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ABSTRACT

Glass Fibre Reinforced Plastic (GFRP) rods have been widely employed in the aeronautical

and chemical industries over the past twenty years. Holever, their use in structural engineering

applications is rather recent. GFRP rods have an advantage over conventional materials in being

corrosion resistant, which reduces the deterioration of structures. Other advantages of GFRP rods

are high strength-to-weight ratio, magnetic neutrality and relatively favourable fatigue behaviour. The

applications of GFRP rods in civil engineering are explored in the field of short and medium span

bridges, tunnel lining, bridge enclosures and marine structures.

Despite the faø that the behaviour of GFRP rods has been well studied for application in the

field ofaerospace and for prestressed concrete in flexure, a complete understanding ofthe shear

behaviour of GFRP reinforced concrete beams has not been achieved.

This thesis presents an experimental program undertaken at the Structural Engineering and

Construction R&D Facility ofthe University of Manitoba to test a total of nine beams reinforced with

GFRP and th¡ee control beams reinforced with steel. Shear reinforcement \¡/as not used in any of

these beams. All of these beams were tested under a three-point load over a simple span. In this

study the effect of the longitudinal reinforcement and shear-span-to-depth ratio on the shear strength

of GFRP reinforced beams were investigated. Based on this investigation design recoÍrmendations

and guide lines are proposed.
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NOTATION

ct : shear span

AF : cross sectional area of FRP reinforcements

A : cross-sectional area of reinforcements
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Cr : compression force
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d : depth to centre of reinforcements, measured from the extreme compression fibre of

concrete

Eo* : elastic modulus of GFRP

E,t""r : elastic modulus of steel

.f ' " 
: compressive strength of concrete

Mu : factored ultimate moment

Tt : tension force

T ', : tension force

V^ : horizontal component of the shear transferred across the crack

Vry : vertical component of the shear transfened across the crack
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CHAPTER 1

1.1 General

The shear behaviour of steel reinforced concrete beams has been investigated for a century

but shear behaviour of concrete beams reinforced with Glass Fibre Reinforced Plastics, GFRP, has

not been adequately studied. GFRP is a suitable reinforcement for concrete structures, due to its high

strength-to-weight ratio, non-magnetic and corrosion resistance characteristics ( Challal and

Benmokrane 1993).

This study focused on the shear behaviour of concrete beams reinforced by GFRP bars,

produced by Pultrall Inc., Thetford Mines, Quebec, Canada.

1.2 Objectives

The main objective of this research test program was to investigate the shear behaviour of

concrete beams reinforced with GFRP bars in terms of shear capacity, deflection, and mode of failure.

To evaluate V., the contribution of concrete to the shear capacity of the beam, in none of these beams

was shear reinforcement used.



1.3 Scope

A total of nine beams reinforced for flexure with GFRP, and th¡ee control beams reinforced

with steel were fabricated and tested to failure in this experimental program. All the test beams had

a200 Ítm x 300 mm cross section. Shear reinforcement was not used in any of these beams.

A brief explanation of advanced composite materials and their applications in structural

engineering is given in Chapter 2. A summary of studies on the shear behaviour of reinforced

concrete members is also included in Chapter 2.

Chapter 3 gives a detailed description of the properties of materials used in this program,

instrumentation, pilot studies, fabrication of the specimens, test set-up and testing procedure.

A summary of the experimental results is given in Chapter 4. This includes the observed

behaviour and measured data for all the tested beams.

Discussion of the experimental results is given in Chapter 5, including the effect of the

different parameters on the shear behaviour of test beams, comparison of test results, and the

analytical models.

The final Chapter, Chapter 6, includes the summary and conclusions based on the

experimental program.



LITERATURE REVIEW

A. ADVANCED COMPOSITES FOR CONCRETE STRUCTURES

2.1 Background

Science and technology have been developing at high speed over the last decade, especially

in the field of composite materials. The development of new materials and their applications in

aerospace and defence has been growing fast. On the other hand, the rate of development with

respect to the needs ofthe construction industry, namely mass produced, high quality, relatively low

cost composite products with sophisticated structural requirements, has been very slow. However,

fibre reinforced plastics, FRP, have been employed in a selected number of structures, such as

bridges, buildings, oflshore structures and retaining walls in the last few years in Japan, Germany,

the USA and Canada.

The growth of population and the demand for services has meant that the infrastructures have

been overwhelmed with a level of usage never anticipated during construction. Corrosion of steel

worh sometimes exacerbated by poor design and construction, has led to rapid deterioration of key

elements of structures. The repair and replacement of these structures is an expensive nightmare.



More durable structures which can be maintained indefinitely without disrupting usage are needed.

High quality structural composites are being seen as material likely to assist in meeting these

objectives. However, standard specifications and codes of practices do not yet exist in civil and

structural engineering applications of composites and therefore the vital questions of reliability and

perfiormance are difficult to address.

2.2Definition of FRP

Fibre reinforced plastics (FRP) are obtained by inserting fibres of high strength in a polymer

matrix. The reinforcement of the matrix is provided by the fibres which are charactenzed by very

high strength-to-weight ratios and very small diameters. The matrix is essentially the binder material

of the composite. Similar to the behaviour of many tissues in the body, which are made up of stiff

fibres embedded in a lower stiffness matrix, the essence of FRP technology is the ability to have

strong fibres in the right location, in the right orientation with the right volume fraction. Different

materials can be used as a matrix for various types of fibres and therefore the scope in terms of

properties is almost unbounded. In practice, only a limited number of materials are used and selection

is determined by factors such as ease of fabrication, compatibility with fibres, desired end properties

and cost. Therefore, the most commonly used fibre materials are glass, carbon and aramid

(abbreviation for polyparaphenylene-terephtalamide). The matrix materials are classified in general

into two groups of thermosetting resins, namely polyesters and epoxides, and thermoplastic resins

such as nylon, polycarbonate and polypropylene.

A flat alrangement of unidirectional fibres or woven fibre fabrics in a thin layer of matrix
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material produces a lamina. The laminae are strongly dependent on the orientation of the embedded

fibres. ln general, fibre reinforced laminae display anisotropic behaviour. A series of laminae stacked

together, with a prescribed sequence of orientation for the individual laminae, forms a laminate.

Laminates can be tailored to provide the directional dependence of strength and stiffness required to

match the loading conditions to which the structural element will be subjected. A wide variety of

structural shapes and pultruted custom shapes are now commercially available. In addition, fibre

reinforced prestressing tendons and cables, rebars, gatings and reinforcing grids are widely produced

in different shapes using carbon, aramid, glass or any combination.

2.3 Applications of FRP

There has been a rapid growth in the use of fibre reinforced materials in engineering

applications in the last few years. Horvever, the full potential of FRP has yet to be realized in civil

and structural engineering applications. FRP may be used in the form of laminates, structural sections

using a pultrusion process, in addition to the unidirectional applications such as prestressing tendons.

It should be kept in mind, though, that fibre reinforced materials are not universal substitutes for other

materials and should be selected for their own particular qualities. However, the advantages of FRP

will certainiy encourage designers to achieve structural systems which could not be built using

conventional materials.

One of the major problems that readily reduces the life time of concrete structures is the

corrosion of steel reinforcement. This problem becomes more serious in cold climate countries,

where de-icing salts accelerate the deterioration. A first leading characteristic of FRP is its corrosion



resistance, which is a major advantage over conventional materials. The potential result is a longer

life ofthe structures, requiring minimum maintenance, which will significantly offset the high material

cost.

A second leading characteristic of FRP is a high strength-to-weight ratio, ranging from three

to five times that for prestressing steel. The light weight of the FRP makes handling and installation

generally much easier and reduces costs of assembly. This also makes advanced composite materials,

ACM, very attractive as a rehabilitation material. The other important properties of ACM are the

electro-magnetic neutrality and relatively favourable fatigue behaviour.

The use of FRP has been introduced in structural applications through different avenues:

1- Short Span Bridges

Different pedestrian bridges have been constructed using FRP. The University of

Pennsylvania in collaboration with a local Philadelphia company, E.T. Techtonics (CSCE 1991), have

constructed a pedestrian bridge using Kevlar 49 (a commercial FRP product) cables to prestress

glass-reinforced plastic tube trusses, which support the deck of the bridge. Bridges of 7 to 10 m

spans have been constructed.

Fibre reinforced plastic, FRP, tendons were also used to reinforce and prestress concrete to

produce a more durable structure than that with conventional prestressing steel. In addition to the

previously mentioned advantages of composite materials, FRP tendons are characterised by high

tensile strength, low relaxation under sustained high load, especially for carbon and glass-based FRP

and excellent fatigue properties, especially for carbon and aramid FRP tendons (Rostasy 1988). The



low Young's modulus ofFRP tendons results in a reduction in the losses due to prestressing. These

characteristics greatly enhance the use of FRP as prestressing tendons for short span bridges. A

number of pedestrian and highway bridges in different countries were built using FRP as structural

sections and as prestressing elements for concrete girders and slabs (CSCE 1991, and Minosaku

Tee2).

2-Long Span Bridges

As a result of the superior advantage ofvery high strength-to-weight ratio of FRP compared

to conventional materials, FRP competes'with steel and concrete in the construction of long span

bridges. FRP structural sections can be utilized in the construction of the bridge girders, while the

unidirectional FRP tendons can be used as cables under tension.

3- Repair of Structures

A number of chimneys have been strengthened with CFRP products, to protect them against

earthquake damage. Two products are available for this type of retrofitting. These are unidirectional

carbon fibre tape and carbon fibre winding strands. For flexural strengthening, the auto-adhesive

unidirectional tape is to be applied to the surface such that the direction of the tape is in the

longitudinal direction of the chimney. Confinement is provided by the winding strand, as shown in

Fig.2-1 which is impregnated with adhesive resin as it is wound around the chimney.
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4- Repair of Bridges

Many highway bridges built around 40 years ago have deteriorated due to the increase in the

weight of trucks legally permitted on highways. In addition, the corosion problem, caused by de-

icing salts, has made the deterioration even more severe. Strengthening deteriorated steel and

concrete structures by bonding carbon fibre reinforced epoxy laminates to the exterior of the

structure, has been studied in Germany and Switzerland (CSCE 1991) The study has shown that the

use of CFRP laminates in place of steel plates for such applications could reduce the total cost of a

reinforcing project by about 20%. Nthough the materials themselves are much costlier than steel,

the lighter weight, and better corrosion- resistant properties can result in significant reductions in

fabrication and long term costs.

