horizontal
LVDTs, section #4, located at 470 mm from the support, did not behave as a plane
section for most of the tests from early stages of the loading. However, at section #6, 870
mm from the support, the external FRP reinforcement delayed the non-plane section
behavior. In all cases but one (T4S2-G90 test), the section strengthened with FRP did not
remain plane when the maximum load level of the corresponding control test with the
same internal reinforcement was reached.

Beam and arching actions: The shear components calculated by Eq. (2), between
sections #4 and #6, confirmed the results found with the LVDTs. At the beginning of the
test, the shear is carried by beam action until the concrete cracks and the struts start to
form (second column of Table 4). Equal share of the shear between beam action and
arching action is reported in the third column of Table 4. The last column shows the
remaining beam action in percentage that carries the shear. It should be noted that with no
reinforcement in test T4NS the load is transferred from the point load to the support only
by arching action. Therefore, 0% remaining beam action is shown in Table 4. No
significant increase of the remaining beam action in percentage at the maximum load was
observed for the beams with FRP. However, the arching action behavior was delayed
when FRP sheets were applied to the web of the specimens. The equal share between
beam and arching actions occurred at a load level close to the lost of the plane section
behavior observed with the LVDTs (see Table 2).

Failure modes: In general, for the tests of no FRP, two major shear cracks were
observed within the shear span, as shown in Figure 8. The ultimate load was reached
when the concrete cracked through the flange near the load point. However, the failure of
the glass fibre sheets occurred in all cases by vertical zipping through the fibres close to
the support as shown in Figure 9. This effect can be explained by strain compatibility
between the flange and the web. When the concrete strut was formed in the web, it
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created a secondary effect in the top flange. At about 400 mm from the support,
horizontal tensile strains were observed in the flange. Eventually, these strains reached
the tensile strength of the concrete. A vertical crack therefore formed from the top of the
flange and extended downward through the flange thickness reaching the web and the
FRP sheets, leading to a vertical zipping of the fibres. The horizontal strain gauges on the
FRP sheets captured this behavior, as shown in Figure 7 where strains up to 0.6% were
observed at ultimate in the weakest direction of the FRP sheets.

Figure 8 Photo of the crack pattern for  Figure 9 Photo of the crack pattern for
T4NS T4S2-Tri

Type of FRP: The type of FRP has a significant effect on the final failure mode. With
tri-axial glass fibres, the strength of the sheet is more uniform and homogeneous.
Therefore, the failure is progressive and the zipping of the fibre can be observed
throughout the test. When the SEHS51 product is applied, the zip occurred suddenly since
little resistance existed in the transverse direction of the sheet. The unidirectional carbon
bands at 45° were crossing the concrete cracks almost at right angle and were therefore
very effective. However, these bands with a gap of 50 mm generated large shear forces to
be transferred to the surrounding concrete and thus peeled off suddenly from the concrete
by shear failure.

CONCLUSION

This series of test investigated the behavior of reinforced concrete beams with external
FRP shear strengthening. Several conclusions can then be drawn as follows:

1. The effectiveness of shear contribution of the FRP strengthening is dependent of the
amount of internal shear reinforcement. It appears that the composites are less
effective when beams are heavily reinforced by internal shear reinforcement.

S8

. The plan section does not remain plane in the shear span after the certain load levels,
but the external FRP sheets delay the lost of plane section behavior.

(V)]

. The shear forces carried by arching action are also delayed when FRP are used. The
remaining beam action at ultimate with significant shear reinforcement either by
internal steel stirrups or external FRP sheets accounts for about 20% of the total shear
force.
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4. The failure mode of the beams reinforced by FRP was by vertical zipping of the
fibres close to the support. The geometry of the T-beam is obviously a significant
factor of such failure.

