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ABSTRACT

Use of carbon fibre reinforced plastic, CFRP, as prestressing reinforcement for
concrete structures, has increased rapidly for the last ten years. The non-corrosive
characteristics, high strength-to-weight ratio and good fatigue properties

of CFRP

reinforcement significantly increase the service life of structures. However, the high cost
and low ductility of CFRP reinforcement due to its limited strain at failure are problems

yet to be solved for widespread use of this new material. Use of partially prestressed
concrete members has the advantages of reducing cost and improving deformability.

However, the deflection and cracking of concrete beams partially prestressed by CFRP
reinforcement should be investisated.

An experimental pro-erani undertaken at the University of Manitoba to study

the

serviceability of concrete beams prestressed by CFRP reinforcements is reported. Tests
are described of eight concrete beams prestressed by Leadline CFRP bars, produced by

Mitsubishi Kasei, Japan, and two beams prestressed by conventional steel strands. The
beams are 6.2 meters long and 330 mm in depth. The various parameters considered a¡e
the prestressing ratio, degree of presuessing, and distribution of CFRP rods in the tension

zone. The thesis examines the va¡ious limit states and flexural behaviour of concrete

Abst¡act

beams prestressed by CFRP bars, including different modes of failure. The behaviour of

beams prestressed

by

CFRP bars

is compared to simila¡ beams

prestressed by

conventional steel strands.

Theoretical models are proposed to predict the deflection prior and after cracking and

the crack width of concrete beams prestressed by Leadline CFRP bars under service
loading conditions. Crack width is predicted usin-e appropriate bond factors for this type

of reinforcement. A procedure is formulated for predicting the location of the centroidal
axis of the cracked sections prestressed by CFRP bars. ln addition, a method is proposed

to calculate the deflection and the crack width of beams partially prestressed by CFRP
bars under repeated load cycles within the service loading range. The deformability of

concrete beams prestressed by CFRP reinforcement

is also discussed. A model is

proposed to quantify the deformability of beams prestressed by fibre reinforced plastic
reinforcements.

The reliabiliry of the proposed methods and the other methods used from the
literature to predict the deflection and the crack width is exanined by comparing the
measured and the computed values of the tested beams and beams tested by others. An

excellent agreement is found for the methods predicting the deflection and a good
agreement

is found for the crack width prediction. Design guidelines for

concrete beams with CFRP reinforcement are also presented.
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INTRODUCTION

1,.

1.1 GENERAL

Use of fibre-reinforced-plastic, FRP, as prestressing reinforcement for concrete
structures, has increased rapidly for the last ten years. FÃP reinforcement is made from

high-tensile-strength fibres such as carbon, glass, aramid and others embedded in

polymeric matrices and produced in the form of bars, strands, ropes, tendons and grids,

with a wide va¡iety of

shapes and characteristics. FRP reinforcement

is

used

as

prestressing, non-prestressing and shear reinforcement for concrete structures. FRP grids

also provide an excellent alternative for reinforcing bridge decks and parking structure
slabs.

FRP has an oußtanding characteristic as a non-conosive reinforcement, which can
increase significantly the service life of structures by reducing concrete deterioration due

to corrosion. Other advantages of FRP reinforcement of particular interest in the field
of structural applications are its high strength-to-weight ratio, good fatigue behaviour, low
relaxation, electromagnetic neutrality, and easy handling and installation. The drawbacks
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of FÄP reinforcement are limited to its high cost, susceptibility to the stress-rupture effect
(especially for glass FRP reinforcement), low shear s[ength, lack

of ductility due its

linear stress-strain behaviour up to failure, and low ænsile strain at ultimate. Several
prestressed concrete bridges have already been built in Japan, Germany, the USA, and
Canada using this new material. FRP has also been used in other structural applications
such as repair of structures, repair of bridges, bridge enclosures, tunnel lining, and marine

structures. Special applications include radar stations, structures for magnetic levitation
trains, antenna towers, and many non-structural elements.

Application of FRP reinforcement in prestressed concrete structures is relatively new.
Therel'ore design engineers are dealing with this new material with extreme caution,
especially due to the lack of knowledge of its long-term characteristics. Consequently,

it is currently common practice to keep
codes

for

prestressing

steel. Partial

the jacking stress lower than that permitted by the

prestressing, which can be achieved either by

lowering the jacking sÍess of reinforcement or by adding non-prestressed reinforcement

in the cross-section, could be ideal for concrete beams prestressed by FRP due to the low
jackin_e stresses typically specified for these materials. In fact, use of partial prestressing

for concrete members has several advantages over full prestressing since members have
less carnber, more deformation at ultimate load, and are less costly due to the possibility

of increasing the eccentricity of the prestressing

reinforcement, thereby reducing the

required area of reinforcement. Reduction of the required area

of

FRP reinforcement in
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a given cross-section is important due to its relatively high cost.

Since the elastic modulus

of

FRP prestressing reinforcement is lower than that of

steel, the expected deformations after cracking and consequently the crack width of
members prestressed
prestressed

by

FRP reinforcement

will be greater

than those for members

by steel reinforcement. Despite the fact that FRP reinforcement is non-

corroding, large cracks are not aesthetically desirable. Excessive deformations degrade

the appearance of a structure. An appropriate crack width and maximum deflection
should be selected according to the type of sûucture to maintain a good appearance. In
conclusion, serviceability of concrete beams partially prestressed by FRP reinforcement,

in terms of deflection after cracking and cracking behaviour, should be well investigated.

I.2

OBJECTIVES

The main objective of this investigation is to examine the serviceability of concrete
members partially presuessed by carbon fibre-reinforced-plastic (CFRP) reinforcement.

The various specific objectives are:

1.

to study the various flexural limit-states behaviour of concrete beams partially
prestressed by CFRP reinforcement including behaviour after cracking and modes

of failure.
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to examine the deformational behaviour of partially prestressed concrete beams with

CFRP reinforcement under service loading conditions, in terms of deflection prior
and afær cracking and strain distribution along the cross-section at different limit
states.
J.

to study the cracking behaviour of partially prestressed concrete beams with CFRP
reinforcement, including crack pattern and crack widths, as related to the following
variables:

4.

a.

Stress

b.

Effective concrete area in tension.

c.

Number of prestressed CFRP bars.

d.

Degree of prestressing.

in the reinforcement.

to compile the behaviour of partially

prestressed concrete beams

with CFÃP

reinforcement to that of similar beams prestressed by conventional steel strands.
5.

to introduce analytical models to predict the deflection as well as the crack width of

partially prestressed concrete bearns with CFRP reinforcement due to first

and

repeated loading conditions within the service load range.
6.

to propose a model to calculate the deformability of beams prestressed by FRP
reinforcement and to compare
strands.

it with that of similar beanis prestressed by steel
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1.3 SCOPE AND CONTENTS

This study comprises experimental and analytical investigations. Based on
measured deflection and cracks, the analytical model

the

will be used to introduce equations

and design recommendations to predict the deflection and crack width
members partially prestressed by CFRP reinforcement. Each phase

of

concrete

of this study is

discussed briefly in the following subsections.

Phase

I: Experimental InvestiqatÍon: The experimental program consisted of testing

ten presûessed concrete beams. Eight beams were prestressed by CFRP bars and two by

conventional steel strands. The CFRP bars used for pretensioning had a nominal diameter

of eight millimetres with a brand name of Leadline and were produced by Mitsubishi
Kasei, Japan. In this investigation, the jacking stress was varied between 50 and 70
percent of the nominal sÍength guaranteed by the manufacturer. The cross-section of five
beams was a T-section with a 600-mrn flange width; the other

flange width.
a total depth

All

beams had a total length

five beams had a 200-mm

of 6.2 meters, a clear span of 5.8 meters

and

of 330 mm. This configuration provided a span-to-depth ratio similar to that

typically used by the industry for bridge girders. The beams were simply supported with
200-mm overhang at each end and were tested using a four-point loading test setup. Atl
beams were designed to fail in the flexural mode without premature failure due to shear

or ioss of bond.
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The beams were tested using quasi-static monotonic concentrated loads which were
cycled three times within the service load range. Deflection of the beam as well as the

cracking behaviour, including crack width and pattern, were observed during the tests.
The strains in the CFRP reinforcement and the concrete were also measured. Several
Leadline CFRP ba¡s and concrete control specimens were tested to examine the properties

of the materials.

Phase

II: Analvtical Study:

This phase of the investigation included a rational analysis

to predict the behaviour of concrete beams partially prestressed by CFRP reinforcement.

The analysis was based on a strain compatibility approach in addition to similar
approaches

to those adopted by the Canadian, American and the European codes for

beams prestressed by conventional steel reinforcement. The analysis used the mechanical

properties of the Leadline CFRP bars to predict the moment-curvature and load-deflection

of beams under shorrterm loading. Crack width in the service load range was

also

predicted. Measured and predicted deflection and crack width were compared. The
deflection and the crack width of the beams under repeated loading were also predicted

and compared

to the measured values. The study introduced a model for

the

deformability of concrete beams prestressed by FRP and compared its results with the
current model typically used for concrete beams prestressed by steel reinforcement.

Phase

III:

Design Recommendations: Based on the experimental results of the tested
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beams and the analytical methods, new parameters were proposed to predict accurately
the deflection, prior to and after cracking, and the crack width of concrete beams partiatly

prestressed

by

CFRP prestressing reinforcement. Design recommendations were

introduced for flexural design of partially prestressed concrete members with CFRP

prestessing reinforcement. The study also provided recommendations

to

control

deflection as well as crack width under fi¡st and repeated loading of partially prestressed
beams with CFRP reinforcement. The following is a brief description of the contents of
each chapter in the thesis:

Chapter

2:

This chapter covers state-of-the art information on the properties of

conrmerciaily available FRP reinforcenient and its application to structural engineering.

Chapter

3:

The available literature on the behaviour of prestressed and partially

prestressed concÍete beams by FRP reinforcement is reviewed. The behaviour

of beams

under flexure, fatigue and long-term loading as well as the bond characteristics of FRP
reinforcement is described. The ductility provisions for concrete beams prestressed by

FRP reinforcement are also discussed.

Chapter

4:

This chapter presents methods currently available for prediction of deflection

prior to and after cracking, and of crack width of partially prestressed concrete

beams

with steel reinforcement. The Canadian, American and European approaches to

the
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calculation of deflection and crack width of partially prestressed concrete beams are also

presented.

A

survey of the research on serviceability of beams prestressed by FRP

reinforcement is also presented in this chapter.

Chapter 5: This chapter describes the experimental program conducted at the University
of Manitoba to test ten partially prestressed concrete beams pretensioned by Leadline bars
and steel srands. Also presented are the mechanical properties of the Leadline bars in
terms of tensile strength, bond cha¡acteristics, and transfer length based on beam testing
and control specimens.

Chapter

6:

The flexural behaviour of the tested beams, in terms of deflection, crack

width, c¡ack pattern and strain distribution is described. This chapter also describes the
overall behaviour of the beams in terms of cracking load, ultimate carrying capacity, and
different modes of failure and thei¡ associated deformability. The behaviour of beams
prestressed by CFRP ba¡s is compared to that of the tested beams prestressed by steel.

Effects of the degree of prestressing, and the disuibution of the tension reinforcement on
the behaviour of the beams are discussed.

Chapter

7:

The flexural behaviour in terms of cracking and ultimate capacity of the

beams as well as the serviceability limit-states are predicted. Accurate and simplif,red

methods are given to predict deflection prior to and after cracking, including tension
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stiffening, under short-term loading. The crack width of the beams is also predicted using
three different methods. New methods a¡e proposed to calculate the deflection and the

crack width of the beams due to repeated loading. An expression is proposed for the

effective centroidal distance

of a

cracked section prestressed

deformabiliry model for concrete beams prestressed

by

FRP

by CFRP bars. A

is

also proposed

and

compared to conventional methods for evaluating ductility. Design recommendations for

partially prestressed concrete beams with CFRP bars a¡e also presented.

Chapter

8: A summary

of the investigation is given. Several conclusions are introduced

to give an understanding of the behaviour of concrete beams partially prestressed by
CFRP reinforcement.

a,

FIBRE REINFORCED PLASTIC
REINFORCEMENT

2,7 BACKGROUND

Developments
especially

in

science and technology have accelerated

in the last decade,

in the composites industry. The development of new materials and their

applications in aerospace and defence has been growing fast. Much of the research and
investment that has taken place has been aimed at these market areas. On the other hand,
the rate of development with respect to the needs of the construction industry, namely,
niass produced, high quality, relatively low cost composite products to meet sophisticated

structural requirements, has been relatively slow. Increasingly, fibre reinforced plastics

(FRP) have been used in a number of structures, such as brid,ees, buildings, off-shore
structures, and retaining walls in Japan, Germany, the USA, and Canada.

Population growth and the demand for services have meant that infrastructures are
overwhelmed with a level of usage never anticipated during construction. Corrosion of

steel, sometimes exacerbated by poor design and construction, has led

10
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deterioration of structures. The cost to repak and replace these structures is staggering.

More durable structures which can be maintained indefinitely without disrupting
are needed. High-quality structural composites are being seen as materiais

usage

likely to assist

in meeting these objectives. However, standard specifications and codes of practice

do

not yet exist in civil and structural engineering applications of composites; therefore, the

vital questions of reliability and performance are difficult to address.

2.2 DEFTNITION OF FftP

Fibre reinibrced plastics (FRP) are obtained by inserting fibres of high strength into

a polynier niatrix. The reinforcement of the matrix is provided by the fibres which a¡e
charactenzed by very high stïength-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

nratrix, the essence
location,

of

in the right

ernbedded

in a lower

FRP technology is the ability to have strong fibres

orientation and with the ri.eht volume

materials can be used as a matrix for various

,jm

stiffness

in the right

tiaction. Since different

o, fibres, the scope in terms of

properties is almost limitless. In practice, only a few materials are used, and selection

is determined by factors such as ease of fabrication, compatibility between matrix and
fibres, desired end properties, and cost. Therefore, the most commonly used fibre

materials are glass, carbon, and aramid (abbreviation
11

for

polyparaphenylene-
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terephtalamide). The matrix materials are classified

in

general into two groups of

thermosening resins, namely, polyesters and epoxides, and thermoplastics resins, namely,

nylon, polycarbonate and polypropylene.

A flat arrangement of unidirectional fibres or woven fibre fabrics in a thin layer of
matrix material produces a lamina. The properties of the laminae are sûongly dependent
on the orientation of the embedded f,rbres. In 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 loadin-e

conditions to which the structural element will be subjected.

A wide variety of

FAP

structural shapes and pultruded custom shapes are now commercially available. In
addition, fibre-reinforced prestressing tendons and cables, rebars, gratings, and reinforcing

grids are widely produced in different shapes using carbon, aramid, and glass.

2.3 APPLICATIONS OF FRP

There has been a rapid growth in the use of fibre-reinforced materials in engineerin_9

applications
reahzed

in the last few years.

in civil

However, the

full potential of

FRP has yet to be

and structural engineering applications. FRP comes

in the form of

laminates, sffuctural sections, reinforcing bars and grids and prestressing tendons. Fibre

T2
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reinforced materials are not universal substitutes for other materials and should be
selected for their own pafiicutar qualities. However, the advantages of FRP will certainly

encourage the designers to achieve structural systems that could not be built using
conventional

m

aterials.

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

corrosion of steel reinforcement. This problem is more serious in cold climates where
de-icing salts accelerate the deterioration. Since FRPs are non-metallic materials, they

are non-corroding which

is a major advantage over steel. The potential result

of

eliminating corrosion is a longer life-time of structures with minimum maintenance, which

will signitìcantly offset

the high material cost.

FRP has s[ength-to-weight ratios ranging from three to five times higher than that

of prestressing steel. The light weight of the FRP makes handling and
generally much easier and reduces costs

installation

of assembly. This also makes FRP very

attractive as a rehabilitation material. The other important properties of FRP are its
electro-magnetic neutrality and relatively favourable fatigue behaviour.

FRP has been used in the following structural applications

i.

:

Short span bridqes: Many pedesÍian bridges have been constructed using FRP. A

13
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Philadelphia company, E.T Techtonics, has constructed pedestrian bridges using

Kevlar 49 cables to presûess glass-fibre king-post, queen-post and truss bridges.
Bridges of 7- to 10-m span have been constructed (cited in Mufti, Erki, and Jaeger
1991).

Fibre reinforced plastic tendons have been used to reinforce and prestress concrete

to produce more durable structures. In addition to the previously
advantages

mentioned

of FRP, FÀP tendons are characterised by high tensile strength, low

relaxation under sustained high loads (especiatly for carbon and glass-based FRP)

and excellent fatigue properties (especially for ca¡bon and aramid FRP tendons)
(Rostásy 1988). The low Young's modulus

in

of

FRP tendons results in a reduction

prestressing losses. These characteristics greatly enhance the use

prestressing tendons for short-span bridges.

bridges

in several

of FRP as

A number of pedesuian and highway

countries have been built using FRP structurai sections and

prestressing elements for concrete girders and slabs (Mufti, Erki, and Jaeger 1991

and Minosaku 1992). Table

2-l shows different types of prestressed

concrete

bridges with FRP prestressing tendons.

2.

Lone span bridees: As a result of the very high strength-to-weight ratio of FRP
compared

to those of conventional materials, FRP can compete with steel and

concrete in the construction of long span bridges. FÃP structural sections can be

T4
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utilized in the construction of the bridge girders , while unidirectional FRP tendons
can be used as cables under tension. To date, the construction of relatively longspan bridges with FRP has not been reported.

A

proposal for a carbon-fibre-

reinforced-composite bridge across the strait of Gibraltar at its naruowest site was
reported by Prof. Urs Meier (Meier 1988). Prof. Meier outlined the feasibility of
constructing cable-søyed and classical suspension bridges of steel, glass-reinforced
plastics (GRP) and carbon-fibre-reinforced plastics (CFRP) and concluded that the

most feasible design would be a cable-stayed bridge of CFRP. In Fig. 2-1, the
specific design loads versus the centre spans for the classical form of suspension
bridges made

of steel are compafed with those made of GRP or CFRP.

The

comparison shows that the use of advanced composites would allow the doubling or

tripling of the limiting span in comparison to steel structures.

3.

Repair of structures: A number of chimneys, coiumns, slabs and girders have been
strengthened against overloads from ea¡thquake or changes

in use using CFRP

products (Mufti, Erki and Jaeger 1992). Many products are available for such

retrofitting. These are most often unidirectional fibre tapes, fibre winding

strands

and fabrics. Flexural and shear strengthening are possible using these materials.

The process used to retrofit a typical chimney starts with the preparation and
trowelling of the concrete surface with mortar or epoxy, followed by application of
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auto-adhesive tapes in the longitudinal direction and confinement of the chimney by

ci¡cumferentially wound carbon strands. An automatic winding machine was made

to facilitate the strand winding operation, as shown in Fig. 2-2. Finally, a fireresistant covering material, such as mortar, is applied on the surface.

4.

Repair of bridges: Many highway bridges built 40 years ago have deteriorated due

to the

increased weight

of trucks legally permitted on highways. In

addition,

corrosion caused by de-icing salts has made the deterioration even more severe.
Strengthening of deteriorated steel and concrete shuctures by bonding carbon-fibre-

reinforced epoxy laminates to the exterior

of the structure has been studied in

Switzerland and Germany (Meier and Kaiser 1991). The study has shown that the
use of CFRP laminates in place of steel plates for such applications can reduce the

total cost of a reinforcing project by about 20 percent. Although the FRP materials

are much costlier than steel, the lighter weight and better corrosion-resistant
properties can result in significant reductions in fabrication and long-term costs, as

shown in Fig. 2-3.

5.

Bridse 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, to provide access for inspection and maintenance. The floor is sealed to the
outside girders to provide protection from the envi¡onment. Corrosion rates of steel
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'within such enclosures have been found to drop to negligible levels. The first
system

of this type in the world

Middiesbrough, England,

was installed on the 419 Tees Viaduct in

in 1989. The material

used was glass-reinforced-plastic

(GRP) (Maunsell International Consulting Engineers 1989). The structural floor of
the enclosure, as shown in Fig. 2-4, is composed of pultruded GRP panels which are
characterised by light weight and high durability. The modular GRP panels were
selected on the basis of a coslbenefit analysis, which took into account total costs

of inspection and maintenance of the steel plate girders. Other cost-saving attributes
to the system were the minimum weight, reliable life to first maintenance (30 years),
good fire resistance and good long-term appearance.

6.

Tunnel linine: FRP grids covered by shotcrete can be used for tunnel lining. FRP

has advantages over the steel due to its high corrosion-resistance, its flexibility
which makes it suitable for curved surfaces, as shown in Fig. 2-5, and its excellent
alkali-, acid- and chemical-resisting properties. The material is very in tight 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
(NEFMAC, 1987) such

as the Kakkonda

projects

hydroelectric power plant, where glass FRP

was used to reinforce the arch, side wall and invert of a water-conveyance tunnel for

crack prevention in a total area

of 430 m2.
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7.

Marine structures: Glass FRP has been used for over 45 years in marine applications.
Fibreglass boats are roughly 95 percent of all the boats manufactured in the USA.

Durability and performance of fibreglass in salt water has thus been proven with

time.

Sen, Issa and

lyer (1992) reported

a

feasibility study of fibreglass pretensioned

piles in a marine environment.

8.

Special applications: Fibreglass cables were used in the rehabilitation of the Mai¡ie

d'Ivry metro station in Paris,

as shown

in Fig. 2-6, where the non-magnetic nature

of the material played an important role in cable selection.

A computer research centre was constructed using glass fibre pultruded sections
is shown in Fig.

2-7

and

. The major advantage of using glass fibres in this structure is

that they are invisible to radio waves.

2.4 MATERIAL PROPERTIES

There are a large number

of candidate constituent materials in addition to

material configuration va¡iables, including number

of fibres, orientation of

the

fibres,

combination of frbres, type of matrices, etc, which significantly affect the characteristics

of FRP. A

brief review of the fib¡e and matrix properties is given followed by the

properties of FRP prestressing reinforcement.
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2.4.1 Fibre Properties

Fibres are the principal constituent

in FRP material as they occupy the

largest

volume fraction and carry the major portion of the load acting on a composite structure.
Proper selection of the type, numbet, and orientation of fibres is very important, since it

influences the tensile and compressive properties

of the FRP product as well as its

electrical and thermal conductivities and cost.

It

has been reponed that variability is an important aspect of the mechanical

properties of fîbres, as tests on individual fibres show a wide range of strengths (Hull

1981). A comparison of the tensile stress-strain behaviours for different fibres is given

in Fig. 2-8. The fibres are cha¡acterised by linear behaviour up to failure, with all
fibres fracturing in a brittle manner without any yield or

flow.

the

Carbon and glass fibres

are almost completely brittle and fracture without any reduction in the cross-section; 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 at failure. Carbon fibres have the highest specific Young's modulus
(modulus / density) and the lowest strain at failure, followed by Kevlar 49 and glass. The

variability of the tensile strength is less than that of the modulus of elasticity.

t9
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2.4.1.1 Glass

Two types of glass hbres, E-glass and S-glass, are commonly used in the

FRP

industry. E-glass has the lowest cost of all commercially available reinforcing fibres,
which is the reason for its widespread use. S-glass has the highest tensile strength among

all fibres in use (Mallick 1993). 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 abrasion, either by rubbing against each
other or by contact with the processing equipment, tends to reduce its tensile sftength to
values in the range of 1.72 to 2.07 GPa. Strength degradation increases as the surface
flaws grow under cyclic loads; this is one of the major disadvantages of using glass fibres

in

fati-eue applications.

The ænsile strength of glass fibres is also reduced in the presence of water or under
sustained loads (static fatigue). Water bleaches alkaiis from the surface and deepens
surface flaws already present in the fibres. Under sustained loads, the growth of surface

flaws is accelerated due to stress corrosion by atmospheric moisture. As a result, the
tensile strength of glass fibres is decreased by increasing load duration (Mallick 1993).
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2.4.1.2 Carbon

Ca¡bon fibres are manufactured from two types of fundamental materials, namely,

textile PAN-based and PITCH-based materials. The most common textile material is
poly-acrylonitrile (PAN). Pitch-based carbon, which is a byproduct of petroleum refining
or coal coking, has a lower cost than pan-based carbon.

Carbon fibres are commercially available with tensile moduli varying from 270 to

517 GPa (Maitick

i993). In

general, the low-modulus fibres have lower specific

gravities, lower cost, higher tensile suengths and higher tensile strains to failure than the
hi_gh-modulus

fibres. However, the manufacturers of carbon fibres report that the tensile

srrengrh of rhe fibres is in the range of 3000 MPa and the tensile elastic modulus about

230 GPa. Among the advantages of carbon fibres are thek exceptionally high tensilestren,gth-weight ratios as well as tensile-modulus-weight ratios, very low coefficient of

linear expansion, and high fatigue strengths. The disadvantages are thei¡ low impact
resistance, high electrical conductivity and high cost.

2.4.1.3 Kevlar 49

Kevlar 49

is a highly

crystalline aramid (aromatic polyamide). Among the

reinforcing fibres, Kevlar 49 has the lowest specific gravity and the highest tensile
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strength-weight ratio (Mallick t993). The major disadvantages of Kevlar 49 are its low
compressive strength and difficulty in machining.

Although the tensile stress-sûain behaviour of Kevlar 49 is linear, fibre fracture is
usually preceded by longitudinal fragmentation, splintering and even localized drawing.

In bending, Kevlar 49 fibres exhibit a high degree of yielding on the compression

side.

Such a non-catastrophic failure mode is not observed in other fibres and gives Kevlar 49

composites superior damage tolerance against impact or other dynamic loading. Kevlar
49 fibres start to carbonize at about 421oC and the recommended maximum long-term-use
temperature is 160oC. It is reported that moisture has little or no effect on the properties

of Kevlar 49; however, it is quite sensitive to ultra-violet radiation.

2.4.2 Matrix Properties

The role of the matrix in a fibre reinforced composite is:

1.

To transfer sûesses among the fibres.

2.

To provide a barrier against an adverse envi¡onment.

3.

To protect the surface of the fibres from mechanical abrasion.

The matrix plays a minor role in the tensile load-canying capacity of a composite
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structure. However,

it

has a major influence on the interlamina¡ and in-plane shea.r

properties of a composite structure. Mauix materials are either polymeric, metallic or

ceramic. Polymers are the most commonly used, and a¡e divided into thermoplastics and
thermosets. The tensile sÍess-strain diagrams of thermosetting polymer (epoxy) and
thermoplastic polymer (polysulfane) are shown

and decreasing the rate of loading result
decrease

in the ultimate

stress

inFig.2-9.

a

Increasing the temperature

in an increase in the ultimaæ strain and a

of the polymeric solids (Mallick 1993).

2,5 CHARACTERISTICS OF FRP REINFORCEMENT

FRP presuessing reinforcements currently commercially available are mainly made

of parallel filaments of glass, carbon, or aramid, most of which are impregnated with

a

resin matrix. They are available in the form of bars, ropes, and strands. The general
advanta-ees

of FRP prestressing reinforcements

compared to steel are:

1.

High ratio of strength-to-mass density (up to 5 times greater than that of steel)

2.

Carbon and aramid fibre tendons have excellent fatigue characteristics. However,
the fatigue strength of glass FÄP reinforcement may be significantly below that of
steel.

).

Excellent corrosion resistance and electromagnetic neutrality.

4.

Low coefficient of thermal expansion in the axial direction, especially for carbon
23
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FRP reinforcement.

The disadvantages of FRP presûessing reinforcement include:

1.

High cost (5 to 10 times more than that of steel).

2.

Low failure strain.

3.

Low ratio of lateral-to-axial strength.

4.

Low long-term to short-term static sfength (especially for glass FRP).

5.

Glass fibres may deteriorate due to water absorption.

The characteristics of FRP reinforcement differ greatly according to the properties

of the matrix and fibres and to the volume fraction of the fibres
parameters affect the stress-strain characteristics

of

.

Moreover, various

FRP reinforcement, such as diameter

and length of reinforcing bars, temperature, and rate of loading. The material
characteristics

of reinforcement

made

of glass-fibre-, carbon-fibre- and aramid-fibre-

reinforced plastic (GFRP, CFRP and AFRP respectively) as compared

to those of

prestressing sæel strands are shown in Fig. 2-10. Similarly to the behaviour of the fibres

and unlike that of prestressing steel, FRP reinforcement does not yield but remains
linearly elastic up to failure. Young's modulus of FRP reinforcement is much less than

that of prestressing steel strand, ranging between 50 and 150 MPa, while the tensile
stren-eth

is close to that of the steel. The cha¡acteristics of different commercial FRP
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prestressing reinforcement are given in Table 2-2.

2.5.1 Glass-Based FRP Prestressing Reinforcement

GFRP is the least expensive type

low transverse

of

FRP reinforcement. Since GFRP has a very

shear strength, which makes

it difficult to make efhcient

anchorages for

prestressing, most of the GFRP reinforcement commercially available is proposed as nonprestressed reinforcement. Surface treatments such as qua-rtz sand, to give a rough finish,

and external fibre winding, to produce a ribbed surface, have been applied to GFRP bars

to improve their bond to concrete. One commercial application of GFRP prestressing
reinforcement is "Polystal". Other GFRP bars are produced for different applications such
as Isorod by Pultall Inc. (Canada),

IMCO by IMCO Reinforced Plastics Inc. (USA), Jitec

by Cousin Frère (France), Kodiak by IGI International Grating (USA) and Plalloy by
Asahi Glass Matrex (Japan). The following is a brief summary of the properties of
Polystal GFRP prestressing tendons.

Polystal: is produced by Bayer AG in association with Strag Bau-AG in Germany.

This tendon consists of bundles of ba¡s, each containing E-type glass fibre filaments in
an unsaturated polyester resin matrix. The bar diameter is 7.5 mm, with loosely packed

fibres of 68 percent by volume (80 percent by weight). The specific weight of Polystal

is 2.0 gm/cm3 and its coefficient of linear thermal expansion is 0.7 x 10-5

(ifc).

The
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tensile strengrh of the Polystal is about 1670 MPa, while its young's modulus is 51 GPa.

It is reported (Miesseler

and Preis 1989) that the time-dependent creep strength, which

is called a creep-rupture phenomenon, is about 70 percent of the short-term strength

as

shown in Fig. 2-11. Polystal survived two million cycles under a stress range of 55 MPa

with 10 percent failure probabiüty, when a tensile fatigue test was conducted under

a

maxinrum stress (oo) = 736MPa, which is 44 percent of the ultimate strength as shown

in Fig. 2-12. It is concluded that

a

limiting fatigue strength at 2xI06 load cycies does not

exist for FRP (Rostásy 1988). Stress loss due to relaxation is predicted to

be

approximately 3.2 percent after 57 years. Fig. 2-13 shows the relaxation losses of
Polystal in comparison to those of prestressing steel of a low-relaxation type.

2.5.2 Carbon-Based FRP Prestressing Reinforcement

CFRP prestressing reinforcement has the highest tensile modulus of elasticity of the

various types of FRP reinforcement (about 70 percent of the modulus of prestressing
steel). The maximum strain at failure is between 1.2 and 2 percent. The axial coefficient

of thermal expansion is very low compared to that of prestressing steel (0 to

lfc),

0.6x10-6

while the radial coefficient of thermal expansion of CFRP ranges between 35 and

50x10-ó l/oC (Kim and Meier 1991). CFRP prestressing reinforcement is made in the
form of bars, ropes and cables, using PAN or PITCH-based carbon fibres. Various types

of CFRP reinforcement are produced, such

as CFCC by Tokyo Rope (Japan), Leadline
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by Mitsubishi Kasei (Japan), Jitec by Cousin Frère (France) and Bri-Ten by British Ropes

(UK).

Carbon Fibre Composite Cables (CFCC): are made by Tokyo Rope (Tokyo Rope

Mfg. Co., Ltd. 1993) in Japan using carbon fibres of polyacrylonitrile (PAN) supplied by
Toho Rayon. The wires are made from roving prepreg, which consist of 12,000 filaments
impregnated with resin. The prepreg is twisted to create a fibre core which is wrapped

in synthetic yarns, thereby becoming

a single cable. The yarn covering protects the core

from UV radiation and mechanical damage, and improves the bond of CFCC to concrete.
Cables consist

of either single, seven, nineteen or thhty-seven wires. The wires are

twisted to allow better redistribution of stresses through the cross-section. CFCC
available in diameters of 3 to 40 mm with a maximum length of 600

m.

ts

CFCC cables

are flexible enough to be coiled on drums for transportation. Prior to heat curing, CFCC

can be shaped into rectangular or circular spirals to be used as stirrups or confining
reinforcement.

The tensile strength of CFCC varies according to the diameter of the cable. For the

12.5-mm cable, the tensile sÍength and modulus are 2100 MPa and

I37

respectively. The coefficient of linear thermal expansion is approximately 0.6

x

GPa,

10-6 /oc,

which is about ll20 of that of the steel. CFCC shows a relaxation of about 3.5 percent
after 30 years at 80 percent of the ultimate load, which is 50 percent less than that of
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prestressing sreel srrand, as shown

in Fig. 2-14. Frg. 2-I5 shows the tensile fatigue

characteristics of CFCC, where a limit of two million cycles shows higher amplitude of
stress for CFCC than the amplitude of stress of prestressing steel strand subjected to the
same mean stress. Pull-out tests show that CFCC has bond strength to the concrete of

more than two times higher than that of the steel.

Leadline: produced by Mitsubishi Kasei (Mitsubishi Kasei Corporation 1992), is
another application for the use of ca¡bon fibres in prestressing reinforcement. Leadline
bars are pultruded using linearly oriented Dialead coal tar PITCH-based continuous carbon

fibre and an epoxy resin. Leadline bars have round, ribbed, and indented shapes and
guaranteed tensile strength and modulus

of

a

1970 MPa and I47 GPa, respectively, for

8-mm diameter. Relaxation of an 8-mm Leadline ba¡ at normal temperature and in
alkaline solution (PH=13) with temperature = 60oC, is shown in Fig. 2-16 and

an

2-I7. The

anticipated relaxation of Leadline, after 30 years, is between 2 and 3 percent. The fatigue

súength of 3-mm-diameter and 40O-mm-length Leadline ba¡ is shown in Fig. 2-18. At

a constant stress range of 10 percent, the fatigue strength is 57 percent of the static
strength at 10 million cycles.

2.5.3 Aramid-Based FRP Prestressing Reinforcement

Three different types of Aramid fibres are used in the industry to produce AFRP
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prestfessing reinforcement, namely Kevlar (29-49-149) by Dupont in U'S'4., Twaron by

A¡amid Maatschappij v.o.f. in the Netherlands, and Technora by Teijin in Japan. The
fibre tensile sûengths and moduli of elasticity are, respectively,2650 MPa and 165 GPa

for Kevlar 49, 2800 MPa and I25 GPa for Twaron, and 3400 MPa and 73 GPa for
Technora. AFRP prestressing reinforcement is produced in different shapes such as
spiral-wound, braided, and rectangular bars. The phenomenon of creep-rupture failure has

been observed

for

AFRP reinforcement. Different AFRP prestressing elements are

produced such as Technora by Teijin (Japan), FiBRA by Mitsui (Japan), Arapree by

AKZO and Hollandsche Beton Groep nv (Holland), Phillystran by United Rope Works
(USA), and Pa¡afil Ropes by ICI linear Composites (UK).

Technora: Teijin Limited of Japan produces ba¡s of brand name Technora using

Teijin aramid frbres, PPODTA co-poly-paraphenylen/3,4'-oxdiphenylene terephthalamide,
impregnated with vinylester resin in a pultrusion method. Both round bars and bars with

external spiral windings are available in diameters of 3 to 8 mm. The ba¡s are flexible
enough to be wound on a 1.5-meter-diameter drum and may be cut to the required lengths

with a grinder. The coefficient of linear thermal expansion is -15x10-ó /oC. Relaxation
of Technor aAFRPprestressing reinforcement ranges between

7 and 14 percent (Kakihara,

Kamiyoshi, Kumagai and Noritake 1991), as shown in Fig. 2-19. Fatigue characteristics

of 6-mm AFRP bar are shown in Fig. 2-20. It is also reported that the number of cycles
to fracrure is higher than

I million at practical levels of load, 1000-1200

MPa, and with
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an amplitude of 200-300 MPa.

Fibra: is produced by Mitsui construction company by braiding multipie bundles of
600 denier (0.00066

o/ft)

kevtar 49 fibres and impregnating the braided fibres with an

Epicote 827 andteta epoxy resin (Mitsui Construction Co., Ltd.). Fibra bars are available

in

diameters from

3 to 16 mm, and can be wound on a 1.5 meter drum for

easy

üansportation. Braiding was selected for manufacturing Fibra bars to increase the bond

with concrete. Moreover, the bond can be further improved by applying a quartz

sand

finish to the bars. Relaxation after 100 hours was found to be 10 percent regardless of
the initial load, which is two to three Ûmes greater than that of presuessing steel,

as

shown in Fig. 2-21. There was no apparent deterioration when the bars were placed in
an alkaline environment with elevated temperature up to 80oC.