5- Bridge Enclosures

The concept of "Bridge Enclosure" involves hanging a floor from the steel girders of a

composite bridge, at the level of the bottom flanges of the girders, so as to provide access for

inspection and maintenance. The floor is sealed to the outside girders, to provide protection from

the environment. Corrosion rates of steel within such enclosures have been found to drop to

negligible levels. The first system of this type in tlie world was installed on the 419 Tees Viaduct in

Middlesbrough, England in 1989, and the material used was GFRP. The structural floor of the

enclosure, as shown in Fig. 2-2 is composed of pultruded GFRP panels which are characterised by

light weight and high durability The modular GFRP panels were selected on the basis of a



cost/benefit analysis, which took into account total costs of inspection and maintenance of the steel

plate girders. Other cost-saving attributes of the system taken into account were the minimum

weight, reliable life to first maintenance (30 years), good fire resistance and good long term

appearance.

6- Tunnel lining

FRP grids can be used in tunnel lining to reinforce shotcrete. It has advantages over

conventional materials due to its high corrosion-resistance, its flexibility which makes it suitable for

curved surfaces (as shown in Fig. 2-3), and its excellent alkali, acid and chemical resisting properties.

The material is very light weight, having approximately one fourth the specific gravity of steel, and

may be cut easily with a hack-saw. FRP grids have been used in many tunnel lining projects

(NEFMAC 1987) such as "Kakkonda Hydroelectric Power Plant", where GFRP was used to

reinforce the arch, side wall and invert of water-conveyance tunnel for crack preventation of a total

area of 430 m2.

7- Marine Structures

GFRP has been used for over 45 years in marine applications. Fibreglass boats are standard

ofthe industry with roughly 95Yo of all boats constructed of fibreglass. Durability and performance

of fibreglass in salt water has thus been proven with time. Sen et al (1992) reported feasibility study

of fibreglass pretensioned piles in a marine environment.



B. SHEAR BEHA\¡IOUR OF REINFORCED CONCRETE MEMBERS

2.4 Introduction

In the design of concrete structures an adequate margin of safety must be provided against

any mode of failure that might occur under the forces that acton the structure during its lifetime.

One general type of failure that must be prevented is the so-called "shear failure" which in reality is

a failure under combined shearing force and bending moment, plus, occasionally, axial load, or

torsion, or both.

Flexure-shear interaction analysis has shown that beams may fail without attaining their full

flexural capacity. In this case shear governs the failure. Concrete tensile stresses occur both in the

compression zone (above the neutral axis), where concrete is subjected to a multiaxial state of stress,

and in the tension zoneby means of the aggregate interlock mechanism and dowel action. The tensile

strain capacity of concrete being low, shear failure is generally brittle, and hence more dangerous than

a flexural failure in which the tensile strain capacity of the reinforcement causes ductile behaviour.

2.5 Beams without Stirrups

Studies on beams without web reinforcement have shown that the influence of shear on the

beam failure depends mainly on the shear-span-to-depth ratio ald and the reinforcement ratio

p:A¡bd, where A=: area of tensile reinforcement, b: width, and d: effective depth of the beam.

The parameter ald takes into account the ratio between the bending moment M and shear force V
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occurring simultaneously in the same cross section. In relation to the values of the parameters a./d

and p, the beam may reach failure under a bending moment about half that which the beam can

sustain without shear.

2.6 Internal Forces in a Beam without Stirrups

The forces transfening shear across an inclined crack in a beam without stirrups are illustrated

in Fig. 2-4. Shear is transferred across line A-B-C by V.,, the shear in the compression zone; V., ,

the vertical component of the shear transferred across the crack by interlock of the aggregate

particles on the two faces of the crack ; and Vo , the dowel action of the longitudinal reinforcement.

Immediately after inclined cracking, as much as 40 to 60 Yo of thetotal shear may be carried by Vo

and V", together.

Considering the portion D-E-F below the crack, and summing moments about the

reinforcement at point E shows that Vo and V" cause a moment about E which must be equilibrated

by a compression force C /,. Horizontal force equilibrium on section A-B-D-E shows that

T, : C, *C'r, and fÏnally, T, and C, + C /, must equilibrate the external moment at this section.

As the crack widens, V" decreases, increasing the fraction of the shear resisted by V", and

Vd. The dowel shear, Vo , leads to a splitting crack in the concrete along the reinforcement

(Fig. 2-5). 'When this crack occurs, Vo drops to zero. When V" and Vo dis.appear, so do Yt 
", 

and

C / r , with the result that all the shear and compression are transmitted in the width AB above the

crack. This may cause crushing of this region.
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2.7 Shear Transfer

Shear is transmitted from one plane to. another in various ways in reinforced concrete

members. The behaviour, including the failure modes, depends on the method of shear transmission.

The main types of shear transfer can be considered as follows:

(a) Shear Transfer by Concrete Shear Stress

The simplest method of shear transfer is by shearing stresses. This occurs in uncracked

members or in the uncracked portions of structural members. Shear stress alone or the interaction

of shear stresses with tensile and compressive stresses may cause inclined cracking failure of the

concrete.

(b) Interface Shear Transfer

There are several instances in which shear must be transferred across a definite plane or

surface where slip may occur. Researchers have called this mechanism aggregate interlock, surface

roughness shear transfer, shear friction and tangential shear transfer.

If the plane under consideration is an existing crack or interface, failure usually involves

slippage or relative movement along the crack or plane. If the plane is located in the monolithic

concrete, a number of diagonal cracks occur across the interface and failure resembles a truss action

along the plane composed of tension in the bars across the plane and compression in struts between

12



(c) Dowel shear

If reinforcing bars cross a crack, shearing displacements along the crack will be resisted, in

part, by a dowelling force in the bar. The dowel force gives rise to tensions in the surrounding

concrete and these in combination with the wedging action of the bar deformations produce splitting

cracks along the reinforcement. This in turn decreases the stiffness of the concrete around the bar

and therefore the dowel force.

Relative to other shear transfer mechanisms, the dowel shear force is generally not dominant

in beams. On the other hand, its role in the failure mechanisms of some types of structural elements

is important. In beams, splitting cracks develop along the tension reinforcement at inclined cracks

as a result of the dowel effects. This allows the inclined cracks to open, which in turn reduces the

interface shear transfer along the diagonal crack and thus leads to failure.

(d) Arch Action

In deep beams and slabs, part of the load is transmitted to the supports by arch action. This

is not a shear mechanism in the sense that it does not transmit a force to a nearby parallel plane.

However, arch action does permit the transfer of a vertical concentrated force to a reaction in a deep

member and thereby reduces the contribution of the other types of shear transfer.

For arch action to develop, a horizontal reaction component is required at the base of the

arch. In beams this is usually provided by the tie action of the longitudinal bars and failure may occur

due to loss ofthe anchorage ofthese bars.
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In beams, arch action occurs not only outside the outermost cracks but also between diagonal

tension cracks. Part ofthe arch compression is resisted by dowel forces and therefore splitting cracks

may develop along the bars.

2.8 Modes of fnclined Cracking and Shear Failure

Shear failure of beams is characterizedby the occurrence of inclined cracks. In some cases

inclined cracking is immediately followed by member failure and in other cases, the inclined cracks

stabilize and substantially more shear force may be applied before the member fails.

Inclined cracks in the web of a beam may develop either before a flexural crack occurs in

their vicinity or as an extension of a previously developed flexural crack. This first type of inclined

crack is often referred to as a "web-shear crack" as shown in Fig. 2-6(a). The second type is often

identified as a "flexural-shear crack", and the flexural crack causing the inclined crack is referred to

as the "initiating flexural crack" , Fig. 2-6(b).

In addition to primary cracks ( flexural and two types of inclined cracks), secondary cracks

often result from splitting forces developed by the deformed bars when slip between concrete and

steel reinforcement occurs, or from dowel action forces in the longitudinal bars transferring shear

across the crack.
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2.9 Effect of Shear-Span-to-Depth Ratio

The influence of the aldratio on the cracking of a rectangular simple supported reinforced

concrete beam, when all other things are kept constant, can be illustrated by considering beams of

varying slenderness with tr¡¡o symmetrically placed concentrated loads placed a distance, a, from the

supports.

(a) Normal and Long Beams of Rectangular Cross Section: ald>2.5

Very shallow beams will usually fail in flexure, Fig.2-7(a). The first crack will form due to

flexural tension at the cross section of maximum moment. As the beam load increases prior to failure,

the tensile cracking may spread to regions of lesser moment, but failure occurs in flexure near the

section of maximum moment.

For a beam with a somewhat smaller value of a/d, the fatal crack may well be a flexure-shear

crack, as shown in Fig. 2-6(b). Such a crack may cause the beam to faii before its full flexural

capacity is developed.

In moderately slender beams one of the cracks may continue to propagate through the beams

with further load until at some stage it becomes unstable and extends through the beam as shown in

Fig.2-7(b\ This type of failure is called a "diagonal tension failure".
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(b) Short Beams: l< ald <2.5

A curved tensile crack in a region of combined moment and shear may also trigger one of two

additional modes of failure. A secondary crack may propagate backward along the longitudinal

reinforcement from the inclined crack, perhaps because of dowel action in the longitudinal

reinforcement, Fig. 2-5(a). This crack will cause a loss of bond. As the main reinforcement begins

to slip, the wedging action of the bar deformations contributes to a splitting of the concrete and a

further propagation of the crack, resulting in an anchorage failure of the longitudinal reinforcement,

called a "shear-tension"failure. Prior to such a failure, the beam acts as a tied arch.

Alternatively, the concrete above the upper end of the inclined crack may fail by crushing

resulting in a shear-compression failure. Fig. 2-5(b).

(c) Deep Beams: 0 < a/d < I

In deep beams, significant principal compression and tension, respectively, exist along and

across the line joining the load and the reaction plates (Fig. 2-8). In.some cases the cracks appear to

be initiated by flexural cracks originating in this region, and in other cases by the principal tensions

across the line joining the load and reaction, as in an indirect tension test.

