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Abstract

ABSTRACT

Many bnidges in the world are classified as deficient and in need of rehabilitation
or replacement. Some of them are deficient because their load-carrying capacity is
inadequate for today’s increased traffic load. To improve their efficiency and increase
their load capacity, several methods can be used, one of them is the external
prestressing. Also, to avoid corrosion problem that faced this type of strengthening,
Fibre Reinforced Plastics (FRP) can be used instead of steel tendons. Within the
different types of FRP, Parafil rope was established to be well suited for prestressing
system, combining the benefits of light-weight, high strength, easy handling and
efficient anchorage system.

Thirteen prestressed beams, one with internal prestressing steel only, and the rest
strengthened externally using Parafil Ropes Type G were tested up to failure under
two third point loading. Six factors were studied to investigate their effect on the
behaviour of strengthened beams. These factors are the value of the external
prestressing force and its eccentricity, deviator position, previous loading stage before
strengthening, concrete strength and (span/depth) ratio. Also, analytical investigations
were conducted to propose simple equations could be used in the analysis of this
beam type, regarding its deflection and flexural strength with an acceptable accuracy.

The study indicated that, extermal prestressing using Parafil rope is a very
powerful system for strengthening or rehabilitation of prestressed concrete structures.
Also, providing external prestressing force by a moderate amount improves the
stiffness, and both cracking and ultimate flexural strength of prestressed concrete
beams without significant reduction in ductility even for cracked beams.

The modifications made to the methods used to calculate deflection and ultimate
moment of bonded prestressed concrete, generalised these methods so, they can be
used with beams have different types of prestressing tendons (bonded, internal

unbonded, external unbonded or mixture of them). These methods, after modification,

were found to give fairly accurate results.
Also, the novel equation described the relation between the increase in the

external prestressing force and the deflection makes the analysis of the externally

strengthened beams under service loads, less complicated with a reasonable accuracy.
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Notations

NOTATIONS

A, = cross-sectional area of concrete;
A. = area of external prestressing tendons

A ps = area of internal prestressing steel

Aps.int - Aps + As -‘&'
f by
E

Aps.tot = Aps,int + Ae _lZ_PP_

ps
A s = area of nonprestressed tensile steel

A = area of nonprestressed compressive steel
b, = width of the web

B = width of the flange

¢ = depth from concrete extreme compressive fiber to neutral axis

d. = depth from concrete extreme compressive fiber to centroid of external

prestressing rope

d., = depth from concrete extreme compressive fiber to centroid of external

prestressing rope at ultimate

d, = depth from concrete extreme compressive fiber to centroid of prestressing steel
ds = depth from concrete extreme compressive fiber to centroid of nonprestressed

tensile steel

d;- = depth from concrete extreme compressive fiber to centroid of nonprestressed
compressive steel

E. = elastic modulus of concrete in compression

E,; = modulus of elasticity of prestressing steel

E,, = modulus of elasticity of Parafil rope

E; = modulus of elasticity of nonprestressing steel

f’c = cylinder strength of concrete;

f. = ultimate tensile strength of concrete

f-m = mean value of axial tensile strength of concrete

feu = cube strength of concrete

f1 = calculated stress due to live load
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Notations

Jre = effective prestress in prestressing steel

Jrep = effective prestress in Parafil rope

Jop = ultimate stress in Parafil rope

Jps = ultimate stress in prestressing steel

Jpu = ultimate strength of prestressing steel

[ py = yield strength of prestressing steel

J = modulus of rupture of concrete (MPa)

1. = total calculated stress in member

fy = yield strength of nonprestressed tensile steel

h = total height of cross section

hy= depth of flange

I = 1nertia of the cross section

I, = effective moment of inertia

I, = moment of inertia of uncracked cross section (neglecting the steel)

I.» = moment of inertia of cracked cross section (neglecting concrete in tension)

I... = inertia of the cracked section relative to the centroidal axis

L, = length of loaded span or sum of lengths of loaded spans, affected by the same

tendon

L; = length of tendon between end anchorages

K = multiplier deflection factor depending on the load type

Kp, Ki, Kp = multiplier deflection factors of dead load, live load and prestressing

force

L = span length between end anchorages

L, = equivalent plastic region length

L, = width of plastic zone

M, = applied moment

M_, = cracking moment

M’.,. = net positive moment required to crack the section

M,; = moment due to dead load

M. = decompression moment (moment lead to zero stress on precompressed
concrete extreme fibres)

M; = moment due to live load

n, = Parafil rope modular ratio
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np, = prestressing steel modular ratio

ns = steel modular ratio

P; =1nitial internal prestressing force

Pg;= effective internal prestressing force

P, = 1nitial external prestressing force

P, = effective external prestressing force

Sqs = distance between deviators

y» = distance from neutral axis to bottom fibre of the section

y: = distance from neutral axis to top fibre of the section

1 = concrete compression block reduction factor

A = deflection at midspan in simple beam

A 1 = deflection calculated on the basis of an uncracked section

A n = detlection calculated on the basis of a cracked section

Ap = deflection of midspan due to dead load

AL = deflection of midspan due to live load

Ap = deflection of midspan due to prestressing force

Afps = tendon stress 1ncrease = f,5 — fie

Aeps = InCrease 1n strain in prestressing steel above effective prestress
€ce = Strain in concrete at level of prestressing steel due to fe,