5. Tri-axial glass fiber reinforcement provided the beam a more ductile failure than the
ones strengthened by unidirectional glass fibre and unidirectional carbon fibre with
50 mm gap.
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ABSTRACT

The rehabilitation of concrete structures using Fiber Reinforced Polymer (FRP)
materials has become a growing market in the construction industry over the last few years.
Many research projects in Canada and elsewhere in the world were carried out to promote
this efficient repair technique to extend the service life of these structures. However, most of
the research was focussed on the flexural reinforcement. As the results, the flexural design
methods are well developed and accepted in the design offices. In contrary, few researchers
have proposed design methods to evaluate the shear capacity of beams strengthened in shear
by FRP. This paper will review the different FRP shear design methods found in the literature
and compare the adequacy of each method by using the test results from the University of
Alberta. The FRP shear design methods presented include: the effective FRP strain and the
bond mechanism criteria, the Strut and Tie model, the Modified Compression Field Theory
(MCFT), and a mechanical model based on the shear friction approach. Sixteen full scale T-
beam test results were used in the comparison. Two web heights of 250 and 450 mm and two
ready mix concrete batches of 29 and 44 MPa were used in the test specimens. Closed
stirrups were used with three spacings: 200 mm, 400 mm and no stirrups. Three types of FRP
were used to strengthen externally the web of the T-beams: a) uniaxial glass fibre; b) triaxial
[0/60/-60] glass fibre; and c) uniaxial carbon fibre. The results showed that the shear friction
approach evaluates better the FRP shear contribution. The predicted capacities from this
mechanical model are also found conservative and in excellent agreement with the test
results.
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INTRODUCTION

Fibre Reinforced Polymers (FRPs) are used with a great success in the construction market
for over ten years. These materials have been used primarily for the repair and the rehabilitation
of existing structures in many structural aspects (Neale, 1999). The FRP shear reinforcement of
reinforced concrete beams was investigated successfully with laboratory controlled specimens
(Al-Sulamani et al., 1994; Chajes et ai. 1995). Girders removed from existing bridges were also
strengthened in shear with FRP and tested in laboratory (Drimoussis and Cheng, 1994; Alexander
and Cheng, 1997).

In 1998, several researchers developed design equations and analytical models to evaluate
specifically the FRP shear strengthening of R/C beams (Triantafillou; Malek and Saadatmanesh;
Khalifa et al., Chaallal er al.). These approaches were found successfully in predicting the beam
shear strength. However, the experimental specimens considered were small in scale with the
depth less than 300 mm. Chajes et al. (1995) concluded that full-scale specimens should be
studied and more tests were required with internal reinforcement, different geometry, and various
shear span to depth ratio. Collins and Mitchell (1980), and MacGregor (1997) state that the size
of the beam is one of the factors affecting the shear strength of reinforced concrete beams.
Conceptually, beams strengthened in shear with FRP sheets should also be affected by scale-
effect. Furthermore, Deniaud and Cheng (1999a, 1999b) have shown that the amount of internal
reinforcement affected the net shear contribution of the FRP sheets.

This paper aims to review, discuss, and compare six recently published FRP shear models
with existing full-scale R/C beams tested by Deniaud and Cheng (1999b, 1999c).

EXPERIMENTAL PROGRAM

A brief description of the test specimens is presented below as well as a summary of the
testing program results. The testing program details have been published elsewhere and will not
be discussed here (DENIAUD and CHENG, 1999b; 1999c¢).

Test Specimens

A total of eight T-beams (four T-beams of each height) were cast in the program, as shown
in Figs. 1 and 2, with a length of 3 m and 3.7 m, respectively. The specimens were subjected to
four point loading. The shear spans were 1100 and 1550 mm for the short and long beam,
respectively.

Each end of the T-beam was tested separately while the other end was strengthened using
external stirrups. The flexural reinforcement was provided by two and four Dywidag bars for the
3 m and 3.7 m beams, respectively. The design provided a flexural capacity between 2.0 and 3.5
times the shear capacity without FRP. The concrete strength was 29 and 44 MPa for the short and
the long beams, respectively. Closed stirrups of plain steel (6 mm diameter, 550 MPa yield
strength) were used with three spacings: 200 mm, 400 mm, and no stirrups.