After inclined cracking occurs, a deep beam without web reinforcement transforms almost

immediately into a tied-arch which can fail in a number of ways. The numbers in Fig. 2-8 correspond

to the following modes of failure: (1) Anchorage failure of the tension reinforcement, usually

combined with a dowel splitting effect; (2) crushing failure at the reactions; (3) flexural failure-either
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ofthe steel reinforcement due to yielding or fracture, or the "crown of the arch" when the concrete

crushes; or (a) tension failure of the "arch-rib"by cracking over the support; followed bV (5) crushing

the crack.

Early analysis of reinforced concrete deep beams was based on.the classical theory of

elasticity, with the beam assumed to be homogeneous. Reinforcing was placed in regions where

tensile stresses were above the estimated strength of the concrete. Some of the earliest work in this

area was performed by Dischinger, and distributed as a design aid by the Portland Cement

Association.

Leonhardt and Walther (1966) considered two states, the uncracked and cracked. They found

that the cracking followed the tensile stress trajectories; however, after cracking and stress

redistributioq the elastic approach did not adequately describe the stress distribution of deep beams.

Actual stresses exceeded theoretical stresses at sections near the centre ofthe span.

Crack patterns and failures of deep beams have been observed under many different loading

conditions, a single concentrated load, concentrated loads at the one-third points of the span, and

uniform loads. Some of these tests included beams subjected to dynamically applied loads (ASCE-

ACI Committee 1973).

In these investþations deep beams were observed to fail in either shear or flexure. Although

the inclined cracking load was relatively independent of a/d ratio, the ultimate strength increased as

a/d decreased below about 3, as shown in Fig. 2-9. This was only true if the loads and reactions were

opposite faces of the beam so that a compression thrust could develop between the load and the

support. Load applied on the tension flange through a shelf resulted in lower strengths than did loads

applied directly to the compression flange. Thus the ultimate shear stress, v, , in a beam without web
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reinforcement is approximately equal to the inclined cracking shear stress, v", for members loaded

at the tension flange and will be greater than v" for directly loaded beams (ASCE-ACI Committee

te73).

Many of the shear failures observed in tests were precipitated by anchorage and bearing

problems, emphasizing the importance of careful. detailing of members carrying large loads. When

anchorage and bearing problems are avoided, the shear failures generally occur due to crushing of the

concrete in the compressive region above an inclined crack, termed "shear compression," or due to

propagation of an inclined crack, through the compressive region, and also to and along the

longitudinal reinforcement, termed "diagonal tension. "

In general, as the span-to-depth ratio of a beam decreases, the angle of inclination of the shear

cracks, 0., becomes greater than the value of 45'commonly assumed for ordinary reinforced concrete

beams. The relationship ofthis parameter to the span-to-depth ratio of a beam is shown in Fig. 2-10

(ASCE-ACI Committe e 1973). In Fig. 2-10 the dashed portion of the line is carried out to the value

associated with ordinary beams.

2.10 Existing Models

The characteristic parameter for the flexure-shear interaction is usually assumed as the ratio

Nf"/ M" , where lr4, is the ultimate moment (moment capacity including the shear influence) and Mo

is the moment capacity in pure flexure. The moment reduction was visualizedby Kani (1979) in a

tkee-dimensional coordinate system with axes of a/d, p, and M" / Mu . The experimental "valley of

diagonal failure"is shown in Fig. 2-11.
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In Fig. 2-12,the model proposed by Krautharnmer, Hall (1982) and Krautharnmer, Shahriar,

and Shanaa (1987) is plotted. One can observe that this model is founded on the numerical evaluation

of the results experimentally obtained only by Kani. Moreover, it is not based on any mechanical

analysis.

The anal¡ical model proposed by Ahmad and Lue (19S7) for both high-and normal strength

concrete beams is plotted in Fig. 2-13. This model is similar to the procedure for analyzing diagonal

strength developed by Kani.

2.LL Shear Strength of Beams Using CFRM

The diagonal cracking load of beams reinforced with Carbon Fibre Reinforced Materials

(CFRNQ as longitudinal reinforcements tends to be smaller than that of ordinary reinforced concrete

beams (Nfacida 1993). Some reports indicate that the reduction of strength occurring when CFRM

are used may be computed assuming 4" (E, * E,) ( E, :Young's modulus of CFRM, E.: Young

modulus of steel bar and A*: cross sectional area of longitudinal FRP bar) instead of ordinary ,\

(Saito, Tsuji, Sekijima and Ogawa 19S8).
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Fig.2-l: Retrofitting of chimney (See Abdelrahman and Rizkalla 1994)
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Fig. 2-i0: Inclination of shear cracks in deep beams (See Crist l97l)

Fig. 2-I1: Relative beam strength M" / Mnversus ald and p (See Kani 1979)
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Fig.2-12: Model for flexure-shear interaction (See Krauthammer and Hall 1982 and

K¡authammer et al 1987)
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CHAPTER 3

EXPERIMENTAL PROGRAM

3.L General

The experimental program was designed to evaluate shear behaviour of GFRP reinforcements

and estimate concrete contribution in shear resistance V" . A total of twelve beams were tested, nine

beams reinforced with ISOROD-GFRP and three beams reinforced with steel which were used as

control beams. The main parameters considered in this study were the shear span-to-depth ratio and

longitudinal reinforcement percentage. Since the main objective of this study is to evaluate V", no

shear reinforcement was used.

3.2 Materials

This experimental program involves the manufacturing and testing of GFRP and steel

reinforced beams. The following sections describe the material characteristics of the GFRP, steel

reinforcements and the concrete.
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3.2.1 Fibre properties

Fibres are the principal constituent in FRP material as they occupy the largest volume fraction

and share the major portion ofthe load acting on a composite structure. Proper selection of the type,

amount and orientation of fibres is very important, since it influences the tensile and compressive

properties of FRP product as well as the electrical and thermal conductivities and cost.

It has been reported that the variability is an important aspect of the mechanical properties

of fibres as tests on individual fibres show a wide range of strengths (Hull 19Si). However, a

comparison between the tensile stress-strain behaviour for different fibres is given in Fig 3-1. The

fibres are characterised with linear behaviour up to failure and all the fibres fracture in a brittle manner

without any yield or flow. Carbon and glass fibres are almost completely brittle and fracture without

any reduction in cross section, while for Kevlar 49 fibres, necking precedes fracture and final

separation occurs after a large amount of local drawing. The stress-strain curves show that the high

modulus fibres have a much lower strain to failure. Carbon fibres have the highest specific Young's

modulus (modulus / density) and the lowest ultimate strain, followed by Kevlar 49 and glass. The

values of tensile strength vary less than those of the modulus of elasticity. The mechanical properties

of aligned composite materials transverse to the fibres are much less than those parallel to the fibres.

3.2.2 Glass

Two types of glass fibres, E-glass and S-glass, are corrrmonly used in FRP industry. E-glass

has the lowest cost of all commercially available reinforcing fibres, which is the reason for its
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widespread use. S-glass has the highest tensile strength among all fibres in use (Mallick 1988).

However, the compositional difference and higher manufacturing cost make it more expensive than

E-glass.

The average tensile strength of freshly drawn glass fibres may exceed 3.45 GPa. However,

surface damage (flaws) produced by abrasior¡ either by rubbing against each other or by contact with

the processing equipment, tends to reduie it to values that are in the range of 1.72 to 2.07 Gpa.

Strength degradation is increased as the surface flaws grow under cyclic loads, which is one of the

major disadvantages of using glass fibres in fatigue applications.

The tensile strength of glass fibres is also reduced in the presence of water or under sustained

loads (static fatigue). Water bleaches out the alkalis from the surface and deepens the surface flaws

already present in fibres. Under sustained loads, the growth of surface flaws is accelerated owing to

stress corrosion by atmospheric moisture. As a result, the tensile strength of glass fibres is decreased

with increasing load duration (Mallick 198S).

3.2.3 GFRP Reinforcements

Table 3-i and Fig.3-2 provide fundamental mechanical behaviour of the ISOROD-GFRP

rods which were used in this program. The ISOROD bars were produced by Pultrall Inc., Thetford

Mines, Quebec, Canada. ISOROD reinforcements are fabricated using E-glass continuous fibres and

thermosetting polyester resin. To enhance the bond characteristics, the surface is wrapped by the

helically glass fibre strands and covered by sand mixed with polyester resin. The GFRp

reinforcements used in this program were 9.5 mm, T2.7 mm, and l5 mm in diameter.
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3.2.3.1 Bond Properties of GFRP Reinforcements

Based on investigations on bond performance of GFRP reinforcements at the University of

Sherbrooke in 1994, Benmokrane, Tighiouart, and Chaallal found that the bond strength of GFRP

rebars is lower than that of steel rebars, depending on the size of rebars. They also found that the

optimal bond length of GFRP rebars to develop an ultimate tensile force varies from lídbto 27db,

depending upon the diameter (do) of the bars.

Michalu( during his study on the flexural behaviour of one.way concrete slabs reinforced by

ISOROD-GFRP in 1996, indicated that as the bar diameters are increased from 9.5 mm to I2.7 mm,

the percentage of achieved tensile stresses at the level of reinforcements increased from76.8o/oto

95.4o/oof the ultimate tensile stress. This also resulted in a reduction of the step-wise behaviour in

the corresponding load-deflection curves, suggesting a reduction in the amount of localized failure

of individual fibres ofthe ISOROD-GFRP bars. In accordance with the percentage of ultimate tensile

stress achieved, the observed ultimate loads were closer to the predicted ultimate loads for the slabs

achieving a higher percentage of the ultimate tensile stress at the level of reinforcements. When the

ISOROD bar diameter is increased from 12.7 mmto i5.9 mm, the achieved percentage of ultimate

tensile stress at the level of reinforcements decreased from95.4o/o to 81.0%. Michaluk also observed

the bond failure cracks and slippage of the ISOROD-GFRP bars.

Unlike steel rebars, GFRP rods are made of thousands of layers of glass fibres. The actual

stresses due to interlaminate shear lag leads to the development of a central region of the GFRP bar

which is virrually unstressed. Thus decreasing the effective area of the GFRP reinforcement, and in

turn increasing the tensile stresses in the remaining fibres within the GFRP bar.
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Michaluk suggests that increases in the ISOROD bar diameter above 12.7 mm results in a

reduction of ISOROD-GFRP bar strength due to interlaminate shear lag and, therefore, lower

ultimate tensile stress levels are achieved in the larger diameter ISOROD-GFRP bars. This

phenomenon was also observed during tension tests done by others (Malvar 1995) on GFRP bars,

including ISOROD reinforcements.