€c, = Ultimate concrete compression strain in top fiber.
€,s = Strain in prestressing steel at ultimate
&u = Ultimate strain in prestressing steel

g; = strain in nonprestressed tensile steel at ultimate
gse = effective prestrain 1n prestressing steel

P, = ratio of prestressing steel (4,5 /bd), )

ps = ratio of nonprestressed tensile steel (4, /bd; )
d.» = cracking curvature

¢, = ultimate curvature

() = bond reduction factor before cracking

Q. = bond reduction factor after cracking
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Chapter 1

Introduction

1.1 INTRODUCTION

Many reinforced and prestressed concrete bridges throughout the world are
deteriorated and/or distressed to such a degree that structural strengthening of the

bridge or reducing the allowable loading on the bridge by loading posting is necessary

to extend the service life of the bridge.

Hutchinson and Rahimi (1996) reported that, as a result of an European
Community directive, all bridges in the United Kingdom are required to carry 40-
tonne vehicles by 1999 or otherwise have a weight restriction order placed on them. A

major assessment program for all bridges in the United Kingdom resulted in the need

to upgrade over 10,000 of the total 60,000 reinforced concrete bridges.

In United States, among the 575,000 highway bridges, 230,000 were rated as
structurally deficient or functionally obsolete and are thus candidates for replacement
or significant rehabilitation work to extend their service lives. Another factor that adds
to the urgency of the problem is that over the past 40 years there has been a steady
increase in the weights of trucks legally permitted on highways. As a result, many
bridges today are carrying loads up to 40% heavier than anticipated in their original
design (Crasto et al. 1996). In another study made by Whiteway (2000), 1t was
reported that in the United States alone, 600,000 road bridges are scheduled for repair

1
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at an estimated cost of US$200 billion-four times the cost of their original

construction.

External prestressing system can be an effective solution for improving the

structural performance of many bridges suffering from deterioration, steel corrosion

or in need strengthening, to cope with larger loads. Using prestressing will enhance

the integnty of the existing structures, without adding to the weight.

However, several bridges built or strengthened by external steel tendons in
Germany, France, USA, UK and other countries in the world did not behave

satisfactory as most of these externally prestressed structures suffered from corrosion.
(Virlogeux ,1993).

This problem can be solved by using fibre reinforced plastic elements (FRP)
based on glass, aramid or carbon fibres, as an alternative to high strength prestressing

steel due to its high-tensile strength and excellent corrosion resistance. One of these

tendons is Parafil rope type G, which is considered as an efficient tendon for external

prestressing.

However, several difficulties inhibit the use of FRP as external prestressing

tendons over a wide range of structures. These difficulties can be summarized in two

points as follows:

e The lack of data about the behaviour of prestressed members after having
been externally strengthened using FRP tendons and the inadequacy of the

recommendations pertaining to these members especially in most codes.

e Unsuitability of the design equations or analysis methods used in ordinary
prestressed concrete for this type of members due to the lack of bond between
the external tendons and concrete, and the loss in the tendon’s eccentricity

during loading.
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1.2 OBJECTIVES OF THE PRESENT INVESTIGATION

The objective of this investigation can be summarised as follows:

e Study experimentally the influence of the following factors on the behaviour
of prestressed concrete beams after being externally strengthened using
Parafil rope type G with particular attention to crack formation, camber and
deflection, losses in tendon’s eccentricity, variation in internal and external

prestressing force, and cracking and ultimate strengths.

1. Value of external prestressing force

2. Number of deviators
3. Effective depth of the external prestressing force

4. Previous loaded stage before being externally strengthened

5. Concrete strength (1)

6. Effective span/ depth ratio (L/h)

e Obtain simple equations that can be used to calculate the cracking and

ultimate strengths and be less complicated and time consuming.

e Modify some of the existing methods of deflection calculation to externally

prestressed beams.

1.3 OUTLINE OF THE THESIS

For a better understanding of behaviour of externally prestressed beams and
fibers, a review of literature related to the external prestressing system, FRP and

Parafil rope was carried out and is presented 1n chapter two.

Chapter three is concerned with the manufacture and testing the specimens.