Arapree: aramid bar is developed by Akzo in association with Hollandsche Beton
Groep

nv.

Arapree is ma¡ufactured by pultrusion, using Twaron HM a¡amid fibres and

an epoxy resin. Arapree tendons are available in flat strips with cross-section ranging

from 0.5x20 mm to 5.6x20 mm, and in round bars, with 2.5-, 5- and 7-mm diameters.
Relaxation of Arapree in aikaline solutions is'higher than relaxation in ai¡ (Genitse and

Werner 1991), as shown in Fig. 2-22. The creep-rupture behaviour, which is the relation
between the st¡ess level in the fibres and the time it takes for an Arapree bar to fail under

the coresponding constant stress, is shown in Fig. 2-23.
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2.6 ANCHORAGES OF FRP PRESTRESSING

RCiNfOTCCMCNI

The very low ratio of lateral to axial strength of FRP reinforcement (as high as 1:30)

(Kim and Meier 1991), translates into a need to redesign the anchoring system for

such

reinforcement. Conventional systems such as clamps or potted end fittings that are used

for steel cables or strands do not ensure reliable anchoring of FRP reinforcement. The
principal goal is to achieve a stress distribution in the anchoring zone such that failure of
the cable will take place outside the anchor zone. A further consideration is the long-term

reliability of the anchor. It should be noted that the cuffently available anchorages can
be used only for short-term applications.

Each type
characteristics;

of FRP prestressing

reinforcement commercially available has unique

to date, there is no single anchorage

scheme that can ensure optimal

prestressing load transferfor all of them. Mostof the systems developed so farhave been

grout and wedge-type anchorages, as shown in Fig. 2-24 and 2-25, the exception being
some non-resin-impregnated aramid tendons (Erki and Rizkalla 1993). One disadvantage

of grout-type anchorages is that the tendon and its anchorages have to be supplied
pre-assembled

if

unit. This could be inconvenient if any late design

the anchorages ever need to be replaced during thei¡ service life.

31

as a

changes are made or

Chapter (2) / Fibre Reinforced Plastic Reinforcement

Tabte

2-I

Material

Examples of concfete bridges prestressed by FRP reinforcement
Bridge description

BASF posrtensioned prestressed conqete highwaY
bridge, Germany, 1991

Nagatsugawa Pretensioned
simple slab pedestrian bridge,

C

P/P,

Dimensions of
the bridge

Diemeter of
reinforcement

Four cables, each 11.2 m wide x 80 m
is made of 19 1x7 long, four 20 m
spans,2 straight and
012.5
2 cuwed
Cables of lx7
12.5

mm

$

2.5 m wide x 8.0 m
long

Kitakyusyu preshessed

R
P

concrete highway bridge, JaPan,
1989

Shinmiya pretensioned

8 multi-cables
bundled with 8
CF¡RP ¡ods of 8
mm diameter

35.8 m long,
pretensioned girder
(18.2 m span) and
post-tensioned giider
(17.5 m span)

eiShr 1x7012.5

5.76 m span and 7

R
P

m

wide

concrete slab highway bridge,
Japan, 1988

A
F

design load

60,55

and 5O

and

55 Vo under
design load

60,55 and 45 Vo,
jacking, i¡itial and
at design load

Demonstration bridges for

3Q6 pretensioned

11.79

m span for the

75,70, and 60

Vo,

Technora, pretensioned
composite slab and posr
tensioned box girder, JaPan,
1990 and 1991

strands,19Q6

pretensioned bridge
and 24.1 m span for
the post-tensioned
girder

jacking, i¡itial

and

Mito city post-tensioned
concrete pedestrian susPended
slab bridge, Japan, 1990

post-tensioned
cables and 7Q6
extemal cables
16 cables, each

is

made of 8 bands
4.8ó x 19.5 mm

Nasu pretensioned presfessed B¡aided AFRP 14
concrete highway bridge, Japan, mm diamete¡

2.1 m wide and

m

54.5

long

at desigD load

50 Vo under
design load

3 spans i 1.98 m

50 % under

each

design load

1990

The Marienfelde pedestian
extemally presûessed bridge,

G
F
R
P

Vo,

jacking, initial
at design load

Japan, 1989

F

5O Vo uoder

Cables
7.5

of 1xl9

Q

spans

tensioned preshessed highwaY
bridge, Germany, 1986

of

nJal

17.6 and 23

m long

Germany, 1989

The Ulenbergstrasse Post-

5 m wide and two

59 cables of
Q 1.5

Lünen'sche Gasse single sPan

l@

slab bridge, GermanY, 1980

mm diameter

1x19

rods of 7.5

two spans of 21.3

47 Vo under

and 25.6 m long

design load

6.55 m span

nlal

* P/Puis the ratio of the prestressing force to the ultimate strength of the cables
I not available

32

Chapter (2) / Fibre Reinforced Plastic Reinforcement

Table

2-2

Characteristics of FRP prestressi
Fibre

Commercial

Mahix

V;
(Vo)

name

Glass

Leadline

Ca¡bon

Epoxy

Ca¡bon

Epoxy

Carbon

Vinyl-

Diam. Density Tensileï
(mm) (gm/cm3¡ strength
(MPa)

Tensilel
modulus
(GPa)

Ultimate Coeffrcient

tensile
strain
(vo)

of thermal

Qf

q

x

1670

5l

3.3

7

t-r7

1.6

1970

t47

1.3

0.68

3-40

2.0

2100

137

10-6

25

E-type
65

x

10-6

(Mitsubishi Kaseí)
CFCC

0.6

x

l0-ó

-15

x

10-6

(Tolqo

þ)
(j)

Bri-Ten

A¡amid

Vinyl-

Fibra

Aramid

(Mitsui)

Kevlar 49

Arapree
( KZO)

Aramid
Twaron

Epoxy

Terylene

No resin,
fibres in

UCD
{<
I
I

I

+
$

Based on 8
mm bar
Based on 12.5
mm cable

r36

n/a$

65

3-8

1.3

1900

4-14

1.3

t255

t.23

5.t

ester

(Teijín)

Pa¡afìl+
Rope

Based on 7.5
mm bar

ester

(British Ropes Ltd.)
Technora

Comments

expansion

2.0

7.5 to

Polyester

Polystal
(Strabag Bau-AG)

reinforcement

A
F
G

Kevlar 29
Kevlar 49

Epoxy

sheathing

37 to

5.7 to

45

7.9

100

4.5
to
140

0.9
to
1.0

to 43 to
1200 53
12
616
192() 77.7
1926 126.5
1000

-5.2

64.8

2.3

-2

x

x l0 6
10-6

Based on 8
mm bar

Rectangular

&

circular shapes

A,F&Ga¡e3

5.1

2.4

-5.7 x

1.5

Fibre content by volume
Tensile strength and modulus are based on gross sectional area
parafil may not be classified as FRP tendons, since the fibres are not embedded in a plastic matrix
not available

lO6

different

of Parafil

tYPes
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Fig.2-1 Specific design load vs. main span
for classical form of suspension bridges

Fig.2-3 Strengthening of existing bridges
above: strengthening with steel Plates
below: strengthening with unidirectional
carbon fibre reinforced ePoxY taPes

Fig.2-2 Retrofitting of chimneY
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IMPROVED CORROSION CRITERIA
ACCESS TO SERVICES

FOR CONCRETE REINFORCEMENT
PROTECTION TO AND MASKING

PROTECTION TO STEELWORK
(REDUCED fNTERNAL PAINT
SPECIFICATION) AND REDUCED

OF BRACING
ACCESS FOR CONSTRUCTION
ACCESS FOR INSPECTION. REPAIR
AND MAINTENANCE

MAINTENANCE
PROTECTTON FOR AND
/
ACCESS TO BRIDGE BEAR¡NGS,

LOW WEIGHT-CELLULAR GRP ENCLOSURE

Fig.2-4 Structural floor of bridge enclosure

Fig.2-5 Tunnel lining by FRP grids
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Glassfiber prestress¡ng tendons ( w

load 650 kN

)

5"20

_l22.45
Fig.2-6 Cross section of Marie d'Ivry nretro station

'7;¡*1,;** ' *Ø,

Fig.2-7 One of the fbur turlets conslructed to house communications equipments
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Fig.2-8 Tensile stress-strain diagrams
for various reinforcing fibres

Fig.2-9 Tensile stress-strain diagrams of a thermosetting
polymer (epoxy) and a thermoplastic polyrrer (polysulfone)
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Fig.2-10 Tensile sfress-strain diagrams of several FRP and prestressing wire

37

Chapter (2)

/ Fibre Reinforced

Ptastics

Long torm gtrength
Short torm strength

Polystol

; f

=05

1",.

Aropree,Tuoron Fl"l

,

indep ol q

prestc steel St1¿70/670
low reloxotion; e =0.7 frr
T = 20oC

o.or o,osoJ

I

o,5

5

É soúo

5oo

¡æsooord s.rdtor s¡dtor
lJfetlmo t,log (hoürs)

(})
oo

Fig.2-

1

1

I
I

1

E

z
.g

i

Creep strength of GFRP bars (Polysral)

\-

læ

t PolYslol o7.5mm
i in oir. ?0oC

e-grort.epoxy

0,01 0.1
Fig.2-13

\\

ø

I

-lE-gtos

. polyesler

-{\

o
J

öì

Eto

v¡

r 0,65

os.:..7

36N/mm2

.â 0.¿B tcri

lü

lO5

106 ¡¡=2

lood cycles

to¡

06 lgt

þ6

N

Fig.2-12 Fatigue behaviour of GFRP bars (Polystal)

Stress relaxation

I

10¡ 10¿ 105

106

h

of GFRP (polystal), AFRP
(Arapree) and prestressing steel (low relaxation)

I

46
Ë80

t0

lime under lood in

I

I

b

1

-l

Chapter (2) lFtbre Reinforced Plastic Reinforcements

UILL

Àbout 3.5t

PC s-sa¡deê

Àbout 7.08

steef wi:e

¿)l
r!

x

¡l

Él
ct

\ \

= k. la91
F.elaxa--!on

AFR,P

Àbout l-4.0+

Cons'.¿nr.
I

l0¿

ros

I

Àlte¡

about
30 years

Fig.2-I4

Stress relaxation of CFCC in normal temperature

O
O

CFCC

¡o-bre¡l

CICC

br¿¡k

A PC nrbrul
PC br¿rl
^

\

êô

J

o
o
o

t00
Mean stress (kgfimm2)

Fig.2-15 Fatigue sûength of CFCC
39

Chapter (2) / Fibre Reinforced Plastic Reinforcements
G
tv\

l^w
1,,
.ll

-----

:=7:=-7:--::-:_-::-:--:_-:_:_::-:_:_

W"r/

r:__:tt

r00

l{)

l?r
la

Fig.2-16

10000

t000

EXPOSURE

l,l-

lc
t¿L

5 ro

r0

12E
l:k

?g3o

l'r
¡J

ä

yeocs ?

100000

TIME (hrs)

Stress relaxation

of Iæadline

o

Ë
æ,

-rø

o

-15

=€
ã

-2ø

o
æ,

(0il)

,

-25

ø

50ø

r00çt

15øø

wø

25øø

Exposure Time (Hours)

Fig.Z-I1

Stress relaxation

of CFRP (Leadline), AFRP rod in alkaline solution

¡lk

I

â

x

rd

tc

rr

ro'

10"

NLMBER OF CYCLES TO FATLLME

Fig.2-18 Fatigue behaviour of Leadline
40

Chapter (2) lFlbre Reinforced Plastic Reinforcemenrs

à€

510
@

€
0)

r5

10

1or t ro,

102

105

Time (min)

Fig.2-19 Relaxarion of Technora
1.2
Ampl i

1.0

of

ó

1oêd ing

0.8
o
o.

0.6

Ê

0.4
L

0.?

0

10't

101

Number

of

1O';

loading

Fig.2-20 Farigue behaviou¡ of Technora

'
O.l
\<
o

ø

of Test (h¡)

I

to

Prestressing steel

,

F$R.q. (K6l¡)

?u t

4

o

Þl

Dura*,ion

6

'

-0.5

o
é

I

.l(,

l0

x

F13RA

(r(6l¡) -ì

t2

(tlote) Tests ¡rerfotred at

Shinho

Fig.2-21 Relaxation of Fibra
41

tude

Ot

Chapter (2) I Flbre Reinforced Plastic Reinforcements

!rt'rltrtilitll

tlil

iilitliillr

ttii

I

I

¡q6 --l-!

Arapree in air

'*:f

lì

ll

I

'T-

4

:Fx
it
1- lt

.:I
.,L

rl

ilIt

!lllrlli'iilll
¡l

t¡illl

--iT-j

lil:¡t
rdt
ÈÉ

Arapree in alkaline solution

!
-:-r

Fig.2-22 Sress relaxation of Arapree

S-

illilillllllllt
Lr

I lI
|

l

ìHLlll

^rR:20.C

I

I

I

r

I

I I l^.L.,*eio.'1""i T}}]

Irttiiltit|ltÌ!

q

'C
nM€-:.-J

'

Þ43
l6rfu!

Fig.2-23 Stress-rupture behaviour of Arapree

42

Chapter (2) I Flbre Reinforced Plasúc Reinforcemens

19

GFRP 8or:

Fig.2-24 Anchor for Polystal

prestressing

tendon, Strabag Bau-AG, "grout type"

Die cost body

E

E
E

E (o

Die- cost with sleel tube

25Omm

Fig.2-25 Anchorages for CFRP

ropes
using die-cast wedge by Tokyo Rope

43

q

(\¡

N

tT

I

3.

BEHAVIOI]R OF CONCRETE BEAMS
PRESTRESSED BY FRP REINT'ORCEMENT

3.1 GENERAL

One of the ffust iron bridges was built in England

in the bridge industry

ln

1779; since then a revolurion

has exploded. Nowadays, the number

of bridge structures

has

grown dramatically to meet the demands of today's infrastructure. However, deterioration

of such structures is

accelerated due to conosion

of steel. The maintenance cost

to

protect the steel from corrosion is relatively high. One of the most promising avenues

which has been expiored is to use FRP

n

the bridge industry. FRP tendons may be used

either to strengthen deteriorated structures or to construct new bridges. FRP tendons are
used

in the form of prestressing elements to post-tension and pre-tension the concrete.

But a crucial issue is to develop the confidence needed for a broad acceptance of
advanced composites. Obstacles to future development of FRP applications are:

1.

Lack of codes and specifications.

2.

Lack of experience and education.
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J.

Relatively high cost compared to conventional materials.

4.

Incomplete understanding of the material properties and long-term behaviour.

Research

in this field has already

been started and several structures have been

constructed with FrRP presÍessing reinforcement. Moreover, committees in a number of

countries have proposed design recommendations to introduce FRP

in the building

industry. This chapter presents some of the research which has been done in the field of
application of FRP as prestressing reinforcement.

3.2 FLEXURAL BEHAVIOUR

Since FRP reinforcement

is

characterised

by a linearly elastic

stress-strain

relationship nearly up to failure, failure of prestressed concrete members will occur either
due to rupture of FRP reinforcements or due to crushing of concrete. Failure due to

rupture

of FRP reinforcement will

occur progressively when the FRP reinforcement

farthest from the neufal axis reaches the ultimate tensile strain

. However, the concrete

strain will be less than the ultimate value. This type of failure of a concrete beam is very

brittle when compared to that of a similar beam with prestressing steel.

The other mode of failure, crushing of concrete, occurs when the concrete strain
reaches

its ultimate in

compression while the ultimate tensile strain

45

in the FRP

Chapter (3) / Behaviour of Concrete Beams Prestressed by FRP Reinforcement

reinforcement has not been reached. Such a mode of failure is much more comparable

to that of a concrete beam with prestressíng steel. Reinforced concrete members with
steel as reinforcing materials are normally designed in such a way that yielding of the
steel

will occur before crushing of the concrete in the compression zone. The following

subsections present the research done to investigate the flexural behaviour
beams prestressed by different types

of

of concrete

FRP reinforcement.

3.2.1 Aramid FRP

Tanigaki et al. (1989) examined the flexural behaviour of partially prestressed
concrete beams reinforced with braided aramid fibre rods (FiBRA). The FiBRA rods
were used for posttensioning and as non-prestressed reinforcement. Six T-beams with
a flange width of 765 mm and a total depth

of 300 mm were tested. The beams were of

3.0 meters clear span with a projection of 300 mm on both sides of the supports. The
prestressing force was altered in three beams where the tendons were stressed to 15, 30,

and 45 percent of thei¡ tensile süength. The type of prestressing tendons and main
reinforcement were also varied where FiBRA with and without silica-sand adhered to the
surface of the rods and steel were used. The number of presÍessing tendons was two for

all specimens and they were straight and laterally aligned beside each other at 100 mm
from the bottom face of the beam. The load was applied in five cycles by obtaining a
deflection at mid-span of U500 , L1300, L1200 and U100 at the successive cycles, where

46

Chapter (3) / Behaviour of Concrete Beams kestressed by FRP Reinforcement

L was the span of the beam; the beam was then loaded to failure. The behaviour of the
beams was characterised by the following;

1.

For beams with FiBRA as prestressing and non-prestressing reinforcement, the load
increased linearly from the occuirence of initial cracking up to failure. For the beam

with FiBRA

as presúessing tendons and steel as non-prestressed reinforcement, the

load increased linearly only after yielding of the steel. This is attributed to the linear
stress-strain relationship of the FiBRA up to failure.
2.

The crack pattern of the beams showed that the crack spacing was almost 100 mm

for both beams with steel and with FiBRA as presûessing reinforcement. This
indicated that the bond of the silica-sanded FiBRA rod to the concrete is similar to
that of a deformed steel bar.
-1.

In the beams with FiBRA as prestressed and non-presÍessed reinforcement, the
failure occurred by rupture of the non-presúessed reinforcement for the beam with

low prestressing force and by rupture of the prestressed rod for the beam with higher
prestressing

force. Failure of the beam with steel ba¡s as non-prestressed

reinforcement and FiBRA as prestressing reinforcement occurred by rupture of the

FiBRA rods.
4.

Flexural behaviour of the beams with and without silica-sand adhered to the surface

of the FiBRA tendons, was almost identicai.
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3.2.2 Carbon FRP

Younekura et al. (1991) examined the flexural strengths and flexural failure modes

of post-tensioned

beams using carbon FRP (CFRP) and aramid FRP (AFRP)

as

prestressing reinforcements. The main variables were the cross-secúonal area of
prestressing tendons, initial prestressing force, and type and cross-sectional area of nonprestressed reinforcement. The program included testing eleven beams with CFRP and
one beam with AFRP. The behaviour of the tested beams was compared to that of similar
beams prestressed with steel tendons. Sixteen l-beams with a total depth of 220 mm, a

flange width of 150 mm, and a clear span of 1.40 m were tested under static loads using
a two-point load configuration. Five levels of prestressing force were used ranging from

0 to 75 percent of the rupture load of the strands. Strains were recorded at different
locations of the beams to examine the strain distribution at critical sections at different

load levels. The results of this study are summarized as follows:

1.

The two classical failure modes of the beams prestressed by FRP tendons, n¡pture

of tendons and crushing of concrete, were achieved. However, it was found that
failure due to rupture of prestressing ændons could be avoided by suitable
arrangement of ample non-prestressed reinforcement.

2.

Comparing a beam with prestressing steel to a simila¡ beam with FRP tendons, but

with less initial prestressing force, the latter showed larger deflections after crack
48
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initiation and less ultimate load. However, as a result of increasing the prestressing
force and the cross-sectional a¡ea of the prestressing tendons, the difference in the
ultimate load a¡d ultimate deflection of the two beams became less and the failure
mode became identical.

3.

For beams with CFRP reinforcement, increasing the magnitude of the prestressing
force resulted in less deflection at the same load level and higher ultimate loads.
However, the gradient of the load-deflection curves after the occurrence of cracking
was unchan-eed. On the other hand, for beams presuessed by a large number of steel

tendons, the strength of the beams did not increase by increasing the prestressing
force.

4.

The strains in the beams with FRP tendons are larger than those with steel tendons
at the same load level and the neutral axis depths were less, due to the low elastic
modulus of FRP tendons.

Mutsuyoshi et al. (1990) tested ten post-tensioned concrete rectangular beams using
carbon-fibre-reinforced plastic cables in seven beams, while prestressing steel was used

in the other three

beams

for comparison. The design prestressing force was varied from

40 to 60 percent of the tensile strength of CFRP cables. Different surface preparations

for the CFRP cables were used to alter the bond characteristics between the cables

and

the concrete, from fully bonded to unbonded cables. The beams were of dimensions
150x200 mm and with 1.5-m clear span with only one cable in each beam. The beams
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were tested under the effect of two-point monotonic loads up to failure. The results of

this study showed two failure modes of the prestressed concrete beams, namely rupture

of the CFRP cables and crushing of the concrete. It also showed that reducing the bond
between the CFRP cables and the concrete resulted in less ultimate capacity for the
beams. No data were available concerning the cracking of the beams or the strains in the
cables.

Mutsuyoshi et al. (1991) reported the testing of six concrete T-beams externally
prestressed by CFRP, AFRP and steel. The beams were of 2.5-m span, 400-mm depth,

and 300-mm flange

width. The

cables were depressed at two points; the angle of the

cables to the center line of the beam was 7.1o in two beams and 11.30 in the other four

beams. The prestress in the cables ranged between 36 and 48 percent of their tensile
srrengrh. The beams with CFRP failed by crushing of concrete simultaneously with
breaking of the cables. The breaking load of CFRP tendons, attached extemally to the
beams, was about 80 percent of the average breaking load obtained from uniaxial tensile

tests. This was attributed to the stresses induced in the cables at the bending point.

Maissen and De Smet (1995) tested two concrete beams prestressed by carbon FRP
cables a¡d one beam prestressed by steel strands. The beams had a T-section with an

overall depth of 500 mm and a span of 6.0

m. The beams with CFRP were post-

tensioned by eight 12.5-mm CFCC cables of parabolic shape, where the cables were
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bonded in one beam and unbonded in the other. The jacking sftess was 50 percent of the

ultimate sffength of the cables, which was reported to be 2170
presrressed by steel was post-tensioned by

MPa. The beam

six 13-mm strands. The ultimate load of the

beam prestressed by bonded CFCC was slightly higher than that of the beam prestressed

by steel; however, the deflection at ultimate was much less. The failure was due to
rupture of the cables for the beam with bonded CFCC and due to crushing of the concrete

for the beam with

unbon ded

CFCC. The unbonded beam exhibited considerably

less

cracking than the bonded beam and therefore the rotation of the unbonded beam was
concenûated at few cracks. Consequently, the compressive stresses in the concrete at the

crack location increased and resulted in crushing of the concrete.

3.2.3 Glass FRP

Sen et al. (1991) tested six pre-tensioned concrete beams using glass FRP (GFRP)
tendons for three beams and presuessing steel in the other three beams. The dimensions

of the beams were 6" x 8", 6" x 10", and 6"

x

12"

with 8 feet clear span. The beams

were tested using two static point loads. The pre-cracking response of the beams with
steel and GFRP tendons, having the same effective prestress, was identical, while the
post-cracking response of the beams with GFÃP was more flexible than that of the beams

with steel. At failure, cracks in the beams with GFRP were more widely spaced over the
constant moment zone than in the pretensioned beams with steel.
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failure of the beams prestressed by GFRP was observed and was accompanied by slip of
the tendons.

Taerwe and Miesseler (1992) reported the testing of three post-tensioned concrete
beams using GFRP (Polystal) for prestressing. The æsted T-beams were 600 mm deep

with a 300-mm flange width and a 2.0-m clear span. GFRP tendons were bonded to the
concrete in two beams, while the tendons were left unbonded

in the third beam. Atl

beams failed by rupture of the tendons. The strains in the GFRP tendons were recorded

by means of optical-fibre

sensors, a technique introduced recently

to monitor strain in

glass fibre bars. Taerwe and Miesseler also reported testing of another beam with a clear
span of 20.0

m.

The beam had a T-shape with a total depth

of

1000 mm and a flange

width of 800 mm. A GFRP tendon consisting of 19 glass fibre bars (7.5 mm in diameter)
was used to post-tension the beam. The tendon had a parabolic shape and was stressed

to approximately 50 percent of its ultimate strength. The beam was loaded using two
point loads until it failed by rupture of the tendon. Strains in the GFRP tendon were
monitored using optical-fibre sensors.

3.3 BOND AND DEVELOPMENT LENGTH

Bond characteristics of prestressing tendons are of pafiicular interest in pretensioned
members as the prestressing force is transmitted from the tendons to the concrete by bond.
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Therefore, the evaluation
importance

of bond characteristics of FRP reinforcement is of

in the design of prestressed concrete beams.

variations between the different products

of

prime

However, due to the vast

FRP reinforcement, the bond characteristics

are quite variable and dependent on the type of FRP reinforcement. For prestressed
concrete beams with steel prestressing elements, the bond characteristics are influenced

by many factors that depend on both the steel and the concrete, such

1.

Size and type of tendons (wires or strands)

2.

Surface conditions (smooth, deformed, rusted, oiled)

3.

Tendon stress

4.

Method of transfer (sudden or gentle release)

5.

Concrete strength

6.

Conc¡ete confinement by steel (e.g., helix or sti-rrups)

7.

Type of loading (e.g., static, repeated, impact)

8.

Time-dependant effect

9.

Amount of concrete coverage around steel

as:

For concrete beams presfessed by FRP; the bond characteristics are influenced by
the previously mentioned factors in addition to the following:

1.

Tensile strength (1500 to 3000 MPa)
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2.

Tensile modulus (50 to 150 GPa)

3.

Poisson's ratio

4.

Shape (circular or rectangular)

5.

Surface preparations (braided, deformed, smooth)

6.

Type and volume of fibre and matrix

The length of tendon at the end zone of a pretensioned member over which the
prestress develops is called the transfer length /,

.

Within the transfer length, the

stresses

in the tendons increase from zero at the end of the member to an effective stressd, at the
end of the transfer length I,

. h order to develop the full design strength

of the member,

an additional flexural bond length I, is required. To develop the design strength of the

tendon$r, summation of the flexural bond length l.rand the transfer length /, leads to the
development length

/, of the prestressed

tendon.

Both the ACI and CSA Codes suggest that the transfer length can be estimared

as

50d for strands, where d is the st¡and diameter, and 100d for individual wires. The
European Code (CEB-FIP Model Code 1978), on the other hand, suggests that transfer
lengths may vary between 45d to 90dfor strands and 100d

Prestressing strands are normally characterized

by

to L4ldfor individual

wires.

smaller transfer lengths than

prestressing wires, because of their twisted shape which allows for good mechanical bond.

The ACI and CSA Codes also require that a pretensioned strand have a development
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length, /¿ , beyond the critical section, equal to

l¿ = 0.048frrd +0.145 (fpr-frr)d

Where

f,,

3-1

is the effective presüess in the strand,
$, is ttre stress in the strand at the

critical section in MPa and d is the diameter of the strand in

mm. The following

subsections present the resea¡ch done to investigate the bond characteristics

of FRP

reinforcement.

3.3.1 Aramid FRP

Nanni, Utsunomiya, Yonekura, and Tanigaki (1992) evaluated the transfer length of
braided epoxy-impregnated a¡amid fibre (FiBRA), produced by the Mitsui company in

Japan. They tested beams 4.0 m in length with a cross section of 120 x 210 mm using
different tendon sizes, tendon numbers, surface conditions (adhered sand and smooth), and

initial prestressing forces. The transfer length of the AFRP tendon was affected mainly
by the adhered sand on the tendon surface and by the tendon size. They concluded that:

1.

For a minimum concrete strength of 29 MPa and an initial prestress load not higher
than 50 percent of the ultimate strength of the tendon, the unfactored transfer length

of bonded AFRP tendons is related to the nominal diameter as follows:
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Ir= 50d,for d = 8 mm.
It = 40d, for d = 12 mm, (20d

if sand adhered).

It = 35d, for d = 16 mm.

2.

The mechanism of force transfer of AFRP tendons is different from that in sæel

strands.

It

was found that the friction component of the t¡ansfer bond stress of

AFRP tendons is higher than that of steel. This could be a consequence of lower

rigidity of the AFRP tendons, which is about one
Poisson's ratio

of

thi-rd that

of the steel, and higher

the AFRP tendons, which was measured to be 1.65 that

of

the

steel.

Transfer length of steel strands is considerably higher than the transfer length of

AFRP tendons. It was also found that the transfer length of adhered-sand tendons

is significantly smaller than that of smooth tendons.

Nanni and Tanigaki (i992) determined the development length by performing

a

three-point flexural test (static monotonic load). Based on the transfer length of AFRP
tendons (Nanni, Utsunomiya, Yonekura, and Tanigaki 1992), the flexural bond length was

determined. A total of 21 beams were tested using three different configurations. The
damage due to the failure of each beam was limited to one end of the beam so that a
second test could be performed at the opposite end. The different modes of failure were

bond slip, bond slip accompanied by split cracking, concrete crushing, and combined
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concrete crushing and shear failure. The findings of this study were as follows:

1.

The unfactored development length of the AFRP tendons was related to the nominal
tendon diameter as follows:

la=l20d,ford=8mm.
l¿ = 100d, for d = 12 mm.
I¿

= 80d, for d = 16 mm.

These values are based on a concrete strength

of 30 MPa at the time of

release and concrete cover ranging between 24 and 54

for an initial

prestress level ranging from 25

tendon

mm. These values are valid

to 50 percent of the ultimate strength

of the tendons. These values of the development length are also valid for

sand-

adhered tendons, unless shea¡ reinforcement is used, which results in higher bond
strength.

2.

The ratio of flexural bond length /rto transfer length /, ranged between 0.9 and 1.2,
when the initial-stress-to-ultimate-nominal-strength ratio was 0.5.

3.

When comparing material manufacturing effects on /, for cables equal in size and
prestressing, the smallest value was found for a sand-adhered FRP tendon and the

largest for steel strand.

4.

Increasing the initial presÍess results in smaller flexural bond length
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3.3.2 Glass FRP

Iyer and Anigol (1991) performed pull-out tests to study the bond characteristics of
fibre glass cables and compared the results to data obtained from similar tests with steel
and graphite cables. The findings of this resea¡ch showed that the bond strength of
advanced composite cabies (fibre-glass and graphite), was comparable

to the

bond

strength of steel cables.

Iyer, Hubchandani and Feng (199i) tested pretensioned concrete beams using fibre
glass, steel, and graphite rods. The transfer length of the rods was measured and was
found

tobe3ld for fibre-glass, 61dfor

steel, and 59d for graphite cables. The effective

prestress level of the tendons was 47, 48, and 44 percent of the tensile strength, for fibre-

glass, steel, and graphite respectively.

Pleimann (1991) conducted over 70 pull-out tests to examine the bond srrength of

GFRP (E-glass fìbre), AFRP (kevlar 49), and steel ba¡s. He tested three different
dianreters

of GFRP bars, (6.4, 9.5, and r2.7 mm) and one diameter of AFRP

ba¡s

(9.5 mm). Results indicated that bond súengths of AFRP and GFRP bars are similar and

inferior to steel reba¡. He recommended the following two equations to calculate a safe
embedment length (in inches) for fibre-glass and AFRP bars, respectively;
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Id

fu An

( GFRP )

3-2

,o rh
fu Au

ld

where

f,

ttrE

( Kevlar

)

-1--1

is the ultimaæ stress capacity of the tendon in psi,,4, is the cross-sectional

area of the bar

ínin2 andf/ris the 28-day compressive súength of the concrete in

psi.

Chaallal et al. (1992) evaluated the development length for GFRP bars (E-glass

fibres and polyester resin with sand adhered to the surface). Pull-out tests were
undertaken using normal-strength concrete, high-strength concrete, and

grout.

Three

different diameters of the bars were used and the anchored length varied from 5 times to
10 times the bar diameter.

A

development length

of 20d was recommended for both

normal-strength and high-strength concrete.

Daniali (1992) investigated the bond strength of GFRP bars (E-glass fibres and
vinylester binder) by testing 30 concrete beams. The variables in this study were the
diameter of the bars and the embedment lengths. The beams were 3.0 m long with a
cross section of 203 x 457 mm. The beams were tested according to the recommendation

of ACI Committee 208. The study concluded the length requiled to develop the ultimate
tensile strength of a ba¡ to be 203 mm for #4 bar and 440 rp,m for #6 bar,

if

shear
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reinforcement

is provided along the enti¡e length of the specimen. All

specimens

reinforced with #8 bars failed in bond. The study pointed to the occumence of premature
bond failure under sustained load.

The bond cha¡acte¡istics of GFRP ba¡s were investigated at West Virginia university,

(Gangarao and Faza 1991), by testing 20 concrete specimens. Variables such as rebar
size, type of rebar (ribbed, sand-coated), and embedment length were considered. The
concrete specimens were formed in the shape of a cantilever, to simulate the portion of
a beam adjacent to a diagonal

crack. In addition, twelve puil-out cylinder specimens were

tested. The following equation was suggested to calculate the development length for
GFRP reinforcement:

td =
where

0.06

Ab fu
3-4

,E

A, is the cross sectional area of the rebar in inL, f /,

and

fu, {the rupture

strength of the rebar) are in psi.

3.3.3 Carbon FRP

Pull-out tests were performed under repeated loading on ca¡bon-fibre-composite cable

GFC)

produced by Tokyo Rope (Tokyo Rope MFG.Co., Ltd., 1993). Ten cycles were
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applied to a maximum load in each cycle of 60 percent of the simple pull-out load. Then
the bond strength was measured. The bond strengths of 12.5-mm-diameter CFCC cable

and 12.4-mm-diameter prestressing steel strand were compared. The bond strength of
CFCC cable was found to be higher than that of steel strand.

The design bond length of CFRP bars produced by Mitsubishi Kasei under the brand
name of Leadline has also been reported to be 70d for bars of 8 and 12 mm diameter

(Mitsubishi Kasei Corporation, 1992).

3.4 FATIGUE BEIIAVIOUR

If

a cracked prestressed concrete member is subjected to repeated applications of

load, there is a possibility that a fatigue failure of the tendon may occur. Fatigue
resistance of beanis is typically investigated by calculating the stress range, ÂS, produced

in the presüessing tendon induced by cyclic ioads and comparing this stress range with
that obtained from the S-N curve for a particular prestressing system. The CEB-FIP
Recommendations define the characteristic fatigue sûength of prestressing steel as the
stress range which can be applied two million times with a maximum stress of 0.85
and a probability of failure

of

$r,

10 percent.

For pretensioned beams, the fatigue iife of tendons in the beams is shorter than that

6T
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of tendons tested individually in air. Fot post-tensioned beams, the curves in the tendon
profile are a principal cause of low fatigue strengths as the rubbing of the tendons against
the sheath at a crack location may cause a premature failure. Special attention should be

paid to the fatigue resistance of the anchorage as such devices usually develop the full
static strength of the tendon, but not the fatigue strength. Little work has been done to

define S-N curves for FRP tendons.

Rostásy and Budelmann (1991) evaluated the S-N curve for GFRP

bars. They

reported that the fatigue strength of FRP tendons is influenced by the properties of the
anchorage chosen. However, the fatigue sûength of GFRP is markedly below that of
wedge-anchored prestressing

wire. Miesseler and Preis (1989) reported that GFRp

ba¡s

may be subjected to two million cycles with a 10 percent probability of failure at a stress
range of 55 MPa and a maximum stress equal to 0.44 of the tensile strength of the ba¡.

The following subsections describe some of the work done to investigate the fatigue
behaviour of concrete beams prestressed by FRp reinforcement.

3.4.1 Aramid FRP

McKay and Erki (1992) examined the fatigue strength of prestressed concrete beams
using AFRP rods. Three concrete beams of cross-sectional dimensions 150x300 mm and

i.05 m clear span were tested. The AFRP rods were initially
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to 80 percent of
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their guaranteed tensile strength. The first beam was loaded in two stages. In stage

1,

the beam was loaded past cracking close to the ultimate load; then the load was released.

In stage 2, Lhe beam was loaded up to failure. The other nvo beams were subjected to
two quasi-static load cycles beyond the cracking limit. Then they were subjected

to

sinusoidal loading at a frequency of 4 Hz. The maximum and minimum loads were set

to simulate partiaiiy

prestressed conditions

by having the lower load just below

the

cracking load, and the upper load producing a stress change in the AFRP rod of 200 Mpa,

with a maximum súess of about 80 percent of the guaranteed strength. The beams failed
after 1.96 and2.i million cycles, respectively, by rupture of the rods. The inc¡ease in the
deflection for both beams was in the order of 10 to 20 percent of the original deflection.

The following conclusions were drawn from the study:

1.

The fatigue súength of AFRP rods in service loading conditions is at least as good
as that for steel sfands.

)

The relaxation

of

AFRP rods

is higher than that of normal steel strands. A

reasonable approximation of the relaxation losses of AFRP rods with an initial stress

in the range of 1200 MPa can be calculated according to the foilowing equation:

Íp
fp,

1.009
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where fp¡

3.

is the fixing stress and / is the time in minutes.