These findings lead to the development of a proposed tensile force equation which will

account for the tensile behaviour of ISOROD-GFRP bars as reinforcement in concrete members.

r = þ, þrA, o* tk¡'/l

In this equation o - is the ultimate tensile strength of FRP. The material factors, B, and Þ2, account

for the reductions in tensile strengths of the GFRP bars due to the diameter effect and the general

behaviour of the specific type of GFRP bar while embedded in concrete. The material factor to

account for the diameter, B,, is based on the reduction of stressed area of the GFRP bar due to

interlaminate shear lag, and is determined by tension tests. The material factor to account for the

general behaviour of the specific type of GFRP ( i.e. ISOROD ), p, depends on the reinforcement

ratio, and is based on the manufacturing process of the bar, the type of resins used, the type of

deformations and the bond strength of the GFRP bar. Determination of material factor p, is achieved

by bending tests of the specific GFRP bar in concrete specimens.
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3.2.4 Steel Reinforcements

All the steel reinforcements used in this study had a specified minimum 300 MPa yield

strength and a diameter of 15 mm.

3.2.5 Concrete

The concrete used in all the beams was designed for a normal strength of 30 MPa after twenty

eight days, and provided by local ready mix concrete company, Perimeter Concrete Ltd. The

concrete had a 14 mm maximum aggregate size, a water cement ratio of 0.37, and a slump of

approximately 90 mm. The slump was achieved with the use of a superplasticizing admixture,

"Reobuild 1000", in the quantity of approximately 3 1/m3 . A summary of the concrete mix design

can be seen in Table 3-2.

The mechanical properties of various reinforced beams are expected to vary under different

conditions. Therefore concrete cylinders were mixed and cured under the same conditions as the test

beams. Three cylinders 150 mm x 300 mm were cast according to ASTM C39-86 for each beam in

order to monitor the concrete strengths
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3.3 Instrumentation

3.3.1 Crack Width Measurements

To measure the crack widths in the beams,.stainless steel demec points were attached to one

side ofthe beam at the level ofreinforcements. Also depending on the length of the shear span, eight

or ten stations were located on each shear span, covering all possible areas that were likely to

experience diagonal cracking.

Strain readings \¡/ere recorded manually using a demec gauge of 200 mm length. The

arrangement ofthe demec points is shown in Fig. 3-3. Each station consisted of a typical 45 degree

strain rosette. With this configuration, the crack width can be computed using the expressions in

Appendix A.

3.3.2 Deflection Measurements

Deflections were measured at the mid span of the beam using two linear variable differential

transducers (LVDT). These LVDTs were located on two sides of the beam, on the mid span and

under the bottom of the beam. These LVDTs which had a range of + 38 mm were placed against an

aluminum plate which were glued to the beam using an epoxy resin. This is shown in Fig. 3-4.
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3.3.3 Data Acquisition System

A Validyne Data Acquisition System was used to monitor and store LVDT, load cell, machine

load, and strike readings, continuously throughout the tests. The system also included an IBM

compatible 386 computer, and a six volt amplifier. Applied load, displacement of the beam at mid

span were stored in a file and was also displayed graphically on the computer screen during the test

(Fig. 3-5). The graphical displays were done during the test. The graphical displays were done using

the data acquisition software program "Labtech Notebook".

3.3.4 Pilot Studies

The final design of the test beams which is presented in Chapter 4 is based on pilot studies.

Since the shear behaviour of GFRP reinforced concrete beams \ ias still unknown, to approximate the

shear capacity of ISOROD-GFRP, Pilot Beam #1 was designed and cast (Fig. 3-6). This beam was

designed based on a f":30 MPa, and was expected to fail in a shear mode. But the concrete which

was delivered had â f" : 55 MPa after twenty eight days. This beam failed in a flexural mode (Fig.

3-10 and 3-13).

At this stage, to increase the flexural capacity and reduce the risk of flexural failure, it was

decided to place 300 MPa steel reinforcements 500 mm long at 25 nimabove the longitudinal tension

reinforcements, in the middle of the pilot beams. In order to initiate shear cracks, tv/o steel angles

were placed at the corresponding location ofthe critical shear cracks (I(m and White 1991). See Fig.

3-9. With these provisions Pilot Beam #2 and #3 were designed and casr (Fig.3-7 and
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3-8).

These beams were tested after twenty eight days under shear span-to-depth ratios of two and

three and failed in a flexural shear mode. But in both of these beams only one crack line was

observed. These crack lines started at the location of the angles and continued toward the

compression zone. Fig. 3-11,3-I2 and 3-13.

Because of occurrence of only one crack in the total length of the beams and initiation at the

location of the angles, it was decided that in the rest of the beams no more angle be used.

3.3.5 Fabrication of the Specimens

The beams were fabricated in the Structural Engineering Laboratory at the University of

Manitoba. Four forms made of plywood were used for casting purposes. The sides of the forms

were clamped to insure that they did not move during moulding and vibrating.

In order to facilitate form removal and clean up, before placing reinforcements forms were

cleaned and lubricated with pella oil. The reinforcements were held securely in place in the forms

during mixing and vibrating by means of 6 mm steel bars, in the width of the forms, drilled at the

appropriate depths and with holes equal to bar diameter sizes.

To increase bond between longitudinal reinforcements and concrete, steel spirals were placed

within the distance between the supports and the ends of the beams (Fig. 3-1a).

As was previously mentioned, to increase the flexural capacity and reduce the risk of flexural

failure, in all of the test beams, 300 MPA steel reinforcements that were 500 mm long were placed

at 25 mm above the longitudinal GFRP tension reinforcements, in the middle of the test beams
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(Fig.3-ls).

A vibrator was used to vibrate the concrete in order to avoid honeycombing. The beams were

cured by sprinkling water over them and covering with plastic sheets for three days. Then, the

specimens were lifted from the form and cured in the laboratory atmosphere for at least twenty five

days.

To determine the concrete strength twelve standard concrete cylinders of 150 mm diameter

and 300 mm length were cast from the each batch of concrete used to cast the specimens. The

cylinders were cured under the same conditions as the specimens. Three cylinders were tested on the

day of testing of each beam. The minimum age of testing the beams was 28 days.

3.3.6 Test Set-up

A 50 kip (222.4 kN) load cell, installed on a Baldwin Hydraulic Testing machine with a 600

kip (2668.8 kll) capacity was used to measure transmitted load to the test beams. All beams were

simply supported and tested under three-point loading. Loads and reactions were applied through

rollers and bearing blocks to allow free rotation and horizontal movement of the end supports (Fig.

3-4 and Fig. 3-16)

A flat 25 mm thick, 45 mm wide and 300 mm long steel plate was placed on the top of the

test beam below the load cell at the mid span. Quick-set plaster bags were used in between the steel

plate and the concrete surface to provide proper contact. A whitewash was applied to the beam

surface to identify small cracks. Initial demec readings were taken before applying the loads.
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3.3.7 Testing procedure

Once the beam was levelled and properly aligned with the use of an overhead crane, the

LVDTs were connected to the data acquisition system. All instrumentation was checked and zeroed

prior to the start of testing.

The beams were subjected to static loading under deflection control. Beams were loaded to

failure at a rate of 5 kN/min. During the tests, developing crack patterns were marked on the beam

surfaces with black felt pen and periodically the.deflection was held constant for demec readings.

Photographs \¡/ere taken before and after failure.

Load and deflection were monitored automatically until the end of the test by the data

acquisition system. The demec readings were taken up to 85 percent of the expected ultimate load.
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Ultimate Stress (MPa) Ultimate Strain (%) Elastic Modulus (GPa)

Average

Value

on Average

Value

on Average

Value

on

692 t9.4 1.767 0.047 4t.3 1.25

Table 3-1: Tensile properties of ISOROD-GFRP reinforcements

Notes:

* approximate value

- water/cement ratio :0.37

Table 3-2: Concrete mix design
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Quantity kdm' % by weight

Portland cement 400 16.8

Coarse aggregate

(14 mm max. diameter)

1149.6 48.3

Fine aggregate

(passing #sieve)

679.8 28.6

Water 148.5 6.2

Superplasticizer

(Reobuild 1000)
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Fig. 3-1: Tensile stress-strain diagrams for various reinforcing fibres (See

Abdelrahman and Rizkalla 1994)
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Fig. 3 -2. Material characteristics of ISOROD-GFRP reinforcements

Fig. 3-3: Arrangement of demec points
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Fig. 3-4: LVDT configuration for midspan cleflection measurements

Fig. 3-5: General view of test set-up
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Fig 3-9: Steel angles and steel reinforcements in the middle of the beams
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Fig 3-10: Crack patterns of Pilot Beam #1
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Fig. 3-1 1: Crack patterns of Pilot Beam #2
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Fig.3-12'. Crack patterns of Pilot Beam #3
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Pilot Beam #l

Pilot Beam #2

Fig. 3-13: Sketches of crack patterns of Pilot Beam #1 (ald:3), Pilot Beam #2 (a/d:Z) and Pilot

Beam #3 (a/d:3)
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Fig 3-14: Steel spirals at the end of the beams

Fig. 3-15: Steel reinforcements in the middle of the beams
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Fig. 3-16: Schematic of test set-up
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CHAPTER 4

TEST RESULTS

4.L General

kr this chapter, the results obtained for all the beams tested jn this experimental program are

presented. These results include the concrete strengths, shear strength of test beams, and

displacements of the LVDTs. The observed behaviour of all the tested beams is also described in this

chapter.