Material characteristics, test equipment and test procedure are all incorporated.

The behaviour of test specimens and the test results are presented in chapter

four.
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Chapter five presents an extensive discussion of the test results as well as

relations between some parameters.

A bref literature review of analytical methods used to calculate deflection and

ultimate moment of bonded and unbonded prestressed concrete is presented in

chapter six; which 1s then extended to describe the behaviour of the prestressed

concrete beams after being externally strengthened.

Finally, Chapter seven includes a synopsis of the main observations and

conclusions obtained from the experimental and analytical works, and a number of

suggestions for further research.



Chapter 2

Literature Review

2.1 INTRODUCTION

This chapter is divided to two parts, the first part discussed the external
prestressing system and the behaviour of the externally prestressed beams using
external steel tendons, while in the second part several types of the commercial fibre
reinforced plastics used in prestressing are compared and their properties are

discussed. Also, the properties of Parafil rope and its anchorage are presented and

discussed.

2.2 EXTERNAL PRESTRESSING

External prestressing 1s the form of prestressing in which the prestressing tendons
are unbonded and are outside the concrete section, and their load 1s transferred to the
concrete through end anchorages and deviators as shown in Figure (2.1). Bruggeling

(1990) mentioned some reasons for the development of this type of prestressing as

follows:

e The demand for methods to repair prestressed concrete bridges with corroded

prestressing tendons or to strengthen concrete bridges or other structures

already in use, due to the increase of traffic loads.



Chapter two: Literature Keview

The need for less complicated profile of prestressing tendons in the concrete
structures. Simplifying tendon profiles has its effect on the concreting of the
structure, the stressing of the tendons (friction problem) and the grouting of
ducts (interaction between adjacent ducts)

The growing interest in methods in which the influence of workmanship on
the overall quality of the realized concrete structures 1s reduced.

The need to maintain and repair concrete structures specially bridges, without
harming the use of the structure, e.g. by closing off the traffic on the bridge or
viaduct. In such cases, the use of external cables offers a very good solution.

New development in bridge design and bridge construction are resulting in

the use of external cables.

i -::l,_;.:_-_ T

e ————————— LR SRR RS ERERUR R R e e T e R e

b) Inside a box section

Figure (2.1): External prestressing tendons layout
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2.2.1 Requirements of Reinfor cement for Prestressed Concrete:

High tensile strength: Reinforcement used in prestressed concrete must have
high tensile strength to enable it to counterbalance the high creep and

shrinkage losses in concrete and have adequate residual stress to sustain the

required prestressing force.

Low relaxation: Stress relaxation in prestressing tendon is the loss of
prestress when the wires or strands are subjected to essentially constant strain.

So, the smaller the relaxation, the higher the effective prestressing.

High resistance to corrosion and deterioration of strands: Corrosion
decreases the cross section area of the tendon and hence, increases the applied
stress. This stress can increase and be higher than the nominal strength of the

tendons and lead to premature failure of the tendons and failure of the

structural system.

Modulus of elasticity (Young’s modulus): High modulus is needed to limit
the extension of material during stressing, while the low modulus reduces
losses due to creep and shrinkage of the concrete. During prestressing, the
extension of tendons can be managed so using lower modulus will be

advantage.

2.2.2 Method and System of Strengthening

Post-tensioning can be considered as one of the most efficient methods for

strengthening. Strengthening using Post-tensioning requires a minimum of demolition

and has only a minor impact on the overall structure with significant improvement in

strength. This extends the life span of the structure at a very reasonable cost.

Strengthening using Post-tensioning can be achieved using either external

tendons or internal tendons or both (Vejvoda, 1992). Various components constituting

the system of external prestressing are as follows:

2.2.2.1 Tendons

Several types of tendons can be used to strengthen concrete members such as,

steel, carbon fiber reinforced plastic (CFRP), aramid fiber reinforced plastic (AFRP),

or glass fiber reinforced plastic (GFRP), etc.
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2.2.2.2 Ducts and tendon geometry

The ducts form straight-line connections between the various “fixed points”
(anchorages and deviators) and are used to protect the tendons from environmental
attack or vandalism. For steel tendons, high density polyethylene sheaths are suitable

as ducts, due to their high resistance to atmospheric effects (Manjure, 1996).

2.2.2.3 Deviators

Deviators are provided for the geometric requirements of the tendon and to
accommodate the considerable force imposed by change in direction and to maintain
the eccentricity of the tendon under ultimate bending conditions (McKenna and Chan,
1996). At deviation points, it is beneficial to provide as large a radius as possible.

Excessively small radu of curvature should be avoided (Manjure, 1996).