The material properties of the three types of FRP sheets used to strengthen externally the web of
the T-beams are summarized in Table 1. Coupon specimens were prepared in accordance with
ASTM Standard D-3039M (1995). Table 2 presents the test matrix with the total load applied to
each specimen at ultimate.

The contribution of the FRP strengthening to the shear capacity of the beam was dependent
on the amount of internal reinforcement. The FRP sheets were less effective when beams were
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heavily reinforced with internal shear reinforcement. The external FRP reinforcement could
eventually reduced the shear capacity of the beam by changing the critical path that led to an even
more sudden shear failure (DENIAUD and CHENG, 1999b).

The failure mode of the beams strengthen with FRP was significantly affected by the web
height of the T-beam as well as the layout and the type of the FRP sheets. With the 400 mm beam
height, tensile strain was observed at the top of the flange. This strain caused crack in the
concrete. The crack then extended downward and eventually reached the web and unzipped the
FRP sheets vertically. The failure mode of the 600 mm beams was mostly affected by the layout
of the FRP. The CFRP bands with a 50 mm gap peeled off above the shear crack in the web. The
GFRP sheets fully wrapped without any gap showed a debonded area surrounding the path of the
concrete shear crack. Once a large area of GFRP sheets debonded, the sheets behaved like a thin
shell. The compressive concrete strut ended up buckling the FRP sheets.

SHEAR EVALUATION METHODS

Most of the current design codes (CSA A23.3, 1994; ACI, 1998) in North America evaluate
individually the shear contribution of each material used in the structural member. The general
formulation of the shear capacity of a reinforced concrete beam including the FRP sheets can be
written as follows:

[1] V.=V, +V, + Vg,

where the subscripts ¢, s and FRP stand for concrete, steel and FRP sheets, respectively. The
shear contributions of the concrete and transverse steel reinforcement are well established and can
be found in the current design standards.

In determining the FRP shear contribution, the effective FRP stress, fgrp, in the principal
direction of the fibre is the most difficult and sensitive parameter to evaluate. Many researchers
have published different expressions for frrp. Due to the page limitation of the paper, no formulas
are given below.

Effective FRP Strain and Bond Mechanism Criteria
In the following models, the shear crack angle 6, is assumed equal to 45°.

CHAALLAL et al. (1998) — The effective FRP stress figp in this model is determined based on the
FRP sheets' capability to stay bonded to the web surface of the web. They proposed an empirical
equation to determine the ultimate bond stress between concrete and fibre.

KHALIFA et al. (1998) — This model expresses the effective FRP stress as a fraction of the
ultimate FRP strength, fmp, with the use of a reduction factor R. Thus, frgp is expressed as

R-fuwrre. Three requirements for the value of the reduction factor R are considered to include
different failure modes of the bond.

CSA-S806 (draft 1999) — The Canadian Standard Association is currently preparing a new design
standard for the construction of buildings with FRP. The effective FRP stress shear is simply

given by Egp €4 - The effective FRP strain &g is taken as 0.004 (or 4000 pe).
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Modified Compression Field Theory (MCFT)

In 1998, Malek and Saadatmanesh have worked out the section equilibrium of the forces
acting along a concrete crack inclined at an angle 6. and followed the procedures similar to
MCFT proposed by Collins and Mitchell (1989).

Shear Friction Method

This method was presented with a great success by Loov (1998) to review the simplified
method of shear design in the Canadian Standard CSA-A23.3 (1994). Deniaud and Cheng
(1999c¢) extended the shear friction method to include the effect of the FRP sheets. The effective
FRP stress is expressed by :

[2] Trre = Errp €max R1
where g, and Ry are evaluated with the strip method summarized below.

The FRP sheets crossing the concrete shear crack are described as a series of strips. Each
strip is evaluated individually to find its allowable strain g (i.e. the smallest strain) from the
geometry of the FRP sheets. The geometry includes the bonded length of the strip above and
below the concrete crack as well as the anchorage detail at each end of the strip. The load is
assumed linearly distributed among the fibres. When the FRP sheets are in a form of U-jacket, the
allowable strain &, of the strip close to the web-flange corner is very small and will first fail. The
load is then redistributed to the remaining strips with a larger critical €y Eventually, as the
critical €y increases, the number of remaining strip decreases until the load carried by the
remaining FRP strips reaches a maximum. At this point the maximum FRP strain €, as well as
the ratio R, (bonded over total length) are recorded. The lowest shear strength among all potential
failure planes is the governing shear.