4.2Behaviour of Test Beams

This section describes the most important aspects observed during the testing of the

specimens. The photographs and the measured load-deflection of the test beams are presented in

Figure 4-13 to 4-36. In additiorl the sketches of crack patterns at failure of all the test specimens are

shown in Figure 4-37 to 4-40. Based on the strain readings during the tests, load-crack width

diagram of all the beams except CBEAMI, which had a very sudden failure, are illustrated in Fig. 4-

4l to Fig. 4-5i.
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4.2.1B,eam #l

Beam #l consisted of a 2800 mm long beam with a 2000 mm span. Details of Beam #I are

illustrated in Fig. 4-1, showing the placement of the reinforcements, which consisted of two 9.5 mm

and one 12.7 mm diameter ISOROD-GFRP bars used as tension reinforcements and three M15 steel

bars 500 mm long which were placed at25 mm above the longitudinal tension reinforcements at mid

span. Shear span-to-depth ratio for this beam was 4. The behaviour of this beam can be summarized

as follows:

a- First flexural cracks were initiated at 15 lcN in station 5 (st. 5), and 6.

b- At a load of about 20 kN another flexural crack was initiated at st. 7 with a small load drop.

c- The first flexural shear crack initiated at a load of about 28 kN in st. 4. Initiation of this crack

included drop in load and noise. At this stage propagation of the flexural crack at st.7 was also

observed.

d- The flexural shear crack propagated until a load of about 36 klr{ which the second flexural shear

crack initiated at st. 3 with a drop in load. At this stage propagation of flexural crack at st. 7, flexural

shear crack in st.4 and also initiation of three minor flexural cracks in st.4 was also observed.

e- Flexural shear failure took place at a load of 47 .41ò{ in st. 3. This failure was sudden and loud.

The crack patterns and load-deflection diagram of this beam are shown respectively in Fig.

4-13 andFig.4-25.
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4.2.2 B,eam #2

Beam #2 consisted of a 2800 mm long beam with a 2000 mm span. Details of Beam #2 are

illustrated in Fig. 4-2, showing the placement ofthe reinforcements, which consisted of two 15.9 mm

diameter ISOROD-GFRP bars used as tension reinforcements and three M15 steel bars 500 mm long

which were placed at25 mm above the longitudinal tension reinforcements at mid span. Shear span-

to-depth ratio for this beam was 4. The behaviour of this beam can be summarized as follows:

a- The first flexural crack initiated at a load of about l1 ld\ in st. 5.

b- The first flexural shear crack initiated in st. 4 at a load of about 14 kN.

c- At a load of about l7 kN the second flexural shear crack initiated in st. 7.

d- Flexural shear cracks propagated toward compression zone in mid span at a load level of 30 lò{.

e- At 40 kl'{ the rate of propagation of flexural shear cracks increased and three minor cracks initiated

in st. 7.

f- Propagation of flexural shear crack at st. 4 continued and at a load of 51.6 kN flexural shear failure

took place at this station.

The crack patterns and load-deflection diagram of this beam are shown respectively in Fig

4-14 andFig.4-26.

4.2.3 Beam #3

Beam #3 consisted of a 2800 mm long beam with a 2000 mm span. Details of Beam #3 are

illustrated in Fig. 4-3, showing the placement ofthe reinforcements, which consisted of two 15.9 mm
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and two 9.5 mm diameter ISOROD-GFRP bars us'ed as tension reinforcements and three M15 steel

ba¡s 500 mm long which were placed at25 mmabove the longitudinal tension reinforcements at mid

span. Shear span-to-depth ratio for this beam was 4. The behaviour of this beam can be summarized

as follows:

a- The first flexural crack initiated in st. 5 at a load of about 5 klr{.

b- At a load of about 20 kN the second flexural crack initiated at st. 6 with a drop in load.

c- The first flexural shear cracks initiated simultaneously in st. 3, and 7 at aload of about 21 ld\i.

Initiation of this crack included a drop in load.

d- At a load of about 29 klr{ the third flexural shear crack initiated in st. 4 with a drop in load. At this

stage propagation of other flexural shear cracks toward mid span was also observed.

e- Propagation offlexural shear cracks continued until 41 kN, at which another flexural shear crack

initiated in st. 8. Initiation of this crack included a drop in load.

d- All flexural shear cracks propagated until 65.2 kN, at which beam suddenly failed in a flexural

shear mode on a big sudden crack which was started in st. 8.

The crack patterns and load-deflection diagram of this beam are shown respectively in Fig.

4-15 and Fig. 4-27.

4.2.4Beam#4

Beam #4 consisted of a 2000 mm long beam with a 1500 mm span. Details of Beam #4 are

illustrated in Fig. 4-4, showing the placement ofthe reinforcements, which consisted of two 12.7 mm

diameter ISOROD-GFRP bars used as tension reinforcements and three Ml5 steel bars 500 mm long

52



which were placed at25 mmabove the longitudinal tension reinforcements at mid span. Shear span-

to-depth ratio for this beam was 3. The behaviour of this beam can be summarized as follows:

a- The first flexural crack initiated at a load of about 22 k¡{ in st. 5.

b- At a load of about 35 kN the second flexural crack initiated in st. 4.

c- The first flexural shear crack initiated with a big sudden crack at a load of about 44 klil in st. 6.

Initiation of this crack included a drop in load.

d- All cracks propagated until 57 kN, at which another big flexural shear crack initiated in st. 3.

Initiation of this crack included a big drop in load.

e- Propagation of all cracks continued until a load of 59.8 ld{, at which beam suddenly failed in a

flexural shear mode in st. 6.

The crack patterns and load-deflection diagram of this beam are shown respectively in Fig.

4-16 andFig.4-28.

4.2.5 Beam #5

Beam #5 consisted of a 2000 mm long beam with a 1500 mm span. Details of Beam #5 are

illustrated in Fig. 4-5, showing the placement of the reinforcements, which consisted of three 72.7

mm diameter ISOROD-GFRP bars used as tension reinforcements and three M15 steel bars 500 mm

long which were placed at 25 mm above the longitudinal tension reinforcements at mid span. Shear

span-to-depth ratio for this beam was 3. The behaviour of this beam can be summarized as follows:

a- The first flexural crack initiated in st. 5 in a load of about 20 kN.

b- At a load of about 25 lòI the second flexural crack initiated in st. 4. Initiation of this crack
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included a small drop in load.

c- Flexural cracks propagated slowly until a load of about 35 kN, at which a sudden flexural crack

initiated in st. 3.

d- Flexural cracks, slowly, and flexural shear cracks, rapidly propagated until 57 klr{, at which the

second flexural shear crack suddenly initiated in st. 6. Initiation of this crack included a drop in load.

e- Flexural shear cracks propagated with increasing load and they were marked on the beam surface

every 10ld{.

Ê No new crack was observed until 78.6 klrl, at which beam suddenly failed in a flexural shear mode

in st. 6.

The crack patterns and load-deflection diagram of this beam are shown respectively in Fig.

4-17 andFig.4-29.

4.2.6 Beam #6

Beam#6 consisted ofa2000 mm long beam with a 1500 mm span. Details ofBeam #6 are

illustrated in Fig. 4-6, showing the placement of the reinforcements, which consisted of four I2.7 mm

diameter ISOROD-GFRP bars used as tension reinforcements and three Ml5 steel bars 500 mm long

which were placed at25 mmabove the longitudinal tension reinforcements at mid span. Shear span-

to-depth ratio for this beam was 3. The behaviour of this beam can be summarized as follows:

a- The first flexural cracks initiated in st. 4, and 5 in a load of about 20 lò{. Initiation of these cracks

included a drop in load.

b- With increasing load flexural cracks propagated slowly toward compression zone. This
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propagation was marked on the beam surface.

c- At a load of about 43 lòI the first flexural shear crack initiated in st. 3. Initiation of this crack

included a big drop in load and noise.

d- This flexural shear crack propagated until62 klrl, at which another flexural shear crack initiated

in st. 6. Initiation of this crack also included a drop in load and was loud.

e- Flexural shear cracks propagated toward mid span until the load of 74.4 lòI, at which a few minor

cracks initiated in st. 3 and the beam failed on a flexural shear mode in this station.

The crack patterns and load-deflection diagram of this beam are shown respectively in Fig.

4-18 and Fig. 4-30.

4.2.7 Beam#7

Beam #7 consisted of a 2000 mm long beam with a 1000 mm span. Details of Beam #7 are

illustrated in Fig. 4-7, showing the placement ofthe reinforcements, which consisted of two 12.7 mm

diameter ISOROD-GFRP bars used as tension reinforcements and three Ml5 steel bars 500 mm long

which were placed at25 mmabove the longitudinal tension reinforcements at mid span. Shear span-

to-depth ratio for this beam was 2. The behaviour of this beam can be summarized as follows:

a- The first flexural crack initiated in st. 2 at a load of about 35 kN.

b- This flexural crack propagated slowly with increasing load and at a load of 65 klrl beam failed in

a flexural shear mode with a big sudden crack in st. l. At this stage another flexural crack was also

observed in st. 2. Initiation of these cracks was loud.

The crack patterns and load-deflection diagram of this beam are shown respectively in Fig.
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4-19 andFig.4-31.

4.2.8 Beam #8

Beam #8 consisted of a 2000 mm long beam with a 1000 mm span. Details of Beam #B are

illustrated in Fig. 4-8, showing the placement of the reinforcements, which consisted of three 12.7

mm diameter ISOROD-GFRP bars used as tension reinforcements and three Ml5 steel bars 500 mm

long which were placed at25 mm above the longitudinal tension reinforcements at mid span. Shear

span-to-depth ratio for this beam was 2. The behaviour of this beam can be summarized as follows:

a- The first flexural cracks initiated at st.2 and 3 at a load of about 43 ld{. No significant drop in

load was observed at this stage.

b- Flexural cracks at st. 2, and 3 propagated slowly with increasing load. This propagation was

marked on the beam surface.

c- At a load of 80 lil\ beam suddenly failed with a big flexural shear crack started in st. 4 and

continuing toward compression zone in mid span. This failure included a big noise.

The crack patterns and load-deflection diagram of this beam are shown respectively in Fig.

4-20 andFig.4-32.

4.2.9 Beam #9

Beam #9 consisted of a 2000 mm long beam with a 1000 mm span. Details of Beam #9 are

illustrated in Fig. 4-9, showing the placement of the reinforcements, which consisted of four L2.7 mm
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diameter ISOROD-GFRP bars used as tension reinforcements and three M15 steel bars 500 mm long

which were placed at25 mm above the longitudinal tension reinforcements at mid span. Shear span-

to-depth ratio for this beam was 2. The behaviour of this beam can be summarized as follows:

a- The first flexural cracks initiated in st. 2, and 3 at a load of about 36 kll. Initiation of these cracks

included a small drop in load.

b- At a load of about 5 1 kN the second flexural crack initiated in st. 3.

c- The flexural cracks propagated slowly until the load of 87.2 ki\l, at which beam failed in a flexural

shear mode with a big crack started in st.1 and continuing to compression zone in mid span. This

failure was sudden and loud.

The crack patterns and load-deflection diagram of this beam are shown respectively in Fig.