To avoid unacceptable vibrations of the external tendons, the free length of the
external tendons should be limited, a maximum distance of 7-8 m between two
deviation points of a tendon has been recommended (Bruggeling, 1990). Also, in
order to avoid second order effect due to beam deflection between the fixing points,
BD58/94 (1995) suggested the distance between the fixing points should not exceed
12 times the minimum depth of the beam. If the spacing between points where the

tendons are held in position laterally exceeds 12m, checks shall be made to ensure that
the first natural frequency of the tendons vibrating between fixing points is not in the

range 0.8 to 1.2 times that of the bridge.

In order to reduce the stress concentration due to bending of the prestressing
tendon at the deviators, BD58/94 (1995) suggested the radius of curvature of tendons
in the deviators not less than 5 times the tendon diameter for wire, or 10 times the

diameter for strand. The total angle of deflection should not exceed 15°.

The deviators through which the tendons pass nominally straight are required to
maintain the eccentricity of the tendon under ultimate bending conditions. The design

forces on them are calculated by consideration of the angular change that will occur at

failure of the beam as a whole (McKenna and Chan, 1996)
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2.2.2.4 Anchorages and diaphrams

Anchorages are used to transfer the tendon forces to the structure. Different types

can be used depending on the type and number of tendons used in the prestressing.

a) Mult1 strands anchorage b) Single strand anchorage

c) Multi wires anchorage d) Button head wires anchorage

yvaeeel duct

e) Four single-strand anchorage

Figure (2.2): Typical anchorages used in various steel prestressing systems

(BBR, 2001)
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Figure (2.2) shows the steel anchorages, while Figure (2.8) shows anchorages of

FRP. The difference between the steel anchorages and the FRP anchorages are related

to the difference in their properties.

Diaphrams are generally provided for transfer the imposed loads onto the

bearing, and transfer the prestressing forces to the structure.

2.2.2.5 The Protection system

The external tendons, as they are located outside the concrete section, are more
susceptible to the atmospheric attack than the internal tendons embedded in the
concrete. To protect the tendons, outer ducts filled with protective material should be

used. For steel tendons, these ducts should fulfil the following requirements

(Bruggeling, 1990):

e Resistance against environmental attack, to provide a corrosion protection to
the prestressing steel over the whole length.

o Waterproof

o Compatibility with prestressing steel and its corrosion protection

e Resistance against damage during construction and installation

e Resistance against damage in service

e Fireproof in cases where fire cannot be excluded

e Controlled creep behaviour of the materials of the duct

e Resistance against transverse forces (deviations)

e Replaceability

In the case of external prestressing, grouting the external cables 1s easier to
control because the ducts can be simply inspected as they are accessible. If some
defects are determined they can be repaired because small holes can be drilled 1n the

ducts to add new grout. The ducts used to protect steel tendons are commonly from

steel with an internal cable sheathing made of polyethylene (Bruggeling, 1990).

For steel, several materials can be used to protect the tendons, such as cement

grout, grease, wax, bitumen or plastics by injection in the ducts. Experience has

10
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shown that the grouting of prestressing cables needs great care if later damage is to be
avoided (Eibl, 1990).

These requirements of the protective sheath can be reduced when using FRP

tendons, due to their high resistance to corrosion.

2.2.3 Losses in Post Tensioned Prestressing

The loss of stress in external prestressing tendons are less than those in internal
prestressing tendons, as friction will be, for external tendons, at the deviator, and will
be, for internal tendons, along the tendon length accompanied by warping effect if the
tendons are not straight. Table (2.1) shows the types of losses in both external and

internal prestressing tendons and its stage of occurrence.

Table (2.1): Types and stage of occurrence of losses in external and internal prestressing tendons

Stage of occurrence

Type of prestress loss
Internal prestressing External prestressing
Elastic shortening of concrete At sequential jacking At sequential jacking
Shrinkage of concrete After transfer After transfer
Creep of concrete After transfer After transfer
Relaxation of tendons After transfer After transfer
Friction At jacking* At jacking **
Anchorage seating loss At transfer At transfer
*(location: at deviator points and along the length of duct tube) **(location: at deviator points)

2.2.4 Behaviour of Externally Prestressed Beam

The behaviour of an externally prestressed beam is not only different than that of
an internally bonded prestressed beam, due to lack of bond between the external
tendons and the concrete but also different than that of an unbonded prestressed beam
with internal tendons, due to the reduction in the tendon eccentricity especially at
ultimate. However, the behaviour of externally prestressed beams, prior to cracking 1s

similar to that of beams with conventional bonded tendons. While after cracking and
as the load is increased there is a tendency for one crack to open more than the others,

which eventually leads to failure. Thus, at failure, the externally prestressed beam can

11
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be analyzed by assuming that the beam consists of a pair of rigid blocks, with all the

rotation concentrated in a single hinge at the centre (Burgoyne et al., 1996).