Strut-and-Tie Model

With this method, a truss describes the shear span of the test specimen. For the beam
without stirrups, the approach proposed successfully by Al-Nahlawi and Wight (1992) with
tension concrete ties within the truss model was used. The concrete compressive struts were
assumed adequate and were not checked. The predicted failure load was obtained when the
vertical steel reinforcement yielded and when the tension concrete ties exceeded the cracking
strength of the concrete. The effect of the composite sheets was integrated in the method by
increasing the load level required to yield the vertical ties and to crack the concrete tension ties.

DISCUSSION

The above six models were used to predict the 16 experimental test results. The predicted
shear loads are plotted against experimental shear loads for each method, as shown in Figs 3 to 8
respectively, to evaluate each model's efficiency and for comparison between the models.

CHAALAL et al. (1998) — The FRP stresses were limited in this model by the ultimate strength of
the sheets. In other words, the model assumes that the bond shear stresses at the end of the sheets
do not govern the failure. This model thus assumed that the full strength of the sheets could be
mobilized. Fortunately, the assumed 45° concrete crack angle limited the overall shear capacity of
the FRP U-jacket. However, all the specimens strengthened with the glass fibre sheet were overly
over-estimated. Furthermore, allowing the full strength of the FRP sheets implies also that the
ultimate FRP strain could be reached. In most cases, the ultimate FRP strain of 1% would have a
significant impact on the concrete integrity.
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KHALIFA er al (1998) — In this model, a wide range of possible failure modes are identified. The
T400 beams strengthen with the uniaxial glass fibre is found to be governed by the bond limit.
But for all the other cases and in particular when the beam height increases to 600 mm, the FRP
sheet rupture becomes the governing failure mode. The shear load carried by the FRP sheet then
is limited to one third of the FRP strength. Combined with the assumed 45° concrete crack angle,
the predicted values were generally found conservative.

CSA-S806 — The limitation of the FRP strain to 4000 pe gives lower bound and conservative
results, as shown in Fig. 5. This method is very efficient and can be used for a preliminary design.
However, the mode of failure of the FRP cannot be determined.

MALEK and SAADATMANESH (1998) (MCFT) — This model uses the compatibility of the stirrups
and FRP strains without crushing the concrete strut. The vertical shear components are then
evaluated consistently with each other. The model tends to overestimate the FRP shear
contribution when fewer steel stirrups are present. In fact, the method converges to a smaller
concrete crack angle, which leads to a substantial increase of the fully wrapped FRP sheets.

Shear Friction — Good correlation between predicted and experimental results is shown in Fig. 7
using shear friction method. The model can also predict with a very good accuracy the critical
shear crack path. The shear contribution of the FRP sheets and the number of stirrups crossing the
concrete crack are also accurately evaluated. The model does not address at this point the
buckling failure of the wrapped FRP sheets. Two test results (T6S4-G90 and T6S4-Tri) are thus
over-estimated by this model but the predicted capacity remains within 10%.

Strut-and-Tie — The Strut-and-tie model is well known as a lower bound solution. Therefore,
conservative values were expected and indeed this approach under estimated largely the capacity
of all the specimens. The FRP shear contribution is also limited in this method by the yield strain
of the stirrup or the tensile strength of the concrete. The full tensile potential of the FRP sheets is
thus significantly reduced.