4-21 and Fig. 4-33.

4.2.10 CBEAMT

CBEAMI consisted of a 2400 mm long beam with a 2000 mm span. Details of CBEAM1

are illustrated in Fig. 4-10, showing the placement of the reinforcements, which consisted of th¡ee

Mi5 steel bars used as tension reinforcements and also three Ml5 steel bars 500 mm long which were

placed at 25 mm above the longitudinal tension reinforcements at mid span. Shear span-to-depth

ratio for this beam was 4. The behaviour of this beam can be summarized as follows:

a- The first flexural cracks started at a load of about 10 kN in st. 4, 5,6, and7.

b- These flexural cracks propagated until a load of about 20 klr{, at which new flexural cracks initiated

in st. 3, and 8.
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c- These flexural cracks propagated slowly with increasing load and this propagation was marked on

the beam surface.

d- No new crack was observed until 110 ld{, at which some new flexural cracks were initiated in st.

4, and 6.

e- None of these cracks propagated until the load of 123 ldN, at which beam suddenly failed in a

flexural shear mode . The failure line started in bottom of the beam and continued to compression

zone in mid span.

The crack patterns and load-deflection diagram of this beam are shown respectively in Fig.

4-22 andFig. 4-34.

4.2.t1CBEAM2

CBEAM2 consisted of a 2000 mm long beam with a 1500 mm span. Details of CBEAM2

are illustrated in Fig. 4-11, showing the placement of the reinforcements, which consisted of three

M15 steel bars used as tension reinforcements and also tkee Ml5 steel bars 500 mm long which were

placed at 25 mm above the longitudinal tension reinforcements at mid span. Shear span-to-depth

ratio for this beam was 3. The behaviour of this beam can be summarized as follows:

a- At a load of about 58 kN, three flexural cracks started in mid span, in st.3,4, and 5 with a drop

in load.

b- First flexural shear cracks initiated simultaneously in st. 3 and 6 at aload of about 69 kN.

Initiation of these cracks included a drop in load.

c- At a load of about 110 kN slow propagation of flexural cracks and fast propagation of flexural
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shear cracks were observed.

d- Propagation of flexural shear crack continued until a load of about 122 kN, at which beam

suddenly failed in a flexural shear mode in st 6. This failure was brittle and loud.

The crack patterns and load-deflection diagram of this beam are shown respectively in Fig.

4-23 andFig.4-35.

4.2.12 CBEAM3

CBEAM3 consisted of a 2000 mm long beam with a 1000 mm span. Details of CBEAM3

are illustrated in Fig. 4-12, showing the placement of the reinforcements, which consisted of three

Ml5 steel bars used as tension reinforcements and also three Ml5 steel bars 500 mm long which were

placed at 25 mm above the longitudinal tension reinforcements at mid span. Shear span-to-depth

ratio for this beam was 2. The behaviour of this beam can be summarized as follows:

a- The first flexural cracks were observed at a load of about 70 kN in st. 2, and 3.

b- These flexural cracks propagated toward mid span until the load of about 110 kl.{, at which big

sudden flexural shear cracks initiated in st. 2, and 4.

c- The flexural shear cracks propagated until 140 kN, at which another flexural shear crack initiated

in st. 4.

d- These cracks propagated until the load of 194 kN, at which beam suddenly failed in a flexural

failure mode in st. 4. This failure was brittle and loud.

The crack patterns and load-deflection diagram of this beam are shown respectively in Fig.

4-24 andFig.4-36.
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Fig. 4-13: Crack patterns of Beam #l

Fig 4-14: Crack patterns of Beam #2



Fig. 4-15: Crack patterns of Beam #3

Fig 4-16: Crack patterns of Beam #4
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Fig a-17 Crack patterns of Bearn #5

Fig. 4-18: Crack patterns of Beam #6
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Fig. 4-19: Crack patterns of Beam #7

Fig. 4-20: Crack patterns of Beam #8



Fig.4-21: Crack patterns of Beam #9

Fig.4-22: Crackpatterns of CBEAMI



Fig.4-23: Crack patterns of CBEAM2

Fig.4-24: Crack patterns of CBEAIvI3
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Fig. 4-25: Load-deflection diagram of Beam #l
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Fig. 4-26. Load-defl ection diagr am of Beam #2
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Fig. 4-27. Load-deflection diagram of Beam #3
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Fig. 4-37: Sketches of crack patterns of Beams #1, #Z and, #3 (a/d: 4)
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Fig. 4-38: Sketches of crack patterns of Beams #4, #5 and #6 (a/d:3)
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Beam #8

Fig. 4-39: Sketches of crack patterns of Beams #7, #8 and #9 (a/d: 2)
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Fig. 4-40. Sketches of crack patterns of CBEAMI (a/d:4), CBEAM2 (a/d:3),

and CBEAM3 (a/d:z)
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Fig.4-44: Load-crack width diagram of Beam #4
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Frg. 4-46: Load-crack width diagram of Beam #6
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Fig. 4-47: Load-crack width diagram of Beam #7

Fig. 4-48: Load-crack width diagram of Beam #8
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CHAPTER 5

ANALYSIS AND DISCUSSION OF TEST RESULTS

5.1 Introduction

In this chapter, the behaviour of all the specimens tested in this program are analyzed and

discussed in detail. The measured shear capacity of GFRP beams is compared to the steel reinforced

beams and current provisions of the American Concrete Institute [ACI], Canadian Standards

Association [CSA], Japanese Society of Civil Engineers [JSCE], and Zsutty for estimating concrete

contribution in shear resistance. The results of test specimens are also compared to modifications of

existing equations by multiplying p, and v.by different ratios of (Eoro,/ E,,"").

5.2 General

The results from all the test beams are listed in Table 5-1. A few flexural cracks were

observed in the test beams in the high-moment region. However, the amount of longitudinal tensile

reinforcement was quite sufficient to prevent flexural failures. All beams failed in a flexural shear

mode.
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5.3 Effect of Shear-Span-to-Depth Ratio:

In specimens with a/d:3 and 4, diagonal shear cracks were observed at loads ranging from

27 Yoto 57Yo of theultimate loads. In specimens with a/d:2, these cracks occurred at a stage close

to failure. In deep beams, these cracks were also failure lines. All test beams developed diagonal

shear cracks and behaved essentially as tied arches until collapse. These cracks initiated along a line

joining the loading and reaction points (Fig. a47 ß 4-40).

Comparing the load-deflection of the test beams with the same amount of p shows the

significant effect of ald on the ductility of the beams (Fig. 5-1 to 5-4). Beams with ald:Z exhibit

brittle behaviour, while it appears that beams with a/d > 2 provide some warning of impending

collapse. For beams wtth a/d:2, the failure was sudden and catastrophic.

The high shear strength of beams with a/d of 2 may be attributed to arch action. Many

researchers (Elzanaty, Nilson, and Slate 1986) have shown that for low a/d, part of the load is

transmitted directly by diagonal compression to the supports. This is not a shear transfer mechanism,

in the sense that it does not transmit a tangential force to a nearby parallel plane, but permits the

di¡ect transfer of a vertical concentrated force to a reaction and thereby reduces the demand on the

other types of load transfer.

It is generally recognized that increasing a./d decreases the shear strength (Fig. 5-5). For the

same applied load, larger a/d means larger bending moment in the shear span; thus the depth of

penetration ofthe flexural cracks increases, and hence the flexural stresses near the crack tip increase.

By increasing a/d, the probability grows that a flexural crack will develop into an inclined one.
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5.4 Effect of Reinforcement Ratio

Comparing the shear strength of test beams indicates the effect of the longitudinal

reinforcement ratio on the basic shear transfer mechanisms (Fig. 5-6). An important factor that

affects the rate at which a flexural crack develops into an inclined one is the magnitude of shear

stresses near the tip of that crack. The intensity of principal stresses above the flexural crack depends

on the depth of penetration of the crack. The greater the value of p, the lower the penetration of

flexural cracks and the nanower the cracks. The lower the penetration of flexural cracks, the lower

the principal stresses for a given applied load, and consequently, the greater must be the applied shear

to cause the principal stresses that will result in diagonal tension cracking.

Increasing p also increases the dowel capacity of the member by increasing the dowel area

and hence decreasing the tensile stresses induced in the surrounding conorete. Many researchers

(Elzanaty,Nilson, and Slate 1936 ) have pointed out that the reinforcement stress at the time of

shear failure is a significant factor in determining the dowel force carried by the reinforcing bars, and

hence the shear capacity of the concrete beam.

Increasing p also affects the aggregate interlock capacity. Beams with low p have wide, long

cracks in contrast to the shorter, narrow cracks found in beams with high p. Since the aggregate

interlock mechanism depends on the crack width an increase in the aggregate interlock force is to be

expected with an increase in p.

For beams with a/d of 2, p had a significant effect on the shear strengh. Increasing p from

0.507% to l.014yo increased the shear strength by 36%.
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5.5 Comparison of GFRP Beams and Control Beams

Comparison ofthe load-deflection diagrams of the GFRP beams and the control beams with

the same amount ofreinforcement and the same a/d ratios indicates a significant difference in flexural

behaviour of GFRP and steel (Fig. 5-7 to 5-9). Compared with steel reinforced beams, GFRP beams

have much larger deflections and wider cracks before failure. The reason for this is the large

difference in modulus of elasticity (Eor* :413 MpA E.,."r:200 MpA).

In the beams with a/d:3 and 4, the shear strength of the GFRP beams is about 620/o that of

steel reinforced beams with the same amount of reinforcement. However in deep beams with a/d:2,

this ratio drops to about 45%. It seems that the behaviour of the beams reinforced with steel is more

affected by the ratios of ald than the behaviour of GFRp beams.