Harajli (1993) made a comparison between the behaviour of externally
prestressed concrete beams and internally unbonded prestressed concrete beams.
Harajli reported that in the case of a small area of prestressing tendon, the maximum
moment strength of a prestressed beam with exterior cables is much less than that of

Interior cables. This is because the beam obtains a large deflection capacity, as the

area of tension reinforcement is small.

Also, the rotation of the beam, as the load increased, causes the tendon to move
relative to the compression flange, thus reducing the lever arm of the tendon and
lowering the load capacity of the beam. Final failure was caused by explosive failure

of the concrete in the compression zone, leading to complete collapse of the structure.

(Burgoyne et al., 1996. Clark and Toms, 1996).

After cracking and as failure approaches, the strain in unbonded tendons
increases, but the increase is constant over the tendon length, or at least over the
distance between deviators as shown in Figure (2.3). This strain 1s less than that of
bonded tendons and less likely to reach yield. The lack of yield at failure means that

the prestress in the tendons as well as the strength of the tendons has a significant
effect on the strength of the structure, so a partial safety factor should be applied to
the prestress (Jackson, 1996).

£ Concrete N .
strain

Figure (2.3): Strains in a cracked beam with an unbonded tendon

12
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Yaginuma and Kitada (1988) studied the effect of (span/depth) ratio on the
behaviour of externally prestressed beams. Yaginuma reported that for prestressed
concrete beams with external tendons, the deflections up to maximum moment are
similar to those of prestressed concrete beams with internal tendons regardless of
supporting points (deviators) when (L/d) is small. However, when (L/d) is larger, the
bending moment in externally prestressed concrete beams without supporting points

tends to decrease greatly at all stages after the onset of cracking in comparison with

other prestressed concrete beams.

Tan and Ng (1997) compared the behaviour of externally prestressed concrete

beam with draped tendons and identical beam with straight tendons, and they
concluded that the beam with draped tendons had less stiffness, wider spread of

cracks, greater tendon stress and more ductility at failure.

2.2.5 Effect of External Prestressing on Shear Behaviour of the Beam

External prestressing system can be used to improve the shear capacities of
existing structures. As a result of prestressing, there will be an increase in the cracking
load as well as the shear strength. Also, strengthening may be obtained even 1n a

previously cracked RC specimen by introducing external prestressing (Kondo et al.,
1994).

To check the shear strength, an externally prestressed beam can be considered as
a reinforced beam subjected to an external load and using the enhancement for axial
load for a column, or by considering it as a bonded prestressed beam, both approaches

are always safe and usually over-safe. (Jackson, 1996).

Also, tests show that the shear cracking load predicted either by using elastic
theory (which was applied to the uncracked section irrespective of whether the section
was cracked in flexure), or by plastic theory (which incorporated an effectiveness
factor that was a function of prestress) gave a good prediction of shear capacity. Also,
section shape and tendon type (internal or external) had no effect on the accuracy of

the prediction of the shear-cracking load (Clark and Toms, 1996)
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2.2.6 Eftect of Loss of Tendon Eccentricity and Tendon Profile

The difference between the behaviour of externally prestressed concrete beams
and 1nternally unbonded prestressed concrete beams, as mentioned before, is mainly
caused by the secondary effect, namely “loss of tendon’s eccentricity”, induced by
the large deflection of beam under bending load as shown in Figure (2.4). An
externally prestressed concrete beam with a large distance between deviators gives a

significantly lower flexural strength than that of intermal unbonded prestressed

concrete beam. (Matupayont et al., 1994).

An externally prestressed beam with a straight horizontal tendon profile is
relatively less effective in increasing the flexural resistance as compared to a deviated
profile, because of the progressive reduction of the depth of the straight external
tendons with increasing member deformation as failure is approached (Harajli, 1993.
Yaginuma and Kitada, 1988). Also, tests carried out by Tan and Ng (1997) on beams
with straight tendons and a span-depth ratio of 15 indicated that the provision of a

single deviator at the section of maximum deflection resulted in satisfactory service

and ultimate load behaviour.

Load
N 2 2 2 2R 2 2 2 0 R 2 B 2 R AR B B 2 BN AR
_—
2ev igtor__l : Loss of eccentricty External tendon \\

Figure (2.4): Loss of tendon eccentricity in external prestressed beam

Songkiat et al. (1994) stated that “it is found that the externally prestressed
concrete beam possessing a proper arrangement of deviators to eliminate the loss of
tendon’s eccentricity (that is deviator at mid span in the simple beam) shows the same

flexural behaviour as that of the internal unbonded PC beam”’.