The actual tensile strength of AFRP rods is about 20 to 50 percent higher than the
guaranteed tensile strength. The authors attributed this increase to the more gradual

distribution of bond stresses on both sides of a beam crack than in the case of the
prestressing anchorage.

Mikami, Kato, Tamura and Ishibashi (1990) tested three prestressed concrete beams
using braided AFRP ændons under cyclic load. The beams were 200x250 mm in crosssection, each containing one pre-ænsioned tendon stressed to approximately 45 percent

of its tensile strength. The clear

span of the beam was 1.6 m

with a 400-mm projection

over the end of each support. Two beams having a ratio of maximum applied load to
ultimate static capacity of 0.67 did not fail up to two million cycles. The ratio of the
deflection at one million cycles to the initial deflection was about 1.3. The thi¡d beam
which was loaded up to 0.88 of its ultimate static capacity failed at229,000 cycles.

Noritake and Kumagai (1991) reported testing of two prestressed concrete beams of
10-m span using AFRP tendons. A parabolic cable of nineteen 6-mm-diameter rods was
used to post-tension the beams. The fi¡st beâm was tested under static load while the
second beam was tested under cyclic load with a lower bound equal to the dead weight

of the beam. Three upper load bounds were selected to produce bending moments equal

to 0.45 M, (bending moment at fi-rst crack), 0.55 Mu and 0.6 M* where M, is the
64

Chapter (3) / Behaviour of Concrete Beams Prest¡essed by FRP Reinforcement

ultimate momeni of the similar beam tested under st¿tic conditions. The beam survived

two million cycles without failure. When the beam was loaded to failure, it showed
10 percent decrease in the ultimate load resistance. The anchorage

of

the

a

AFRP cabte

was not damaged by the fatigue test.

3.4.2 Glass FRP

Sen, Issa and Iyer (1992) reported the testing of two pretensioned concrete beams

using GFRP rods under cyclic load. The beams were of dimensions 6"

x

10" and

6" x 12" and 8 feet clear span. The GFRP rods were initiaily stressed to 47 percent of
their tensile sfength. A sinusoidal load was applied to the beams at a frequency of 3 Hz.

The load was varied between 40 and 60 percent of the ultimate static capacity of the
beam, which was measured by static tests performed on similar beams. One of the two

beams failed after the application

of about 1.5 million cycles while the orher beam

survived two million cycles. Failure occuned suddenly due to loss of bond and slip of
the GFÃP rods. The following conclusions were drawn from the study:

i.

The overall fatigue characteristics of fibre-glass pretensioned concrete

beams

matched those of similarly loaded steel pretensioned beams.
2.

Fatigue loading of fibre-glass pretensioned beams in the post-cracking range resulted

in much higher deflection

and crack widths than
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sieel. This was atûibuted to the low elastic modulus of the GFRP

3.

rods.

Reduction in the ultimate capacity of the beams due to fatigue loading was very iittle
compared to the static capacity of the beams.

3.4.3 Carbon FRP

Abdelrahman, Tadros and Rizkalla (1995) tested four beams of 6.3-m length and
330-mm total depth. Two beams were pretensioned using 8-mm-diameter Leadline rods

and the other two beams were pretensioned using 15.2-mm diameter carbon fibre
composite cables CFCC. Both types of CFRP reinforcemenr, læadline rods and CFCC
cables, were pretensioned to 60 percent of the guaranteed ultimate sûength specified by
the manufacturer. For each type of CFRP, one beam was tested under static load and the
other under cyclic load. Beams tested under cyclic loading were subjected to a maximum
and a minimum load equivalent to the cracking and 70 percent of the cracking load of the
beam, respectively. After completion of two million cycles, the beams were loaded to

failure to evaluate the effect of fatigue loading on the behaviour of the beams.

The beam prestressed by CFCC, tested under cyclic loading, showed perfectly elastic
response during and after the completion

remained constant at different number

of two million cycles. The beam

of cycles. This is

attributed

stiffness

to the

elastic

behaviour of CFCC. After two million cycles, the camber of the beam was equal to the
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initial camber. This indicates that there was no loss in the beam stiffness due to

the

appiication of the cyclic load. When the beam was loaded statically to failure, after two

million cycles, the beam followed the same path as the beam tested under static loading
conditions. The measured failu¡e load and maximum deflection were about 5 and

10

percent less, respectively, for the beam survived two million cycles than those of the
beam tested unde¡ static load.

Before applying the cyclic loading to the beam prestressed by læadline rods, the
beam was loaded initially close to failure load, as measured from the static

test. As

a

result, the beam was cracked with the cracks extending up to the upper flange. It was
observed that the stiffness of the beam, based on the slope of the initial load-deflection

relationship, was reduced by increasing the number of cycles. This reduction in stiffness

is mainly due to the initial extensive cracking of the concrete. Prior to testing of

the

beam, the measured camber was 21 mm. The measured camber after applying the cyclic

loading was 3 mm. The decrease in the camber was mainly due to reduction of the beam

stiffness. When the beam was loaded to failure, after completion of 2 million cycles,
there was no reduction in the canying capacity nor in the deflection of the beam.
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3.5 LONG.TERM BETIAVIOUR

The stress-strain response of FRP reinforcement depends upon the rate and timehistory of loading. An increase in strain under constant stress is known as creep. A
reduction in stress under constant strain is called relaxation. Creep and relaxation of FRP
tendons differ greatly according to the type of fibre and matrix.

Fibre composites exhibit the phenomenon

of creep-rupture. Therefore,

their

admissible stress must be chosen well below the creep-rupture strength to preclude failure
under sustained load. The long-term static strength for a 100-year load duration has been
predicted to be aboutT0 percent of the tensile s[ength for GFRP rendons (Rostásy 1988).

A¡amid elements exhibit a slightly lower creep-rupture strength at i00 years.

Relaxation of the prestressing reinforcement should be precisely determined for the
prediction of the initial and final iosses of the prestressing force. Relaxation is negligible

for CFRP cables; it is comparable to that of steel for GFRP. For AFRP reinforcement,
relaxation is high, ranging from 7 to 14 percent. However, the total loss of prestressing
force will not be affected markedly as the elastic modulus

of AFRPreinforcement is low.

Burgoyne (1992) reported the testing of two beams prestressed with Parafil ropes.
The first beam had a single, straight, unbonded tendon placed in a duct on the centreline
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of a simple l-beam of 4.57-mclear span and 400-mm depth. The second beam had two
external deflected tendons, one on each side

of a bulb

T-shaped cross section with

600-mm depth and 500-mm flange width. The clear span of the beam was 7.5

m.

Both

beams were tested in four-point bending rigs and taken through several elastic loading

cycles. The second beam was kept under sustained load for 42 days to monitor the
effects of creep and relaxation.

The first beam was tested by applying a load that induced the allowable flexural
tensile stress

in the bottom fibre of the beam. Ninety-five

percent

of the mid-span

deflection was recovered after the load was removed. In the second cycle, and after

loading beyond the cracking load, the measured stiffness was reduced considerably.
When the beam was unloaded from the cracked state (but still elastic), the stiffness
remained low until the cracks were closed, when the full elastic stiffness was recovered.

Virtually no permanent deflection was measured after unloading. When the beam

was

loaded to faiiure, considerable curvature occuned and large cracks were observed. Finally

failure occurred by crushing of the concrete at the top flange.

The second beam was subjected to two cycles at the service load level. The beam
was loaded until the pre-compression strain due to prestressing was counteracted without

cracking the beam. The load was maintained for 42 days. The total loss of prestress, due
to shrinkage and creep of concrete and due to relaxation in the ændon within 42 days, and
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after the application of service load, was

1i

and 12 percent in the first and second ropes,

respectively. Most of these losses occur¡ed one day after prestressing. The beam was
loaded to failure, which occurred due to crushing of the concrete at the top flange. As
the tendons were external, they were removed and tested afær the collapse of the beam.
The breaking force of the tendons was greater than the mean value, and even greater than

the maximum value observed in tensile tests conducted on similar ropes. The author
attributed this phenomenon to the increase

in the strain in the more heavily

loaded

filaments due to creep. In the subsequent loading, the rope acted as a bundle of yarns

with less variability and hence increased strength.

Tanigaki, Nomura, Okamoto and Endo (1989) canied out long-term bending tests

to study the load

¡esistance behaviour, over considerable length

prestressed concrete beams wirh

of time, of partially

AFRP. Four rectangular prestressed concrete beams of

300-mm depth, were tested. Braided AFRP rods with and without silica sand adhered to

the surface were used to pretension three beams, while the fourth beam was posttensioned. AFRP rods were also used as the main reinforcement for all the tested beams.
The initial prestressing force was altered in two beams. Concentrated loads, equal to

P*

(initial cracking load) and I.5 Pc,. were maint¿ined for 1000 hours and cracking

and

deflection of the beams were recorded. Afær 1000 hours, the measured curvature and
deflection increased 5 to 8 times for beams loaded to
beam loaded

Pr,

and about 10 times for the

to 1.5 Pr, Gradual formation of new cracks was observed for the flust
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100 hours; subsequently, very few cracks were formed and the changes in the deflection

with time became

moderate.

In all the specimens, the strain in the concrete increased

more rapidly than that in the AFRP rod, which indicated that the neutral axis depth
increased with time.

3.6 DESIGN CONSIDERATIONS

In spite of the lack of design codes that govern the use of FRP reinforcement in
prestressed concrete, several structures have been constructed using FRP reinforcement
to take advantage of the new material. A¡amid, carbon and glass FRP reinforcement have

been successfully used as prestressing elements for a number

of bridges in different

countries. The design of such structures has been done rationally and conservatively.

The major problem in the design of prestressed beams with FRP is their lack of
ductility compared to beams with prestressed steel. This is because of the different sÍessstrain characteristics of FRP and steel bars. Design codes require that the strain in the
steel reinforcement at the time of failure exceed the yield st¡ain to ensure enough ductility

for the concrete section. However, this can not be ensured for

beams

with

FRP

reinforcement as the stress-strain relationship is linearly elastic up to failure. This feature
underlines the need for a different approach to the design of such structures.

7T
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3.6.1 Flexural Analysis

Prestressed concrete beams with FRP tendons can

be analyzed using the

same

analysis method as for beams with prestressing steel, using the tensile stress-strain
properties of FRP. Analysis based on a strain compatibility approach has been addressed

by many resea¡chers (Tanigaki et al. 1989, Mutsuyoshi et al. 1990 Yonekura et al.I99I,
Gangarao 1991, McKay et al. 1992 and Noritake et a1.1991). The results of rational

analysis

of

prestressed concrete beams

with FRP reinforcement using the strain

compatibility approach showed very good agreement with the experimental results. The
cracking and the ultimate moments, as well as the mode of failu¡e of the beams, could

be predicted rationally with very good correlation. The cracking and the ultimate
moments

of a typical

concrete beam presÍessed

by

FrRP and

with

non-prestressed

reinforcement, can be calculated using equations 3-6 and 3-7, respectively, using the
notation given in Fig. 3-1.
P

Mr, - Pr.l;+f,l*S¡

3-6

c

MU

Todr+Trd-Crc-Crd'
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whele Mr, =

Cracking moment;

Pe =

effective prestressing force;

Ac =

cross sectional area of concrete;

f, =

rupture sûength of concrete;

Sà =

bottom section modulus;

Mu

=

c -

ultimate moment;

location

of

compression

in concrete with

respect

to

extreme

compression fibre in concrete;

Cc =

compression in concrete;

Cs =

compression in non-prestressed reinforcement; and

T^
=
P

tension in FRP prestressing tendon.

Prestressed concrete beams with FRP tendons may

fail in one of the following

modes:

1.

Rupture

of

FRP tendons:

if

the strains of the prestressed or non-prestressed FRP

reinforcement exceed its ultimate value before the concrete crushes. This normally
happens with a low percentage of reinforcement.

2.

Crushing of concrete:

if

the ultimate compressive strain in the concrete is reached

before the FRP tendons rupture. Such failure occurs with a high percentage of
reinforcement.
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Simultaneous rupture of the FIRP reinforcement and crushing of the concrete: when

the ultimate strains in the FRP reinforcement and the concrete are achieved at the
same time.

3.7 DUCTILITY

It is important to ensure that a structure

loaded to failure

will

behave

in a ductile

manner. This means ensuring that the structure will not fail in a brittle fashion, without
warning, but will be capable of undergoing large deformations at near maximum loadcarrying capacity. The ductility of a reinforced concrete member is expressed as the ratio

of the ultimate deformation to the deformation at the first yield of the steel reinforcement.
The ductility may be expressed in ærms of the curvature of a section ( Q,
terms of the deflection ( Lu

/

/ Q, ) or in

{, ) of a member.

As FRP reinforcement does not yield, but ruprures suddenly in a brittle manner, the

ductility of members prestressed by FRP reinforcement can not be defined in the

same

way as members with steel. One proposed ductility definition was the ratio between the
curvature at failure and the curvature at a serviceability condition (Jaeger 1995).

It

was also suggested that deformability, not ductility, should be the appropriate

consideration when dealing with members with FRP reinforcement. Tadros defined
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deformability as the deformation at failure with respect to the deformation at first
cracking (Jaeger 1995). Jaeger, Tadros and Mufti (1995) showed also that deformability
may be quantified according to equation 3-8. They recommended that the deformability

factor be greater than 4.0.

Defornwbility

where

Mt þt
Mz

3-8

Qz

MI

Maximum resisting moment at failure of the beam;

Qr

Maximum curvature of the section;

M2

Moment corresponding to concrete compressive strain of 0.001; and

Qz

Curvature of the section at concrete compressive strain of 0.001.

Naaman and Jeong (1995) proposed another definition for the ductility index based

on the elastic and inelastic energy calculated at failure of prestressed beams. The energy

is obtained from the load-deflection or the moment-curvature relationship of the beams.
The definition gives the same value for the ductility index for beams prestressed by steel

as the conventional definition using the deformations at ultimaæ and at

yield.

The

proposed ductility index is given by equation 3-9.

tl

1 (t,,.,1

'lt"
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where

Etot =

total energy, computed as the area under the load-deflection curve up

to the load defined as the failure load; and

Eet =

elastic energy, which can be estimated from unloading tests.

3.8 CASE STUDY: THE FIRST HIGHWAY BRIDGE BUILT IN CANADA

The fi¡st prestressed concrete highway bridge in Canada using fibre-reinforced plastic

tendons for prestressing and optical hbre for monitoring the bridge behaviour was
completed in November 1993. Two different types of carbon-fibre-based tendons were
used to prestress six precast concrete girders of a two-continuous-span skewed highway

bridge for Centre StreelBeddington Trail, in Calgary, Albena, Canada. The girders were
bulb-tee sections

of

1100 mm in depth, with spans of 22.83 and, 19.23

m. The girders

were pretensioned to carry their own weight and the weight of the deck slab. The girders
were post-tensioned by conventional prestressing steel tendons to provide continuity over
the middle pier for live loads. Two girders were pretensioned by 8-mm-diameter Leadline
tendons produced by Mitsubishi Kasei. The other four girders were pretensioned using

15.2-mm-diameier carbon fibre composite cables (CFCC) produced by Tokyo Rope.

A multichannel fibre-optic sensing system, including

a number

of sensors to monitor

the change of light and consequently the strain, was used to monitor the behaviour of the

bridge over the lifetime of the bridge. The optical fibres were installed and are monitored
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by the research group of the University of Toronto Institute for Aerospace Studies.
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SERVICEABILITY OF PRESTRESSED AND

4.

PARTIALLY PRESTRESSED CONCRETE BEAMS

4.1, GENERAL

Performance of prestressed and partially prestressed concrete members under service

loading conditions should be assessed to ensure their adequate serviceability over their
expected

life time. The serviceability criteria normally considered are short- and long-

term camber or deflection, cracking, fatigue, vibration, corrosion resistance,
durability. These limit states are usually controlled by specifying permissible
concrete and reinforcement,

stresses

and

for

in addition to the strength requirement for the structure.

Aesthetically, excessive camber or deflection and large cracks in concrete members are

not desirable. Excessive camber or deflection may result in damage of attached nonstructural elements or it may ¡esult in accumulation of rain water, for bridge girders, and
consequent deterioration of the structure. Large cracks can also affect the durability of

structures due

to corrosion. Prediction of deflection and cracking of

prestressed or

partially prestressed concrete members is therefore of prime imporûance and is the subject

of this study.
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According to the ACI Code "Building Code Requirements for Reinforced Concrete

ACI 318M-89" and the Canadian code "Design of Concrete Structures for Buildings,
CSA Standard CAN3-A23.3-M84", selection of the concrete cross-section and the

of the prestressing steel is

based on allowable stresses

area

for the concrete and sæel. The

selected member is normally checked for the serviceability requirements and the design

altered

if necessary.

Serviceability requirements specify the allowable deflection and

crack width of the given structure at service load conditions. The design is concluded by
checking the uitimate strength of the member against the hypothetical factored loads. The
European CEB-FIP Code (1990) also requires that the structure is designed according to

several

limit

states including deflection, c¡ack width

at service loads, and

strength

requirements. Other possible limit states such as vibration and fatigue, are to be taken

into account. In general, the design should aim to produce a safe, serviceable, durable,
economical, and aesthetically pleasing structure.

4.2 PARTIAL PRESTRESSING

The first major prestressed concrete structures were built shortly before the Second

World War. Now more thax 50 percent of bridges all over the world are constructed
using prestressing techniques (Collins and Mitchell 1991). Highway overpasses are
normally constructed using precast pretensioned girders. Bridges with spans up to 150 m
are constructed using cast-in-place post-tensioned box-girders, while cable-stayed bridges
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are used for spans up to 300 m. Other applications of prestressed concreæ include parking

sûuctures, cylindrical tanks, containment structures, off-shore structures,

etc. Compared

to reinforced concrete structures, prestressing concrete results in the following:

1.

Larger spans;

2.

Less deflection at service load;

3.

Less cracking at service load; and

4.

Use of high-strength materials, which leads to smaller and lighter members.

Full prestressing is achieved when no cracks are allowed under full service loading
conditions. Such a criterion is required for the design of tanks and reservoirs where leaks
must be avoided, for submerged structures, or for structures subject to a highly conosive

environment. Full prestressing is also required for structures subject to highly repetitive

loading. However, full prestressing may result in a significant camber at typical service
loads less than the specified design value, which are likely to be the dead load and a

fraction of the specified live load. The camber can be also aggravated by the creep of
the concrete which magnifies the upward displacement due to the prestressing force, but

has less influence on the downward deflection due to live
concrete structures,

load. In many prestressed

it is not likely that the full specified load will be applied during the

lifetime of the structure. Therefore, it is possible to design the structural elements such
that some cracks may occur under the

full
81
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prestressing. However, such cracks should close when the load is removed. Partial
prestressing may be achieved in two ways:

1.

By providing

non-prestressed reinforcement

in addition to the prestressed tendons.

This is normally utilized in post-tensioned construction. It may also provide greater
economy in the fabrication of long-line pretensioned casting bed when it is desirable

to produce elements of different strength. It should be noted, however, that not
every beam that has a combination of prestressed and non-prestressed reinforcement
may be called a partial prestressed member, since non-prestressed reinforcement may
have to be provided in some beams to satisfy the ultimate sûength requirements.

2.

By reducing the jacking stress of the prestressing reinforcement below the maximum
allowable specified by the code and relying on the increase in tendon's sftess after
decompression and cracking to ¡esist the increase

in the applied loads. This is

a

useful option in pretensioned construction where there may be difficulties in placing
non presüessing reinforcement.

The main risk in partial prestressing is that, for an unexpected loss of prestress (due

to high friction or inadequate control during tensioning), both the additional stresses in
reinforcement and the deformation
prestressing than for

in the structure are considerably larger for partial

full prestressing (Menn 1983). In comparison to fully
82
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members, partially prestressed members a-re charactenzed with the following:

1.

More ductility;

2.

Lower cost;

3.

Less camber;

4.

Less prestress force which may allow for an increase in the tendon eccentricity;

5.

Less prestress loss due to creep and relaxation (where partial prestressing is achieved

using lower tendon stresses); and

6.

Less cracking at the end zones in case of post-tensioned and pretensioned elements.

Partial prestressing is considered an intermediate design between the two extremes,

nantely, reinforced concrete and fully prestressed members. To design
prestressed member, the amount of prestressing has to be well

section

will

a partially

quantified. The following

provide a discussion of the different definitions by which the extent of

prestressing can be evaluated according to the literature currentiy available.

4.2.1 Definition of Partial Prestressing

Several indices have been inroduced to quantify the amount of prestressing. These

indices normally have a value ranging between zero for reinforced concrete members and

unity for fully prestressed concrete members. Some of the indices are a section property
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while others depend on the external applied dead and live loads. The indices can

be

defined as follows:

1.

Partíal prestressíng ratio (PPR).' Naaman and Si¡iaksorn (1979) defined PPR as the

ratio between the nominal moment resistance due to the prestressing reinforcement

to the nominal total moment resistance of the section, i.e. due to prestressed

and

non-presfessed reinforcement, as given by equation 4-1.

ppR Mn, =
Mn
where a =

Ap,

fp, (do

Ap,Íp,(dp -

l,

- T)

* o^fy@

4-l

-;)

depth of the equivalent rectangular stress block in the compression
zone of concrete section;

Ao,

=

area

An,

=

area of non-presüessing reinforcement;

dp =
d =

of prestressing reinforcement;

depth of prestressing reinforcement f¡om extreme compression fibre;

depth of non-prestressing reinforcement from extreme compression

fibre;

fr, =

stress

f, =

yield stress in non-prestressing reinforcement;

Mrp

=

in prestressing reinforcement at ultimate;

nominal moment resistance of the section based on prestressing
reinforcement only; and
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Mn=

nominal moment resistance of the section.

The partial prestressing ratio is a section property and does not depend on the
external applied loads. According to the definition of. PPR, a presûessed member

without non-prestressed reinforcement will automatically be a fully
member, and PPR will have a value of unity, even

if

prestressed

the stress in the prestressed

reinforcement is less than the permissable value. However, it should be mentioned
that Naaman and Siriaksorn provided the definition for partially prestressed members

which contain prestressed and non-prestressed reinforcement.

2.

Degree of prestress

(DP): is the ratio of the decompression moment to the sum of

the moments caused by the dead and live loads as given by equation

4-2.

The

decompression moment is defined as the moment which leads to a zeÍo stress, when

combined with the effective prestressing force, at the extreme fibre of the concrete
section at which the applied loads cause tensile stresses (Nilson 1987).

DP

where

Mdrc

Mp + M,

Mdrc

decompression moment;

MD

moment due to dead load; and

ML

moment due to live load.

8s
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One of the advantages of using the degree of prestress to quantify the amount of
prestressing is that non-prestressed reinforcement does not necessarily have to be

present

in the section. For a fully

prestressed beam, the value

prestress may be smaller than, equal to,

or

greaær than

of the degree of

unity, depending on the

stress at the soffit under service load.

3.

Prestressíttg Index
reinforcement

(í):

is the ratio of the yield strength of the prestressing

to the sum of the yield strengths of the

prestressing and non-

prestressing reinforcement as given by equation 4-3.

,p

where

fw =

Similar

to

-

A^ fo,
Ao,

fr, *

4-3

An, fv

yield stress of the prestressing reinforcement.

PPR, the prestressing index

(ir) does not quantify the amount of

prestressing in the case of partial prestressing achieved by lowering the stresses in

the prestressing reinforcement.

4.

Global reinþrcing índex (O).. is defined.by equation 4-4 as the summation of the
reinforcing indices for the prestressing and non-prestressing reinforcement at the
tension and compression sides, (ùp, ú) and a/ which are given by equation s 4-5, 4-6
and 4-7 , respectively.
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O
@p

@p

* <o -

-

Pp

4-4

(Ð/

f

ú)-p:

+
Ic

4-5

fu

4-6

Íc

@t

-- pt

+

4-7

Jc

Where

pp

ratio of prestressing reinforcement Aps/bdp;

p

ratio of non-presÍessing tension ¡einforcement Ans/bd:

p/

ratio of non-prestressing compression reinforcem

A!

area

b

web width.

ent

A!/bd;

of non-prestressing compression reinforcement; and

The global reinforcing index accounts for all types of reinforcement present in the

section. The ACI Code 318M-89 specifies the upper limit of the reinforcing index
to be about 0.3. For a flanged section reinforcement indices o)*, @p, and aj are
computed as

for

(Ð,

op and co /

except ttrat

b shall be the web width

and

reinforcement shall be that required to develop compressive strength in the web only

(ACI Code 318M-89).
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4.2.2 Behaviour in Flexure

Load-deflection relations for beams with varying amount

of prestress force

are

presented in Fig. 4-1 (Nilson 1987). Both reinforced and prestressed concrete beams may

be under-reinforced, with a relatively small steel area such that failure is preceded by
yielding of the steel, or over-reinforced, with a relatively large steel area so that faiiure
is initiated by crushing of the concrete on the compression side of the member before the
steel reaches its yield stress. In each case, the amount of prestress force introduced by
the given steel area may vary from zero (reinforced concrete) to a very large value (overprestressing).

Fig. 4-1a shows load-deflection curves for under-reinforced beams, all with the same
steel area and concrete dimensions but varying amounts of presress. Curve (a) represents

a beam with zero prestress, while curves (b), (c) and (d) represent partially, fully and
over-prestressed beams. Obviously, for beams (b), (c) and (d), the load initiating the fìrst

crack of the beam is higher than that for beam (a) because of the initial superimposed
compression stresses in the tension zone. The cracking load inc¡eases with the increase

of the presuessing force. The load causing failure is about the same in all cases. The
partially prestressed beam (b) may crack at a load level below the
whereas the

fully

full service

load,

prestressed beam (c) cracks only when a higher load than the service

load is reached. Beam (d), which is the over-prestressed beam, will fail suddenly in
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brittle fashion. A further change in the slope of the ioad-deflection curve before failure
is observed as the steel is stressed to its inelastic range, and as extensive cracking occurs.
The corresponding curves for over-reinforced beams, as given in Fig. 4-1b, show brittle

failure with less warning than do the under-reinforced beams. The effect of varying the
prestress is similar to that for under-reinforced beams, except that the load that causes

failure increases to some extent as the prestress force increases (Nilson 1987). Compared

to full prestressing, the behaviour of partially

prestressed concrete beams

with

steel

reinforcenient is characterized with the following:

1.

Smaller cracking load and almost the same failure load as fully prestressed beams.

2.

Larger deflections at ultimate load, higher ductility, and higher energy absorption
than fully presffessed beams because the capacity of flexural members to absorb the

energy is directly related to the a¡ea under the load-deflection diagram.
-1.

The fatigue life of cracked partially prestressed beams is generally smaller than that

of either fuily reinforced o¡ uncracked fully prestressed beams subjected to the same
load amplitude (Naaman 1985).
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4.3 SERVICEABILITY LIMIT STATES

The most important serviceability limit states, which must be checked for prestressed

or partially prestressed concrete members, are the short- and long-term deflection, crack

width, and fatigue. Deflection is defined as the total movement induced at a point of

a

member from its position before application of the load to its position after the application

of the load. The point at which maximum deflection occurs along the member is
generally of main interest. The deflection due to "short-term" live load and "long-term"
dead load plus sustained live load should be calcutated. The maximum permissible
deflection allowed by the ACI318-89 and the CSA Standa¡d CAN3-423.3-M84 is given

in Table 4-1. Crack widths are investigated only for partially

prestressed concrete

members and for non-prestressed concrete members. Limits on the crack width given by

the CPCI Metric Design Manual (1989) for non-prestressed and partially prestressed
concrete members are summarized in TabIe

4-2. The crack width should be checked

under full service load. The CEB-FIP Code (197S) has recommended the limits of the
characteristic crack width at the surface of the concrete as given by Table

4-3.

The

characteristic crack width is defined as 1.7 times the average crack width and is regarded
as the width which only one crack in twenty

will exceed. Many attempts have

been

undertaken by various resea¡chers to address comput¿tion methods for the short and long-

term deflection and the crack width of prestressed concrete beams. The following
summa¡izes the state-of-the-art methods to calculate the short-term deflection and crack
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beams.

4.3.1, Short-Term Deflection

The stiffness of partial prestressed concrete members is reduced after cracking
resulting in an increase in the deflection which may exceed the acceptable serviceability

limit. Hence, the calculation of deflection

becomes a matter of practical importance.

Deflection, in general, is calculated using the moment-curvature relationship for any
flexural member. The curvature at a given section may be estimated either from the
strain distribution in the section (the curvature is equal to the slope of the strain diagram),

or by the relationship between bending moment and curvature, as given by equation 4-8.
The moment-curvature relationship can be used to estimate the curvature along a member
corresponding to a given distribution of moments, as shown in Fig. 4-2. The change of
slope between any two points along the beam is equal to the a¡ea under the curvature

diagram between these two points, as given by equation

4-9. The deflection of any

point C with respect to another point B, is equal to the fi¡st moment of area of the area
under the curvature diagram between B and C, as given by equation 4-10.

o

e^L

M

c

E,I
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o

õ

where

nc I*r" þ d*

¡c lrr"

o (¡a - x) dx

4-9

4-10

a

curvature of the section;

ec

concrete strain at the extreme compression fibre;

c

neutral axis depth from the extreme compression fibre in concrete;

o¿c

slope at point C relative to the slope at point B; and

õ¡c

deflection at point C relative to the deflection at point B.

When the bending moment is specifìed along the beam length, the deflection may
be calculated based on the curvature at one section (section of maximum curvature), three

sections (section of maximum curvature and two sections at the supports), or more than
three sections. The integration may be performed numerically in case of calculation of
the deflection using the curvature at different sections along the beam length.

For uncracked sections, the curvature Q, can be estimated using equation 4-8 based

on the gross moment of inertia

/r.

To calculate the curvature at a cracked section Q.r,

the cracked moment of inertia 1.r, which ignores the concrete in tension, is applied in
equation 4-8. However, when cracking occurs in a prestressed concrete member, cracks
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develop at several sections along the span. Tensile stresses are introduced into the
concrete between cracks by bonded reinforcement. Concrete between the cracks in the
tension zone conributes to the stiffness of the member. In addition, cracking does not
extend to the neutral axis as assumed in the analysis of cracked concrete sections due to

the fact that the concrete tensile strength is not zero. These effects are often called
"

tension stffining"

.

4.3.1.1 Tension Stiffening Effect

The bending stiffness of partially prestressed concrete members under service loads

is considerably less than that calculated based on uncracked gross cross-sectional
properties. This is due to mainly the presence of numerous tensile cracks. However, the
actual stiffness is significantly higher than that calculated without consideration of the

tensile resistance of the concrete. This phenomenon, known as tension stiffening, is
attributed to the fact that concrete does not crack suddenly and completely before it
undergoes progressive microcracking (strain softening). Tension stiffening is partly lost

when the load is applied repetitively and when

it is sustained.

The tension stiffening

effect depends on the quality of bond of the reinforcing bars. Several empirical methods
have been reported to account for tension stiffening in the calculation of the short-term

deflection of concrete members, as follows:
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The effective moment of inertia 1r, which was originally developed by

Branson (Branson 1977) for non-prestressed members, accounts for the reduction in the
flexura-l stiffness of partially prestressed members due to cracking. The effective moment

of inertia is calculated as given by equation 4-11.

4-tt

where

1,,

moment of inertia of the cracked section ignoring concrete in tension;

Io

gross moment of inertia;

M,,

cracking moment

ò

Pre+Vr+Pr/AglSb
...,s

M=

service load nioment;

t?t =

3, when calculation is for the entire length of a simply supported
member or between inflection points of a continuous member;

4, when calculation is for a given section of the member;

Ar

gross cross-sectional area of concrete;

f,

rupture strength of concrete;

sà

cross sectional modulus at. the tension side;

Pe

effective prestressing force; and

e

eccentricity

of

presuessing reinforcement based on gross section

properties.
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It

should be mentioned that the neutral axis, which is based on the depth of the

concrete compression zone, does not coincide with the centroid
cracked section in the presence of the prestressing force. Hence,

that

I*

and

I,

of the transformed

it is imporønt to note

are not constants for prestressed concrete sections, but depend on the

particula-r loading at which the deflection is being calculated. Thus,

it is not possible to

superimpose deflection values after cracking for different loading conditions.

The ACI Code recommends the effective moment of inertia method to calculate the

deflection of reinforced or presftessed concrete members. Equation 4-11 has

modified by several researchers to estimate the short-term deflection

of

been

partialty

prestressed beams as follows:

1.

Chen, Bennett, Tadros (1982) and Naaman (1982) have proposed that the cracking

moment and the service load moment, used

in

equation 4-I1

to calculaæ the

effective moment of inertia, be reduced by an amount equal to the decompression
moment Mdc. The idea behind obtaining the decompression stage is to attempt to

bring the cross-section to a condition identical to that of a conventionally reinforced
section subject to a combined axial force and bending moment (fadros 1982). From

that stage on, the cross-section would be analyzed in the same manner as in the
working sûess analysis of reinforced concrete members. The decompression moment

is detined in this case by the moment leading to zero stress at the extreme fibre of
9s
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the concrete section, at which the ænsile stresses are caused by the applied loads.
The decompression moment M o, and the effective moment of inertia
equations

4-I2

and 4-13, respectively. Accordingly, deflection

I, ue given by

of the prestressed

member, can be calculated using equation 4-I4.

P,

Md, È Pre

ret Mr,
M, -

Md,
M¿,

4-12

Ao

M,,

It.['- 4

M¿,

W

Ir,

3I,

M, L,
E, I,

^=K
where

Su

+

4-t3

4-14

K=

coefficient depending on the support and loading condition; and

L=

effective length of the member.

Branson and Trost (1982) have suggested a "zero deflection point" approach for

partially prestressed beams, which defines the effective moment of inertia

I,

for

c¡acked section as given by equation 4-15.

(I

r)

rz

,,.1,-
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where Q)n

=

effective moment

of inertia

compared

to a downwa¡d (net

positive deflection;

Mr/
Mtz

=

net positive moment required to crack the section

=

Vr+ Pr/ArJS¡;

=

part of the live load moment that corresponds to a downward
deflection of a prestressed member

=

M,

ML

=

live-load moment; and

Mtt

=

part of the live load moment corresponding to zero deflection

=

P, e - Mp (for uniformly distributed dead load, live load and

- M71;

equivalent upward prestressed load).

The instantaneous live load deflection, Â, is given by equation 4-16. The total
deflection due to dead and live loads and prestressing force, Â, is equal to the
deflection due to ML2, LL2, and is given by equation 4-17.

*rrt'1
*
xlM,r'
^,L I E, I, E, (tr)¡2 )
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Mu L'

^Ln-K

J.

E,

(I

4-17

r) ¡2

Branson and Sheikh (Krishna Mohan Rao and Dilger 1992) have proposed

simplified expression f.or

I,

to calculate

the instantaneous live

load deflection

a
as

given by equations 4-18 and 4-19.

({rur),,

(lr)r

l*' I

-t_

(Mr)r,

4-18

4-t9

equivalent live-load cracking moment

Mr, -

4.

s Ir

M, L2
E, (lr)¡

LL-K
where

1,,

Mo'

Tadros, Ghali and Meyer (1985) took into consideration the shift in the centroid of
the cross-section upon cracking that results in a larger prestressing force eccentricity

errthan that of the uncracked member. For prestressed members with flanged crosssections, ignoring the change of eccentricity while calculating the curvature of the

member may result

in a significant overestimation of the deflection.

Hence,

equation 4-20 was suggested to calculate the moment of inertia of the section /r.

98

Chapter (4) / Serviceability of Prest¡essed and Partially Prest¡essed Concrete Beams

The effective centroidal distance after cracking

is

calculated as given by

equation 4-21 and shown in Fig. 4-3. The change in the eccentricity after cracking
can then be calculated using the effective centroidal distance.

rl
Ma,\ '
re = fr- | , (.,:, *Ï
't.L'-l@,

\m)

t.
re
Where

y

t

|

1t

*l

,,, 3r,

r8 , l',;'*ï 1,,,
P:*ï,,.1
L v;_-M;))Jcr
lm)

I =

distance

.!s

4-20

4-2r

r

to the cent¡oid of the gross section, measured from

the

extreme compression fibre; and

!c, =

distance to the centroid

of the cracked section, measured from

the

extreme compression fibre.

The mean curvature, which takes into account the tension stiffening effect, can be
calculated according to equation 4-22. The curvatures at key sections along the span
are calculated and integrated to obtain the deflection.

þ",

Ë

Ms-Pe(dp-lr)
E, I,
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Method

2:

The effective curvature Qe which takes the tension stiffening effect into

consideration is calculated using an interpolation between the uncracked and cracked
curvatures Q, anO

Q¿,.

of the sections. The curvatures Q, and Qc, are calculated from

equation 4-8 using 1, and /", respectively. The CEB-FIP Model Code (1990) recommends

equation 4-23 to calculate the mean curvature at a given section. The interpolation factor

( is defined by equation

4-24.