Comparison of the Models

For ease of comparison, the mean, the standard deviation and the coefficient of variation
were computed with the 16 ratio V.,/V, found for each model. Table 3 summarizes these
calculations. The shear friction method seems the most accurate and reliable with a mean value of
1.233 and a coefficient of variation of 16.7%. The models proposed by CSA-S806 and Khalifa ez
al (1998) follow quite closely with a mean value of roughly 1.5 and a coefficient of variation of
about 20% for both of them. However, the CSA-S806 equation is fast and very simple to use but
is lacking in providing the FRP failure modes. The other three models presented in this study
have very scattered results with a coefficient of variation over 30%. Three approaches gave
conservative results for all the 16 tests used in this study: CSA-S806, Khalifa et al (1998) and
Strut-and-Tie. The shear friction method was also conservative except for the two specimens
which failed by FRP buckling. But none of the models investigated here has addressed this mode
of failure.

CONCLUSION

Six FRP shear design models proposed recently in the literature were reviewed and
compared with sixteen full-scale concrete T-beam tests. The shear friction approach seems very
promising to evaluate adequately the shear contribution of the FRP sheets. It is also the most
reliable and consistent method among the models investigated for this T-beam test series. The
interaction of each individual component resisting shear loads is probably the key element for a
successful model. The shear friction model accommodates very well the influence of the
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concrete, the stirrups and the FRP sheets in combination with each other. The size of the beam
affects the shear behavior of the specimen. This factor must thus be accounted for in any shear
evaluation method. The buckling of the FRP sheet needs to be addressed as a potential failure
mode and needs to be included in any FRP shear evaluation model. None of the presented shear
models included this failure mode.
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Table 1. Fibre Reinforced Polymer Material Properties
Ultimate Modulus of

Type of Strength Elasticity Thickness

FRP Name fibers Test source MPa MPa mm

Replark Type 20 Carbon Fiber strength 3400 230000 0.11

(Mitsubishi) Coupon specimens 422 44800 0.70
Triaxial Glass Fiber strength - - -

(Owens Corning) Coupon specimens 124 8100 2.10
SEH51 Glass Fiber strength - - -

(Fyfe LLC) Coupon specimens 250* 17700 1.80

* Assumed with roughly g,rrp=1.5%

Table 2. Test Matrix and Ultimate Loads

Stirrup Ultimate load
Specimen Spacing, mm  End  External FRP Reinforcement kN
T4NS 1  None 230.8
T4NS-G90 None 2 Glass fibers SEH51 at 90° (No gap) 318.0
T4S4 1  None 3139
T4S4-G90 400 2 Glass fibers SEH51 at 90° (No gap) 4112
T4S2 1 None 402.5
T4S2-C45 200 2 Carbon sheets Replark Type 20 at 45° 438.1
(50 mm wide, 50 mm gap)
T4S2-G90 1 Glass fibers SEH51 at 90° (No gap) 451.2
T4S2-Tri 200 2 Tri-axial glass fibers (No gap) 485.3
. T6NS 1 None 220.2
T6NS-C45 None 2 Carbon sheets Replark Type 20 at 45° 4272
(50 mm wide, 50 mm gap)
T6S4 1 None 375.0
T6S4-C90 400 2 Carbon sheets Replark Type 20 at 90° 545.6
(50 mm wide, 50 mm gap)
T6S4-G90 1 Glass fibers SEH51 at 90° (No gap) 594.9
T6S4-~Tri 400 2 Tri-axial glass fibers (No gap) 633.4
T6S2 1  None 713.7
T6S2~Tri 200 2 Carbon sheets Replark Type 20 at 90° 619.6
(50 mm wide, 50 mm gap)
Table 3. Model Comparison
Model Name Average Sdt dev. c.0.v. %
CHAALLAL et al (1998} 1.348 0.456 33.8
KHALIFA er al (1998) 1.561 0.305 19.6
CSA-S806 1.512 0.304 20.1
MALEK and SAADATMANESH (1998) 1.346 0.590 438
Shear Friction 1.233 0.206 16.7
Struts-and-Ties 2.074 0.632 30.5
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Figure 1: T400 beam cross section
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Figure 3 : Chaallal ef al. model predictions
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Figure 5: CSA-S806 model predictions
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Figure 7: Strut-and-Tie model predictions
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Figure 4: Khalifa er al. model predictions
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Figure 6: Malek and Saadatmanesh model
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Figure 8: Shear Friction model predictions
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