14



Chapter two. Literature Review

Harajli et al. (1999), studied the effect of deviators on the response of externally
prestressed members, using a straight horizontal tendon profile having constant
effective eccentricity. Three different configurations of deviators along the span were

evaluated (tendon without deviators, tendons with one deviator at the mid-span and

tendons with two deviators). Also, three different values of external prestressing force

for each configuration were applied. They reported that:

* For a horizontal tendon profile, and in the presence of deviator(s), the

influence of the second order effects on the response of externally prestressed

members 1s minimal.

= Single-draped profile (when used one deviator) produced lower nominal

moment capacity and post elastic deflection than did the other draped profiles

(when used two or more deviators).

=  With increasing distance between deviators, the nominal moment capacity
increased up to a=L4/L= 0.25 where L4= distance between the two deviators
and L= effective span, then decreased depending on the extent of the second

order effect. The undraped profile (x=1.0) produced the lowest nominal

moment resistance.

2.2.7 Effect of Steel Area:

For an externally prestressed concrete beam with a straight horizontal profile or a
deviated profile, providing the same prestressing force, the use of a larger tendon area
gave similar service load behaviour but a higher ultimate strength and less ductile

behaviour near failure (7an and Ng, 1997).

2.2.8 Effect of Prestressing Force:

Use of a smaller effective prestressing force leads to larger stress in external

tendons, larger crack widths, and service load deflections, but more ductile behaviour
at ultimate (Tan and Ng, 1997).
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2.2.9 Effect of Loading Type:

Tests of prestressed beams with single deviator and without deviators under
different type of loading (concentrated, two-third points and uniform loading) were
investigated by Harajli et al. (1999). The results showed that, because a single
concentrated loads developed the smallest equivalent plastic hinge length at failure,
they tended to mobilize the lowest postelastic deflection at failure in comparison with
uniform load or third point loading. Also, since the nominal reduction in the tendons’
depth 1s related to the ductility of the member, the difference in the nominal moment

capacity acquired using tendons with or without deviators was least significant for

concentrated loads.

2.2.10 External Prestressing and Fatigue

External prestressing causes a significant improvement in the fatigue life of the
strengthened beams due to the lack of bond between concrete and tendons, which

results in a decrease in the stress ranges and mean stress levels.

2.2.11 External Prestressing as Restrengthening Materials

The use of external prestressing tendons to strengthen cracked concrete is
completely different from that used initially in the construction for several reasons.
Firstly, when used for strengthening, the external tendons represent only a part of the
total flexural reinforcement, the remaining reinforcement being the onginal

reinforcement in the member. Secondly, not all the prestressing force will be
transmitted to the concrete in the case of strengthening a cracked element, because

part of this force will be used to close the cracks (Farkas and Akasha, 1998).

Harajli (1993) studied the effect of repeated loading on strengthened precracked
reinforced beams. He reported that providing external prestressing by a relatively
moderate amount resulted in an increase in the nominal flexural resistance by a
significant value, without significant reduction in ductility or ultimate flexural

deformation of the member. Also, external prestressing was shown to:

e Reduce the crack widths or close the cracks completely
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e Reduce significantly the service load deflections induced under cyclic fatigue

loading

e Lead to stiffer service load-deflection response and, hence, reduce the live

load deflections.

Cairns and Rafeeqi (1997) studied the effect of loading arrangement (shear
span/effective depth), effective depth of external reinforcement and geometric ratio of

bonded reinforcement on the behaviour of externally strengthened beams and reported
that:

e Retrofitting of external reinforcement could attain an increase in flexural
capacity of up to 85%, with some reduction in ductility. However, structural
cracking gave ample waming of structural distress.

e The increase in strength is higher for lightly reinforced beams.

e The enhancement in serviceability performance arising from the addition of

external unbonded reinforcement, is less than the improvement obtained at

the ultimate limit state.

2.2.12 Behaviour of Prestressed Beams Containing External and Internal

Prestressing Tendons

During construction, the bridge’s span must be built before the external
prestressing tendons are installed, and its weight must be balanced by some

construction equipment or by an adapted system of tendons. This system can be

internal or external cables according to the method of construction.

It was found that using a mixture of internal unbonded tendons and external
prestressing tendons improves flexural behaviour and increases the ultimate strength
relative to external tendons alone (Yaginuma, 1994). Also, the block length, the

tensile force ratio of the external to total tendon forces and the existence of deviators

significantly affect the ultimate strength and the total tensile force of tendons (Saito
and Yaginuma, 1998).
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2.3 FIBRE REINFORCED PLASTICS (FRP) AS EXTERNAL PRESTRESSING
TENDONS

Using steel as external prestressing tendons increases the chance of corrosion.

This problem can be overcome by using fibre reinforced composites instead of steel as

the external prestressing tendons.