4-23

(*

( = I - ß l'-"

> 0.4 and M,

IM

where

Mr,

4-24

þt þz,with p7 Gond factor) = 1 and 0.5, for high bond and plain
bars, respectively, and

p,

(loading factor)

=I

and 0.5, for first

loading and for loads applied in a sustained manner or for a la¡ge
number of cycles, respectively.
For most practical applications, Þ.¡ =

I,þz=

0.5 and hence Þ = 0.5.

Ghali (1993) recommended that equation 4-23 be used for deflection computation.
He proposed a definition for the interpolation factor

(,

-'

(

as given

fr, )

or)
[u
I
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where P =

coefficient representing influence

of

duration

of

application or

repetition of loading; Ê = 0.8 at fust loading and P = 0.5 for longterm loading or for a large number of load cycles;

r"
= ffi:ii",:";::i;..,,d

to a bending momenr without axiar

force; and
o

I =

tensile stress

in the concrete

due to applied loads, based on the

uncracked section.

The effective curvature is calculated at critical sections and integrated to calculate
the deflection as described before.

Method

3:

Trost (cited in reference Tadros, Ghali and Meyer 1985) accounts for tension

stiffening by interpolation between the deflections õ, and ð.,. of uncracked and cracked
members, respectively, as given by equation 4-26.
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Mn=

moment coffesponding to theoretical (nominal) strength; and

Ma=

moment due to applied loads.

4:

Tension stiffening

of partially

prestressed concrete members can be

accounted for using the concrete tensile stress-strain relationship. The mean curvature at
a given section can be calculated using a strain compatibility approach without ignoring

the concrete in tension. BaZant and Oh (1984) used the model shown in Fig. 4-4 for the

stain softening in the calculation of the deflection of conventionally reinforced concrete
members. Tensile stresses in the concrete were included in the cross-section in the zones
where the tensile strains in concrete do not exceed en where

eO

is defined using the bi-

linear uniaxial tensile stress-strain diagram for concrete shown in Fig. 4-4. The model
yielded satisfactory results compared to the effective moment of inertia method.

Collins and Mitchell (1991) accounted for tension stiffening using the average
concrete stress versus average concrete strain relationship given by equation 4-27, and
shown in Fig. 4-5, to estimate the average tensile stress in the concrete after cracking.

The tensile stresses are considered only in the effective embedment zone given by the
CEB-FIP Code (1978), shown in Fig. 4-6. The average tensile stresses in the cracked
concrete outside the effective embedment zone, are ignored. An equivalent uniform

distribution of a tensile stress equal to 0.5 times the cracking stress,
shown in Fig.

fr,

is proposed

as

4-7. The curvature can then be calculated and integrated over the beam
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length to calculate the member deflection.

f:

Jcl

where

ut d2 f6
1.

Ect) EÜ

4-21

y'soo %,

f,,

average tensile stress after cracking;

Ert

average tensile strain;

8,,

tensile strain at cracking;

al

factor accounting for bond characteristics of reinforcement
1.0 for deformed reinforcing bars, 0.7 for plain bars, wires, or bonded

strands and 0 for unbonded reinforcement; and

Ûz=

factor accounting for sustained or repeated loading

i.0 for short-term monotonic loading and 0.7 for sustained and/or
repeated loads.

From the previous discussion of the different methods proposed to calculate the
deflection, it is concluded that it is difficult to calculate member deflections with a high
degree

of accuracy even in a controlled testing laboratory. This is due to the random

variations of some of the conüibutory factors such as the concrete modulus of elasticity,

creep, and sh¡inkage.

In field conditions, not only are the variations

greater, but in

addition the number of va¡iables increase. Examples are the uncertainties about level and

duration of loading and seasonal weather variations.

103

A

calculated deflection should

Chapter (4) / Serviceability of Prestressed and Partially Prestressed Concrete Beams

therefore be viewed as an "estimate" (Tadros, Ghali and Meyer 1985).

4.3.2 Crack Control

Cracking of concrete occurs when the induced strain, which could be due to load
and/or shrinkage, exceeds the ultimate tensile süain of concrete. It has been reported in

the literature that the measured ultimate tensile strain and modulus of rupture

f, for

concrete have very wide and scattered results. Based on statistical evaluation, the
modulus of rupture of concrete

f.

related to the compressive cube strength¿u at 28 days,

is given by equations 4-28 and 4-29 by Rüsh (Leonhardt 1988). This indicates that
concrete members normally crack

if

the tensile strain e., exceeds the range of 0.01 to

0.0I2 percent.

5Vo

2?
0.18 f;u

probability Í,

MPa

4-28

MPa

4-29

2

95Vo probability

f,

0.36

f;u

Concrete structures may crack in the flrst days after placing concrete and before

applying any loads on the structure, due to differential temperature caused by the
hydration process of cement. The differential temperature may induce higher tensile
strain than the strain corresponding to the modulus of rupture. The amount of heat caused

by the hydration depends on the membe¡ thickness, type of cement, curing process, and
r04
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curing environment. Major cracks develop mainly due to the applied loads, which induce
internal normal, shearing, torsional, and bending súesses. Cracks may also occur due to

tensile stresses produced by restrained deformations due

to

temperature variation,

shrinkage, and creep of the concrete. In general, cracks can not be avoided in concrete
sfIuctures.

Cracks are typically evaluated by measuring the crack width, w, at the concrete

surface. Reinforced and prestressed concrete structures, reinforced by steel bars or
tendons, are normally protected against conosion

if

the crack width does not exceed

0.4 mm with sufficient concrete cover (Darwin et al. 1985). Design codes aim to control

cracks

for corrosion protection by limiting the permissible maximum crack

width.

Replacing the sæel by fibre-reinforced-plasúc (FRP) reinforcement provides an excellent

solution to the classical problem of deterioration of concrete structures due to corrosion
of steel reinforcement. However, it should be noted that there are many good reasons for

conrolling widths of cracks other than corrosion protection. For example,
necessary

it

may be

to control the crack width to avoid leakage or to avoid impairment of

appearance of the structure (Darwin et al. 1985).

is affected by the following factors:

I.

Stress

in reinforcement;

2.

Concrete cover;
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3.

Diameter, spacing and arrangement of reinforcing bars;

4.

Bond properties of reinforcing bars;

5.

Concrete sûength;

6.

Shape of strain distribution;

1.

Type and shape of prestressed and non-prestressed reinforcement; and

8.

Ratio of prestressed to non-prestressed reinforcement.

4.3.2.1 Crack Width Evaluation

Crack widths should be calculated for partially prestressed and non-prestressed
concrete members. The permissible crack width varies between 0.1 and 0.4
steel reinforcement is designed to provide ultimate sfength

mm. V/hen

in accordance with any of the

existing codes, load-induced cracks rarely exceed a width of 0.5 mm (Ghali and Favre

i986). Therefore,

cracks of larger width occur only when the structure is subjected to

loads larger than those it is designed

if its width

for. Experience indicates that a crack can be visible

exceeds 0.2 mm (Darwin et

al. 1985). Selection of an appropriate maximum

crack width for structures prestressed by FRP reinforcement is needed to avoid marring

the appearance of the structure. Crack width calculations for parúally

prestressed

members have been related either to a fictitious tensile stress in the concrete or to the
stress

in the reinforcement.
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Control of the crack width using this approach is

achieved by limiting the fictitious tensile stress

in the concrete, calculated

based on

uncracked secúon properties under service loading conditions. This tensile stress is

fictitious because it is greater than the modulus of rupture of the concrete. ACI Code
318-83 allows a fictitious tensile sftess in the pre-compressed tensile zone
MPa, which is equivalent

to

t ,E

of t O ,E

psi, without checking the crack width

if

the code

requirements for minimum cover and deflection are satisfied.

The fictitious ænsile stress is insensitive to such parameters as type of reinforcement
and its distribution, concrete cover, etc. Naaman and Siriakson (1979) reported that the

fictitious tensile stress calculated under full service loads for partially prestressed beams

which satisfy ultimate strength and serviceability criteria varied from
46

lfrl

S.O

ff ø

psi, indicating that no limiting tensile stress can be selected to cover all

practical cases. Tadros (19S2) found that for a partially prestressed doubled T-beam
exhibiting a maximum crack width of 0.075 mm, the calculated fictitious tensile stress is

ß lÍrt

psi. This value is about 50 percent larger than the maximum allowable limit

stipulated by the ACI Building Code for prestressed members. Krishna Mohan Rao and

Dilger (lggl'J) showed that for a given dimension and reinforcement, the fictitious tensile
stress

in a T-section is higher than that in l-section, while the calculated crack width for

the T-section is less than the crack width for the I-section, under the same load level.
Consequently, the use of the fîctitious tensile stress method is not acceptabie for the
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members because

it

may lead to unsatisfactory crack

control (Krishna Mohan Rao and Dilger 1992). An upper limit of the fictitious tensile
stress can be too liberal

for solid, box and I-type sections and can be too restrictive for

T-sections. A survey of the proposed equations to estimate the crack width for partially
prestressed concrete members, based on the fictitious tensile súess approach, is given in

Table

4-4. It is shown in Table 4-4 whether the given crack width is a maximum or an

average value and whether the crack width is predicted at the steel level or at the beam

soffit.

Reinforcement stress method: The second approach to estimate the crack width is based

on the stress or strain of the reinforcement. Many equations have been proposed to
calculate the crack width usíng this approach. There is a general agreement that the stress

in the reinforcement, cover, type of reinforcement and its distribution, and area of
concrete in tension are the major va¡iables to be considered in estimating the crack width

of concrete members. The crack width is related to the stress in the reinforcement for
reinforced concrete members and to the stress change after decompression

in

the

prestressed reinforcement. The decompression is a fictitious state at which the prestressed

section becomes similar to a reinforced concrete section subjected to axial force and
bending moment. Table 4-5 shows the different methods available
estimate the crack width using the reinforcement stress approach.
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Various methods have been proposed to evaluate the decompression force, based on
decompression at the extreme fibre, at reinforcement level, or of the whole section which
leads to zero concrete stress throughout the c¡oss-section. Bachmann, Bruggeling, Nilson
and Shaikh (Tadros 1982) recommended that the effective prestressing force,

P' be used

instead of the decompression force, P¿r, trr cracked section sûess analysis. Bachmann
recommended the use of the effective presûessing force instead of the decompression
force since the difference between P¿rand P, is small and P, is always on the safe side.

The following three methods for estimating the crack width based

on the

reinforcement stress approach a.re recommended by the CPCI Design Manual (1989), the

CEB-FIP Code (1978) and the ACI building Code (i989).

Method

1: CPCI Design Manual

(1989) recommended the use of the method given by

Suri and Dilger (1986) to estimate the maximum crack width at the beam
method

is

based on statistical analysis and accounts

soffit.

The

for different combinations of

prestressed and non-prestressed reinforcement as given by equation 4-30.

wma*

- kÍrd,
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maximum crack width at the beam soffit;

= 2.55x10-6

for strand and deformed bar combination;

= 2.65x10-6
= 3.5lxl0-6

for strands only;
for wi¡e and deformed bar combination;

= 4.50x10-6 for wires only;
f,

=

change

in the stress in prestressed

reinforcement due

to an

applied moment Ms;

dc

=

concrete cover measured from centre of reinforcernent;

At

=

area

As

= total area of

of concrete below the neutral axis; and
prestressed

Ao, and

non-prestressed A,r,

reinforcement.

Desi-en ch¿u1s are given to calculate the change

of the stress in the prestressin_e

reinforcement (K¡ishna Mohan Rao and Dilger 1992). Rational analysis can also be used

to predict the decompression force and the stress in the reinforcement using equations
4-31 and 4-32.

PA, = Pi+A,Pr+AP,
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^ I -r*
"rs -

-Pd,

l+,.

where Pi

=

LP, =

'r,

* M,

1,,

,rr),

4-32

initial presuessing force;
total loss of compression in concrete due to the combined effect of

creep, shrinkage

of

concrete and relaxation

of

prestressing

reinforcement, (negative value);

LPo =

fc (Ep, /

E)

Aps

force in prestressing reinforcement coresponding to the concrete
stress¿ at the level of the prestressed reinforcement under dead load
and effective prestress;

ÂP, =

Í,

(Eu,

/

Ec) Ans

force in non-prestressed reinforcement corresponding to the concrete
stress

f, at the level of the non-prestressed

reinforcement due to the

effect of dead load and effective prestress;

/ A + P,

/ Ig - M¿lr/ Ir;

f,

Pe

4,,

cross-sectional a¡ea of transformed cracked section;

€cr

eccentricity of prestressing reinforcement with respect to neutral axis

e ),s

of the transformed cracked section;

n=

modula¡ ratio E,

Es=

Average modulus of eiasticity of prestressed Eps and non-prestressed

/ Er; and

^E,, reinforcement.
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Method

2:

The CEB-FIP Code 1978 approach for predicting the crack width is based

on the strain in the reinforcement. The crack width is calculated based on an assumed
crack spacing. An empirical formula is proposed to estimate the crack spacing, as given

by equation 4-33, which may be applied for a reinforced or prestressed concrete crosssection subjected to axial force, bending moment, or combination of both.

5r,,,

where S r*

= 2 ( c + å ) + k1t k.¡z
10'

do

4-33

P,

average spacing between cracks;

c

concrete cover;

s

spacing between longitudinal reinforcement. s should be less than or

equal to l5d6:

db=

bar diameter;

kI=

coefficient, depending on the bond quality of reinforcement
0.4 for high-bond bars and 0.8 for plain bars or plain prestressing
wires;

k2=

coefficient, depends on the shape of the strain diagram.
0.125, in case of bending without axial force, 0.25, in case of axial
tension and 0.25 [(e¡

a

zone from web

cracked state

+

er)

I 2erJ, in case of eccentric tension or for

of a beam. e, and e2 are strain values in

at the top and bottom, respectively, of the

considered;

tt2
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Pr

A, / Arr¡ and

Arrf

effective area of concrete, where reinforcement influence the crack

width as given in Fig. 4-6.

The average crack width (w,,,) is estimated using equation 4-34, which is based on
the strain in the prestressing reinforcement, rr2, after decompression. The cha¡acteristic
crack width (w¡), which is defined as the c¡ack width that only 5 percent of the cracks

will

exceed, is given by equation 4-35.

wnt

Sn,,

wk = l'7
where

(

Ç

'r,

4-34

4-3s

w,,,

is given by equation 4-24.

Method 3: The ACI318M-89 and CSA Standard CAN3-423.3-M84 recommend the

use

of the method proposed by Gergely and Lutz (1966), given by equation 4-36, for

the

calculation of the crack width of reinforced concrete beams. It is also proposed to use
the same equation for partially prestressed concrete beams (CPCI Design Manual 1989).

w=RL

h"
hr

f,
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R

li

h1

distance from centroid of tensile reinforcement to neutral axis;

h2

distance from extreme tensile fibre to neutral axis;

A

average effective area around one reinforcing bar

x 10-ó for

steel;

2bdc/m;and
number of reinforcing bars.

The factor R in equation 4-36, which depends on the bond of the prestressing
reinforcement, was proposed by Suri and Dilger (1986) for different combinations of the
prestressed and non-prestressed steel reinforcement.

It is reported that there is a poor

correlation between the crack width and the variable A, which is the average effective
area around one reinforcing bar.

Another expression was proposed (CPCI Design Manual 1989) to control the crack

width of partially prestressed concrete beams; it is based on the recommendations of
Gergely and Lutz expression and given by equation 4-37. The recommended values of
the quantity, z, given by the CPCI Handbook are 15 and 20 kN/mm, which correspond

to a maximum crack width of 0.2 and 0.21 mm, respectively, for prestressed elements
subjected to exterior and interior exposure. The parameters used in equation 4-31 we

similar to the parameters used for calculating the crack width using the Gergely and Lutz
equation.
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z B .oo1 Í,

3,1

dJ

4-37

4.4 SERVICEABILITY OF BEAMS PARTIALLY PRESTRESSED BY r'RP

Applicaúon

of

fibre-reinforced-plastic reinforcement

in

prestressed concrete

structures is relatively recent. Therefore, design engineers deal with this new material

with caution, especially with the lack of knowledge about the long-term characteristics
of FRP in structural applications. As a result, it is almost

a common practice to keep the

jacking stresses as low as 60 percent of the nominal tensile sûength of FRP prestressing
reinforcement, as shown

in Table 2-I

and recommended by the Japanese proposal,

"Design Concept for Concrete Membe¡s Using Continuous Fibre Reinforcing Materials"
(JSCE 1992).

It is advantageous to use FRP for partial prestressing to reduce the cost

and increase the ductility of the prestressed members, especially since preliminary
investigations showed that the fatigue strength of carbon FRP is much better than that of

steel. This approach imposes a demand for good predictive ability of deflection and crack

width for partially prestressed beams at service loading conditions.

Since the elastic modulus of FRP prestressing reinforcement is generally lower than

that of steel, the deformations of members prestressed by FRP, after initiation of cracks,
are expected to be greater than those of similar members prestressed by steel strands.

i15
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the case of using FRP for stfurups, the shear deformation of the member may also become

significant. Yet there is very little information in the literature to predict the deflection

of beams partially

prestressed

by

FRP reinforcement.

FIRP prestressing reinforcement

is non-corroding; however, large cracks are not

aesthetically desirable. An appropriate allowable crack width will be selected according

to the type of sftucture to achieve an acceptable appearance. In general, the allowable
crack width may be taken between 0.3 and 0.5 mm (JSCE 1992). The width and spacing

of flexural cracks a¡e di¡ectly influenced by the bond properties of the reinforcing
materials. Bond chæacteristics should be considered individually for each type of FRP
prestressing reinforcement due to the wide va¡iation of shapes and surface configurations

such as strand, bars, braided, sand-adhered, grid, etc. Calculation of the flexural crack

width may be done by selecting the proper constants for bond.

4.4.1 Deflection Prediction

Mutsuyoshi et al. (1990) reported testing of ten beams reinforced and prestressed by
CFCC, which were described previously in chapter 3. The moment-curvature relationship

of the bonded reinforced concrete beams was predicted using the strain compatibility
approach without accounting for tension stiffening. The predicted behaviour was in good
agreement

witt

tlæ experimental; however, tlre predicted curvature after cracking was overestimated.
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Benmok¡ane et al. tested beams 3.3 m long having two different cross-sections,
200x300 and 200x550 mm reinforced by glass FRP. Based on the observed deflection

of the beams, a modified

expression

for the effective moment of inertia of a simply

supported beam was developed as given by equation 4-37.

Ie
The constants

cx,

a.

Ir,

+

[+

ur,,)Gtl

4-37

and p were eval uated for the glass FRP reinforcement and found

to be 0.84 and 7 , respectively.

Gangarao and Faza (1991) tested concrete beams reinforced by glass FRP and
evaluated the deflection at mid-span using the effective moment of inertia (1r) method.

They reported that, due to the nature of the crack pattern and the height of the neutral
axis, which is very small for FRP reinforced concrete beams, the deflection should be
calculated using different moments of inertia along the beam length. They suggested that

the cracked moment of inertia (lrr) be considered at the middle third for three-point
loadings and the effective moment of inertia (Ir) for the end sections. For a beam
subjected to a uniformly distributed load, the deflection is calculated using

middle half of the beam and

I, in the end quarters. If the beam is subjected

concentrated load at the mid-span,

.I'

/r, in the

to a single

is used in the middle thi¡d of the span and I, in the

end thirds.
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Cunier, Dolan and O'Neil (1995) reported testing nine beams presûessed by
different rypes of FRP reinforcement, namely CFCC carbon fibre, FiBRA aramid fibre
and Lightline E-glass, and th-ree more beams prestressed by steel sfands. The beams

were254 mm high and 5.49 m long. The deflections of the beams were monitored for
a period of one year. Two beams of each group were subjected to uniform dead load
producing tensile stresses at the bottom of the beams and the remaining beams carried
self-weight only. The observed long-term deflections of the beams prestressed by FRP
were less than those of beams prestressed by steel. The initial results indicated that
current methods for determining long-term deflections, such as the multiplier method

reported

in the PCI

Design Handbook and Branson's equation, under-predict the

deflections of members prestressed by FRP tendons.

4.4.2 Crack Width Prediction

Nakai et al. (1993) tested five pretensioned concrete T-beams of 500 mm total
thickness and 3-m span. Four beams were prestressed by aramid FRP and one beam \ryas
prestressed by carbon FRP. Equation 4-38, which is based on the JSCE (Japanese Society

of Civil Engineering) standard specifications, was used to predict the crack width of the
tested beams.
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w - kl4dr+0.7(s -db)1L
'Es
where

4-38

k=

factor depends on the bond properties;

db=

bar diameter; and

L_

concrete cover measured from the surface of the reinforcement.

The ratio of the measured to the predicted crack width was about 0.75 and 0.5 for
beams prestressed by carbon and aramid FRP, respectively.

Tadashi et al. (1993) reported the testing

of six concrete

beams reinforced and

prestressed by braided aramid FRP rods. Four beams were of a rectangular cross section,

3.6 m long and 300 mm deep. The other two beams were of T cross-section, 800 mm
deep and

i0 m long. The full-scale

beams were reinforced

for shear using spiral aramid

FRP reinforcement. The beams were subjected to sustained loads ranging from 0.67 Pcr

to I.5

Pcr

for up to

10,000

hours. The crack width was calculated based

on

equation 4-39, according to the CEB-FIP Model Code 1990.

w*

I* ( er, -
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and

Io,

2(c+0.1 s).;

I*-2(c+0.1 s)*

0.1 d.

0.05 d.u

-

for

for sand adhered

steel

AFRP

4-40

4-41

Pe

where

lou

average spacing between cracks;

p

0.38 for long term loading;

c

st¡ain of reinforcement at cracking load, based on cracked section

"s12

properties;
Esh

concrete shrinkage; and

Pe

As

/ Acer.

Equation 4-40, which calculates the average spacing between cracks for beams with

steel, was modified to equation 4-4I for sand-adhered braided aramid FRP rods by
changing the bond coefficient from 0.1 to 0.05. The reduction in the bond coefficient
indicates that the bond properties of the sand-adhered braided aramid FRP rods are better
than those of steel. The predicted crack width was in good agreement with the measured
values.
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Maximum allowable computed deflection recommended by ACI and CSA Code
Type of Element

tJ

/

Deflection to be Considered

Flat roofs not supporting or attached to
non-structural elements likely to be
damaged by large deflections

lmmediale deflection due to the live load

Floors not supporting or altached to nonstructural elements likely to be
damaged by large deflections

lmmediate deflection due to the live load

Roof or floor construclion supporting or
altached to non-slructural elements
likely to be damaged by large
def lections
Éoof or floor construction supporting or

altached to non-structural elements not
likely to be damaged by large

That part of the total deflection which
occurs after attachment of the nonslruclural elements, the sum of lhe longtime deflection due lo all sustained loads
and the immediate deflection due to any
addilional live load(z)

lectlon
limitation

Def

I

(r)

180

t
360

f

tsl

480

( ttt
240

def lections
t'rThis limit ¡s nol ¡ntênded to safeguard against ponding. Ponding should be checked by suitabl€ calculations ol dellection including the
added deflection due to ponded waler, and considering long-timo eflects ol all sustained loads, camber, construcl¡on lolerances, and
reliability of provisions for drainage.

ol defleclion which occurs belore attachment ol the non-slruclural elemenls.
This amount shall be delerm¡ned on lhe basis ol accepted engineering dala relaling lo the time-dellection characlerislics of members
similar to those being considered.
lsrTh¡s lim¡t may be exceeded il adequate measures are taken lo prevont damage to supporl€d or attachod elements.
t.rBul not greater than lhe tolerance provided lor the non-slructural elemenls. This limit may be exceeded if cambor is provided so thal
the total deflect¡on minus the camber does not exceed lhe limilalion.

lrrThe long-time d€flection may be reduced by the amount
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Table

4-2 Maximum

recommended crack width (CPCI Metric Design Manual).
Max¡mum

Type ol elemenl
and exPosure

value of
z (kNimm)

Corresponding
value of w (mm)

Critical appearance
o

Exterior exposure
lnterior exposure

18

0.12
0.24

Prestressed elements
Exterior exposure
lnterior exposure

15
20

0.20
0.27

Non-prestressed
elements
Exterior exposure
lnterior exposure

25
30

0.33
0.40

Table

4-3

Recommended limits of crack width given by the CEB-FIP Code 1978.
Limis for

Limirs for

Reinforcement

Reinforcement

Exposurc

L¡ad to

Highly Sensitive

Moderately Sensitive

Conditions

Be Considered

lo Lorroslon'

ro Corrosionl

Frequent (dead load plus

Mitd

frequcntly occurring
Usual interior exposure

live load)

0.2

-

(0.m8

Lo*'-humidity exterior
exposure

0.012 in.)

0.4
(0.016

-

0.6 mm
0.024 in.)

Permanent (dead load plus

susuincd live load)

0.1

*

(0.0t1
Ì''f

0.3 mm

-

0.15 mm

need not be checked

0.006 in.)

oderate

High humidity or

Frequent

0.1

* 0.15 mm
- 0.@ó in.)

(0.004

slightly conosive

0.2
(0.@8

-

0.3 mm
0.012 in.)

interior exposure
Running water
Ordinary soil exposure

Permanent

Severe

need not be checked

Rarc (dead load plus

maximum possible
Seawater cxposure

No tension
in concrete

Usual exterior exposure

livc load)

0.1

.. 0.15 mm
* 0.006 in.)

(0.0Oa

0.2
(0.008

Sligltly acidic liquids

- 6.3 **
- 0.012 in.)

Deicing chemicals
Corrosive gases
Corrosive soils

Frequent

* 9.15 rrn
- 0.006 in.)

No rension

0.1

in concrete

(0.004

'The limits given refer to ùe characteristic crack widths, tl¡. The lower limit is for a cover equal to the
minimum required by CEB, while the upper limit is for a cover at least 1,5 times tlre minimum cover.
lRei¡forcemenr considered ro be highly sensitivc ¡o corrosion íncludes prestressing srccl, small diamerer
(( 5 mm or 0.2 in.) ba¡s or wircs, and neated steels (heat treated or cold worked). Normal reinforcing
ba¡s a¡e considered to be moderately sensitive to corrosion.
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Table 4-4 Crack width calculations based on fictitious tensile stress approach
Researcher

Whether
maximum

Equation

or average
crack

Type

AT

of

Type of non-

reinforcement

prestressed

level or tleam
soffit

reinforcement reinforcement

presftessed

width
Bennett and
Chadrasekhar

(r972)

w = k drfr¡

k =435 x 10-6

for reinforcins bars
725 x 10-6 fõr srands
1160 x 10-6 for wires

Meier and
Gergley
NJ

u)

(1e81)

w=c1errd,
ct- =

12

w=

c2 er,

width of
major

Deformed

Beam soffit

bars,
strands
and

8

cracks

wires

Maximum

Beam

soffit

Not sPecific

d, (A)%

Maximum

Beam

soffìt

Not sPecific
Deformed bars
and

= 0.Q32 for reinforcing bars
= 0.0546 for strands

w-o.ooo24w

Deformed
bars
and
strands

for reinforcing bars
for
16
strands
=

hScholz (1991)

Average

sftands

Maximum

Beam soffit

Not speciftc

Not specific
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Table

4-5 Crack width Calculations

Researcher

CEB-FIP

(1970)

Bennett and

/

Serviceability of l'restressed and Partially Prestressed Concrete Beams

based on reinforcement stress/strain approach

Equation

At

Type

reinforcement
level or beam

widtlr

reinforcement reinforcement

soffit

w = (Âf, - 40) x l0-3
for non-repetitive loads

Probabilistic
crack width

Steel level

w=Àf.xl0-3
for repetitive loads

chance of not
being excedded

*=Þl+Þ2€nrc

Maximum

wirh 95

è

(1972)

prestrcssed

Not specific

Type of nonprestressed

Not specihc

Vo

Veerasubramanian
l.J

of

Whether
maximum or
average crack

Beam soffit

Strands

Deformed
bars

Êr = 0.02, Þz = 6.5
"calculated based on crack width
observed at the second cycle of loading"

Hassoun and
Sahebjam

w= l.92c0hr

Maximum

Beam soffit

Strands

bars

(le8e)

Nawy
(198e)

Deformed

w

A,
' k Ei

Lfo'

Maximum

Steel level

Strands

Deformed
bars

k = 5.85 x lO-s (pretensioned beams)
= 6.51 x lO-j (¡rost-rensioned beams)
= 6.83 x l0-) (Unbonded posr
tensioned beams)
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load

//
/ --/-----./

ln each cas€:
(¿) Ordinary reinforced

{å} Panially

prestressed

(c) Fully
(ri

)

presrressed
Over preslressed

Deflecrion

lb'

Fig.4-1 Idealized load-deflection curves for beams with
varying amounts of prestress force (Nilson 1987)
(a) under-reinforced beams (b) over-reinforced beams

125

Chapter (4) / Serviceability of Prest¡essed and Partially Prest¡essed Concrere Beams

M

Mr",

/
a

t--

ó
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l*

=

*I"
8

u"
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óct
'

lø.
¡n lh¡s region Á
M-Mo
CanUSe
Y=-' Ec ltrans

curvê lurSs

6^^
ð('= deviation of
f

romatangent

B

9s6= change ¡n slope

from C to

deflected shape

Fig.4-2 Calculating deflecrion from

B

the curvature (Collins and

Mirchel

1991)

i_b
Fulty

panially

Ye crack;d

cracked
centroid

centroid
_

r\'ts
cross
section

Fig.4-3 Centroidal

uncracked
section

partially cracked
section

disrances for uncracked, partially cracked and
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ten

3

ion

Þ_ò

(d)

r

7lll]T'Iy:::

vc

4IUr:#

-sl

-cr

Fig.4-4 Assumed uniaxial stress-strain ¡elations for concrete in tension
and compression (a,b) and for steel (c); and stress and strain distributions
in the c¡oss secrion of beams (d). (BaZanr and Oh I9B4)

t^

Í.,

"1

= 1.0

1.00

0.75

short-term,

1.0
" z=

0.50

0.25

0

\,onn-,"*

0.001

,o z=0.7

0.002

0.003
€ct

Fig.4-5 Average súess vs. average strain relationship
for concrete in tension (Collins and Mitchell 1991)
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Fig.4-6 Effective embedment zone defined by the CEB-FIP Code (1978)
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Fig.4-7 Equivalent uniform sûess distribution (Collins and Mitchell i99i)
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TIIE EXPERIMEINTAL PROGRAM

5.

5.1 GENERAL

The experimental program was undertaken to study the flexural behaviour of
prestressed and partially prestressed concrete beams with carbon fibre-reinforced-plastic

(CFRP) prestressing bars. The serviceability limit states in terms of crack width, crack
spacing and deflection prior to and after cracking were examined. The modes of failure

and the ultimate carrying capaciry of the beams were also investigated. The test
specimens consisted of eight beams prestressed by CFRP bars and nvo additional beams
prestressed by conventional steel sûands. The parameters considered in this experimental

program were the prestressing ratio and the degree of prestressing. Severai control
specimens were tested

to evaluate the material properties of the concrete,

CFRP

reinforcement, and prestressing steel. This chapter presents det¿ils of jacking, testing set-

up and different instrumentations used to measure the response of the beams. This
chapter also presents the properties of the materials used in this study based on testing

of the control

specimens.
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5.2 TEST SPECIMENS

Ten pretensioned prestressed concrete T-beams with a total length of 6.2 m and

a

depth of 330 mm were tested. The beams were simply supported with a 5.8-m span and

a 200-mm projection from each end. The beams had the same span-to-depth ratio as is

typically used by industry for bridge girders. The beams had

a

flange width varying from

200 mm to 600 mm, as shown in Fig. 5-1. Eight of the tested beams were prestressed
by 8-mm Leadline CFRP bars produced by Mitsubishi Kasei, Japan; and two beams were
prestressed by 13-mm conventional steel strands. The beams were reinforced for shear

using double-legged steel stirrups, 6 mm in diameter, uniformly spaced 100 mm

aprt

The steel stiffups were tied to two longitudinal steel ba¡s, 6 mm in diameter, 25 mm from

the top surface of the beam. The nominal yield sftess of the steel stirrups

and

longitudinal bars was 400 MPa. The top flange was reinforced by welded wi¡e fabric

(WWF) 102x102, MW i8.7 x MW i8.7 (CPCI Metric Design Manual 1989). The end
zone of the beam was reinforced by two steel plates of 12.5-mm
steel bars

of 10 mm diameter,

as shown

(I/2") thickness

in Fig. 5-2. The beams had an adequate factor

of safety for shear and bond. The variables of the test program were

1.

and two

as follows:

Degree of prestressing: two levels of jacking stresses of CFRP bars were used, 50
and 70 percent of the guaranteed ultimaæ strength of the Leadline as reported by the

manufacturing company.
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2.

Number of Leadline bars: two and four bars were used.

3.

Distribution of the Leadline bars in the tension zone: where Leadline bars were
placed in two and four layers, as shown in Fig. 5-1.

4.

Flange width of the beams: two widths were used, 200 mm and 600 mm.

Detailed information about the tested beams is given in Table 5-1. The designation

of the beams have the first letær either T, R, or S, refers to T-section of 600-mm flange
width, Bectangulil section of 200-mm flange width and beams prestressed by Steel
reinforcement, respectively. The fi¡st number of the beam designation is either 2 or 4,

which refers to the number of prestressing bars, while the second number, .5 or .7, refers
to the ratio of the jacking sÍess to the guaranteed ultimate strength. The last letter in the
beam designation, H or V, refers to the configuration of the bars in the tension zone,
either Horizontal or Vertical.

5.3 JACKING SET-UP

The casting bed and the support system used to jack two beams at the same time is
shown in Fig.

5-3. The

prestressed tendon consisted

of two 8-mm Leadline bars,

ancho¡ed by 75-mm-long steel wedges in one ancho¡ head, as shown

each

in Fig. 5-4. A

speciai system of hinges was used to ensure equal distribution of the prestressing force

in each tendon, as shown in Fig. 5-5. The prestressing forces were applied using four
131
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hydraulic screv/ jacks of 50-ton (500 kN) capacity each, with locking nuts to maintain the
force constant after jacking. The load was applied in increments using Enerpac hydraulic

air pumps. The movement of a spreader beam at the jacking end was recorded by means
of linear variable differential transducers (LVDTs). After the required force was applied,

the screw jacks were locked with nuts. The prestressing force in each beam
monitored by load cells

of

mounted on each Leadline

1000-kN capacity each, and by means

bar. A

of

strain gauges

data acquisition system of 48-channel capacity and

sampling rate of 40 samples per second using a Data Scan 7000 digital card
resolution at a range of 10 volts

+

was

of 16-bit

0.3 m.volt was used to record the readings of the of

the load cells, strain gauges and LVDTs during jacking. A software "Labtech Notebook"

was used to store the data at a rate
readings

of

1 sample every 2 seconds. After jacking, the

of the strain gauges and the load cell were continuously recorded until the

release of the prestressing force at a rate

of 1 reading every 10 minutes. The overall

jacking set-up used for prestressing is shown in Fig. 5-6.

Before the concrete was cast, the steel form was lubricated and the steel cage,
including WWF, was assembled and tied in place. After jacking the Leadline bars by

a

time period of approximately 12 hours, the concrete was cast for the two beams at the
same

time. After the concrete

had reached a minimum strength

of 30 MPa, th¡ee to four

days after casting, the prestressing forces were gently released by releasing the pressure

of the four jacks gradually at both ends of the beams. The beams were taken out of the
r32
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form, using an overhead crane of 1.0-ton (10 kN) capacity, by lifting the beams at two
points 500 mm from the beam ends. A hah crack was observed at the top surface of one
beam, R-4-.5-H, due to the lifting process.

5.4 TESTING SCHEME

The beams were tested using two quasi-static monotonic concentrated loads, 1.0 m

apart. The load was applied under stroke control with a rate of 1.0 mm/min up to the
cracking load and thereafter at a rate of 2.0 mm/min up to failure. The load was cycled
three times between an upper load level of 60 percent of the predicted strength of the
beams, which

is equivalent to 1.5 to 2 times ttre cracking load,

depending on the

prestressing level, and a lower load level of 80 percent of the cracking load of the beam,
as shown

in Fig. 5-7. The second and the third cycles were applied using the same rate

of loading as in the initial cycle. The aim of the repeated loading at the service load limit
was to study the deflection, after loss of beam stiffness due to cracking and the cracking

behaviour after stabilization of cracks.

A closed-loop MTS 5000-kN (1.2 million pound) cyclic loading testing machine was
used to apply the

load. The range cards used for testing were 1000 kN for load and 200

mm for stroke. The beams were simply supported on rollers at each end of the beam; the

rollers rested on concrete blocks anchored to the floor, as shown schematically in
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Fig. 5-8. The load was applied through hollow structural sections 101.6x101.6 mm on
the full width of the beam. Cement pads were used at the loading locations and at the
bearings to distribute the load evenly. The beams were laterally braced at the location

of the supports and 800 mm off the cenûe of the beams. The beams were painted white
to enhance visibility of the cracks. The test set-up, including the MTS machine, is shown

in Fig. 5-9.