5.6 Comparison of Test Results and Existing Equations

The shear strength of all twelve test beams was compared with prediçtions made using the

equations provided by: ACI (1992), CSA (1994), JSCE (1984), andZsutty (1968) (Fig. 5-i0 to 5-i4

and Table 5-2). These equations are as follow:

ACI Clause 11.3.2.1 ISIJ:

(l-r.*,,i)
V
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Vd
where: u =dla

Mu

ACI Clause 11.3.1.1 ISIJ:

JSCE [SA:

n,=ry r¡il

v" = o g4/"t'o'(r.Ur.U 
r.Þ,) b *d lks)

where: pr=(100 ld¡t/4-t>O (dfcml)

9r= MolMo<l (Mo= decompression moment , M¡ applied moment )

Þ o={too 
p)'''-l s0.73

f: lkgtcm2l
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Zsutty ISIJ:

V,= 2.1746 (f"/ p dla¡tt3b _d (a/d>z.5)

V,= 2.1746 (f"tpdla¡t/3bd (2.5dla) (a/d<2.5)

CSA Símplífted Metltod ISIJ:

v"= o 2f:$'Ðbnd

These equations were also modified for beams p with GFRP by multiplying p by the ratio

of the moduli of elasticity of GFRP and steel as follows: p* ( Ecrnp / E,,."r), V" r ( Eoo*"/ E.,"",),

V" * ( Eo*/ E.,"rr ) ''', y", ( Eo.*" X Er,"",) t,, .

5.6.T CONTROL BEAMS:

Fig. 5-15 and Table 5-2 shows the comparison ofthe shear strength of the control beams and

the predicted values.

- It can be seen that ACI equations are conservative in predicting the shear strength of steel

reinforced beams. This conservative approach is more severe in deep beams. The reason is probably

the underestimation of the importzurce of both p and a/d in ACI clause 11.3.2.1 and eliminating these
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factors in ACI clause 1 i.3.1. l.

- Similar to ACI predictions, JSCE underestimates the shear capacity of steel reinforced

beams especially in shorter shear spans.

- Compared with ACI and JSCE, CSA provides better predictions ,Ntth ald: and 3. But like

the others, CSAis conservative when a/d:2. Similarto ACI clause 11.3.1.1, the reason forthis

underestimation is eliminating effects of the p and ald andmixing two different behaviours of deep

and slender beams (MacGregor 1988)

- By taking the rate of 1i3 for p and a./d, instead of 7/2, and multiplying V" by (Z.S d/a) for

aJd < 2.5, Zsutty provides closer predictions to the test results. Compared with other predictions,

close correlation of predictions using Zsutty's equation and test results is more recognizable when

ald:2.

5.6.2 GFRP BEAMS:

The different moduli of elasticity for GFRP and steel is one of the main reasons for the

different flexural and shear behaviour of beams reinforced with GFRP and steel. lVhen modifying

existing equations by multiplying p and V" by the ratio of ( Eoro,/E.t""r ) it was found that.

1- Multiplying % by ( Eoo*Æ,,"", ) is a very conservative prediction for the shear strength of

GFRP beams (Table 5-3 to 5-7 and Fig. 5-16 ro 5-20).

2- Multiplying V, by ( Eor*,Æ.,""r )1/2 is a better modification than ( EcFru/E.,.", ), but it still

underestimates the shear strength of these materials (Table 5-3 to 5-7 and,Fig. 5-21 to 5-25).

3- % " l poroÆ.,,., 
)r/3 provides the best modification of existing equations to estimate the
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shear strength of GFRP beams (Table 5-3 to 5-7 andFig. 5-26 ro 5-30).

4- Modification of V" by multiplying p by ( EcrnpÆ,,.,r ) is a conservative method to predict

the shear strength of GFRP beams (Table 5-8 and Fig 5-31 to 5-35), except when used to modify

Zsutty's equation where this method provides identical numbers as the method using V" * (

Eo*Æ.,.., )t".

5- Among the existing equations, multiplying V. from Zsutty's equation by ( Eouo,Æ,,".r)t,t is

the best estimation for the shear strength of GFRP beams.
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Beam Material ald Po/o f" (MPa) v" (kN)

Beam #1 GFRP 0.537 3t2 23.7

Beam#2 GFRP 0.794 3r.2 25.8

Beam #3 GFRP 1.078 3r.2 32.6

CBEAMl Steel 1.060 43 61.5

Beam #4 GFRP 0.507 35 29.9

Beam #5 GFRP 0 160 35 39.3

Beam #6 GFRP 1.014 35 37.2

CBEAM2 Steel 1.060 35 61

Beam #7 GFRP 0.507 31 32.1

Beam #8 GFRP 0 760 325 40

Beam #9 GFRP I 014 325 43.6

CBEAM3 Steel 1.060 325 97

Table 5-1: Description of test beams and test results
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Beam Material â,ld P "/" Vc(kN)

ACI

11.3.1.1

Vc(kN)

ACI

11.3.2.1

vc(kN)

Zsutty

vc(kN)

JSCE

Vc(kN)

CSA

Vc(kN)

Test

Beam #1 GFRP

4

0.537 46.5 4t 37.8 35.9 558 23.7

Beam#2 GFRP 0.794 465 41.6 43 40.9 55.8 25.8

Beam #3 GFRP 1.078 46.5 42.2 47.6 45.7 55.8 32.6

CBEAMl Steel 1.060 54.6 49.1 52.7 50.4 65.6 61.5

Beam #4 GFRP

3

0.507 49.3 43.7 42.4 36.6 s9.2 29.9

Beam #5 GFRP 0.760 49.3 44.4 48.5 4t.9 59.2 39.3

Beam #6 GFRP 1.014 49.3 4s. I 53.4 46.3 59.2 37.2

CBEAM2 Steel 1.060 49.3 453 54.2 47.1 59.2 6l

Beam #7 GFRP

2

0.507 46.4 4t.9 58.2 35.2 557 32.1

Beam #8 GFRP 0.760 47.5 44 67.7 40.8 57 40

Beam #9 GFRP 1.014 47.5 45 I 74.5 45.1 57 43.6

CBEAM3 Steel 1.060 475 45.3 75.6 459 57 97

Table 5-2: Comparison of test results and predicted values
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Beam

No.

ACII 1.3. 1. I (E"*Æ,,"") ACI I 1.3.1. 1 (BcFTl'/8,.""r)r2 ACI r 1.3. 1.1 (EcFru,Æ.,""r)1/3 Test

v"o(kN) V./V.o v"r(kN) V.1v* v.r(kN) V"/V"o V",

9.3 2.55 20.8 l. 14 27.2 0.87 23.7

2 9.3 2.77 20.8 t.24 27.2 0.95 258

9.3 3.5 20.8 t.57 27.2 t.2 32.6

4 9.86 3.03 22 t.36 28.8 1.04 29.9

5 9.86 3.98 22 t.79 28.8 1.36 39.3

6 9.86 3.77 22 r.69 28.8 r.29 372

7 9.28 3.46 20.7 L55 27.1 Ll8 32.t

8 9.5 4.2 2t.2 1.89 27.8 t.44 40

9 9.5 4.59 21.2 2.06 27.8 t.57 43.6

Table 5-3: Comparison of test results and multiplying V" from ACI 1 1.3.1. I by different ratios of

(Eo*Æ,,",)

Table 5-4: Comparison of test results and multiplying V"from ACI ll.3.Z.l by different ratios of

(Eo*Æ.,..,)

98

Beam

No.

AcIl 1.3.2. 1 (EcrnpÆ,,""r) ACI I 1.3.2. 1 (EcFRr,Æ,t*r)r/2 ACr I 1.3.2. 1 (BcFru,Æ,þ"r)r/3 Test

V"o(N) v",/v.o V"o(N) V',Æ.0 V.o(N) v",/v.o V.,

8.2 2.89 I8.33 1.29 24 0.99 23.7

2 8.32 3.1 t 8.6 1.39 24.3 1.06 25.8

J 8.44 3.86 18.9 t.72 24.7 t.32 32.6

4 874 3.42 195 L53 25.5 I.T7 299

8.88 4.42 19.8 1.98 26 t.5 I 39.3

6 9.02 4.12 20.2 1.84 26.4 l.4t 37.2

1 8.38 3.83 18.7 t.72 24.5 l3l 32.1

8 8.8 4.54 19.7 2.03 ¿J. I 1.56 40

9 9.02 4.83 20.2 2.16 26.4 r65 4J_Ct



Beam

No.

Zsutty (EcrnprE,,""r) Zsutty (8"*Æ*.",)t" Zsutty (EcrnpÆ.,"",) t'3 Test

v"e(klg v",/v"o v"o (kN) V"/V"o v"e(klg %/V"o V",

I 7.56 3. t3 t6.9 1.4 22.r r.07 23.7

2 8.6 3 t9.2 1.34 25.t 1.03 25.8

J 9.52 3.42 2t.3 1.53 27.8 r.t7 32.6

4 8.44 3.5 l9 1.57 24.8 T,2 29.9

5 9.7 4.05 zr.7 1.81 28.4 I.38 39.3

6 10.68 3.48 23.9 1.56 3r.2 l. t9 37.2

7 tr.64 2.76 26 l'23 34 0.94 32.r

8 13.54 2.95 30.3 t.32 35.6 r.t2 40

9 14.9 2.93 33.3 1.31 43.6 I 43.6

Table 5-5: Comparison of test results and multiplying % from Zsutty's equation by different

ratios of (EcFru/E.r,")

Table 5-6: Comparison of test results and multiplying %from CSA simplified merhod by

different ratios of (Eoro,Æ","")

Beam

No.

csA(EcFRr,Æ.t""r) csA(EcFRP /E,r."t\vz csA(EcFRr,Æ.t""r)r/3 Test

v"e(k¡t) V"/V"t v"P (klÐ v"/%o v.P (kN) v"/V* Vct

I It.2 2.12 24.9 0.95 32.6 0.73 23.7

2 rt.2 2.3 24.9 1.04 32.6 079 25.8

3 It.2 29r 24.9 131 32.6 I 32.6

4 I1.8 2.53 26.5 l.t3 34.6 0.86 29.9

5 11.8 J.JJ 26.5 1.48 34.6 l. l3 29.3

6 I1.8 3.15 26.5 t.4 34.6 t.07 37.2

7 1l.l 2.89 249 r.29 32.6 0.98 32.1

8 I1.4 3.51 25.s r.57 J J.J 1.2 40

9 I i.4 3.82 25.5 t.7 t JJ.J 1.3 I 43.6
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Beam

No.