Composite materials typically consist of fibres and a matrix material. Several
high strength fibres exist for possible use as non-metallic tendons in prestressed
structures. The most popular fibres used for prestressing tendons are glass, aramid and
carbon fibres. The fibres may be used individually, as rope (e.g. Parafil rope), or
encased in a resin such as epoxy to form bars. The physical performance of the fibre

reinforced composite depends on several factors such as fibre type, matrix type,

adhesion between the fibre and the matrix, manufacturing techniques, etc.

In the following sections, the most common types of fibres and matrices used in

prestressed concrete are presented.

2.3.1 Fibres

A fibre is a long fine filament of matter with a diameter generally of the order of
5 to 25 um and an aspect ratio of length to diameter between a thousand and virtually
infinity for continuous fibres (Kim, 1995). Fibres used in prestressing tendons, are
high-strength fibres, and have a nearly linear stress-strain relation to failure as shown
in Figure (2.5). the fibre strength is considerably higher than steel, while the modulus
of elasticity for most fibres, is lower than steel. Also, its strain at failure is
significantly less than steel and has no ductility as is commonly associated with the

yielding of steel. The functional requirements of fibres impregnated in matrix are as

follows (Faza and GangaRao, 1993):

e A high modulus of elasticity to give stiffness to the composite.
e A high ultimate strength.

e A low variation of strength between individual fibres.

e Stability during handling.

¢ A uniform diameter.
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Figure (2.5): Stress-Strain curves of different types of fibres

It should be noted that, a bar made from fibres encased in resin has less tensile

strength than the individual fibre has. This 1s for several reasons (Dolan, 1990):

Individual fibres behave analogously to a long chain. The chain is only as
strong as its weakest section which thus defines its total strength. Interaction
between twisted fibres or between fibres encased in resin prevents the
multiple fibre bundles from failing at the lowest possible load. Thus, the

strength of a fibre bundle is lower than the strength predicted for individual
fibres, but greated than the lowest possible fibre strength.

The tensile load is assumed to be carried uniformly between all the fibres 1n
the bundle. In fact, the pultrusion process or the anchoring of individual fibre
bundles creates differential initial stresses and provides varying strain
conditions in the individual fibres within the bundle. At high stress conditions
the most highly strained fibres fail first and load is transferred to the
remaining fibres. The differential strains in the fibres lead to a progressive

collapse of the fibre bundle at strength less than that predicted by summing
the strength of individual fibres.

e The shear strength of composite fibres is 5 to 10 percent of their tensile

strength. The transfer of axial load to the anchor at the tendon end creates a
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high transverse shear. The internal shear between the surface of the tendon

and the inner fibres may be sufficient to initiate progressive failure of the
tendons.
e Fibre strength deteriorates when subjected to sustained high load levels just

as a concrete cylinder will fail at less than the short term loading strength

when subjected to high-sustained loads.

The most common types of fibres commercially used in prestressed concrete are

as follows:

2.3.1.1 Glass Fibres (GFRP)

Glass fibres are the most common of all reinforcing fibres for FRP. Two main

types used for glass fibers are generally used, namely, E-glass, which was developed
for electrical applications, and S-glass, which was developed for structural
applications. At the time of writing, a new glass fiber, Z-glass, is being introduced to
the market, with the claim of high resistance to alkalis. Young’s modulus of glass
fibre ranges between 72-85 GPa while its tensile strength ranges between 3400-4580
MPa (Vaughan, 1998).

2.3.1.2 Carbon Fibres (CFRP)

The production of commercial carbon fibres begins with organic precursors such
as rayon, Polyacrylonitrile (PAN), and isotropic and liquid crystalline pitches.
Depending on variables such as precursor, heat treatment and degree of stretch during
processing, the strength and elastic constants of carbon fibres can vary greatly (Bakis,
1993). Young’s modulus of carbon fibre ranges between 230-830 GPa while its
tensile strength ranges between 2200-5650 MPa (Lafdi and Wright, 1993).

Carbon fibres, in general, are not affected by moisture, atmosphere, solvents,

bases or weak acids at room temperature.

2.3.1.3 Aramid Fibres (AFRP)

Aramid is a generic term for ‘aromatic polyamide fibres’. Aramid is an organic,
man-made fibre with a high degree of crystallinity. Aramid fibres have a highly

anisotropic structure that leads to low longitudinal shear modulus, poor transverse
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properties, and low axial compressive strength. Also, the interfacial bond strength
between aramid fibres and epoxy resins is normally lower than what is experienced
with carbon fibre composites (Jang, 1994). However, aramid has high fatigue
resistance, static and dynamic, high specific strength, toughness and creep resistance
combined with moderate cost. Young’s modulus of aramid fibre ranges between 54-

143 GPa while its tensile strength ranges between 2900-4590 MPa (Clements, 1993).

2.3.2 Matrix

Ceramic matrix, Carbon-Carbon matrix, Metal matrix, polymer matrix are

different types of binders can be used to bind the fibers together. However, Polymer

matrix is considered as the popular one.