5.5 INSTRUMENTATION

Nine electrical suain gauges produced by Showa Measuring Instruments Co. Ltd.,
Tokyo, Japan, of the type Nl1-FA-5-120-11 and a resistance of 120 ohms, were installed
on the Leadline bars for each beam. Seven strain gauges were staggered in the middle
zone of the beam and two strain gauges were installed at several distances close to the
end of the beam to measure the transfer length of the Leadline bars. The strain gauges
were glued to the smooth part on the surface of the Leadline bars using M-Bond 200.
The strain gauges were covered by a waterproof coating to protect them from water and
damage during the casting of the concrete. The suain gauges were pennanently attached

to either strain indicators or the data acquisition system to monitor the loss of

the

prestressing force until the day of testing.

During the test, the strain in the concrete \r/as measured at several locations at each
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increment of load. The concrete strains in the compression zone at the top surface of the
beam and in the tension zone at the level of the bottom Leadline CFRP prestressing bars

were measured using demec-point stations, as shown in Fig. 5-10. The concrete strains

were measured using a dial gauge with 0.8

x

10-5 mm/mm accuracy to measure the

deformation along a 200-mm gauge length. The strains, measured by the dial gauge, were
¡ecorded every 2- to 5-kN increment within the service load range followed by increments

of

10

kN up to the failure load. The strain in the CFRP prestressing bars was monitored,

within the constant moment zone, by means of the electrical strain gauges. Dial gauges
were also installed at the ends of the bottom Leadline prestressing bars, to monitor any
possible slip of the reinforcement.

Measurements were recorded during the test using the same data acquisition system
used during prestressing at a rate

of 1 sample every 2 seconds. The load and stroke of

the cross-head of the machine were recorded. The deflection at midspan was monitored
on both sides of the beam, using two linear variable differential transducers (LVDTs) of
125-mm sûoke. The vertical movement of the supports was also monitored using two

LVDTs, one at each end of the beam. The instrumentation used in the beam test

is

shown in Fig. 5-8.

Cracking behaviour was monitored in terms of crack pattern, height, and width. The
crack width was measured within fhe constant moment zone at two levels, at the extreme
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tension fibre

of

concrete

for all

beams, and

at the level of the bottom Leadline

prestressing bars, 50 mm from the bottom surface of the concrete, for four beams. A

microscope of a magnification factor of 50, moving on a system of rollers, was used to
measure the crack width, as shown in

Fig.5-11. The crack width measurements were

taken every 2 to 5 kN in the fi¡st cycle and every 10 kN in the second and thi¡d cycles,

within the service load limits.

5.6 MATERIALS

CFRP reinforcement is chuacterized by having the highest tensile elastic modulus,
compared to other commercially available FRP tendons; however,

it

has the smallest

ultinrate tensile strain. CFRP reinforcement, in general, is characterized by excellent
fatigue characteristics and low relaxation. The axial coefficient of thermal expansion of
CFRP reinforcement is practically zero (Mufti et al.

199i). The characteristics of

the

CFRP and other materials used in this study are discussed in the following sections.

5.6.1 Leadline

CFRP Læadline bars, having an indented shape and 8-mm nominal diameter, were
used

in this investigation to

pretension the concrete beams. The Leadline bars are

produced by Mitsubishi Kasei, Japan. The Leadiine bar is pultruded using tinearly
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oriented Dialead coal-tar-pitch-based continuous fibre and epoxy
diameter

resin. The actual

of the Leadline bar is 7.8 mm with an area of 47.3 mmz, according to the

manufacturer. The characteristics of the Leadline bars in terms of bond, fatigue, linear
density and coefficient of thermal expansion are reported in chapter

2.

Steel wedges were

used to anchor two Læadline bars in one anchor head. The anchorage is 75 mm

and 60 mm

in

diameter, supplied by the same company as the Leadline

in length

bars. An

aluminum tube was used benveen the Leadline bar and the steel wedges as a soft material
to reduce the transverse shesses on the Leadline bar. A plastic sleeve was used between
the sæel wedge a¡d the anchorage to prevent slippage of the læadline bar. The assembly

of the læadline anchorage is shown in Fig.

5-4.

5.6.1.1 Tensile properties

The stress-strain relationship of the Leadline is linearly elastic up to failure

as

reported by the manufacturing company and as proved by tension tests. Three types of
anchorage of the tæadline bars were used in the tension tests. The fi¡st and the second

types of anchorage were made of reinforced concrete; the third type was a steel wedge

similar to those used for steel strands. Two different configurations were used for the
concrete anchorage.

The flrst configuration of the concrete anchorage had a cross-section of 150x150 mm

t3l
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and a length of 1200 mm, as shown in Fig.

5-I2.

The concrete anchorage was reinforced

by a 4-mm steel spiral of 100-mm diameter and 25-mm pitch. The steel spiral was used

to confine the concrete along the length of the concrete anchorage to increase the bond
strength and to prevent slippage. The assembly was tested horizontally as shown in

Fig. 5-12. Two hydraulic jacks of 50-ton (500 kN) capacity were used to apply the load.
The jacks were fixed to a steel abutment and pushed against two movable channels. Two

LVDTs were used to monitor the distance between the fixed abutment and the movable
channels

to make sure that the channels and the concrete blocks were

always

perpendicular to the Leadline bar, as shown in Fig. 5-13. The loading rate was 10 kN per

minute. Two suain gauges, one on each side of the Læadline bat, were used to measure
the strain up to failure. The failure of the Læadline bar occurued typically at the face of
the concrete block; however, no slip was observed. The average tensile stress and strain

at ultimate of three tests were 2950 MPa and 1.56 percent, respectively. The average
tensile elastic modulus of the Leadline bars, based on linear regression analysis up to

failure, was 187 GPa. A typical stress-strain diagram for the Leadline bar using the
concrete block anchorage is shown in Fig.

5-14. The

stress-strain relationship

of

the

Leadline is linear up to 1000 MPa with an average elastic modulus of 170 GPa and linear
up to failure with an elastic modulus of 190 GPa. This bilinear behaviour could be due

to misalignment of some carbon fibres with respect to the longitudinal di¡ection of the
bars. Those fibres may be stretched at a higher load level resulting in an increase in the
elastic modulus.
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The second configuration of concrete anchorage is shown schematícalty in Fig. 5-15.

The difference between the two configurations was that, in the second configuration, the
Leadline bar was bonded to the concrete along the enti¡e length, as shown in Fig. 5-16.
The maximum observed ænsile strength of the Leadline was also 2950 MPa, based on one

test. Failure occuned by rupture of the Leadline bar and no bond slip was observed
during the test.

The third type of anchorage was the steel wedge type which was used for a single
Leadline

bar. The same

assembly

of aluminum tube and plastic wedge used for

anchorage of two læadline bars was used for the anchorage of one Leadline

bar.

the

The

tests were conducted and reported by Mitsubishi Kasei company and verified by tests
conducted at the University of Manitoba, using the same type of anchorage. The average
tensile stress and strain at ultimate, as reported by the manufacturer, were 2250 ll4Pa and

1.3 percent respectively. The company guarantees ultimate tensile strength and elastic
modulus

of

1970 MPa and I47 GPa, respectively. The results also showed a bi-linear

behaviour of the læadline bars. Table 5-2 shows the results of the tension tests of 8-mm
Leadiine bars using the three anchorage configurations.
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5.6.1.2 Transfer Length

The transfer length is detined as the iength required to transfer the full prestressing

force to the concrete. The transfer length of the 8-mm Leadline ba¡s was estimated by
measuring the strain change in the bars at the ends of the beams before and afær release

of the prestressing force. After transfer of the prestressing force, the strain at the free end

of the bars at the end of the beam is zero and increases gradually within the transfer
length until it reaches a constant value along the beam. The strain in the Leadline was
measured using strain gauges mounted on the læadline bars close to the end of the beams.

The data were collected from different beams which had the same jacking suess. The

Leadline bars were jacked to 980 MPa for six beams, which is 50 percent

of

the

guaranteed strength, and 1380 MPa for two beams, which is 70 percent of the guaranteed

strength. When the concrete strength was between 37 and 50 MPa, the force in

the

Leadline bars was released gently by releasing the pressure of the jacks. The percentage

of the strain of the læadline bars after release, compared to the strain before release, for
the different beams, is shown in Fig. 5-17. The loss in the Leadline strain at the midspan

of the beams

represents the loss due to elastic shortening.

A

linear regression

analysis was carried out for the data collected at the end of the beams and for the data

collected at the midspan of the beams. The intersection of the two regression lines
represents the transfer length. The transfer length was estimated to be 360 mm (46 bar

diameters) when the stress after release was 950 MPa, and 500 mm (64 bar diameters)
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when the stress after release was 1310 MPa. The transfer bond strength in the transfer
zone was calculated at the two levels of stress, 50 and 70 percent

of the guaranteed

sÍength, and was found to be equal to 5.15 and 5.12MPa, respectively.

For the same levels of stress,950 and 1310 MPa, the transfer lengths for steel
strands are estimated, according to the ACI and CSA Codes, to be 46 and 63 times the

diameter of the strand, respectively. The bond strength of steel strands in the transfer
zone was reported to be 5.21 MPa (Collins and

Mitchell 1991). The ACI and CSA codes

also report an average value of the transfer length of steel strands and steel wires as 50
and 100 times the diameter, respectively. The CEB-FIP Code, on the other hand, suggests

that transfer lengths may vary between 45 and 90 times the diameter fo¡ strands and
between 100 and 140 times the diameter for individual wires. The transfer lengths of the

Leadline bars are thus comparable to those of steel strands and much smaller than those

of steel wi¡es. Also, the bond strength of the Læadline

bars

in the transfer zone is

comparable to that of steel strands and higher than that of steel wires. This conclusion

may be attributed to the lower elastic modulus of the Leadline which permits more
longitudinal deformation and consequently more transverse deformation than in sæel for
the same stress level, as Poisson's ratio is approximately the same for Leadline and steel.

The wedging action created by the greater lateral expansion of the bar improves the bond
strength in the transfer zone; this is known as Hoyer effect.
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5.6.1.3 Flexural Bond Strength

The flexural bond strength of 8-mm Leadline ba¡ was compared to that of 13-mm
steel strand by testing four reinforced concrete beams, two of them of 800-mm span and

two of 1200-mm span. Two beams, one of each span, were reinforced by læadline and

the other two reinforced by steel. The rectangular cross-section of the beams

was

120 mm wide and 150 mm deep. The beams were reinforced by 6-mm steel stirrups

every 60 mm. The beams were simply supported with a 50-mm projection from each

end. The beams were loaded by a single concentrated load at the midspan, using 266-kN
universal testing machine. The load and the slip of the reinforcement were recorded
during the test. The slip was measured by dial gauges having 1/1000 of an inch accuracy,
mounted on the reinforcement at the beam ends.

The two beams reinforced by Leadline and the 800-mm-span beam reinforced by
steel failed in bond, as shown in Fig. 5-18, while the 1200-mm-span beam reinforced by

steel failed by crushing of the concrete at the top surface. The bond stresses

in

the

Leadline and steel were calculated using plane-section analysis and are compared for the

two 80O-mm-span beams in Fig. 5-19. The average value of the flexural bond stress for
the læadline at first slip, based on results of the two beams, was 5.0 Mpa compa¡ed to
5.9 MPa for the sæel strand. The bond stress of the steel strands was calculated based

on the nominal ci¡cumference of the strand (nd¡), where duis the nominal diameter of
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the presffessing strand. These results suggest that the flexural bond strength of Leadline

is less than that of steel strand. This can be att¡ibuted to the shape of the seven-wi¡e steel
strand which may cause an increase in the bond strength due to mechanical interlocking.

It can be also attributed to the lower elastic modulus of the Leadline which

causes more

longitudinal deformation and consequently more transverse deformation than in steel at

the same stress level, as Poisson's ratios of Læadline and steel are similar and
approximately equal to 0.3. The higher ûansverse deformations, which result in reduction

of the cross-sectional diameter, could

cause a reduction

of the bond strength due to

friction.

5.6.2 Concrete

Concrete was provided by a local supplier and cast 12 hours after jacking. The
concrete had a l4-mm maximum aggregate size and a 200-mm slump. The water/cement

ratio was about 0.37 and the cement content was 400 kg/m3. The mix proportion by
weight was 1 (portland cement) : 2.9 (coarse aggregate) : 1.7 (fine aggregate). Rheobuilt
1000 superplasticizer at 3 litre/m3 was used to increase the concrete workability. The
target compressive sûength of the concrete was 30 MPa after 3 days. Twelve concrete

cylinders were cast from each batch. Six cylinders were tested in compression, th¡ee
before release of the prestressing force and three on the day of testing, according to

ASTM C39-86. The elastic modulus of the concrete was also evaluated on the day of
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testing according to ASTM C469-87a using th-ree concrete cylinders. The average
compressive strength of the concrete cylinders ranged between

3l

and 50 MPa at the time

of release and 47 and 70 MPa at the time of testing. The average elastic modulus ranged

from 29 to 38.5 GPa. Table 5-3 shows the properties of the concrete for the tested
beams.

5.6.2.1 Tensile strength

The tensile strength of the concrete was measured using the sptitting test for three
concrete cylinders on the day of testing and from a plain-concrete beam test according
to ASTM C496-90 and ASTM C78-84, respectively. The average tensile strengrh, based

on the splircylinder test, ranged from 3.2 MPa to 4.3 MPa, while

it

ranged between

5.1 MPa and7.5 MPa based on the plain-concrete beam test. This indicates that the
tensile sffength of the concrete measured using the split-cylinder test is about 50 to 80
percent of the tensile strength based on the beam test. These results agree with the values

given by Park and Paulay (1975), where they indicted that the split-cylinder rensile
strength ranges from 50 to 75 percent of the modulus of rupture.

5.6.3 Steel

The tensile properties of the prestressing steel st¡ands were evaluated based on
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tension test of 13-mm-diameter steel strand using conventional steel wedge anchorages.
The tensile strength and modulus were 1900 MPa and 180 GPa, respectively. The strain

in the steel straxd was measured using a¡ LVDT of 300-mm gauge length. The modified
Ramberg-Osgood function (Mattock 1979, cited in Collins and Mitchetl 1991) for the
tested steel strand is given by equation 5-1.

frp

where

<f
- rpu

5-1

fp=
tp
I

I=
rpu

5.7 PRESTRESSING LOSSES

The jacking forces were measured for each beam individually using a load cell

as

previously described. The loss of the prestressing forces was calculated based on the
strain loss in the l^eadline bars, measured by strain gauges mounted on each Leadline bar,

using equation 5-2. The effective prestressing forces in the tested beams were calculated

based on the ioss

of the prestressing forces on the day of

testing, as given by

equation 5-3. For the beams prestressed by steel, the loss of the prestressing force was

predicted according to the CSA Code using computer software CONCISE (Computer
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Analysis and Design for Precast Prestressed Concrete) developed by the Canadian
Prestressed Concrete Institute (CPCD since no strain gauges were used

for the steel

strands.

I =

€, - €gi

Pe = Pi -

where I

=

P,

5-2

I

5-3

'

loss in the prestressing force;

ej =
ee =

average of the læadline st¡ains on the day of testing;

Pi =

initial prestressing force; and

Pe =

effective prestressing force on the day of testing.

average of the initial strains in the Leadline bars;

The jacking and effective prestressing forces and the prestress losses are given in
Table 5-4. The prestress losses of the beams prestressed by tæadline bars ranged between

8.0 and i7.8 percent except for beam R-4-.5-H, where the loss of the prestressing force
was 25.5 percent due to the occunence of one crack at the top surface of the beam while

lifting the beam out of the form.
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Table 5-1 Test program
Beam
No.

Flange

width

Beam
Designation

Type

of

prestessing

Tendons

No. of

Pp=
Ao lbd

Jacking stress

prestessing
Tendons

e")

strength (7o)

4-D-8

0.12

50

4-D-8

0.13

50
50

to Guaranteed

600

T-4-.5-H

600

T-4-.5-V

600

T-2-.5-V

2-D-8

0.06

600

T-+.7-V

4-D-8

0.

600

s-T-2-.5

2-D-13

0.13

6

200

R-4-.5-H

4-D-8

0.37

s0

7

200

R-4-.5-V

4-D-8

0.39

50

8

200

R-2-.5-V

2-D-8

0.18

50

9

200

R-4-.7-V

4-D-8

0.39

10

200

s-R-2-.5

2-D-13

0.39

Leadline

Steel

Leadline

Steel

l3

50

Table 5-2 Tensile properties of Leadline
Anchorage
Type

1- concrete block
(first confrguration)

2- concrete block

Ultimate stress
(MPa)

2950
2950

24.3

nla

Ultimate strain

Elastic modulus

(vo)

(GPa)

Mean

o,,

Mean

o,,

1.56

0.04

r81

6.1

nla

nJa

185

nla

(second configuration)

3- steel wedge type,
(reported by the

*

manufacturer)

1970 (guaranteed)
2250 (mean)

(tested at U of M)

2280

223

not available

t41

nla
1.3

1.29

nla
147
nla
147
0.12 t7t

nla

nla
3.3
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Table

5-3

Concrete properties

Beams

Type of test
Compression

release

Compression
testing

Tensile
Tensile
(beam

37

50

Çn*

0.7

1.6

50
0.9

Mean

47
2.7

2.7

64
3.5

29,M0
2960

33,770

3ó,850

nlal

nla

Mean

3.2

4.3

4.0

on

0.16

0.3s

nla

Mean

nla

5.1

7.5

o,,

nJa

0.08

nJa

on

Mean
6,,

strength

sÍength

test)

61

* q, is the standa¡d deviation
f not available
Table

5-4

Prestressing forces in the tested beams

Beam

Jacking

effective

force, P;

prestressing

(kN)

force, P" (kN)

Prestress
loss
(vo)

155.6.

1ó.0

13g,5*

25.5'

153.4*

17,8

160.6*

13.3

236,9*

8.0

224.6*

12.6

g0.50.

13.5

g3.53*

9.9

188.5

15ó.5+

17.0

188,9

ß7.4+

16.6

T-4-.5-H 185.1
R-4-.5-H 185.9
T-4-.5-V 186.7
R-4-.5-V 185.1
T-4-.7-V 257.6
R-4-.7-V 251,1
T-2-.5-V 93.0
R-2-.5-V 92.7

s-T-2-.5
s-R-2-.5

* based on measu¡ed strains
¿
I

I
I

Beams

Mean

at

(Splitting)

Beams

T&R-4-.7 T&R-2-.5

at

Elastic
modulus

Beams

T&R-4-.5-H T&R-4-.5-V

cracked at the tension zone during lifting process
based on calculation of the losses
148

54
1.0
70

3.3
38,480
nla
3.8
0.2
5.2
nla

Beams

s-T&R-2-.5
52
0.8
67

r.2
37,950
1300
3.5

0.25
6.2
0.61
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Fig.5-9 Test set-up
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Fig.5-11 Microscope for measuring the crack width
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Fig.5-12 Schematic of the tension test of the Leadline
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Fig.5-13 Tension test of the Leadline bar using concrete anchorage (configurarion #1)
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Fig.5-16 Tension test of the Leadline bar using concrete anchorage (configuration #2)
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RESULTS OF TTIE

6.

6.I

ÐPERIMENTAL PROGRAM

GENERAL

Eight concrete beams prestressed by 8-mm Leadline bars and two beams prestressed

by 13-mm steel strands were tested. The two beams prestressed by steel strands had the
same prestressing force and eccentricity as two beams presúessed by Leadline bars. The

two jacking stresses of the Leadline bars were 50 and 70 percent of the guaranteed
ultimate strength. The level of prestressing, in tenns of concrete stresses at the top and
bottom fibres after jacking, was also va¡ied by changing the number of Leadline bars

from two to four bars. In addition, the dist¡ibution of the Leadline bars in the tension
zone was varied to study its effect on the cracking behaviour of the beams. The beams

were designed to have a tensile stress on the top fibre and a compressive stress on the
bottom fibre of concrete within the allowable stresses specified by code. The beams were

simply supported and tested using two quasi-static concentrated loads 1.0 meter apart.
The beams were tested after a period of time ranging from 30 to 60 days from the time
of casting. This chapter discusses the test results for the ten beams tested in this program.
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6.2 FLEXURAL BEHAVIOUR

The typical behaviour of the beams prestressed by CFRP bars is shown by the loaddeflection relationship for a typical beam, T-4-.5-H, in Fig. 6-1. In general, the concrete
beams prestressed by Leadline bars behaved linearly up to cracking, and again after

cracking with a reduced stiffness up to failure. This bilinear behaviour is attributed to
the linearly elastic behaviour of the Leadline bars. The beams were cycled three times
between a lower load level corresponding to 80 percent of the cracking load, prn and an

upper load level equivalent to 60 percent of the predicted ultimate load, pu, which
coincides with 1.5 to 2 times the cracking load depending on the prestressing level. The
deflection of the beams durin-e the second and third cycles was identical and higher than
the deflection at the initial cycle at a given applied load. The stiffnesses of the beams

in the second and third cycles, presented by the slope of the load-deflection diagrams,
were higher than those of the beams in the initial cycle after cracking but lower than the

initial stiffness based on gross section properties. After application of the cyclic loading
within the service load range and after attaining the magnitude of the repeated load, the
beams followed the monotonic load-deflection path. The general behaviour of each beam

is summarized in the following subsections:

Beam T-4'.5-H: was jacked up to 50 percent of the guaranteed strength of the Læadline.
The beam had a flan-se width of 600 mm and was presúessed by four Leadline ba¡s, two
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ba¡s at 50 mm and two at 100 mm from the bottom fibre of the beam. The beam cracked

at a load level of 25.3 kN and was cycled th¡ee times between lower and upper load
levels

of 25.0 and 50.0 kN, respectively. The beam had five cracks in the constani

moment zone within the service load limit, as shown in Fig. 6-2. The second and thi¡d

cracks occurred at 30.0 kN, while the fourth and fifth cracks occurred

at 33.2

and

40.0 kN, respectively. The beam failed when one of the bottoni Leadline bars ruptured

at a load level of 106.1 kN. The applied load dropped until the second Leadline bar at
the bottom level failed at 10i.0

kN.

The applied load dropped for the second rime ro

43.0 kN and the top Leadline bars carried more load until the test was stopped at
50.4

kN.

The maximum deflection at failure of the beam was 176.5 mn-r, or I/33 of the

beam span.

Beam R-4-.5-H: was also jacked to 50 percent of the guaranteed strength of

the

Leadline. The beam had a flange width of 200 mni and was presûessed by four Leadline
bars, two at 50 mm and two at i00 mm from the bottom of the beam. The camber was
measured before testing the beam, 73 days after casting, and was found to be 13.2 mm,

compared to an estimated value of 4.6 mm after release. This increase in camber is due

to creep of the concrete. Five cracks occuned in the constant moment zone, as shown

in Fig. 6-3. The fi¡st crack occuned at 23.4 kN. The second and third cracks occurred
at29.0 kN while the last two cracks occured at 30.0 kN. The beam was cycled 3 times
between 20.0 and 50.0 kN, which corresponds to 0.8
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failed at a load equal to 89.2 kN; the corresponding deflection was 168.0 mm, or l/35 of
the beam span. The beam failed by crushing of the concrete at the top flange in the
maximum moment zone in an area 260 mm wide and 160 mm in depth.

Beam T-4'.5-V: had a flange width of 600 mm and was prestressed by four Leadline
bars located at 50, 78, 100, and 128 mm from the bottom fibres

of the beam. The

Leadline bars were jacked to 50 percent of the guaranteed strength. Before testing, the
camber was 5.5 mm 33 days after casting. The beam cracked at a load level of 27.3 kN
and failed at a load level of 97.9

kN. Five cracks occurred in the constant moment zone

as shown in Fig.

three cracks occur¡ed at a load level

6-4. The first

of 27.3 kN. The

other two cracks occuffed at a load level ranging between 29.0 and 33.0

was cycled three times between lower and upper load limits

of

kN.

The beam

23.0 and 45.0 kN,

respectively.

The beam was unloaded at 68.6 kN, which is 70 percent of the measured failure
load, and loaded a-qain to failu¡e to evaluate the released elastic and the consumed
inelastic energy of the beam. The corresponding deflection of the beam at 6g.6 kN,
before unloading, was 91.8 mm. The behaviour of the beam was not completely elastic
as the residual deflection of the beam at zero load was 10.5

mm. The energy reieased

at unloading of the beam was mainly elastic. The inelastic energy consumed by the beam

was very small and occured mainly due to cracking of concrete. After reloading, the
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deflection of the beani at 68.6 kN was only 5 percent higher than that before unloading
despite the severe cracking of the beam at this load level. This is attributed to the elastic

behaviour of the Leadline. The beam failed by rupture of the Leadline bar, which is the
closest to the extreme tension fibre of concrete, at a load level of 97.6

kN.

The load

dropped to 58.2 kN and increased until the second læadline ba¡ from the bottom failed

at a load level of 68.2 kN. The load dropped again to 30.8 kN and increased until the
third Leadline bar failed at43.0 kN. The load dropped for rhe rhfud rime ro 16.8 kN and
the test \r/as stopped at a load

of 19.2 kN.

Before failure, flexural shea¡ cracks were

observed outside the constaît moment zone. The deflection of the beam at failure of the

fi¡st Leadline bar was 171.4 mm, or Il34 of the beam span.

Beam R-4-.5-V: had a 200-mm flange width and was prestressed by four Leadline bars
jacked to 50 percent of the guaranteed strength and located as in beam T-4-.5-V. The
camber of beani R-4-.5-V was measured prior to testing, 40 days after casting, and was
found to be 10.0 mm. The beam had a cracking load of 23.1 kN and five cracks occurred
between 23.4 kN and 30.0 kN, as shown in Fig.

lower and upper load levels of 20.0 and 45.0

6-5. The beam was cycled

kN.

between

The beam failed by ruprure of the

bottom Leadline bar at a load level of 90.2 kN accompanied by a horizontal crack at
about 50 mm from the bottom surface of the beam. The load dropped to 50.9

kN.

The

beam carried mo¡e load until crushing of the concrete at the top surface of the beam
between the two concentrated loads occurred at a load level of 53.7
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of the beam was 186.2 mm, or 1/31 of the beam span. This deflection was the largest
observed deflection compared to that of the other beams presúessed by læadline and

jacked to 50 percent of the guaranteed ultimate srrength. This is artribured to the type of

failure where both the concrete and the Leadline were strained to the full capacity.

Beam

T'4-.7:

was presftessed by four Leadline bars jacked

gua-ranteed ultimate strength and located as

to 70 percent of

the

in beam T-4-.5-V. The beam had a 600-mm

flange width. The beam cracked at a load level of 37.9 kN. This beam had only three
cracks occurring atload levelsranging between 37.9 and41.7 kN, as shown in Fig.6-6.
The bean was cycled three tinies between 30 and 55
the bottom Leadline bar at a load level of 102.2

kN. The beam failed by rupture of

kN.

The load dropped to 64.0 kN and

the second bar ruptured at a load of 72.2kN. The load dropped after the failure of the
second bar to

6I.l

load was 140.1, or

and the test was stopped at 62.3

kN.

The deflection at the ultimate

I/4I of the beam span.

Beam R-4-.7: had a 200-mm flange width and a prestressing force identical to that of
beam

T-4-.7. The beam was prestressed by four Leadline bars located as in

T-4-.5-V. The

beam

measured camber of the beam on the day of testing, 36 days after castin_q,

was 13 mm. The beam cracked at 32.1 kN and failed at 98.1 kN by rupture of the
bottom Leadline bar. Five cracks were observed in the constant moment zone, as shown

in Fig. 6-7. The second to fifth cracks occuned at load levels ranging from
164

34.2

kN

to
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39.0

kN.

The beam was cycled three times between 25.0 and 50.0

kN. At onset of

failure, two cracks in the constå.nt moment zone extended to the top surface of the flange
and the load dropped to zero. The deflection at failure was i64.5 mm, or 1/35 of the
span of the beam.

Beam T-2'.5: was prestressed by two læadline bars at 50 and 78 mm from the bottom

fibre of the beam, jacked to 50 percent of the guaranteed srength. The beam had

a

200-mm flange width. Tfuee cracks occured at a load of 13.I kN and another two cracks
occurred aL2I.0 and22.0 kN respectively. The third crack formed at

i3.i kN closed

when a crack occurred at 16.0 kN outside the constant moment zone, as shown in
Fig. 6-8. The camber of the beam, 33 days after casting, was 5 mm. The beam was
cycled three times between 10.0 and 24.0

kN. The beam failed by rupture of the bottom

Leadline bar at a load level of 56.3

The load dropped to 21.0 kN and the resr was

kN.

stopped. The deflection at failure was 151.0 mm, or 1/38 of the beam span. Several
flexure-shear cracks were observed outside the constant moment zone before failu¡e of
the beam.

Beam R-2-.5: was prestressed with the same force and the same location of ba¡s as beam

T-2--5. The camber of the beam was 7 mm 36 days after casting. The beam cracked
12.7 kN and failed at 56.8

kN. Five cracks were

at

observed in the constant moment zone,

as shown in Fig. 6-9; four of them occured at load levels ranging between I2.7 and
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15.9 kN, while the

tifth crack occurred at 23.4 kN with a loud noise. The load

was

cycled three times between 10.0 and 24.0 kN. Again the beam failed by rupture of the
bottom Leadline bar, accompanied by flexure and flexure-shear cracks extending to the
top flange of the beam. The load dropped to22.0 kN and the beam canied more load

until the testwas stopped. The deflection atfailure was 164.6 mn, or Il35 of the beam
span.

Beam S'T-2-.5: was prestressed by two l3-mm steel strands at 50 and 100 mm from the

bottom of the bearn. The strands were jacked to

5i percent of their ultimate

strengrh to

have the same prestressing force as beams T-4-.5-H, R-4-.5-H, T-4-.5-v and R-4-.5-v.

Beam S-T-2-.5 cracked at a load of 30.7 kN and had ten cracks within the constanr
moment zone. Unlike

in the beants prestressed by Leadline, the number of

increased with increase of the apptied

cracks

load. Six cracks occurred between 30.7 kN

39.0 kN and three cracks occurred between 43.0

kN

and 47 .5

and

kN; the last crack occurred

at 60.0 kN, as shown in Fig.6-10. Unlike for beams prestressed by Leadline, the load-

deflection relationship was linear up to cracking and non-linear after cracking up to

failure as shown in Fig.

6-1i.

The camber of the beam was 10.7 mni 33 days after

casting. The load was cycled three times between 25.0 and 50.0
unloaded af 76.5

kN.

The beam was

kN after the steel had yielded. After unloading, the

permanent

deformation was 204.0 mm at zero load. The inelastic energy consumed by the beam was
much higher than the released elastic energy. The maximum load carried by the beam
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was 77.i

kN.

The bottom steel strand ruptured at 76.3 kN, followed by a drop of the

load to 30.4 kN. The beam ca[ied more load until the second strand ruptured at 31.4 kN.

After yielding of the steel strands, the deflection of the beam increased without

a

significant increase of the applied load. The number of the flexure and flexure-shear
cracks before failure of the beam was higher than that for a similar beam prestressed by

Leadline. One of the cracks in the constant moment zone extended up to the top surface

of the beam

across the

flange. The deflection of the beam at failure was346.4 mm, or

I/17 of the span.

Beam S'R-2'.5: was presûessed by identical prestressing force and steel strands as beam

S-T-2-.5. The beam had a flange width of 200 mm. The behaviour of the beam was
linear before cracking and non-linear after cracking up to failure as was that of beam

S-T-2-.5. The camber of the beam was 72.2mm before testing the beam, 37 days after
casting. The beam cracked at a load level of 27.9 kN. Ten cracks were observed within
the constant moment zone. Five cracks occurred between 27.9 kN and 34.0 kN and three

cracks occurred between 40.0 and 42.0 kN, as shown in Fig. 6-12. Two more cracks
occurred at a load level of 52.0

kN.

The beam was cycled between 22.0 and 42.0 kN.

The beam failed at a load level of 70.1 kN by crushing of concrete in the constant
moment zone. At failure, the steel strands was just past the yield stress. The strain in

the steel increased without a significant increase in the applied load until the concrete

failed. The deflection of the bean at ultimate was 170.6 mm, or Il34 of the span.
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6,3 FAILURE MODES

In general, the two observed modes of failure were either rupture of the Leadline ba¡
farthest from the neutral axis or crushing of the concrete at the top surface within the
constant moment zone. Typical behaviour for beams failing by rupture of the Leadline

bars was sudden drop of the load resistance immediately afær failure of the flrst bar.

After redistribution of the internal forces, the beam car¡ied more load until the second
Leadline bar ruptured. At the onset of rupture of the bottom Leadline bar, a horizontal

crack occurred in some of the beams at the level of the prestressing bar as well

as

extensive cracks extending to the top flange of the beam. The horizontal cracks occurred

mainly due to release of the elastic strain energy after rupture of the bars. The released
elastic energy, which is partly absorbed by the concrete, induced the horizontal cracks at

the level of the reinforcement. This is confirmed by the findings of the

research

conducted at the University of Michigan (Naaman and Jeong i995) on the behaviour of
beams prestressed and partially presüessed by CFRP tendons. Progressive failure of the

other Leadline bars occurred in some of the beams, accompanied by horizontal cracks in

the constant moment zone. Flexure-shea¡ cracks were observed outside the constant
moment zone. Fig. 6-13 shows the typical crack pattern at the failure of a beam due to
rupture of the Leadline bars.

The second mode of failure, crushing of the concrete, occuned for only one of the
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beams, R-4-.5-H, with 200-mm flange width and four Leadline bars jacked to 50 percent

of the guaranteed strength and placed in two layers. The failure occurred in the constant
moment zone when the concrete strain reached its maximum value (about 0.004). At the

onset of failure, the top steel bars and the steel stirrups were exposed, foliowed by
buckiing of the top steel bars and the welded wire fabric used to reinforce the top flange.
Cracking of the beam that failed by crushing of the concrete was not as extensive as that

of beams which failed by rupture of the Leadline bars. Flexure-shear cracks were

also

observed before failure of the beani. Fig. 6-14 shows the failure of beam R-4-.5-H due

to crushing of the concrete. Crushing of the concrete also occurred for beam R-4-.5-V
with 200-mm flange width and four Leadline bars oriented vertically on top of each other
and jacked

to 50 percent of the

concrete occurred after rupture

guaranteed strength. However, the crushing

of

the

of the bottom Leadiine bar. Fig. 6-15 shows beam

R-4-.5-V after failure. No slip of the Leadline bars was observed during any of the beam
tests.

Beams presuessed by steel strands had the same two modes of failure as the beams
prestressed by tæadline. The beam with a large flange width failed by rupture of the

bottom strand, while the beam with a small. flan-ee width failed by crushing of the
concrete. The prestressing steel in both beams yielded before failure. The cracking of

the beams at the onset of failure is shown for the two modes of failure in Fig. 6-16
and 6-I7 , respectively.
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The cracking load, deflection at cracking, ultimate load, and deflection at ultimate

of the different beams, are given in Table

6-i.

The mode of failure is also given for the

different beams. Based on the flexural capacity of the beams, the tensile strength of the
Leadline ba¡s was calculated and is given in the last column of Table 6-1. The mean
tensile strength of the læadline bars was 3230 MPa with a standard deviation of 100 Mpa.

The characteristic value of the tensile sûengih, based on 5 percent probability, was
3050 MPa.

6,4 STRAIN DISTRIBUTION

The strain in the læadline bars was measured in all the beams by means of strain
gauges. Each Leadline bar had at least one strain gauge in the constant moment zone.
The typical load-strain relationship of the Leadline is shown in Fig. 6-18. The strain
sta¡ted from a value representing the effective sûain of the Leadline bars on the day of

testing. Similarly to the toad-deflection behaviour, the load-strain behaviour of

the

Leadline was linear up to cracking and after cracking up to failure. The strain in the
Leadline bars in the second and third cycles was identical and was higher than that in the

initial cycle, due to the presence of cracks. For beams which failed by rupture of

the

Leadline ba¡s, the maximum recorded value of the Leadline strain ranged from 0.0153 to
0.0185 for the different beams. However, it should be noted that st¡ains obtained from
any strain gauge are localized and depend on whether the gauge is at the exact location
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of a crack or in

between cracks. Therefore, the measured strains should be carefully

interpreted in view of their location with respect to the cracks.

The concrete strains, measured using demec gauges at the top surface of the beam
and at 50 mm from the bottom fibres of the beam, are shown

in Fig. 6-19

and 6-20,

respectively, for one of the beams prestressed by Leadline. The concrete strain at the top

of the concrete

surface represents the maximum

of three values measured at three

different locations within the constant moment zone. The concrete strain at 50 mni from
the bottom of the beam represents the maximum strain, over a 200-mm gauge iength, at

five different locations within the constant moment zone. The sotid lines in the figures
connect the measured values

of the strains, while the broken lines

represent the

anticipated values before failure of the beams, based on linear regression analysis of the
strain readings after cracking. The measured concrete strain in compression for the beams

which failed by crushing of the concrete ranged between 0.0040 and 0.0044.