JSCE(EcFRr,Æ,t""r) JSCE(EcFRr,Æ.t""¡)r2 JSCE(EcFRr,Æ.t""r)1ß Test

v.oGN) V",Æ.0 %o(kN) V.,Æ"0 v"o (kN) V",ff.0 %o
I 7.t8 3.3 16.05 1.48 2t l. l3 23.7

2 8.t8 3.15 t 8.3 I.4t 23.9 1.08 25.8

J 9.14 3.57 20.4 1.6 26.7 1.22 32.6

4 7.32 4.08 16.4 1.82 2t.4 1.4 29.9

5 8.38 4.69 18.7 2.1 24.5 t.6 39.3

6 9.26 4.02 20.7 1.8 27.t 1.37 J t.¿

7 7.04 4.5 15.7 2.04 20.6 1.56 32.1

8 8. t6 4.9 18.2 2.2 23.8 1.68 40

9 9.02 4.83 20.2 2.16 26.4 1.65 43.6Table5.7:Comparisonoftest'.'ult@mJSCEbydifferentratiosof

(EcFRI/Ert*)

Beam

No.

ald p% vc(kÐ

ACI 11.3.2.1

Vc(kl$

Zsutty

Vc(kN)

JSCE

Vc(kN)

Test
I

4

0.537 40.1 22.1 23.3 23.7

2 0.794 40.2 25.1 25.5 25.8

J 1.078 40.3 27.8 277 32.6

4

J

0.507 42.5 24.8 23.9 29.9

5 0.760 42.7 28.4 26.2 39.3

6 1.014 42.8 31.2 28.1 37.2

7

2

0.507 40.2 34 22.9 32.1

8 0.760 41.4 35.6 25.s 40

9 1.014 41.6 43.6 27.4 43.6
Table5-8:Comparisonoftest'.'.,@ACI1l.3.2.L,ZsuttyandJSCE

by multiplying p by (E.FR/E.,,.)
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Beam#7 (ald=2)

Beam#4 (ald=3)

Beam#1 (ald=4)

z
l.

t
6
oJ

1020304
Deflection (mm)

Fig. 5-1: Comparing the load-deflection diagram of Beams #I, #4 and #7

20
Deflection (mm)

Fig. 5-2: Comparing the load-deflection diagram of Beams #2, #5 and #8

Beam#8 (ald=2)

Beam#5 (ald=3¡

Beam#2 (ald:4)
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200

Beam#9 (ald=2)

Beam#6 (ald=3)

,/ Beam#3 (a/d=4)
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^ 120z
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40

010203040
Deflectlon (mm)

Fig. 5-3: Comparing the load-deflection diagram ofBeams #3,#6 and#9

CBEAMs (ald--2)

CBEAM2 (a/d:3)

CBEAMl (ald=4)

010203040
Deflectíon (mm)

Fig. 5-4: Comparing the load-deflection diagram of CBEAMI, CBEAM2 and CBEAM3
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Fig. 5-5: Shear strength verses ald for the test beams
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200

p=1 .060Yo (CBEAMl )

p=1.078"/" (Beam#3)

I

20
Deflectlon (mm)

Fig.5-7: Load-deflection diagram of Beam #3 and CBEAM1 (a/d:4)

20
Deflection (mm)

Fig. 5-8: Load-deflection diagram ofBeam #6 and CBEAM2 (a/d:3)
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Fig. 5-9: Load-deflection diagram of Beam #9 and CBEAM3 (a/d:z)
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Fig. 5-10: Comparison of the shear strength of GFRP beams and ACI I i 3 l.l

p=1 .014"/"(Beam#9)
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4s6789
Beam Number

Fig. 5-11: comparison of the shear strengfh of GFRp beams and ACI 1r.3.2.r
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Fig. 5-12. Comparison of the shear strength of GFRP beams and Zsutty's equation
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Fig. 5-13: Comparison ofthe shear strength of GFRp beams and CSA

Fig. 5-14: Comparison of the shear strength of GFRP beams and JSCE
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Fig. 5-15: Comparison of the shear strength of control beams and different equations

Fig. 5-16: Comparison of test results and mulriplying v.from ACI I1.3.1.1 by (EoooÆ.,,",)
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Fig. 5-17: Comparison of test results and multiplying v"from ACI ll.3.z.l by (Eouo,Æ.,"")
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Fig. 5-i8: Comparison of test results and multiplying V"from Zsutty's equation by (Eouo,Æ,,"";
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Fig. 5-19: Comparison of test results and multiplying V. from CSA by (Eoro,/E,,"")

Fig. 5-20'. Comparison of test results and multiplying V. from JSCE by (Eo*nÆ.,.,)
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Fig.5-2r. Comparisonoftestresultsandmultiplying v.fromACI 11.3.1.1by@oor"rE.,""J"t
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Fig. 5-22. Comparison of test results and multiplying v" from ACI 11.3.2.1 by (Eoro,Æ,,,.,)t"
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Fig.5-23: Comparison of test results and multiplying V"from Zsutty's equation by (Eouo,Æ.,".,)t,t
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Fig. 5-24: Comparison of test results and multiplying V. from CSA by (Eo.o,Æ.,..,)t,t
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Fig. 5-25: Comparison of test results and multiplying V.from JSCE by (EooÆ,t"")r/2
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Fig. 5-26. Comparison of test results and multiplying v" from ACI I 1.3.1. I by (Eo.o,Æ,,""r)r/3
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Fig.5-27: Comparison of test results and multiplying V"from 11.3.2.1 by (Eo"o"rE,,"")t,t
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Fig. 5-28: Comparison of test results and multiplying V"from Zsutty's equation by (Eo*r,Æ.,"",)t"
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Fig. 5-29: Comparison of test results and multiplying V.from CSA by @oor,Æ,,.")t,,
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Fig. 5-30. Comparison of test results and multiplying %from JSCE by @oro/E,,".)t,,
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Fig. 5-31: Comparison oftest results and modifting V.from ACI
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Fig. 5-32: Comparison of test results and modifring V" from Zsutty's equation by multiplying p by

(EcFRr/E.,"r)
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CHAPTER 6

SUMMARY AND CONCLUSIONS

6.L Summary

The main purpose of this research was to study the shear behaviour of GFRP reinforced

beams. Nine beams reinforced with GFRP reinforcements and three control beams reinforced with

steel were tested. Shear reinforcement was not used in any of these beams. All of these beams had

a 200 mm x 300 Írm cross section and were tested under a three.point load over a simple span. In

this study the effect of the longitudinal reinforcement and shear span-to-depth ratio on the shear

strength of GFRP reinforced beams were investigated. Test results \¡iere compared to the ACI, CSA,

JSCE, and Zsutry equations which are provided for prediction of the shear strength of steel reinforced

concrete and modifications of these equations for GFRP. Test results provide some

recommendations and guidelines towa¡d the development of design codes which will address the use

of GFRP bars as reinforcement for structural concrete members.

6.2 Conclusions

Based on the experimental results and the observed behaviour, the following conclusions may
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be made:

1- Stiffness of beams reinforced by ISOROD-GFRP reinforcement is significantly reduced after

initiation of cracks in comparison to the beams reinforced by steel bars.

2- The shear strengfh of GFRP and steel reinforced beams increases with the increase of p.

3- Decreasing ald increases the shear strength of GFRP and steel reinforced beams.

4- In slender beams (ald4and 3), the shear strength of GFRP reinforced beams is about 62Yo of the

shear strength of steel reinforced beams. This ratio drops to 45Yo in deep beams (a/d:z).

5- Because ofthe low modulus of elasticity of GFRP, beams reinforced with this material have larger

deflections and wider cracks than beams reinforced with steel.

6- Beams reinforced by ISOROD-GFRP bars exhibit adequate warning prior to failure through large

and deep cracks, accompanied by large deflections.

5- In order to estimate shear strength of GFRP reinforced beams, multiplying V" by ( EcFRr/E.,""r )r/3

is the best way to modify existing equations which have been provided for steel reinforced beams.

6- Among the existing equations, regarding the different behaviour of deep beams and slender beams,

multiplying V"in Zsutty's equation by @oooÆ*",r)l'3 is the best evaluation of the shear strengh of

GFRP beams.

6.3 Recommendations for Future Work

Based on the experimental program and analysis the following recommendations are made.

1- Because ofthe limited number of specimens tested in this program, it is recommended that similar

specimens be tested to corroborate the findings of this study.
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2- This research was limited to ISOROD-GFRP. Other commercially available GFRP reinforcements

should be tested to compare the effect on V".

3- Based on the conclusions found, future study should consider the modular ratio Ecrn/E.,""r, to be

an important factor in the determination of V".
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APPENDIX A

CALCULATION OF CRACK \ryIDTHS

Unlike flexural cracks, diagonal cracks cannot be described using only the displacement

perpendicular to the crack. After cracking, the rigid body movement of a diagonal crack can be

described using two independent components: ( a ) the crack width, W, which is assumed to be

perpendicular to the crack surface, and ( b ) the relative movement or slide along the crack

surface, S. These components can be related to the horizontal, aH and vertical, aV, displacements

as follows ( see Fig. A-t(a) )

W: Ws+ Wv : AH sin 0, + aV cos 0.

S: SnaSu: AH cos0"- AVcos0"

where 0": crack angle

The displacements in the horizontal and vertical directions can be computed using the

measured strains from the demec stations located in each shear span as follows:

AH: ( e"+ €.o - e"r ) g

ÂV:( eu-e", )g
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where eco: precompressive strain of concrete due to the prestressing force at the level of the station

being considered ( negative quantity)

e", = tensile cracking strain of concrete, taken equal to 100 x 10-6

g: gauge length

€H, €v as previously defined

Note that the diagonal strain measured at an angle of 45 degrees can be related to the vertical

and horizontal strains through the following expression ( see Fig. A-1 (b)):

{2 eo-- €s * €v

Thus, the crack width and crack slides can also be calculated using either the horizontal or

vertical strain and the strain measured at an angle of 45 degrees. The expressions utilized to compute

the crack widths of the beams tested in this study are given below:

( a ) : Considering demec readings in the horizontal and vertical directions.

Wr : g [ (."+ €.o - €.t) sinO"+ ( uu - e., ) cos 0"]

( b ) : considering demec readings in the vertical and diagonal directions:

Wz = g l(t2€o - €vf€.o e.,) sin0"+ ( eu - e., ) cos 0.]

( c ) : Considering demec readings in the horizontal and diagonal directions:

Wr:g [(e"+€.o-€",) sinO" + (r[2€r- €u*€"o e., ) cos 0"]

andW:(W,+w'+W3)/3

Note that since none of the beams in this experimental program were prestressed, e"o was set

to zero in the above equations.
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Fig. A-l: Relationship between crack width and the demec readings (See Pincheira 1988)
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