The neutral axis location was calculated based on the demec point readings

at

different load levels after cracking. The location of the neutral axis is shown in Fig. 6-21
versus the applied load for two beams with 600- and 200-mm flange

width. It can be

seen that the neuual axis rises rapidly after cracking with increase of the appiied load.

The neutral axis tends to be stationary beyond a certain load level after the cracking of
the beant. This phenomenon can be explained as the increase of the internal moment
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resistance

is achieved by an increase of the tensile resultant force due to increase of

Leadline stress and therefore the neutral axis remains nearly stationary up to failure of the
beam.

6.5 CRACKING BEHAVIOUR

Crackin-s behaviour of the beams prestressed by Leadline was examined within the
constant moment zone. In general, flexural cracks of beams prestressed by Leadline ba¡s
we¡e evenly distributed in the constant moment zone. Cracks started perpendicular to the

centre-line of the beam and extended into the top flange.

It

was observed that steel

stirrups act as crack initiators for most of the flexural cracks regardless of the type of
prestressin-e reinforcement, as shown

in Fig. 6-22. Typical average and maximum crack

widths, measured at the exûeme tension fibre for the three cycles, are shown in Fig. 6-23
and 6-24, respectively.

It

can be seen that the crack width increases non-linea¡ly with

increase of the applied load during the initial cycle; however,
decrease

it

decreases linearly with

of the applied load for the two subsequent cycles up t0 the level of the cracking

load. It can be also seen that crack widths during the second and third cycles were the
same and were hi,sher than the crack width during the initial cycle. Crack widths ar the

upper load levels were the same for the three cycles; this is attributed to the elastic
behaviour of the Leadline and the concrete. The crack lvidth, measured at the level of
the prestressing reinforcemenl was linearly proportional to the c¡ack width at the extreme
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tension fibre. The relation between the crack widths at the two levels was governed by

the ratio of the distances from the neutral axis to the extreme tension fibre and the
distance from the neutral axis to the ievel of the prestressing reinforcement, as shown in

Fig.6-25.

At high load levels,

cracks in beams prestressed by Leadline bifurcated at the top,

parallel to the neutral axis. At high load levels, the neutral axis became stationary and
the cracks could not propagate vertically due to the constant compression zone depth; in

order to reduce the tensile stresses at the tip of the cracks with increase in the applied
load, the cracks extended laterally in a fo¡ked configuration, as shown in Fig. 6-22. It
was reported by (Beeby 1979) that tensile sÍesses perpendicula¡ to the neutral axis exist

at the head of the cracks when the ratio of crack spacin-9 to crack height reduces below
about

2.

These stresses become greater than those on the surface at mid-spacing between

cracks.

The nuniber of and spacing between cracks, and the load at which the cracks were
stabilized, are reported in Table

6-2. Stabilization of cracks is defined by the stage ar

which the number of cracks did not increase with increasing load (Leonhardr 1977). The
maximum crack width at stabilization of cracks is also given in Table 6-2. It can be seen
that crack stabilization occurred at a lower load for beams prestressed by Leadtine than

for beams prestressed by steel. This can be anributed to the low flexural bond strength
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of the Leadline compared to that of the steel strands. At stabilization of cracks, the crack

width of the beams prestressed by tæadline was much smaller than that of

beams

prestressed by steel. The crack distribution at the load producing a maximum crack width

of 0.4 mm is shown in Fig. 6-26

and 6-27 for the beams

with 600- and 200-mm flange

width respectively. Based on crack control, the service load is defined in this study
the load at which the maximum crack width is 0.4

mm. The number of

as

and spacing

between cracks at service load limit are given in Table 6-3. It can be seen that, at service

load, the cracks were stabilized for beams prestressed by Leadline, except for the two
beams having low prestressed reinforcement ratios; however, for beams prestressed by

steel strands, the cracks were not stabilized at the service load.

6.6 COMPARISON BETWEEN BEAMS

PRESTRESSED BY LEADLINE AND

STEEL

Since Leadline ba¡s are chuacterized by linear sÍess-strain behaviour up to failure

with neither yielding nor strain hardening, in cont¡ast to the steel strands, and because of
the difference in the bond properties of steel and Leadline, the behaviour of the two types

of prestressed beams was different under service loading conditions and at ultimate. In
general, the failure of prestressed beams is governed by either the ultimate tensile strain

of the reinforcement or the ultimat€

compressive strain

of concrete. However,

the

performance of the beams prestressed by Leadline was different from that of those with
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steei, in terms of deflection after cracking, strain distribution, and cracking behaviour.

A comparison of the behaviour of the beams prestressed by Leadline and by steel is given

in the following

subsections.

6.6.1 Load-Deflection

The ioad-deflection behaviours of two beams with the same jacking force

and

eccentricity, one prestressed by tæadline bars and the other with steel strands, are shown

in Fig. 6-28a for beams with a 600-mm flange width and Fig. 6-28b for beams with
200-mm flange

width. The ultimate tensile

strength

a

of the steel strands was

approximately equal to the guaranteed tensile suength of the Leadiine bars but less than
the measured tensile sûength. Before cracking, the deflection of the beams prestressed

by Leadline was slightly higher than that with steel strands, for the same flange width.
The slight difference in deflection is mainly attributed to rhe difference in the elastic
modulus

of the concrete, which was 29,040 MPa for the beams with Leadline

and

31,950 MPa for the beams with steel.

The cracking load of the beams prestressed by steel was higher than that of those
prestressed by Leadline. The calculated concrete rupture strengths were 5.6 Mpa and

4.1 MPa for beams prestressed by steel and Leadtine, respectively. After cracking, the
stiffness of the beams prestressed by Leadline was 30 percent iess than that of beams with
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steel for beams with a 600-mm flange width, and 15 percent less, for beams with

a

200-mm flange width. The lower stiffness of the beams after cracking is attributed to the

lower elastic modulus of the Leadline bars, which is about 22 percent less than that of

steel strands. Consequently, the deflection

of

beams prestressed

by Leadtine

after

cracking was higher.

For beams with a 600-mm flange width, the deflection at ultimate load of the beani
prestressed

by steel strands was much higher than that of the beam prestressed by

Leadline. This is attributed to the higher ultimate strain of the steel compared to that of
the tæadline, as both beams failed by rupture of the prestressing reinforcement

and

consequently the ultimate strain of both types of reinforcement was achieved. For beams

with a 200-mm flange width, the deflection at ultimate load was almost the same for
beams prestressed by tæadline and steel. Both beams had the sanie mode

of failure,

namely, crushin-q of the concrete, which points to the fact that the ultimate strain in the
concrete conuolled the failure of both beams. Therefore, the curvature of the two beams

at ultimate load and hence the deflection of the beams at failure was the same. Despite
the fact that the ultimate súength of the 2-D-13 prestressing steel strand was equal to the
guaranteed strength of the 4-D-8 Leadline bars; the ultimate load of the beam prestressed

by tæadline was 25 percent higher. The reason is that the actual tensile strength

was

much higher for the Leadline than for the steel. For beam S-R-2-.5, the increase in the
applied load was negligible after yielding of the steel; however, the applied load inc¡eased
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for beam R-4-.5-H until the concrete failed. This is attributed to the linear

stress-strain

behaviour of the Leadline up to failure.

6.6.2 Strain Distribution

The average concrete strain at the top surface of the beam and at 50 mm from the
bottom surface, for beams prestressed by Leadline and by steel, is shown in Fig. 6-29 and,

6-30. The higher concrete strain before cracking, for

beams prestressed by Leadline, is

attributed to the lower concrete elastic modulus than that for beams prestressed by steel,
as discussed earlier. The higher concrete strain for beams with tæadline after cracking

is anributed to the lower elastic modulus of læadline.

The strain distribution in the constant moment zone, measured at 1.4 times the
cracking load and at ultimate load, is shown in Fig. 6-31 for the beams with 600- and
200-mm flange

width. The strain distribution at ultimate is given at thee

different

sections within the constant moment zone a\ryay from the concentrated loads and is also

given in terms of the average strain over the constant moment zone.

All

the strain values

were calculated based on the measured strains using demec point stations and taking into

consideration the initial elastic strain in the concrete due to the effective prestressing

force. At failure, the location of the neutral axis of the beam prestressed by steel with
600-mm flange width was 18.9 mm in comparison to a value of 43.0 mm for a similar
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beam prestressed by Leadiine. This is attributed to the higher strain in the steel strands
at rupture compared to that in the Leadline. The high strain in the tension zone for the
beam with steel resulæd in higher curvature at ultimate and less compression zone depth

than for the beam prestressed by Leadline. For beams with 200-mm flange width, the
neutral axis locations for the two beams prestressed by Leadline and steel were almost
equal; consequently the curvature at uitimate was also equal. This is attributed to the
mode of failure, where the maximum concrete compressive strain controlled the strain

distribution for the two beams at ultimate.

Based on an average value

of the measured strains, the neutral axis location of

beanrs prestressed by tæadline and steel is shown

in Fig. 6-32 for beams with 600-

and

200-mm flange width. It can be seen that the neutral axis shifts towards the compression
zone with increase of the applied

load. For beams

prestressed

by Læadline, the neutral

axis depth decreases more rapidly than for beams prestressed by steel. This is attributed

to the lower elastic modulus of the Leadline. Thus, for a given concrete strain in

the

extreme contpression fib¡e, more strain will be developed in the Leadline than in the steel

to achieve the same resistance. This behaviour will lead to a smaller compression zone
depth for beams prestressed by Leadline than for beams prestressed by steel subjected to

the same load.

As the load increases, the neutral axis continues to move, causing reduction of the
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compression zone depth for beams presÍessed by steel, while it remains nearly stationary

for beams prestressed by Leadline. After yielding of the steel strands, increase of

the

internal moment resistance with increase of the applied load can be achieved only by
increasing the internal lever arm length, correspondingly decreasing the compression zone

depth. In the case of læadline, the increase of the internal moment resistance is achieved

by an increase of the tensile resultant force due to increase of Leadline stress; therefore
the neutral axis remains nearly stationary up to the rupture of the bar.

6.6.3 Cracking Behaviour

Concrete cracks at a section within the constant moment zone when the induced
tensile stress exceeds the tensile strength of concrete. Increasing the applied load above
the cracking load results in initiation of other cracks away from the vicinity of the first

crack. Increasing the applied load may result in one of two developments: (1) either
cracks

will

increase

in height which will

reduce the tensile stresses

in the concrete

between the cracks, or (2) cracks will fork at an angle with the original crack. This latter

behaviour may occur because of the principal tensile stresses which

a-re

at an angle with

respect to the neutral axis at the head of the cracks. For a certåin crack pattern, the
increased applied load may not result

in formation of new cracks, which is called

a

"stabilized crack pattern" (Leonhardt 1977). Test results indicated that stabiiization of the

flexural cracks in beams prestressed by Leadline bars occurs at a significantly lower strain
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levei than in beanis prestressed by steel. The number of cracks of all the beams tested

is shown in Fig. 6-33 in relation to the strain in the prestressing reinforcement after
decompression. Stabilization of cracks occurred at an average strain value of 0.001 for
beams presûessed by Leadline compared to a strain value of 0.0038 for beams prestressed

by steel strands.

For beams prestressed by Leadline, the crack pattern was characterized by fewer
cracks than for beams prestressed by steel, resulting

in a larger spacing, as shown in

Fig. 6-34. This may be attributed to the lower flexural bond of the Leadline than thar of

steel. After formation of the stabilized crack pattern, the tensile strain in the concrete
adjacent to the læadline bars may not increase due to the possible occurrence of slip of

the tæadline ba¡s between cracks in the constant moment zone. The smaller number of
cracks in the beams prestressed by Leadline may be also artributed to rhe rapid increase

in the crack heights after cracking due to the rapid

decrease

in the compression

zone

depth. with the increase of the applied load, the neuûal axis location remained constant
and the existing cracks forked to reduce the tensile stresses at the tip of the cracks. The

early "forking of cracks" is attributed to the small compression zone depth which was
almost stationary; consequently the cracks height did not propagate vertically. Forking

of cracks is also due to the presence of inclined principal tensile süesses at the tip of the
cracks and the high compression in the concrete above the neutral axis. This behaviour
sug*qests

that the energy dissipated by the cracks forking is lower than the energy
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dissipated at the initiation of a new c¡ack at this

beam T-2-.5, where the reinforcement ratio

level. It should be menúoned that for

is 0.06 percent, the decrease of

the

compression zone depth was very rapid. The spacing between the first and the second
cracks was 404 mm. At a load level of 22.0 kN, which is about 1.7 times the cracking

load, a new crack was initiated accompanied by a loud sound and a sudden drop of the
load from 22.0 kN to i9.5

kN.

The crack height was 222 mm while its width was 0.36

mm. This reflects the significant energy dissipated to initiate the crack. This energy
could not be dissipated by forming the forking cracks due the fact that the reinforcement

ratio of the beam was low and therefore the compression of the concrete was also low.

For beams prestressed by steel, movement of the neutral axis was observed with
increase of the applied load as shown in Fig. 6-32. As a result, after the stabilized crack

pattern was achieved, the cracks propagated vertically with the decrease

in

the

compression zone depth. The cracks were perpendicular to the neutral axis and extended

to the top flange. The

decrease

of the compression zone depth at high loads

was

considerable. For beam S-T-2-.5, the cracks forked in the top flange at about 80 percent

of the ultimate load, after the cracks were stabilized. For beam S-R-2-.5, however,

the

cracks did not fork until the beam failed. This is attribured ro the high tensile stresses
and the small compression zone depth developed in beam S-T-2-.5 compared to those in
beam S-R-2-.5.
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6.6.3.1 Crack Spacing

Crack stabiiization of the beams prestressed by Iæadline with a high reinforcemenf

ratio occurred at a low load level, as given in column 4 of Table 6-2. The maximum
observed crack width at crack stabiiization was ranged between 0.08 and 0.40 mm, which

is considered to be within the service load range, as shown in column 6, Table 6-2.
However, for beams prestressed by steel sffands with a similar reinforcement ratio, the
crack stabilization occurred at a higher load level and the corresponding crack width was
ranged between 0.76 and 0.95 mm which greatly exceeds the service range. Therefore,

at crack stabilization, the spacing between cracks was almost twice as large for beams
prestressed

by Leadline as for beams prestressed by steel, as shown in the last two

columns of Table 6-2. For beams prestressed by Leadline with a small reinforcement
ratio, crack stabilization occurred at a load higher than the service load level, as shown

in Table 6-2. The corresponding crack width was between 0.60 and 0.74 nim. This
behaviour is attributed to the sudden and high increase of the stress in the Leadline
immediately after the initiation

of the tirst crack, resulting in wider cracks for

this

category of beams. This behaviour confirms the findings by (tæonhardt lgTl) for beams
prestressed by steel with a small percentage of reinforcement.

The concept of random formation of cracks in reinforced concrete members has been
discussed by many researchers (Beeby 1979 and Goto 1971). The final crack partern is
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expected to vary from a minimum crack spacing Srri, to a maximum crack spacing ,S,xaÌ,

which can be in ratio of up to two. At a load level corresponding to a crack width of
0.40 mm, which is assumed to be the limiting value for service load conditions, the ratios

of

Snri,/Sorgand S,,roy/S*, were computed for each beam and a¡e given in Fig. 6-35 as

a function of the measured average crack spacing Saug. The average ratios of Snxitr/Sovg
and S,,ror/Sovg wgre 0.79 and 1.17 ,respectively, for beams prestressed by Leadline and

much wider range of 0.65 and 1.50 for beams prestressed by steel. However, after
stabilization of cracks, these ratios were in the range of 0.70 and 125 for both types of

beams, as shown

in Fig. 6-36. This indicates that the cracking behaviour,

afrer

stabilization of cracks, is the same for beams prestressed by Leadline and by steel st¡ands.

6.6.3.2 Crack Width

The relationship between the maximum, minimum and average crack width, wntct*
w,,ri,, ãDd worg,

is shown in Fig. 6-37 for beams

prestressed

by Leadline and

steel,

respectively, for all the flexural cracks observed within the constant moment zone at
different load levels. The average values of the ratios between

w,rJr*gand wrrir/*org

were 1.19 and 0.80, respectively for beams prestressed by Leadline, and 1.60 and 0.56,
respectively, for beams prestressed by steel. The large variation of the crack width for
beams presressed by steel is attributed to the significant variation of the crack spacing

before stabilization of the cracks. In contrast, the small variation of the crack width for
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beams prestressed by tæadline is attributed to the equal distribution of cracks, which is

again due to the early formation of the stabilized crack pattern.

The relationship between the maximum crack width of beams prestressed by
Leadline and steel and the average concrete tensile strain at 50 mm from the bottom of
the beam, taking into consideration the elastic strain in the concrete due to prestressing,

is shown in Fig. 6-38. It can be seen that the maximum crack width increases linearly
with the strain. The scatter of the data is represented by the value of "R2" which has the

rangefrom0to 1,with

l

beingoptimal. ThevalueofR2was0.953 and0.66l forbeams

prestressed by Leadline and steel, respectively, which indicates less scatter of the crack

width of beams prestressed by Leadline.

6.7 EFFECT OF FLANGE WIDTH

The tested beams had two different cross sections with tespect to the flange width,
600 and 200 mm. For beams with a 600-mm flange width, failure was always due to
rupture of the prestressing bars. The mode of failure changed to crushing of concrete for

the beam R-4-.5-H with a 200-mm flange .width as the a¡ea of concrete resisting
compression was much smaller. The cracking and ultimate moment capacities of beams

with a 200-mm flange width were less than those of beams with a 600-mm flange width,
due to the smaller section niodulus. The load-deflection behaviour of two beams with
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different flange widths is shown in Fig. 6-39. The stiffness of rhe beam with rhe smaller
flange width, before and after cracking, was less than that for beam with the larger flange

width. At the same load level, the concrete strain at the top surface

and reinforcement

level was higher for beams with a 200-mm flange width due to the snialler

secrion

modulus, as shown in Fig. 6-40a and 6-40b respectively. Consequently, the deflection

of beams with a smaller flange width was higher at the same load level than that of
beams with a large flange width, as shown in Fig. 6-39. The maximum crack width of
beams with 600- and 200-mm flange widths was the same for a given concrere strain at

the level of the reinforcement, as shown in Fig. 6-41. This is due to the fact that the

crack width depends on the tensile strain

in the prestressing

reinforcement after

decompression regardless of the shape of the cross section, provided that the concrete

cover and the reinforcement area remain the same. The compression zone depth of the
beams with a smaller flange width was larger than that

of beams with a large flange

width at the same load level, as shown in Fig. 6-42.

6.8 EFFECT OF DEGREE OF PRESTRESSING

The degree of presuessing was examined by using two levels of the jacking stress

of the Leadline ba¡s, 50 and 70 percent of the guaranteed strength, for two beams having
the same eccentricity of the prestressing reinforcement as well as the same dimensions.
Beams prestressed by tæadline jacked to 70 percent of the guaranteed strength had a
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38 percent higher cracking load and a 4 to 8 percent higher ultimate load than did beams

jacked to 50 percent of the guaranteed sÍength. However, the deflection at failure of
beams with the higher jacking stress was about

li

to 18 percent less, as shown

Fig.6-43. This indicates that the deformability of the beams can be increased

in
by

lowering the jacking stress. The maximum spacing between cracks was larger for beams

with the higher jacking stress, as shown in Table 6-2, which may be attributed to

the

higher presÍessing force, which results in fewer cracks. At the same load level, concrete
strains were higher for beams jacked to 50 percent of the guaranteed súength, as shown

in Fi-e. 6-44, which is attributed to the early cracking of the beams. Fig. 6-44 also shows
that the tensile strain measured on the concrete surface before failure, at the level of the

Leadline bars, ranged between 1.85 and 1.95 percent. That the Leadline bars in the
constant moment zone were debonded is demonstrated by the fact that the maximum
measured tensile strain in the læadline was only 1.85 percent while the calculated strain,
based on the concrete strain and assuming complete bond between the concrete and the

Leadline, was about 2.5 percent after adding the initial strain due to jacking. The increase

of the tensile strain measured on the concrete surface in the constant moment zone

was

due to the slip of the Leadline bars between cracks. The location of the neutral axis in
beanis with different jacking stresses was the same at ultimate, as shown in Fig. 6-45.

The niode of failure of the beams with different jacking stresses was the same, due to
rupture of the Leadline bars.
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The degree of prestressing was also examined by using two and four bars in two
identical beams. The cracking and ultimate loads were certainly less for the beams with
two læadline bars. The stiffness of the beams with less reinforcement, compffed to that
of the beams with four læadline bars, was similar before cracking and less after cracking,
as shown in Fig.

6-46. The stabilized crack pattern was achieved at a much higher strain

for the beam with less reinforcement. Consequently, the crack width at stabilization of
cracks was larger for beams with less reinforcement, as shown in Table

6-2. For a beam

with fewer prestressing bars, the maximum bond strength in the region between any two
flexural cracks was higher than that for a beam with large number of bars due to
interference between the bond stresses around each

less

bar. The hi_eh strain at crack

stabilization for the beams with fewer bars could be also attributed to the sudden increase
and high strain in the reinforcement after cracking.

6,9 EFFECT

OF DISTRIBUTION OF PRESTRESSING BARS IN THE TENSION

ZONE

The distribution of the prestressing bars in the tension zone was studied by testing

four beams with 600- and 200-mm flange widths, all prestressed by four bars. The four
Leadline bars were placed in two layers in two of the beams and in four layers in the

other two beams. The ultimate carrying capacity

of the beam with two layers of

reinforcement and a 600-mm flange width, T-4-.5-H, was higher than that of the beam

t8l
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with four layers, T-4-.5-V,

as shown

in Table 6-1, due to the larger eccentricity. Despite

the failure mode of the two beams with 200-mm flange width, R-4-.5-H and R-4-.5-v,
being different, as shown in Table 6-1, the maximum compressive strain in the concrete
at ultimate was in the range of 0.0042 for both beams; consequently, the nvo beams had

similar failure loads. The failure

of the beams with 600-mm flange widths was

progressive since the failure of the Leadline bars occurred at different load levels for
every layer, as shown in Fig. 6-47.

The concrete tensile strain at the reinforcement level was higher for beams with
Leadline bars placed in four layers than for beams with Leadline ba¡s placed in two
layers, at the same load level, due to the lower eccentricity. Consequently the maximum
crack width was less for beams with two layers of reinforcement, at the same load level,
as shown in Fig. 6-48.
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Table

6-1 Experimental

Beam

Cracking

results of the tested beams

Ultimate Deflection Failu¡e
at ultimate mode

load
(kN)

Deflecrion
at cracking
(mm)

load
(kN)

(n'rn)

T-4-.5-H

25.31

s.23

106.1

176.5

R

R-4-.5-H

23.40

7.96

89.3

168.0

cr

T-4-.5-V

27.33

4.75

97.9

171.4

R

3270

R-4-.5-V
'r-4-.7-V

23.16

6.37

90.2

186.2

R

3050

37.90

6.93

102.2

140,1

R

3260

R-4-.7-V

32.10

8.62

98.1

164.5

R

32r5

T-2-.5-V

13.08

2.55

56.3

151.0

R

3270

R-2-.5-V

12.69

3.46

5ó.8

164.6

R

3175

s-T-2-.5

30.11

5.74

11.1

346.4

R

2065

s-R-2-.5

27.86

7.04

70.1

170.6

C

*
t

Tensile
st_rength

(MPa)
3140

rrRrr

refers to rupture of the prestessing bar (or sÍand)
"C" refers to crushing of concrete at the top surface of tlte beam

Table 6-2 Measured response at stabilization of cracks

Beam reinfor- Loqd

PJPrrt

cement P, '

ratio
p,r*

(7o)

T-4-.5-H 0.12
R-4-.5-H 0.37
T-4-.5-V 0.13
R-4-.5-V 0.39
T-4-.7-V 0.13
R-4-.7-V 0.39
T-2-.5-V 0.06
R-2-,5-V 0.18
s-T-2-.5 0.13
s-R-2-.s 0.39

Number

of
cracls

{kN)

J

Average

crack

crack

Maximum
crack

width
(mm)

spacing

spacing

(mm)

(mm)

40.0

1.58

5

0.40

174

221

29.9

1.28

5

0.

l6

201

270

33.0

1.21

5

0.10

230

27s

27.5

5

0.08

2M

220

42.0

l9
1.tl

3

0.14

329

340

39.0

1.21

5

0.14

208

255

22.0

1.ó8

5

0.60

206

215

23.4

1.84

5

0.74

207

290

60.0

r.95

10

0.76

103

133

53.0

1.90

10

0.95

103

126

1.

/ ( bd ), where Ao, b and d a¡e the area of prestressing reinforcement, flange width
and the depth of prestressing reinforcement.
P, is the measured load at stabilization of cracks.
Pp = Ap

T

Maximum

Pr, is the cracking load of the beams,
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Table

6-3 Cracking behaviour of the beams at maximum crack width of 0.4 mm
At maximum crack width of 0.4 mm

Beam

Load Number

Average

Average

of cracks crack width

40,0 s
36.0 5
37.5 5
34.7 5
48.3 3
46.2 5

t9.2

3

18.9 4
46.7 8
40.0 6

zJ¿

crack

spacing

Maximum
crack

spacing

Check crack
stabilization

0.30

174

221

Yes

0.26

20t

270

Yes

0.36

230

275

Yes

0.37

2M

220

Yes

0.37

329

340

Yes

0.37

208

255

Yes

0.27

310

4M

No

0.3s

275

330

No

0.26

r33

213

No

0.23

166

232

No

first cycle

¡

second and third cycles

beam T-4-.5-H

Deflection (mm)

Fig.ó-1 Typical load-deflection of beam prestressed by leadline
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Fig.6-2 Cracking of beam T-4-.5-H

Fig.6-3 Cracking of beam R-4-.5-H
191
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Fig.6-4 Cracking of beam T-4-.5-V

Fig.6-5 Cracking of beam R-4-.5-V
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Fig.6-6 Cracking of beam ^l-4-.7-V

Ir.
l4'

I

Fig.6-7 Cracking of beam R-4-.7-V
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Fig.6-8 Cracking of beam T-Z-.Í-V

-i

=ì
'11

i:Ji
f

,)

Fig.6-9 Cracking of beam R-2-.5-V
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Fig.ó-10 Cracking of beam S-T-2-.5

zJ¿
Ë
d

J

beam S-T-2-.5
Deflection (mm)

Fig.6-11 Typical Load-defleclion of beam prestressed by steel
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Fig.6-I2 Cracking of beam S-R-2-.5

Fig.6-13 Farlure due to rupture of Leadline bars
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Fig.6-i4 Failure due to crushing of concrete

(beam prestressed by Leadline)

Fig.6-15 Beam R-4-.5-V at failure
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of the Experilnental

Program

Chapter (6) / Results of tlie Experimental Program

Fig,6-1ó Failure of beam S-T-2-.5 presressed by steel

Fig.6-17 Failure of beam S-R-2-.5 prestressed by steel
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zl¿
¡

beam

T4-.5-H

0.002 0.004 0.006 0.008 0.01 0.ó12 0.014 0.016 0.01s
Strain

Fig.6-18 Typical load-sfain relationship of beam prestressed by Leadline

z&
J

beam R-4-.5-H

Strain

Fig.6-19 Concrete strain at the top su¡face for typical beam prestressed by Leadline
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z,y
dJ

I

beam

0.002 0.004 0.006 0.008

T4-.7-V

0.01 0.012 0.014 0.016 0.018

0.

St¡ain

Fig.6-20 Concrete strain at reinforcement level for typical beam prestressed by Leadline
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..A..

600 mm flange width
200 mm flange width

:0
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x

go
C)

z

Applied load / ultimate load
Fig.6-21 Neutral axis of beams with 600 and 200 mm flange width
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Fig.6-22 Beam T-4-.7-V at failure
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z,y
d

Jo

.çtt-

.FÞ-
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'{
I

sec-ond

cycle

beam R-4-.5-V

Crack width (mm)
Fig.6-23 Average crack width for typical beam prestressed by Leadline
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zJ(
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Jo

f

/\ndcycre

beam R-4-.5-V

Crack width (mm)

Fig.6-24 Maximum crack width for typical beam prestressed by Leadline
5

r

measured crack width at bottom level
of the crack width at bottom
.......measured crack width at

-regression
reinforcement level x hl lhL

z
¡

4C

beam T-4-.5-H
35

2s+
0

0.1

o'.2

M
olg

width

(mm)
Fig.6-25 Average crack width measured at two levels below the neutral axis
Average crack
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Fig.6-26 Crack distibution at service load for beams with 600 mm flange width
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Fig.6-27 crack distribution at service load for beams with 200 mm flange width
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failure due to
rupture of prestressing
reinforcement

z,y
Ed

J

Deflecrion (mm)

Fig.ó-28a Load-deflection of beams prestressed by tæadline & steel (flange width = 600mm)
I
failure due to
crushing of concrete

1

z&
13

o

..l

50

l

150

-

prestressed by steel
prestressed by CFRP

2

Deflection (mm)
Fig.6-28b Load-deflection of beams prestressed by Leadline

&

steel (flange width = 200mm)
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zv
6

J

prestressed by steel
prestressed by CFRP

Strain

Fig.6-29 Concrete strain at the top surface of beams prestressed by Leadline & steel
I

1

z.v
v

J

0.01 0.015 0.02

0.

0.03

St¡ain
Fig.6-30 Concrete tensile st¡ain of beams prestressed by Leadline
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constånt moment zone

0.0m46

O
Ø
@,ë,
0.01r8

0.0123

Pu= 106.17 kN

P=1.4 P., = 35.4kN

0.0034

beam S-T-2-.5

0.0015

I

0.03s7

O.O+oo

P= 1.4 P = 43.0 kN
cr

P = 77.1 KN
u

beam R-4-.5-H

=

P
u

89.3 kN

beam S-R-2-.5

P= 1.4 P =
cr

39.0 kN

P

u

=

70.1 lJ.I

Fig,6-31 Strain disnibution at the critical section of beams prestressed by Leadline & steel
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Fig.6-32a Neutral axis of beams with 600 mm flange width and prestressed by Leadline
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steel
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prestressed by CFRP
presfessed by steel

0.

în
ca

0.

v)

X

6

¡r 0.
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Applied load / ultimate load
Fig.ó-32b Neutral axis of beams with 200 mm flange width and prestressed by Leadline
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s
S uu,

Average crack spacing (mm)

Fig.6-35 Variation of the crack spacing at service load timit

Average crack spacing (mm)

Fig.ó-36 Variation of the crack spacing at ultimate load
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Fig.6-37a variation of the crack width of beams prestressed by Leadline
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Fig.6-37b variation of the crack width of beams prestressed by steel
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Fig.ó-38 Maximum crack width vs. the measured strain of beams prestressed by Leadline
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Fig.ó-39 Load-deflection of beams with 600 and 200 mm flange width
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Fig.6-40a Concrete strain at the top surface of beams with 600 and 200 mm flange width
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Fig.6-41 Maximum crack width of beams with 600 and 2@ mm flange width
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Fig.6-42 Neutral axis of beams with ó00 and 200 mm flange width
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Concrete strain at reinforcement level of beams with different jacking stress
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Fig.6-47 Load-deflection of beams with different disrriburion
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prestressed by 2 layers
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Fig.6-48 Maximum crack width of beams with different distribution
of the Leadline bars in the tension zone
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7.

7.I

FLEXT]RAL ANALYSTS

ANALYSIS PROCEDURE

The tested beams were analyzed using a súain compatibility approach to predict the

flexural response up to failure. The concrete is assumed to be subjected to uniaxial
strains uniform over the entire width of the section. The analysis also assumes that the
strains are linea¡ over the depth of the section, which means that plane sections remain
plane after bending. This method is widely used for prestressed members subjected to
flexure and is described in many text books (eg. Coilins and Mitchell 1991). The analysis
procedure was performed usin-q a computer program to predict the response of the beams,

according to the following steps:

1.
.)

Assume a strain at the exúeme compression fibre of the concrete.
Assume a neutral axis depth.

Determine the internal forces in the compression and the tension zones based on the
tensile strains at every layer of the prestressing reinforcement as shown in Fig. 7-1.
4.

Check the equilibrium

of the section
218
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to equation 7-I, taking

into
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consideration the initial strain

in the prestressing reinforcement as shown in

eqvation 7-2.

5.

Revise the assumption of the neutral axis depth unr.il equilibrium is satisfied.

6.

Calculate the internal moment of the section according to equation 7-3.

7.

Increase the concrete strain at the top fibre and repeat steps b to f.

8'

Calculate the moment-curvature relationship, ignoring the tension stiffening at every
strain increment using equation 7-4.

I,

r, dA,

*

Ioo

,p -- ec d --c
+

f, deo =
+

o

ece + ee

lo,f,tdA, * IoorptMp = M

0="
where y

=

M =
f, =
A, =

ec

distance, measured from the neutral axis;

bending moment;
concrete stress in compression;
a¡ea

of concrete;
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f,

stress

Ao

area

Ep

tot¿l strain in the prestressing reinforcement;

ê,

concrete strain at the compression fibre;

e^^
LI

concrete strain at the level of the prestressing reinforcement, due to

of the prestressed reinforcement;

of the

presftessed reinforcement;

the prestressing force;
ee

effective strain in the prestressing reinforcement after losses;

L-

neutral axis depth from the compression fibre;

dp=

depth of the prestressing reinforcement from compression fibre; and

0=

curvature at the given strain increment.

7.1.1 Cracking Moment Calculation

The cracking moment calculated using two methods. The fi¡st method was based
on the equilibrium and compatibiiity conditions as described above. The strain in the
extreme tension fibre of concrete was assumed to be equal to the rupture srain of the
concrete. The rupture strain of the concrete was calculated using a tensile elastic modulus
equal to the elastic modulus of the concrete in compression, measured from testing the
concrete cylinders. The neutral axis depth was ca-lculated

by trial and error until

equilibrium of the section was achieved. The internal forces considered in the analysis
were the compression and tension in the concrete, the tensile force in the prestressed
220
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reinforcement, and the compressive force in the non-prestressed reinforcement.

In the second method, the cracking moment was calculated

based on the gross

section properties using equation 7-5.

M,, = P,,
where Mr, =

.lr,. 'tft,

7-5

cracking moment;

Pe =

effective prestressing fo¡ce;

e =

eccentricity of the prestressing reinforcement based on gross section
properties;

f, =
A, =

rupture sûen_sth of concrete;

Sà =

section modulus of the tension side.

gross cross sectional area; and

7.1.2 Failure Criteria

The failure modes of beams prestressed by Leadline bars are similar to beams
prestressed by steel reinforcement. The three modes are crushing

of concrete, rupture of

Leadline, and simultaneous crushing of concrete and rupture of Leadline. Therefore, the

failure of the beams is controlled by either the compressive strain in the concrete at the
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extreme compression fibre or the tensile strain at the Leadline bar farthest from the
neutral axis. Specifically, the failure criteria of beams prestressed by Leadiine are any

of the following:

1-

Crushing of concrete when the concrete strain in compression reaches the ultimate
value.

1

Rupture of the Leadline when the tensile strain of the Leadline ba¡ at the layer of
prestressing reinforcement farthest from the neutral axis reaches
2.0 percent, which coresponds to an ultimate tensile strength

of

a value of

2950 Mpa, taking

into consideration the initial strain due to jacking. After rupture of the Leadline ba¡
farthest from the neutral axis, the beam continues to carry load until the next
Leadline bars rupture.
a

J-

Balanced failure can occur

if

the reinforcement achieves 2.0 percent strain

simultaneously with the ultimate compressive strain at the extreme fibres

of

the

concrete.

7.2 MATERIAL MODELLING

The three mate¡ials used in the study were concrete, læadline bars and prestressing

steel strands. The materials were modelled using measured values from the control
specimens and the analytical models available in the literature.
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7.2.1 Concrete

The stress-sffain relationship of the concrete was modelled using the parabolic
relationship in compression illustrated in Fig. 7-2. The internal compression force in the
concrete was evaluated using the stress-block factors introduced by Collins and Mitchell

(1991). Instead of using the parabolic stress distribution, an equivalent uniform
distribution was employed, as shown in Fig.
sûess distribution, the stress block factors

stress

7-1. For a given parabolic compression

c,

and Þ7 were calculated such that the

magnitude and location of the resultant force did not change. The resultant force of the

uniform stress block was maintained equal to the force resulting from the parabolic
concrete sÍess distribution usin_q equation

7-6. For a parabolic

stress-strain curve and

constant beam width b, equation 7-6 can be reduced to equation

7-7. To

satisfy the

requirentent that the location of the resultant force is the same for the uniform and
parabolic distributions, equation 7-8 was used which can also be reduced to equation 7-9.

f
0r

at frt þ, ,

r,bav
ec

Þl

j

ec'
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f

Í,bvdv

f

r,b
4-

Êr

6where

7-8

dv

c

"

,/,
2

1-9

r,

,,,

ec

concrete sûain for a given ioading condition;

,/,

concrete strain corresponding to the maximum stress; and

c

ultimate strain of the concrete in compression.

"clt

Since the stress-strain relationship of the concrete changes with the change of rate

of loading, the maximum concrete strain in compression was measured and was found to
be about 0.004. The rupture süength,

f,

and the elastic modulus

of concrete,

E,

were

determined based on control specimens for each batch of concrete as given in chapter 5.

The concrete strain conesponding to the maximum st-ress was related to the measured
concrete strength and elastic modulus in compression, as given by equation 7-10 (Park
and Paulay 1975).

2f,

T

,,,
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The rupture strength of concrete was assumed according to the Canadian Code CSA
(1984) and given by equationT-II. The factor a in equation 7-11 is given as 0.6. The
tensile elastic modulus of concrete was assumed to be equal to the elastic modulus in
compression (Park and Paulay 1975 and Collins and Mitchell

i991). After

cracking,

concrete in tension was neglected.

f,

"rE

7

-tI

7.2.2 Leadline

The stress-strain behaviour of the Leadline bars was assumed to be linearly elastic

up to failure.

A

tensile elastic modulus

of

141 GPa was used, based on the value

reported by the manufacturer. An ultimate tensile strength of 2950 MPa was also used

in the analysis,

based on the tensile test performed with a concrete anchorage. The

ultimate tensile srain was calculated based on the assumed elastic modulus and tensile
stren-sth and was found to be 2.0 percent.

It should be noted that the guaranteed tensile

strength of the Leadline, which was the basis for the calculation of the jacking force, was
1970 MPa.

))\
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7.2.3 Steel

The tensile properties were based on testing
tension, as given in chapter

of

l3-mm-diameter steel strands in

5. The tensile strength and modulus

1900 MPa and 180 GPa, respectively. The strain

used in the analysis were

of the steel strand at rupture

v/as

4.3 percent. The modified Ramberg-Osgood function, given in chapær 5 for the tested
steel strand, was used to model the behaviour.

7.3 COMPARISON BETWEEN ANALYTICAL AND
EXPERIMENTAL RESULTS

The cracking moment of all beams tested was calculated, using the two rnethods
described above, based on an assurned rupture strength of the concrete, according to the

CSA Code. For beams prestressed by Leadline bars, using the suain compatibility and

equilibrium conditions, method #1 overestimated the predicted cracking load by
average value

of 22 percent with

standard deviation

an

of 20 percent, while using

equation 7-5, method #2 overestimated the predicted cracking load by an avera-ge value

of 9.0 percent with standard deviation of 17 percent as shown in Table 7-1. The cracking
loads of the two beams prestressed by two Leadline bars were overestimated by about 55

percent using the fi¡st method and 35 percent using the second method. Since the two
beams were cast using one batch of concrete, the difference between the predicted and
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the observed cracking load may be attributed to the variability of the rupture strength
reported by Ri.ish (Læonhardt 1988) and discussed in chapter

4. This phenomenon

as

could

also be attributed to the increased shrinkage cracks in the beams with two Leadline bars
compared to the beams prestressed by four bars. The predicted cracking load of the two
beams prestressed by steel was overestimated by 7 percent, using suain compatibility and

equilibrium conditions, and underestimated by 5 percent using the second method,

as

shown in Table 7-1.

The rupture strength of the concrete was calculated based on the observed cracking

load, using the fwo methods described above. A linear interpolation was performed
between the calculated rupture strength and square root of the compression strength of the

concrete. The factor ø in equation 7-11 was found to be 0.40 and 0.54 using methods
1 and 2, respectively, as shown in

Fig.7-3. It should be noted that the variabilify of the

rupture strength is high as shown in Fig. 7-3.

The predicted failure mode of the tested beams prestressed by Leadline and steel
agreed with the observed failure mode given in chapter 6, Table

6-1. Accordingly,

beam presressed by Leadline, R-4-.5-H, failed by crushing of the concrete.

one

All the other

beams prestressed by Leadline failed by rupture of the Leadline ba¡s. Also, the beam

with a 200-mm flange width

prestressed

by steel strands failed by crushing of

the

concrete, while the beam with a 600-mm flange width failed by rupture of the steel strands.
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The failure loads of beams prestressed by Leadline that failed by rupture of the
Leadline bars were underestimated by ax average value

of

10 percent, as shown in

Table 7-1. This may be attributed to tfre higher tensile strength of the Leadline bars than
the assumed value of 2950 MPa. The predicted failure load of the beam prestressed by

Leadline that failed by crushing of concrete was the same as the observed failure load,
as shown

in Table 7-1. The predicted failure load of the beams prestressed by steei was

7 percent less than the observed value for the beam that failed by rupture of the steel
strands and

it

was the same as the measured value for the beam that failed by crushing

of the concrete.

The failure loads of the tested beams were also predicted based on the guaranteed
tensile strength of the Leadline

of

1970 MPa. The ultimate loads were underestimated

by an average value of 40 percent of the measured failure loads. Reducing the ultimate

sfength of the Leadline resulted in the predicted mode of failure of beam R-4-.5-H
changing fiom crushing of the concrete to rupture of the Leadline bars; the predicted

failure load was about 70 percent of the measured load at failure.
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7.4 DEFLECTION PREDICTION

The deflection was calculated using two different techniques, integration of the
curvature at many sections along the beam span, and a simplified method where the
deflection was calculated using an equivalent moment of inertia for the entire beam.
Using the first technique, the deflection was calculated with and without accounting for
tension stiffening. The curvature was calculaæd using the strain compatibility approach
described previously. To calculate the effective curvature for a given section accounting

for tension stiffening, three different methods were used, namely, the effective moment
of inertia 1, method, the CEB-FIP Code, and strain compatibility including the tension in
the concrete after cracking. In the second technique, where the deflection was calculated
using an effective moment of inertia, for the entire beam, tension stiffening was included.

The cracking load of the beams was assumed to be equal to the observed cracking
load in order not to accumulate the enor in calculating the deflection. Deflections due

to

self-weight

of the beam, weight of the spreader beam used for applying

the

concenÍated loads, and effective prestressing were deducted from the calculated total
deflection at every load increment. The different methods for deflection calculation were
compared to each other using an error percentage (¿), which is given by equationT-12.
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eVa =

Apredicted

-

Lexp

Â'*o

x

100

7

-t2

7.4.1 Integration of Curvature

In this method the moment-curvature relationship was calculated for every beam with
and without accounting for tension stiffening. For each load increment, the curvature at

different sections along the enti¡e length of the beam was determined up to the failure
load using a computer program. The deflection was determined by integration of the
curvature from the support to the mid-span section to obtain the maximum deflection due

to the specified load. The curvature integration was perforrned numerically

usin_e

equation 7-13 and is illustrated in Fi_9.7-4. In this case, the integration was performed
at 40 sections along half the beam span. Increasing the number of sections increases the
accuracy of the calculations. The deflection can also be determined by integration of the

curvature at four distinct sections using equationT-I4. In general, the sections should be
selected at any expected abrupt change of the curvature. The selected sections were at

the support, cracking moment, location of the concenûated load and midspan, as shown

in Fig. 7-5.

^=E

Q

¡

x¡ * Qi*l ri*t
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7.4.1.1 Ignoring Tension Stiffening

The curvature was calculated without accounting for tension stiffening based on the
slope of the strain diagram obtained at each load increment, as described in section 7.1.
The predicted deflection before cracking was in very good agreement with the measured

values. After cracking, however, the predicted deflection based on integration of

the

curvature at 40 sections was, in general, overestimated due to ignoring the contribution

of the tension stiffening of the concrete between cracks. The overestimate

averaged

30 percent within the service load range and 21 percent up to the ultimate load, as given

in Table 7-2 and Table 7-3. The histogram of the eror distribution of the predicted
deflection ignoring the tension stiffening for beams prestressed by Leadline bars is given

in Fig.
an

l-6. It can be seen from the figure that 35 percent of the predicted deflection

has

eror between 10 and 20 percent.

7.4.1.2 Accountíng for Tension Stiffening

The contribution of the concrete between cracks to the stiffness of the beams is
referred to as tension stiffening. Because cracks of concrete beams occur randomly, there

231

Chapter (7) / Flexural Analysis

is no rationale to calculate the tension stiffening and it is usually included empidcally.
Tension stiffening was included

in the deflection

calculations using three different

methods. These methods are described in the following sections:

7.4.1.2.1 Method #1: Effective Moment of Inertia "1r"

The effective moment of inertia 1" method, modified by Tadros, Ghali and Meyer
(1985), was used to predict the deflection of the beams. It was reported (Krishna Mohan

Rao and W.H.Dilger 1992) that this method gives the most accurate prediction of the
deflection compared to other methods using the

/,

approach. The effective moment of

inertia method has been adopted by the ACI and CSA Codes for reinforced concrete
members and by the CPCI Design Manual for reinforced and prestressed concrete
members. This method interpolates between the cracked and the uncracked moment of
inertia of the section to calculate the effective moment of inertia using Branson's formula
as given by equation

4-20. At a given section, the applied moment is reduced by the

decompression moment to account for the initial curvature induced by prestressing.

After cracking, eccentricity of the prestressing reinforcement is calculated as the
distance between the centroid of the prestressed reinforcement to the effective centroid

of the section, which is interpolated between the cracked and the uncracked centroids of
the section using the same interpolation facto¡ as is used for

232

I*
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The effective curvature Q, was calculated using the applied moment and the rigidity of
the section EJr, æ given by equation 4-22. The effective curvature was integrated at 40
sections over one-half the beam span to predict the mid-span deflection.

The cracked moment of inertia

lrn requted to calculate Ie in equation

4-20,was

calculated with respect to the cracked centroid of the section which is at a distance

y'

from the extreme compression fibre of the concrete, as given in equation 7-I5 andT-16
for T-sections and using the notation given in Fig. 7-1.

c - t.J

bf*b*(c-tr)(
1
I

lc,

)*nAodo

..-r5

btr+b*(c-r¡)+rtAo

r,, Iu tf * b ¡(!cr _I)
+b*(r-tf)(lrr-t,
where

'f -T

ll=

E, / Er: and

Eo=

Elastic modulus

of

c-

T b*(c-U)t
1

)2 +

t"J

7

-16

.a

_Y + n A, ( dp - lrr)2

FRP prestrebsing reinforcement.

The predicted deflections were in good agreement with the observed deflections. A
comparison between the experimental and the predicted deflection for one of the tested
beams is shown in Fig.

7 -7

.

After cracking and up to the failure load, the predicted
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deflection is very close to the measured value. The mean value and the standard
deviation of the enor in the deflection calculation based on this method were 6 and
10 percent up to the predicted failure load, and 0 and 13 percent within the service load

range, respectively, as given

in Tables 7-2 and 7-3. The histogram of the error

distribution is shown in Fig. 7-8. Up to the ultimate load, 85 percent of the predicted
deflections were within a 20 percent error. This increased to 89 percent within the
service load range.

7.4.1.2.2 Method #2: CEB-FIP Code

The CEB-FIP Code 1990 approach for calculating the effective curvature Q, was
applied for the tested beams, using the interpolation factor

(

between the gross and the

cracked curvatures, Q, and 0¿¡, âs given by equation 4-23- The mean curvature was
calculated at 40 sections over the length of the beam. Numerical integration over one-half

the beam span was used to calculate the deflection at mid-span. For reinforced concrete
structures, the interpolation factor

( depends

on the ratio between the cracking and the

service moments; however, for prestressed sections, the moment on the section should be
reduced to account for the presuessing force (CEB Manual 1985). The interpolation

factor used in this study to calculate the deflection of beams prestressed by CFRP bars
depends

on the decompression

decompression moment

is

moment Mdc as given

commonly used
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by equation 7-17.

to convert the

prestressed section

This

to

a
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reinforced concrete section subject to moment and normal force. Several opinions exist
on how to calculate the decompression state of prestressed sections. The decompression
defined by Nawy and Huang (1977) represents the condition at which the stresses in the
concrete at the level of reinforcement are equal to zero. Naaman and Si¡iaksorn (1979)
defined the decompression moment by the state at which zero stress occurs at the level

of the extreme tension fibre. The concept of decompression of the full concrete section
was first proposed by Tadros (1982) and used by others (Ghali 1989 and Suri and Dilger

1986). In this study, the decompression moment is the moment which produces
stress at the extreme concrete fibre of the precompressed zone.

zero

It should be noted that

this moment does not result in complete decompression of the whole section. However,

this method

eliminates

the complicated calculations required

decompression force which

to

compute

is required for decompression of the entire section

the
and

provides satisfactory results in comparison to the other methods.

(=1-BrUrWI

>

0.4

7-11

The factor Þ7 refers to the bond condition of the reinforcement; the facto¡
Þ2 refers to the

type of applied load. As the beams were tested under static short-term loading, the
coefticient Þ2 was taken equal to 1.0, as recommended by the code. The factor
Þ7 was
evaluated for the beams prestressed by CFRP bars and found to be equal

to 1.0.

The

estimated deflection of the beams was in good agreement with the measured values,
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shown for two

of the

and 7-10, respectively.

tested beams with large and small flange widths

in Fig.

7-9

It can be also seen from the figures that the calculated deflection

for beams with a large flange width was slightly overestimated, unlike the deflection of
beams with a small flange width. The mean value and the standa¡d deviation of the error
were, respectively, 8 and 8 percent calculated up to the failure load, and 7 and 12 percent

calculated within the service load range, as given in Tables 7 -2 and 7 -3. A histogram of
the error distribution is shown in Fig.7-11. Up to the ultimate load, 94 percent" of the
predicted deflections were within a 20 percent margin of error, while 83 percent of the
predicted deflections within the service load were within + 20 percent error.

The deflections were also calculated using integration of the curvature at selected
sections, as shown in

deflections were

Fig.7-I2. Up to the ultimate

load, 76 percent of the predicted

in the margin of 20 percent error and 80 percent of the predicted

deflections within ttre seruice" load range had + 20 percent

enor. The accuracy of the

predicted deflection is reduced in comparison to the calculated deflection using integration

at 40 sections due to the approximation of the curvature profile along the beam span,

shown

as

in Fig. 7-13. The mean value and the standard deviation of the error were,

respectively, 10 and 11 percent calculated up to the predicted failure load, and 10 and
15 percent

if

calculated within the service load range, as given in Tables 7-2 and 7-3.

A histogram of the error distribution is shown in Fig. 7-14.
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7.4.1.2.3 Method #3: Strain Compatibility Accounting For Concrete in Tension

The mean curvature was calculated based on strain compatibility, including the
tensile stresses of the concrete below the neutral axis. The proposed stress distribution

'within the cross section is shown in Fig.7-15. The tensile stresses in the concrete are
introduced in two locations in the beam, below the neutral axis where the tensile stresses

in

concrete increases linearly up

to the rupture strength, and within the

effective

embedment zone around the reinforcement as introduced by CEB-FIP Code (i978) and

shown

in Fig. 4-6. The average tensile

stress-strain relationship

of

concrete after

cracking, given by equation 4-27 (Collins and Mitchell 1991), was used to predict the
tensiie stresses in concrete in the effective embedment zone. The concrete tensile strain
was calculated at four levels within the effective embedment zone.

A linear distribution

of the tensile stresses was assumed between every two levels to simplify the calculation
of the tensile forces in the concrete shown in Fig. 7-15. The two values selected for the
bond factor

cx,/

were 0 and 1.0, while a value

of

1.0 was used foÍ a.r,

for the case of

short-term loading. The mean errors of the predicted deflection using the two values of

cri were 35 and -23 percent, respectively, as shown in Fig. 7-16. In order to minimize
the error of the predicted deflection, crl was interpolated as 0.6 and 0.T,respectively, for
beams prestressed by Leadline bars and sæel strands.

The predicted deflections using integration of the curvature at 40 sections along half
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the beam span and

ü/ of 0.6, are compared to the measured deflections for a typical beam

in Fig. 7-17. A very good correlation between the predicted and the measured deflection

is observed. The mean value and the standard deviation of the error of the predicted
deflections of beams prestressed by tæadline were

I and 11 percent calculated up to the

failure load and -2 and 13 percent within the service load limit, respectively. Up to the

ultimate load, 92 percent of the predicted deflections were withi n a 20 percent error
while, within the service load range, 88 percent of the predicted deflection were in the
margin of 20 percent error.

A

histogram

of the error distribution of the predicted

deflection is shown in Fig. 7-18.

The accuracy of this method was also examined by comparing the predicted to the
measured deflections of a prestressed composite beam tested by others (Fam, Rizkalla and

Saltzberg 1995) as shown in Fig.

7-i9.

The beam was 9.3 m long, 550 mm deep and

prestressed by six longitudinal 8-mm Leadline bars and four draped 8-mm Leadline bars.

Good agreement between the predicted and the measured deflections is observed.

7.4.2 Simplified Method

Since deflection calculation using integration of the curvature requires a computer
program or a programmable calculator to perform the computations, a simplified method
is normally used to estimate the deflection at the preliminary design stage. The simplified
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method is based on using the beam flexural rigidity E,

monent. Equation 7-18 is used

I, at the section of maximum

to estimate the deflection for any beam for given loading

and boundary conditions. The coefficients

k, ko and kT,which

depend on the boundary

and loading conditions, could be found in many text books (Branson 7977,
CpCI Metric

Design Manual 1989, Naaman r9B2 and Nilson

l9g7). The coefficients k, kp,

were calculated for the tested beams and were found to be equal to l/g, 5/4g,

and

k¡

l/I0.37,

respectively. The effective moment of inertia .I, was calculated using equation
4-13.

^
^

= -kp

z-

Pe@p-tt ,)L2

MrL,
. MnL2
.oo#.rr'ã

t-18

deflection of the beam;

Pe

effective prestressing force;

!/,

effective centroidal distance from the extreme compression fibre;

MD

Moment due to dead load on the beam;

ML

applied external moment;

lc,

cracked centroidal distance from the extreme compression fibre;

f"ô

gross cenúoidal distance from the exueme compression fibre;
and

M¿,

decompression moment.

The deflection due to live load is calculated in two steps as the difference
between
the deflection due to the total service load and the deflection due to dead load,
which are
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calculated using equation 7-18. This deflection can not be calculated in one step using
one value for the moment of inenia. This is not only due to the change of the effective

moment of inertia,

I,but

also due to the continuous change of the eccenricity of the

presüessing force after cracking due to the movement of the neutral axis with the increase

of the applied load. The effective centroidal distance

!/r,

for beams prestressed by CFRp

bars is determined in the following section.

7.4.2.1 Centroidal Distance of Prestressed Cracked Beams

After cracking and due to tension stiffening, the average distance between
centroid

of the transformed

the

section and the extreme compression fibre 7, /, has an

intermediate value between the cracked and uncracked centroidal distances
-ycr and y,

respectively. Different interpolation factors have been proposed for calculation of

y/,

(Branson and Trost 1982 and Tadros, Ghali and Meyer 1985). Based on the average
value of the measured strain, the cornpression zone depth was computed; consequently,

the effective cenûoidal distance is proposed as given by equationT-19. The effective
centroidal distance is interpolated between the cracked and uncracked centroidal distances
using the interpolation facto¡ ry given by equation 7-20.

7-19
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v(æ

-_t Mor\
- ¡øa,

'7-20

)

The measured values were compa¡ed to the cracked and uncracked centroidal
distances, ycr and

)r, for eight beams

as

well as to values calculated from the proposed

equation for y/r, as shown in Fig. 7-20 for one of the tested beams prestressed by CFRP

bars. The interpolation factor in equation 7-19 has the power of 2 instead of the value

of 2.5 used for beams prestressed by steel. This suggests that ! /" is closer to yg for
beams prestressed

by CFRP than

beams presÍessed

by steel subjected to the

same

prestressing and loading conditions. This behaviou¡ can be attributed to the larger crack

spacing observed for beams prestressed by CFRP bars and the consequently larger
uncracked portion of the beam.

The cracked section properties, !r,. and

Ir,

were determined accurately using the

compression zone depth obtained at each load increment using the strain compatibility

approach. The properties of a cracked prestressed section can also be evaluated using
design charts proposed in the CPCI Meric Design Manual 1989. In order ro illusrrare the
use of this method, an example

of the calculation of the deflection of a beam prestressed

by CFRP ba¡s is given in Appendix A.

The measured deflection of a typical beam prestressed by Leadline was compared
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to the predicted deflection using
shown

inFig.T-2I.

1e

(Tadros et al.) method and the simplified method, as

The mean value and the standard deviation of the calculated eror

were -4 and 13 percent calculated up to the ultimate load level and -16 and 13 percent
calcuiated within the service load limit, respectively. Up to the ultimate Ioad,

i3 percent

of the predicted deflections were within a 20 percent error, while 56 percent of

the

predicted deflections within the service load range were within the same margin of error.

A histogranr of the error distribution is shown inFig.7-ZZ.

7.4.3 Design Recommendations

Deflection calculation using integration of the curvature along the beam span gives

an accurate prediction as the margin of enor is within 20 percent. This method is
therefore recommended for prediction of the short-term deflection

of concrete

beams

partially presúessed by CFRP Leadline bars. The simplified method has also been shown

to be a good tool for preliminary design as 80 percent of the predicted deflection in the
service load range is within a + 30 percent

eror. It should be noted that the CEB-FIP

Code niethod and the strain compatibility method are dependent on the bond factors

which are function of the characteristics of the reinforcement, while the equivalent
moment of inertia

/, (Tadros et al.) method and the simplified

method are applicable to

any type of reinforcement independently of the bond properties of the reinforcenient.
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The measured deflection is plotted versus the predicted deflection in Fig. 7-23 for
a typical beam using all the methods described above.

It can be seen that the predicted

deflection ignoring the tension stiffening effect is the upper bound. Fig.7-24 shows the

distribution of the error using the different methods, at various load levels. A negative
value of the error means that the predicted deflection is underestimated, while a positive

value means that the predicted deflection is overestimated. It is obvious that the error

within the range of the service load is considerably higher than the error beyond service
load

limit. This is due to the small magnitude of the deflection in the service

load range,

which is in the denominator of the equation calculating the error. Fig. 7 -24 also shows
that tension stiffening has a significant effect in the deflection computations. Tables 7-2
and

7

-3 show the statistics of the erro¡ in terms of the mean value and the

standard

deviation. The minimum and the maximum enor are also presented. The predicted
deflection using the CEB-FIP Code has the least mean and standard deviation of error.
The predicted deflections within 20 percent error are shown for the different methods

within the service load range and up to failure in Fig. l-25 andT-26,respectively.
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7.5 CRACK WIDTH

Cracks in concrete structures prestressed by steel are nonnally controlled to minimize

the corrosion of the steel. Replacing the steel by FRP reinforcement provides

an

excellent solution to the classical deterioration problem of concrete structures as FRP
reinforcement does not corrode. However, there are good reasons for controlling widths

of cracks other thax corrosion prevention. Control of the crack width might be required
to prevent leakage or to preserve the appearance of the structure. Several aspects should
be assessed for the choice of permissible crack widths in prestressed structures, such as
surface texture of the concrete and distance of the cracks from possible observers.

It is

reported that cracks wider than 0.25 to 0.3 mm can lead to public concern (Padilla and
Robles

I9lI).

Many formulae are cuffently available to calculate the crack width of presuessed
concrete beams, as shown in chapter

cracks, the level

of

accuracy

4.

Due to the local and random occurrence of

of crack width prediction of reinforced or

presûessed

concrete sÍuctures is less than that of deflection prediction (CEB Manual 1985). The
various parameters affecting the cracking behaviour are the reinforcement stress or strain

after decompression, effective concrete area in tension, a¡ea of reinforcement, concrete
cover, and bond characteristics of the reinforcement. There is no universal agreement on

the mathematical relationship of these variables to the crack width. For example, the
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effective area of concrete in tension has a square root and a cubic root relationship in Suri
and Dilger equation (1986) and in Gergely and Lutz equation (1966), respecrively, while

it is raised to the power of one in the CEB-FIP Code (1978). Moreover, the definirion
of concrete area in tension is proposed to be the area below the neutral axis by Suri and
Dilger, while considered in the CEB-FIP Code and in Gergely and Lutz equation as the
effective area of concrete in tension around the reinforcement.

7.5.1 Influence of Major Parameters

The relationship between the major parameters and the measured crack width of
beams prestressed by CFRP bars is examined. The relationship between the steel stress,

after decompression,

{, to the crack width of beams prestressed by steel wires or strands

with or without non-prestressed deformed steel bars, proposed by Suri and Dilger (1986),
is given in equation 7-21. Similarly, the stress in the CFRP bars, afte¡ decompression,

fr

was found to be related to the maximum measured crack width by equationT-22,

shown

n

as

Fig. 7-27.

wmax

=

o.tog

x

1o-3

{ " - o.or

beams prestressed by
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steel

7-21

Chapter (7)

wma*
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Leadline

7-22

Since the stress in the reinforcement is typically related linearly to the crack width

by most researchers, a linea¡ regression was performed for beams prestressed by CFRP
and compared to the data given, by Suri and Dilger (1986) for beams prestressed by steel

sûands

in equations 7-23

and 7-24 and shown

n Fig. 7-28. The linear relationship

between the crack width and the reinforcement stress provided a standa¡d enor of 0.07

for beams presûessed by Leadline in comparison to a vaiue of 0.10 for beams prestressed
by steel strands.

=

0.116

x

I0-2

f,

wmax

0.t24

x

l0-2

f¡ -

wmax

beams prestressed by

beams presúessed by

0.053

steel

Leadline

7

-23

7-24

The concrete area in tension, 4,, which is considered another major parameter, is
related to the crack width as shown in Fig.

l-29 for beams

prestressed by Leadline.

Despite of scattering of the results of ail the tested beams, the non-linear regression

provided equation 7-25 which compared well to .equation 7-26 proposed for beams
prestressed by steel by Suri and Dilger (1986).

wma¿.

=

0.033

beams prestressed by

Ir i"
246

Leadline
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wma"

=

o o17

where AÍ =

As =

beams prestressed by

[i I"

a¡ea

steel

7

-26

of FRP in the tension zone; and

total area of prestressed and non-presûessed steel in the tension zone.

The CEB-FIP Code (1978) relates the strain in the reinforcement to the crack width.

The calculated strain after decompression was interpolated as shown in Fig. 7-30. It is
observed that,

for a given crack width, the associated strain is similar for

beams

prestressed by tæadline and steel when the crack width is less than 0.4 mm; however, for

larger crack width, the resulúng strain for beams prestressed by Leadline is higher. This

may be attributed to the iower flexural bond strength of the tÆadline which results in
early crack stabilization with respect to beams prestressed by steel and hence the crack
spacing is more uniform for beanis with Leadline. Consequently, the increase

strain of beams with Leadline results in equal inc¡ease of the width

in

the

of all cracks.

Conversely, the increase in the strain of beams prestressed by steel results in an unequal
increase of the crack width; as a result, the maximum crack width becomes larger. The

maximum crack width is given as a function of the strain for beams prestressed by steel
and Leadline in equationsT-27 andT-2S,respectively. The crack-width-strain relationship

for beams with steel is calculaæd by converting the steel stress in equation 7-21 (Suri and

Dilger 1986) to strain using an elastic modulus of
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wmax

=

-

-

beams prestressed by

o.ot

beams prestressed by

3lo

e1r13

es

=

sûain of steel after decompression; and

ef

=

strain of FRP after decompression.

wma*

where

rl38

21oo

0.023

steel

Leadline

7

-27

7-28

7.5.2 Calculation of The Stress in The Reinforcement

The stress in the reinforcenient was calculated for crack width prediction as the
incremental stress resulting from the diffèrence between the moment at which the crack

width

is to be determined and the decompression moment. The stress in the

reinforcement was calculated based on the suain compatibility approach using the method
described at the beginning

of this chapter. The effective strain in the prestressed

reinforcement was calculated based on the

avera_qe

of the strain gauge readings on the day

of testing. The strain in the reinforcement after decompression, e¡ and consequently the
stress, was calculated taking into account the strain in the concrete due to prestressing,
€c¿, as shown

in Fig.

7-1.
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7.5.3 Crack Width Calculation

The crack width was calculated for all the beams prestressed by CFRP bars using
tltree methods given by Suri and Dilger (1986), CEB-FIP Code (1987) and Gergely and

Lutz (7966). Since bond properties of the reinforcement are considered to be among the
most important parameters affecting the cracking behaviour of parúally presressed beams,

the three methods were used to determine the equivalent bond factors for CFRP bars.
The bond factors were found to be different from those of steel reinforcement since bond

is si-enificantly

affected

by

surface conditions (smooth

or ribbed) and type of

reinforcement (strand or bar). The other two factors which can also affect the bond
characteristics are the elastic modulus and Poisson's ratio. Bond factors are introduced

into the equations predicting the crack width, such as "fr" in the method introduced by
Suri and Dilger and given in equation 4-30, "kr" in the CEB-FIP Code as given by
equation 4-33, and "R" in the method introduced by Gergely and Lutz and given by

equation

4-36. The following subsections

discuss the results

of each of the above

methods.

7.5.3.7 Method #1: Suri and Dilger (1986)

The CPCI Design Manual (1989) recommended the use of the method presented by
Suri and Dilger (1986) to estimate the maximum crack width at the beam soffit and given
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by equation 4-30. The relationship between the measured crack width and both the steel
stress and the concrete area

in tension show that equation 4-30 can be applied for beams

prestressed by Leadline using the same variables with the same exponent; however, the
bond factor k has to be calculated. The bond factor was calculated using linear regression

analysis of the test results, as shown in Fig. 7-31. A value of

for the Leadline compared to values ranging from 2.55 x

10-ó

I.41x

10-ó was obtained

to 4.50 x 10-ó for various

combinations of prestressed and non-prestressed steel. The predicted crack width using
equation 4-30 is plotted versus the observed crackwidth in Fig.7-32. ltcan be observed
that the agreement between the calculated and the measured crack width is almost within

+ 40 percent margin.

The crack width calculated using this method was also examined by comparing the
predicted to the measured maximum crack width of a beam prestressed by Leadline bars
and tested by others (Fam, Rizkalla and Saltzberg 1995) as shown in Fig. 7-33. Good
agreement between the predicted and the measured crack width is observed.

7.5.3.2 Method #2: The CEB-FIP Code (1978)

The CEB-FIP Code expression for calculating the crack width using the average
spacing between cracks is given by equation 4-33. The average crack width w,,, at the

beam soffit

is

estimated using the strain

250
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decompression and the crack spacing as given by equation 4-34. The inærpolation factor

(

in equation

4-34 is defined by equation

7-77. To

evaluate rhe bond factor

k,

in

equation 4-33, two values, 0.2 and 0.8, were selected as initial values for the bond factor.

It

should be noted that the bond factor È, ranges between 0.4 and 0.8 for deformed and

plain steel bars, respectively. The mean error of the predicted crack width using the two
values of kr,0.2and 0.8, were -9.3 and 60 percent, respectively, as shown inFig.T-34.

In order to minimize the error of the predicted deflection, which is represented by

the

broken line in Fig.7-34, k, was interpolated as 0.28 for beams prestressed by Leadline

bars. The bond factor k, of prestressing steel was also evaluated using the data obtained
from the two tested beams prestressed by steel strands and found to be equal to 0.1. The
average crack width of the tested beams was predicted and found to be in the range of

+ 40 percent of the nieasured crack width

as shown

in Fig. 7-35.

7.5.3.3 Method #3: Gergely and Lutz (1966)

Gergely and Lutz (1966) recommended the use of equation 4-36 for the calculation

of the maximum crack width at the beam soffit for reinforced concrete beams. The same
equation is proposed for concrete beams partially prestressed by steel reinforcement by
the CPCI Design Manual (1989). The bond factor R was linearly interpolated using the
measured maximum crack width, as shown in Fig. 7-36, and
12.5

x

10-6

it was found to be equal to

for beams prestressed by Leadline. The bond factor R was modified by Suri
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and Dilger (1986) for beams presüessed by steel and was reported to be in the range of

13.7

x 10-ó to 25 x

10-6. The crack width for the tested beams, predicted using

equation 4-36 is compared to the measured values

in Fig. 7-37: an agreement within

+ 40 percent can be observed.

7.5.4 Design RecommendatÍons

The enor of the predicted crack width is compared for the different methods in

TableT-4. It can be seen that the predicted crack width

has a large margin

of error; the

smallest standard deviation of the elror was 15 percent for the Gergely and Lutz method.

Therefore,

it is essential to verify the proposed

beams with

a wide range of

values for bond factors by testing other

span-to-depth ratios and different configurations. A

comparison of the accuracy of the three different methods is shown in Fig. 7-3g. Any

of the above three methods can be used for c¡ack width prediction of concrete

beams

partially prestressed by CFRP Leadline bars knowing that rhe accuracy is within

*

40 percent.

7.6 STRAIN DISTRIBUTION

The ænsile strains in the prestressing reinfo¡cement as well as the compressive
strains in the concrete should be evaluated at full service load and at the nominal ultimate
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carrying capacity of the beams in order to examine the margin of safety of the beams.
The proposed ACI Code, Committee 318, 1995 (Mast 1992) requires a minimum net
tensile sftain after decompression of 0.005. Therefore, the calculation of the flexural
strains is a design requirement for prestressed concrete beams. This section compa.res the
measured to the predicted strains with and without accounting for tension stiffening. The

strains were calculated using the suain compatibility method described at the beginning

of this chapter. The tension stiffening effect was included by accounting for concrete in
tension in two locations in the cross-section of the beam, below the neutral axis where
the tensile stresses in concrete increases linearly up to the rupture strength, and within the
eff-ective embedment zone around reinforcement, as shown in Fig. 7-15.

The predicted strains are compffed to the measured concrete strains at the extreme
conrpression fibre and at the level
and 7-40, respectively,

of the bottom CFRP bars, as shown in Fig.

7-39

for one of the tested beams. It can be seen that the predicted

strains are in good correlation with the measured values. It can be also seen that ignoring
the tension stiffening effect overestimates the strains after cracking and within the service

load range; however, the effect of the tension stiffening on the calculated strains
diminishes prior to the ultimate load. The predicted strain profiles with and without
accounting for tension stiffening a¡e also compared to the strains measured at

th-ree

different locations in the constant moment zone for six partially prestressed beams jacked

to 50 percent of the guaranteed strength of the CFRP bars,
253

as shown

in Fig. 7-41. The
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strains are compared at two load levels, at the service load which is defined as the load
at which the maximum crack width is 0.40 mm and at approximately 90 percent of the

failure load of the beams. It can be seen that the calculated strains accounting for tension
stiffening are less than the calculated strains if the tension stiffening is ignored. Also, the
calculated strains are in good agreement with the measured strains, especially when the
tension stiffening is included in the calculation.

7.7 FREQUENT LOADING AND UNLOADING

Since partially prestressed beams are designed to crack under superimposed dead and

live loads, the behaviour of the beams under service loading can not be considered
perfectly elastic due to the permanent cracks. To satisfy the serviceability requirements,

it is important to be able to determine

the deflection and crack width at a fraction of the

live load after the beam has been subjected to the full service load. Beams may also

be

accidentally subjected to loads higher than the specified service load and consequently
serviceability requirements should be checked due to unloading conditions. This frequent

loading and unloading will be referred to as repeated loading. The following sections
discuss prediction

of the deflection and the crack width of concrete beams partially

prestressed by CFRP bars under limited repeated loading.
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7.7.1 Deflection Prediction

Response of beams prestressed by CFRP bars can be reasonably predicted before

cracking using the gross moment of inertia or, more accurately, using the uncracked
transformed moment of inenia. Behaviour of the beams at this loading stage is elastic
and linear. However, after cracking, which occurs in the case of partially prestressed
beams, the load-deflection behaviour under repeated loading is not perfectly elastic despite

the fact that the CFRP material is elastic up to failure. The test results indicated that,
durin-e unloading

of the beams within the service load range, the deflection does not

follow the same path as the initial cycle. This may be attributed to cracking of the beams
and the non-recoverable creep of the concrete occurring due to the time involved in the
loading cycle. The measured deflections of the beams in the second and third cycles were

found to be identical. The deflections of the beams, after reloading to the same load
level, foilow the same path as in the initial cycle. This behaviour is typical for beams
prestressed by either CFRP bars or steel strands as shown

in Fig.7-42. The cyclic

loading shown in the figure has a lower load level equivalent to 80 percent of the
cracking load and an upper load level equivalent to 60 percent of the predicted ultimate

load which represents 1.5 to 2 times the cracking load, depending on the prestressing

level. This behaviour was also reported by B¡anson (1977) for
steel.
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The available information in the literature for deflection calculation of prestressed
beams under repeated loading

is very limited. Kripanarayanan and Branson (1979)

recommended the use of constant stiffness during unloading and reloading of the beams.

They proposed using a constant moment of inertia Irrofor repeated load which is higher
than the moment of inertia of the section at the initial cycle

I.

However, the proposed

method did not account for the change in the eccentricity of the decompression force due

to increasing the applied load.

7.7.1.1 Proposed Model

The typícal behaviour of concrete beams presftessed by CFRP ba¡s is shown in

Fig.7-43. In order to illustrate this behaviour, consider the beam to be loaded from
point O, which represents zero load, to point

A, which is the cracking load and to

point B, which is higher than the cracking load, as shown in Fig.

7 -43

.

The slope of the

line OB is proportional not only to the effective moment of inertia, 1", but also to the
eccentricity of the prestressing force calculated at point

B. If the beam is unloaded at

point B and the behaviour of the beam is perfectly elastic, the beam

will follow

the

path BAO, which is the same path as the fi¡st loading and the total deformation of the

beam should be completely recovered. Conversely,

if

the behaviour of the beam is

perfectly inelastic, the beam will follow the path BE, which is parallel to the line OA, and
the beam will have a ¡esidual deformation corresponding to the deflection OE. The actual
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behaviour of the beam is between the two cases and is represented by the path BCD. In
spite of the fact that the FRP reinforcement and the concrete are linea¡ at this ioad level,

the beam will have a residual deformation equivalent to OD. This residual deformation

is proportional to the load at which the beam is unloaded.

The bilinear behaviour at unloading and reloading of the prestressed beams shown

in Fig. 7-43 was observed for all the tested

beams including the beams prestressed by

steel suands. The load-deflection relationship is considered to be linear from point D, up

to a load,

Pr'

causing the decompression moment, M¿r, defrned by point C based on zero

stress at the extreme concrete fibres of the precompressed zone. The deflection within
the range DC can be estimaæd using the uncracked moment of inertia,

/r.

The deflection

is also assumed to be linear between point C and point B at which the beam is unloaded.
The stiffness of the beam at point B, which is proportional to the line DB, is based on

a moment of inertia,

I

rr, which is higher than the inertia I, at the same point.

deflection at any point between point C and point

The

B can be estimated using linear

interpolation between the deflections at point B and point C.

The deflection at point B can be calculated using equauonT-29, which is dependent
on a higher moment of inertia,
research, the moment

Irr,

than the moment of inertia,

1r. Based on the current

of inertia,lrep, at the load level where the beam is unloaded is

proposed as given by equation 7-30. The proposed equation is based on the measured

257

Chapter (7) / Flexural Analysis

deflection for all the beams tested under repeated loading

in this investigation.

The

interpolation factor, V, used in equation 7-30, is selected similarly to the interpolation
factor in equation 7-20. The interpolation factor has a value
beam occurs right after cracking.

levels,

y

of I if unloading of the

At this stage, Irrrwrll be equal to ^Ir. At higher load

Ir*

has a value less than 1 and

wlll be caiculated according to the proposed

model.

^

- -kp

Pe ( dp

E,

- /r)

L2

I rrp

M"P L2

+ k' E, Irrp

Irro = Ir, + y25 (r, - rrr)
The effective centroidal distance

!/r,

I I,

7-29

7-30

which is the distance between the centroid of

the cracked section and the exÍeme compression fibre, was found to be smaller under
repeated load than that for the initial loading, as shown in Fig. 7-44 for one of the tested

beams.

It

was found that the value of

l/,

did,

not change afær applying two cycles

shown in the figure. Therefore, equation 7-19, which is used to calculate
loading, can be applied to estimate

!/,

at the unloadinglevel,

!/rat

as

first

Prr,

The following steps are proposed to estimate the load-deflection response of beams
prestressed by CFRP bars under repeated loading.

Appendix A.
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A numerical example is given in
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1.

Calculate the residual deflection afær complete unloading of the applied load, which
conesponds to the deflection OD shown in Fig. 7-43. This deflection is equivalent

to the difference between the deflection at point B using equation 7-18 and the
deflection at the same point B using equationT-29.

2.

Calculate the deflection at point C at the load level, P¿., câusing the decompression
moment, Mor. This deflection is the summation of the residual defection calculated

in step 1 and the deflection due to Mo, using the gross moment of inertia /r.

3.

The proposed model assumes a linea¡ relationship between point C and the level
where the beam was unloaded, point B, which correspondsto Prep. Deflection of

the beam at any intermediate load level between C and

B can be linearly

interpolated.

The proposed model was applied to the tested beams and found to be in good
agreement with the measured deflection. The average value and the standard deviation

of the difference between the predicted and the measured deflections were 1 and i I
percent, respectively. The minimum and maximum error of the predicted deflection were

-23 and 11 percent, respectively. A typical predicted load-deflection relationship for one
of the tested beams prestressed by CFRP ba¡s under repeated load is shown in Fig. 7-45.
The beam shown in Fig. 7-45 was unloaded at two load levels, 60 percent of the predicted
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ultimate load and at the ultimate load level, based on the guaranteed strength of the CFRP

bars. The predicted and the measured values are in good agreement as shown

in

Fig.7-45.

7.7.2 Crack Width Prediction

Since FRP is non-conoding material, controlling of the crack width is mainly for the
aesthetics of the structure and not for corrosion prevention. Crack width may be checked

at a fraction of the live load, not at the full live ioad, similar to the requirements of
calculating the stress limitations for fatigue of partially prestressed beams.

It

has been

reported that the actual live load va¡ies between 20 and 70 percent of the specified live
load in more than 95 percent of the cases for some structures, and that the most frequent
value falls between 40 to 50 percent (Leonhardt 1977, cited in Naaman and Siriaksorn

l9l9).

Therefore, estimation of the crack width of partially prestressed beams should

include the effect of repeated loading to simulate the case of unloading the beam from

full service load to a load level represenúng that of the dead load in addition to the most
frequent portion of live load. The proposed equations in the literature for crack width
calculation of partially prestressed beams are typically based on experimental programs

for beams tested under

a single

cycle. The following section discusses a proposed model

to calculate the crack width of beams partially prestressed by CFRP bars, including the
effect of unloading.
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7.7.2.1 Proposed Model

Measured crack widths at repeated loading are generally higher than the crack width

at first loading as indicated in chapter 6 for the tested beams. Test results indicated that

crack widths in the second and third cycies were almost identical. The results also
showed that the crack width in the initial and the two consecutive cycles were the same

at the unloading loadlevel, Prro. Measurements of the crack widths within the repeated
load range indicated that the load-crack width relationships are almost linea¡ beyond the
cracking load and non-linear below the cracking level for beams prestressed by CFRP.

The proposed model for crack width prediction for beams prestressed by CFRP bars
subjected to repeated loading is based on a linear relationship between the load Prrrand

the load Pr. which causes the decompression moment Mo, as shown in Fig. 7-46 and
given by equationT-3I. In this analysis, the decompression moment is based on zero
stress at the extreme precompressed concrete fibres.

w = *rrp
t

M, - M¿,
Mrrp - Md,

l

M, , M,,

7

-31

The crack width at a load where the beam is unloaded , P rep, can be predicted using

any of the previously described methods in section 7.5.3. Therefore, accuracy of the
predicted crack width due to repeated loading

is

dependent on the accuracy

of

the

estimated crack width at first loading. The proposed linear model, shown inFig.T-46,
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is not applicable at load levels less than the cracking load due to the nonlinear behaviour

within this range. The proposed model is shown for one of the tested beams nFig.7

-47

It can be seen that the proposed model

due

agrees

well with the measured crack width

.

to repeated cycles.

7.8 DEFORMABILITY OF BEAMS PRESTRESSED BY CFRP

Failure of concrete beams prestressed by CFRP is typically governed by one of three

modes

of failure, crushing of the

concrete, rupture

of the CFRP reinforcement,

or

simultaneous crushing of the concrete and rupture of the reinforcement. This behaviour

is illustrated in Fig. 7-48 for beams prestressed by Leadline bars. As a typical example

of FRP reinforcements the behaviour is

based on an effective prestressing force

of

50

percent of the guaranteed tensile strength of the reinforcement. The figure shows that up

to a reinforcement ratio of 0.19 percent, failure of the beams occurs due to rupture of
Leadline bars and therefore the ultimaæ carrying capacity

of the prestressing

reinforcement is used. Increasing the a¡ea of læadline certainly increases the ultimate
resistance

of the beam; however, the mode of failure

changes from rupture

of

the

reinforcement to crushing of the concrete. The corresponding stress in the Leadline ba¡s
at failure of the beams decreases with the increase of the reinforcement ratio as shown

in Fig. 7-48.
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Behaviour of concrete beams prestressed by CFRP reinforcement is simita¡ to that

of beams prestressed by steel in terms of modes of failure; however, the performance of
the beams is different ín terms of the deformational behaviour and the ultimate carrying
capacity of the beams. In order to illustrate this difference, the ultimate carrying capacity

of rectangular beams prestressed by Iæadline and steel, as well as thefu deformability, in
terms of the section curvature at ultimate of the beams, are shown

reiation is given for the case

in Fig. 7-49.

of effective prestressing force of 50

percent

The

of

the

guaranteed tensile strength of the Læadline bars and 60 percent of the ultimate strength

of steel strands, which are commonly used cases for both types of reinforcement. For

a

reinforcementratio less than 0.19 percent, the capacity of beams prestressed by Leadline
is higher than that of beams presûessed by steel strands, which is the case of beams with
wide flanges; however, the section curvature at failure is much less for beams prestressed
by tæadline. Increasing the reinforcement ratio results in the section curvature at ultimate

of beams prestressed by læadline fairly matching the behaviour of beams prestressed by
steel, which is similar to behaviour of the tested beams with a small flange width,
shown

n

as

Fig. 7-49.

The maximum reinforcement ratio currently considered by the ACI Code Commitæe

318 (Mast 1992) was also appJied for beams prestressed by Leadline as shown in

Fig.7-49. According to the proposed model, a minimum net tensile strain of 0.005, after
decompression, should be achieved before failure. Based on this proposed requirement,
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the maximum limit of the reinforcement ratio of beams prestressed by Leadtine was
calculated and found

to be 0.63 percent as shown in Fig.7-49. At this level of

reinforcement, there is virtually no difference in the deformability of beams presûessed

by Leadline and steel.

Since beams with a low reinforcement ratio and beams with a large flange width
have a small compression zone depth at failure and consequently very high tensile strain
at the level of the presÍessed bars, failure of those beams normally occurs due to rupture

of CFRP prestressing reinforcement. However, the results of the tested beams indicated
sufficient deformability before failure of such beams and acceptable safety margins
measured in the following forms:

1-

Deflections prior to failure were in the range of 1/30 to l/40 of the span, which is
considered to be significant deflection and quite sufficient to provide warning before

failure. It should be mentioned that the ACI
live load to 1/180 of the

2-

and CSA codes

limit deflection due to

span.

The beams were extensively cracked before failure and the cracks were uniformly
distributed, typically observed for beams prestressed by steel strands.

3-

The maximum measured crack width in the constant moment zone was in the ranse
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of 0.8 to 1.2 mm for partially

prestressed beams

with CFRP bars at 50 percent of

the failure load, which is significantly higher than the maximum specified value at
service load. The large crack width provides sufficient warning before failure.

The deformability ratio proposed by Jaeger, Tadros and Mufti (1995) and given by

equation 3-8
Table

is

calculated

for the

tested beams and given

7-5. The model was developed for reinforced

in the second column,

concrete beams with rectangular

cross sections and a specific mode of failure, namely, crushing of concrete. However,
this model was used for the æsted beams to check its applicabiüty for beams prestressed

by CFRP with different modes of failure. It can be seen that the calculated deformability
ratio for the beam prestressed by Leadline with a 600-mm flange width is about 50
percent less than the deformability of the beam prestressed by steel. However, for beams

with a 200-mm flange width, the deformability ratios for beams prestressed by Leadline
and steel are comparable. Increasing the jacking stress from 50 to 70 percsnt of the
guaranteed sffength results in a reduction in the deformability ratio by 25 percent for the

beams

with a 600-mm flange width. It can be.also seen from the table that the

deformability of beams with a 200-mm flange width is mo¡e than twice the deformabitity
of beams with a 600-mm flange width. This finding does not agree with the conventional
definition of ductility of beams prestressed by steel based on the deformation at ulrimare,
L,,, and the deformation at yield, Án, and given in the last column in Table 7-5, where the

ductility of the beam with a 600-mm flange width is 2.6 times that for the beam with
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a 200-mm flange width. This disagreement is because the denominator in the proposed
model by Jaeger et al. contains the moment and curvature at a compressive concrete strain

of 0.001. This strain is achieved at a low load level for beams with a small flange width;
therefore, the corresponding moment and the curvature are small in comparison to beams

with a large flange width.

7.8.1 Proposed Deformabil¡ty Ratio

Since CFRP reinforcement behaves elasticly and rupture of the reinforcement occurs

without the typical yield plateau for steel, the ductility of this material can not be defined

in terms of the inelastic deformation prior to failure

as

in the case of steel. Behaviour

of concrete beams prestressed by CFRP reinforcement is non-linearly elastic up to failure,

where the non-linearity arises from cracking

of the concrete. The inelastic

energy

consumed prior to failure of beams prestressed by CFRP is very small in comparison to
beams prestressed by steel provided that the prestressing steel has yielded before failure.

Conversely, the elastic energy released at failure of beams prestressed by CFRP bars is
tremendous, which makes the failure of such beams similar to the brittle shea¡ failure of
prestressed beams. However, a quantification

of the safety margin is needed for

the

design of such beams a¡d it is identified here by the deformability ratio.

No universal definition has yet been established to identify the deformability of such
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beams. The proposed deformability ratio relies on the equivalent deformation at ultimate

load of the beam based on uncracked section properties and the actuai deformation at
ultimate, as shown in Fig. 7-50. Deformability of the beams can be defined in terms of
section member properties as given by equationsT-32 andT-33, respectively.

_þz

tt6

7-32

Qr

P¡

=Lz

7-33

^1

where 07 and 4,, ue the equivalent curvature and deflection of the uncracked section

at a load equal to the ultimate load and Q, and A,, are the ultimate curvature

and

deflection.

The deformability of the tested beams was calculated according to the proposed
model and is given in Table 7-5. The table shows that the deformability of beams with
a large flange width is higher than the deformability of beams

It can be also

with a small flange width.

seen from the table that the deformability of the beams prestressed by two

Leadline ba¡s is higher than the deformability of the beams prestressed by four ba¡s. The

ductility of beams prestressed by steel based on the deflection at yield were 6.56 and 2.49

for the two beams with 600- and 200-mm flange widths, respectively. The calculated
deformabilities for the same two beams using the proposed approach were 25.59 and
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10.32, respectively, which is about four times the ductility

ratio. This indicates that the

proposed deformability definition overestimates the ducúlity of beams prestressed by steel

reinforcement.

The deformability of beams prestressed by I"æadline is compared to the deformability

of beams prestressed by steel, having the

same cross-section and presÍessing force in

Fig. 7-51. It can be observed that the deformability of the beam prestressed by Leadiine

with a large flange width is much less than that for the beam prestressed by

steel.

Increasing the reinforcement ratio or reducing the flange width of the beams results in the

deformability ratios of the two beams becoming comparable.

The deformabilities of beams with different jacking stresses are also compared in

Fig.7-52. It can be seen that the deformability ratio increased by about i5 percent with
the decrease of the jacking stress from 70 to 50 percent of the guaranteed strength of the

CFRP bus.
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Table

7-1

Comparison between the predicted and the experimental results
tDcr,exp
(kN)

(kN)

P,r,prd P*
P,,
P u,uo
(kN) prd/exp prd/exp (kN)

method#1

method#2

method

tD cr,prd

#1

tD u,prd
(kN)

method#2

Pu

ptdl

Failure
mode

exp

97.9
89.3 89.7
97 .9
86.1
90.2 86.6
102.2 89.9
98.1 87.4
56.3 49.5
56.8 51.3
7',7.r 7t.4
70.t 70.8
106.2

T-4-.5-H

25.3r

30.85

27.7t

t.22

1.09

0.92

R

R-4-.5-H

23.40

24.03

2t.49

1.03

0.92

r.00

cr

T4-.5-V

27.33

30.s0

27.76

1.ll

0.99

0.88

R

R-4-.5-V

23.16

25.98

23.02

t.t2

0.99

0.96

R

T-4-.7-V

37.90

42.70

38.96

1.13

1.03

0.88

R

R-4-.7-V

32.t0

34;ll

31.66

1.08

0.99

0.89

R

T-2-.5-V

r3.08

20.82

r8.39

1.59

t.q

0.88

R

R-2-.5-V

12.69

19.05

16.70

1.50

1.31

0.90

R

s-T-2-.5

30.7r

33.6t

29.63

1.09

0.96

0.93

R

s-R-2-.5

2"1.86

29.32

2s.86

1.05

0.93

1.00

C

Mean
value

1.22*

1.09+

0.90$

Standard deviation

0.20+

0.17+

0.03$

x Rupture of prestressing reinforcement
T Crushing

t

$

of concrete

Mean value and standard deviation for beams prestressed by Leadline
Mean value and stândard deviation for beams presûessed by Leadline failed by rupture of bars
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Table

7-2 Error of the predicted

deflection within service load

Curvature integration at 40

sections CEB-FIP
Code

Simplified
method

(curvature

liÏ,,o" f"o,o, 330ï*
stiffening et al.

Number 89
of

ffi'*, iåi1'#åî

89

89

89

89

89

0

7.7

-2.0

10.ó

-1ó.1

13.2 12.1

12.9

i5.3

12.9

-23.0 -15.6

-28.6

-i5.9

-38.1

31.4 41.8

24.2

53.6

7.9

data

mean
enor

30.5

(Va)

Standard 22
deviation

Minimum -15.6
EITOT

Maximum

89.3

enor

Table

7

-3

Error of the predicted deflection up to the ultimate load

sections CEB-FIP
Code
(curvature
No
Ie
CEB-FIP St¡ain
integration at
tension Tadros Code compatibility keyìections
Curvature integration at 40

Simplified
method

stiffening et al,

Number 245
of

245

245

240

245

Z4S

6.0

8.4

1.2

10.8

-4.5

1,0

13.5

data

mean

20.6

error (Vo)

Standa¡d 16.2

10.0 8.3

1

-23.0 -15.ó

-28.8

-15.9

-38,1

31.4 41.8

24.2

53.6

tó.5

1.1

I

deviation

Minimum -15.6
enor

Maximum

89.3

efTor
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Table

7-4

Statistical data of the error of crack width prediction

Method

Number

Mean

of data

enor

(Vo)

Standard

deviation

Minimum

elTor

Maximum
elÏor
51

Suri and
Dilger (198ó)

42

-20

CEB-FIP
Code (1978)

42

-38

Gergely and

42

0

42

-19

15

Lutz (1966)

Table

7-5

Beam

Member deformability of the tested beams
Deformability ratio
(Jaeger er al, 1995)

Mfi 1 /

T-4-.5-H 3.82
R-4-.5-H 9.53
T-4-.5-V 3,38
R-4-.5-V 7.92
T-4-.7-V 2.45
R-4-,7-V 7.76
T-2-.5-V 1.ó5
R-2-.5-V 4.M
s-T-2-.5 5.80
s-R-2-.5 9.29

Mzþz*

Proposed

Ductìlity ratio

deformability
ratio

Lul

Ly

A2/L]
8.0s

nlal

5.74

nla

9.79

nla

7.42

nla

8.27

nla

6.59

nla

t4.63

nJa

9.99

nJa

25.s9

6.56

10.32

2.49

M,

and Qr tre the moments and the curvatue at ultimate, respectively and
M2 and Qz ile fhe moment and curvature at concrete compressive st¡ain of 0.001
not applicable
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Fig.7-1 Strain compatibility of concrete section prestressed by FRP.

f¿

ch
U)

fc

0)
¡<

(h

I

I

I

I

I

I

I

8c

lec
Strain

Fig.7-2 St¡ess-strain of the concrete in compression
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P

P
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Moment diagram

Curvature diagram

Fig.1-4 Numerical integration of the curvature for deflection calculalion
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Curvature diagram

Fig.7-5 Integration of the curvature at key sections
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Fig.7-6 Error distribution of the predicted deflection ignoring tension stiffening
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Fig.7-7 Load-deflecLion using I. method (Tadros et al.)

xA

è\
Ø
(g

!
v)

Ð
l*

c)

Ð

z

-s0 40 -30 -20 -10 0 10 20 30 40
Percentage of error

s0

Fig.7-8 Error distribution of the predicted deflection using Ie method (Tadros et al.)
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Predicted deflection using CEB-FIP Code for beam with small flange width
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Fig.7-10 Predicted deflectjon using CEB-FIP Code for beam with large flange width

Chapter (7) / Flexu¡al Analysis

ñ
U)

(!
l¡

c)
çh

o

çi

L

()

z

-s0 40 -30 -20 -10 0 10 20 30 40

50

Percentage of error

Fig.7-11 Error distribution of tlre predicred deflection using the CEB-FIP Code
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Fig.7-12 Predicted deflection using inægration ar key
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Fig.7-13 Curvatue along the beam span using the CEB-FIP Code '90
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Fig.1-I4 Eror distribution of the predicted deflection using integralion at key sections
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Fig.7-15 Strain compatibility of prestressed concrete
section accounting for concrete in tension
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Fig.7-17 Predicted deflecLion using strain compatibility
with and without accounting for tension stiffening
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Fig.7-i8 Error dist¡ibution of the predicted deflection using
strain compatibility accounting for concrete in tension
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Fig.7-19 Predicted deflection using method 3 for a beam prestressed
by Leadline tested by Fam and Rizkalìa (1995)
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Fig.7-21 Predicted deflection using Ie methods
(Tadros et al. 1985 and simplifìed method)
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Pig.7-22 Error distribution of the predicted deflection using the simplifred method
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Fig.7-32 Crack width prediction using Suri and Dilger method (198ó)
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Fig.7-33 Predicted crack width using Suri and Dilger method
for a beam tested by (Fam and Rizkalla 1995)
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ST.IMMARY AND CONCLUSIONS

8.

8.1 SUMMARY

The program has investigated serviceability of concrete beams partially prestressed
by carbon fibre reinforced plastic (CFRP) reinforcement. The main objective of the study
was to examine the various flexural limit states behaviour in terms of deflection prior to
and after cracking, cracking behaviour, and modes of failure. The program consisted of

experimental and analyticai phases. The experimental program includes testing of ten

6.2-nt-long partially prestressed concrete beams, eight beams prestressed

by

CFRP

Leadline bars and two beams prestressed by steel strands. The beams were tested under
quasi-static load and cycled three times in the service load range. The variables in the
experimental program were the reinforcement ratio, degree of prestressing, number of
prestressing bars and distribution of the reinforcemerit in the tension zone. The analytical
phase included a rational analysis using the st¡ain compatibility approach to describe the

behaviour of the beams in terms of strain distribution, cracking and ultimate carrying
capacity of the beams as well as calculation of the deflection and the crack width of the
beams. Based on this investigation, various models have been introduced including new
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parameters that can be used to predict the deflection, before and after cracking, and the

crack width, taking into account the bond characteristics of the CFRP prestressing
reinforcements. Three detailed methods to calculate the deflection of beams prestressed

by Leadline using integration of the curvature and including the tension stiffening have
been examined.

A simplified method to calculate the deflection of the beams has been

proposed. An expression to calculate the effective cenroidal distance of cracked section
prestressed

by Leadline bars has also been presented. Two models to calculate the

deflection and the crack width of beams prestressed by l"æadline under repeated loading

have been introduced. The deforniability

of the beams has been compared to the

deformability of beams prestressed by conventional steel strands. A new definition for
the deformability of beams prestressed by fibre reinforced plastic, FRP, reinforcement has

also been introduced and compared to the traditional ductility definition.

An extensive survey of the characteristics and the applicaúons of FRP reinforcement

in the field of civil engineering

has been presented.

In addition,

a literature

review of the

behaviour of concrete beams prestressed by FRP reinforcement, in tenns of flexure, bond,

fatigue, long-term effect and serviceability has been presented.
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8.2 CONCLUSIONS

The present study has shown that CFRP reinforcement can be successfully used for

partial prestressing of concrete beams. The advantages of using this technique are to
reduce the cost and to increase the deformability. The following summarizes the findings

of this investigation:

1.

The transfer length of the 8-mm indented Leadline bars is estimated to be 360 mm,

or 46 times the bar diameter, when the súess of the Leadline after release

is

950 MPa (50 percent of the guaranteed tensile strength) and 500 mm, or 64 times
the ba¡ diameter, when the Leadline stress after release is 1310 MPa (70 percent of
the guaranteed tensile sÍength).

It should be noted that the concrete compressive

strength ranged between 37 and 50 Mpa.
2.

The transfer bond sûength of the Leadline in the transfer zone was found to

be

comparable to that of the prestressing steel strands and higher than the transfer bond

sÍength of prestressing steel wi¡es, reported in the literature. However, the flexural
bond strength of the Leadline bars is less than that of steel strands.
J.

The measured strength of the 8-mm Leadline bars is much higher than
guaranteed s[ength which

the

is reported to be 1970 MPa by the manufacturing

company. The measured value is 2950 MPa, with 24.3-MPa standard deviation,
based on tension test

of Leadline bars using sufficient concrete embedment length,
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while the calculated strength based on the ultimate carrying capacity of the tested
beams is 3230 MPa with 100-MPa st¿nda¡d deviation.
4.

The tensile stress-strain relationship of the Iæadline is bilinear with an elastic
modulus

of 170 GPa up to the level of 1000 MPa and an elastic

modulus

GPa up to faiiure. The maximum measured strain of the Leadline bars

of 190
is

1.85

percent, measured from beam tests. The average measured elastic modulus of the

Leadline bars based on tension test was found to be

in the range of 180 GPa

compared to I47 GPa reported by the manufacturer. This can be attributed to the
difference in the rate of loading used during the tension test.
5.

Two modes of failure were observed for the tested beams, rupture of Leadline bars,

which occurred when the furthest CFRP bar from the neutral axis reached its
ultimate strain, and crushing of the concrete at the extreme compression fibres.
6.

The behaviour of the tested beams was linearly elastic up to the cracking load and
linear after cracking with a reduced stiffness.

7.

The behaviour of the beam during the second and the third cycles within the service
load range was identical. However, the deflection and the crack width in the second

cycle were greater than those in the initial cycle.
8.

The deflection of beams prestressed by læadline is higher than that of

beams

prestressed by steel strands after cracking and equivaient to that of beams prestressed

by steel before failure, provided that the failure is by crushing of the concrete.

If

the failure is governed by rupture of the Leadline bars, the deflection at failure is
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considerably smaller for beams presúessed by læadline.
9.

Reducing the jacking stresses from 70 to 50 percent of the guaranteed strength of
the Leadüne resulted in an inc¡ease in the deflection at ultimate and a reduction of
the ultimate load.

10.

The number of cracks in beams prestressed by tæadline is smaller than that in
comparable beams prestressed by steel strands due

strength

of the Leadline bars.

to the lower flexural

bond

Consequently, the crack width and spacing are

typically larger for a given load level. However, for a given strain level in the
reinforcement, the c¡ack width is the same for beams prestressed by Leadline or steel
strands.
11.

The stabilized crack pattern for beams prestressed by Leadline bars occurs at a much

lower strain level than for beams prestressed by steel srands.
12.

The crack width of the prestressed beam with four layers of Leadline bars is higher
than the crack width of an identical beam with two layers of reinforcements in the
service load range.

13.

The analytical prediction of the cracking load, ultimate capacity and the strains of
the tested beams using the st¡ain compatibility approach are in good agreement with

the measured values. However, the beams which failed by rupture of the tæadline
bars had higher failure loads than the anticipated values. This is attributed ro the

underestimation

of the ultimate tensile

controlled by the type

of

strength

of the bars, which is normally

anchorage assembly. This result indicates rhat the
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pretensioned system fully utilizes the actual strength of the FRP tendons, since no

anchorage system

is used.

Anchorage

of

FRP could induce

a state of

stress

concentration which could significantly affect the strength of FRP tendons.
14.

Accurate prediction

of the deflection of

beams prestressed

by tæadline

should

account for the tension stiffening of the concrete.
15.

Calculation of the deflection using an integration of the curvature along the span

using 1, method (Tadros et al.), the CEB-FIP Code,

or strain compatibility

accounting for concrete in tension gives an accurate prediction within 20 percent

margin of error.
16.

The simplified method using an equivalent moment of inertia 1" is a good
preliminary design tool

to predict the deflection of

concrete beams partially

prestressed by CFRP reinforcement as the margin of error was within 30 percent.

t7. The effective centroidal distance of the cracked section prestressed by Leadline can
be predicted with a reasonable accuracy using the proposed model.
18.

Bond factors of the reinforcement used to calculate the deflection of prestressed
beams should be corrected to the following:

A value of

1.0 should be used for Leadline bars for the factor pr, introduced

by the CEB-FIP Code 1990 for calculation of the deflection.
b.

A

value of 0.6 and 0.7 should be used for Leadline and steel

strands,

respectively, for the factor or, introduced by Collins and Mitchell to account

for the tension in concrete.
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19. Crack widths in beams partially prestressed by Leadtine can be predicred using the

Suri and Dilger method, the CEB-FIP Code, or the Gergely and Lutz method with
40 percent margin of er¡or.
20.

Bond factors of Læadline bars used to calculate the crack width of prestressed beams
are as follows:

a.

A value of 1.41x

b.

A value of 0.28 for the factor "tr" introduced in the crack width equation in the

10-ó

for the factor "ft" introduced by the Suri and Dilger.

CEB-FIP Code 1978.

c.

A value of

12.5

x

10-ó

for the factor ".R" inûoduced by Gergely and Lutz.

2r. Deflection due to repeated loading can be predicted using the proposed model within
a 20 percent margin of error.
22.

Crack width due to repeated loading is linearly related ro the applied load in the
range between the maximum load at which the beam is unloaded and the crackins
load.

23.

The tested beams pretensioned by Leadline exhibited considerable wa¡ning before

failure due to the presence of extensively distributed large cracks and large
deflection before failure.
24.

Beams prestressed

by

Læadline

with a small reinforcement ratio have lower

deformability than beams prestressed by steel and normally fail by rupture of the

reinforcement. Increasing the reinforcement ratio results in a change in the mode

of failure to crushing of the concrete and the difference in the deformability of
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beams prestressed by Leadline and steel decreases.

25. The

proposed deformability ratio provides an adequate model

to

measure the

deformability of beams prestressed by FRP reinforcement.

26. Partial

prestressing, which

is

achieved by reducing the jacking stresses

prestressing reinforcement, increases the deformability of the beams.
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APPENDTX A

NUMERICAL EXAMPLES
The following examples demonstrate the use of the simplified method and the proposed

model for deflection calculation under repeated loading for one of the tested beams
prestressed

by CFRP bars

.

The calculated deflection is compared to the measured

values.

Example

1

A simply

supported beam with a span of 5.8 m and a cross-section shown in Fig. A-1,

is subjected to its self weight and two symmetrical concentrated loads 1.0 meter apart.
The beam is presuessed by four 8-mm diameter straight CFRP bars with an area of
47.3 mm2 each, guaranteed strength

of

1970 MPa and an elastic modulus

of

147 GPa.

The concrete has a compressive strength of 55 MPa after 28 days, rupture strength of
3.1 MPa and an elastic modulus of 29 GPa. The prestressing force after losses,

155.6

kN. It is required to calculate

P, is

the deflection at mid-span section due to

superimposed load, P, of 51 kN.
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Cross section properties are as follows:

*r2

Ao

67590

I,

6.905 x

It

1r2.9

mm

lø

217.1

mm

6tr6120

m*3

80608

mm3

ò

^S,

108 mm4

sà

3

Ao

r89.2

*r2

d^

255

mm

,g

t42.1

mm

Md

6.68

kN-m

ML

6r.2

kN-m (due to P=51 kN)

v

MS

1

67.88

kN-m (due to self weight and P=51 kl'l)

The cracking moment, Mcn could be calculated using the following equation to examine

if

the beam is cracked or not.

Po €o
39.3

;l''
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Since M,

) Mrn section is cracked.

In order to calculate the neutral axis depth, the design charts in the CPCI metric
manual (1989) or

in

Tadros, Ghali and Meyer (1985) were

design

used. The following

parameters are needed to calculate the cracked inertia and cracked centroidal distance,
and

y*

respectively, assuming that the decompression f.orce P¿,

P¿rd

ß5.6xr03x255
Ms
67.88 x 10ó

r4l x
txo
=
'
29

bw
b

189'2
600

x

w.5 = o)t)s

Pri

0.5g4

0.0062'7

255

k
d

600

=

I.,

54 -

255

0.2118

Using the design charts in page 3-52 and page 3-53 in the CPCI metric design manual,
the following factors can be obtained:

ko,

=

1.0

kr, =

0'065

kp =

1'o

kc =

0'1
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Consequently,

I*

k,

!c, È

kc kp

kp,

h t3

+

d =

-

0'1

0.065

x

7'0

x 1.0^ x

x 255

600 x 2553

ry

25'5

Eõoo^A.^tnftl 4
53889469

mtn

The decompression moment M¿ris calculated using the following equation;

.o*!
'r'n',f,
P^ S.

M¿'

-

Applying equations 4-I3,7-19 and 7-20,the following results are obtained;

r/'

39.3 -29.4
67.88 -29.4

Ie

þ.zst)3

!', =

zs.s

=

0.257

6.90sx108.(t- Q.2sT3)x$889a69

6462778s

**4

*(o.zst)2(ttz.t -2s.5) = 3r.zi nu?t

The deflection due to P

= 51 kN is calculated as the net difference

between the

deflection, Âr, due to self weight, prestressing effect.and the concenuated loads of 51kN
and the deflection, Âr, due to self weight and the prestressing force. The deflection is
calculated using the following equation;
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Pe(dp-ttr)L2
SEcIe

_

-r
^.

155.6

MrL'

5 MoL'
48 ErI,

10.36Ecle

- 3r.21 ) 58002 * 5 6.68 .r 10ó 58002
48 29000 64627789
8 29000 64627789

x rc3

Q55

6r.2 x ro6 58002
10.36 29000 64627789

40.41

t55.6x 103(255 -ll2.g )58002
8 29000 6.905 .r i08

^ _
-¿

tntn

+ 5 6.68x10ó 58002

48 29000 6.905 ;u 108

= -3.4J nun
^

^1

- Lz = 40.4t-(-2.+l) -

43.88

nun

This deflection is compared to a measured value of 42.9 mm, which is within 2 percenL
elror.
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Example 2

For the same beam in the previous example, calculate the deflection due to unloading the
beam at a load P = 26 kN,

if the beam was subjected to a maximum load, Prro, of 51 kN.

The moment corlesponding to P = 26 kN, M, = 37.88 kN-m

,

M¿, = 29.43 kN-m.

Therefore, the corresponding deflection will be calculated using an interpolation between
the deflection atPrep = 51 kN,

LrrO

43.88 mm, as calculated in example 1), which is

represented by point B in Fig.7-43, and the deflection

at"

M¿r, Â¿r, which is equivalent to

a load of 18.96 kN and represented by point C in Fig.7-43.

1-

Calculate the residual deflection due to complete unloading, Âr, as the difference in

the deflection at point B based on

I,

and

lrr,

using equations 7-18 and 7-29

4'Lt-Lz
where

.

-t^_

5 MaLz

Pr(dr-lrt)L2
B Ec

48 E, I,

Ie
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M¿L'
*
A^ = _Pr(dr-yrt)L2 * 5
"
8 Er

lrrp

lrep

48 Ec

MtL2
10.36 Ec lrep

From the previous example, Âr = 40.4i mm.

Applying equation 7-30 at P = 51 to calculate Irro;

r,,o

53889469

* (o.zst )2s (o.los x 108 -

s3889469

)

7s0s3gzr

or,rr4

_ _155.6xr03 e55-3r.27) 58002 + 5 6.67x10Ó 58002
Â.
'
48 29000 7509392r
8 29000 75093921
x

106 58002
10.36 29000 7s093921
6r.2

^o
2-

=

40.41

= 34.8 nun

- 34.8

5.61 t?Ltrr

Calculate the deflection at load equal to 18.96 kN which conesponds to Mdc

follows:

M,^ L2
'= =T"=
Ec I s
" 10.36
29'43 x 106 58002
10.36 29000 6.905 108

L¿, =

La,
3- Using linear

5.61

+

An

*

=

=

10.3g

mt?L

interpolation Â at Mr=37.88 kN-m can be estimated as follows:
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^
^

10.38

+

*r1' x
* Mrrp
!,'- _ Md, (o*, -

Ld,
uc

31'88
6z.sg

-

-

29'4?
29.43

x

(¿¡.sg

-

10.38

nor)

) =

17.14

mnr

This deflection is compared to a measured value of 16.61 mm, which means that the enor

in the deflection calculation is 6'4Vo.
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8 mm diameær each

¡105_¡
(a) Cross section

------J

T-uoo---

8 mm dia¡neter each

(b) Idealized

cross seclion
P

(self weight)

z.+m

I

i.om

I

z.+ m

5.8 m

(c)
Fig.

Schematic of load distribution

A-1 Details of one of the tested beams prestressed

33r

by CFRP bars