A polymer is a long chain molecule made by connecting many smaller molecules
called monomers by the chemical process known as polymernization. Polymers are
generally characterized by low elastic modulus and low strengths. They are generally
quite brittle, particularly at low temperatures, and most are of no structural value at
temperatures in excess of 200 °C. The fibres control all the mechanical properties of
the composite in the longitudinal direction, while the matrix controls most of the

properties in the transverse direction.

The matrix resin comprises approximately 30% to 40% of the composite and
fulfils a variety of critical functions (Arnold et al., 1991. Faza and GangaRao, 1993.
Rostasy, 1993):

e Binds the fibres together and separates them.

e Protects the fibres from premature wear such as abrasion and environmental

COTTOSION.

e Transfers stresses to the fibres efficiently by adhesion and /or friction

e Plays a critical role in preventing the fibres from buckling due to compressive
loading.

e Distributes the applied load and acts as a stress transfer medium from broken

to unbroken fibres, so that when an individual fibre fails, the composite

structure does not lose its load-carrying capability.
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Polymers used in FRP can be classified as thermoset and thermoplastic. A

comparison between both types is shown in Table (2.2).

Table (2.2): Comparison between thermoset and thermoplastic polymers

Thermoset polymers Thermoplastic polymers
p Highly cross-linked (each Linear cross-linked (molecules
olymer . . . .
molecules moleculax: chain is chemically lying next to ?ach othe;, holding
bound to its neighbour) by electrostatic attraction)
Undergoes a chemical change Can be repeatedly softened upon
Effect of heat that results in a substantially heating and hardened upon
infusible and insoluble material cooling
e  Their historical availability * Versatile bonding methods such
. as ultrasonic or heat welding
= The existence of a large .
. = High damage tolerance
database for commercially ) eqs
.. . = Possibility to reprocess scrap
available resin systems -
Advantages . . material.
= Better chemical resistance :
. Y » More ductile and tough than
» High application temperatures .
. cross-linked
= Better resistance to creep .
e Tow material cost = Easy quality control, less batch-
fraterial costs to-batch variability
= Possible environmental stress
cracking, solvent susceptibility
and creep (except for
semicrystalline polymers)
= Processing problems (tooling
costs, high temperatures and
= Cured once and can never be pressures required)
Disadvantages reformed, recured or reused. = Higher thermal coefficient of
expansion than  thermost
polymers at equivalent fibre
volume fraction
= Limited database, particularly
for long-term performance,
including fatigue and creep
behaviour
Types Epoxy, Polyesters, Polyimides, Polypropylene, Polyamide,
(examples) Vinylesters. Nylons, PEEK.
Cost Lower raw materials cost (with More expensive than thermoset
05 some exceptions) polymers

#—___

Some properties of the matrix resin which most influence the performance of the

composite structure are (4rnold et al., 1991):

e Elastic modulus (stiffness)

o Strength-tensile, compressive, and shear

¢ Yield and ultimate elongation

¢ Resistance to aggressive organic liquids
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e Fracture toughness and, accordingly, damage tolerance

e Thermal, oxidative, and moisture resistance

2.3.3 Interface

The interface between the fibre and the matrix is an anisotropic transition region
exhibiting a gradation of properties through which the transfer of stresses between
fibre and matrix occurs. It must provide adequate chemically and physically stable
bonding between the fibres and the matrix. Its functional requirements vary
considerably according to the performance requirements of the composite during 1ts

various stages under service conditions (Faza and GangaRao, 1993).

2.3.4 Properties of Fibre Rein forced Plastics (FRP)

FRP bars are strongly anisotropic, with the longitudinal axis being the strong
axis. Also, unlike steel, the mechanical properties of FRP vary sigmificantly from one
product to another. Factors such as volume and type of fiber and resin, fiber
orientation and quality control during the manufacturing play a major role in the
characteristics of the product. Furthermore, the mechanical properties of all
composites, are affected by loading history and duration, temperature and moisture
(Ehsani, 1993. Rostasy, 1993). The short term and long term properties of GFRP,
AFRP, and CFRP are discussed as follows, while Table (2.5) shows a companson

between their properties .

2.3.4.1 Short- term behaviour

2.3.4.1.1 Tensile strength and modulus of elasticity

Ultimate strength and modulus of elasticity are the most important short-term
properties of prestressing tendons. The tensile strength of FRP is generally higher than
that of prestressing steel strands and depends on several factors such as the fibre
tensile strength, ratio of fibre volume, size and cross-sectional area of the fiber and the
bond performance between the fibers and the resin matrix. Due to the low strength of

the matrix, the strength and the modulus of elasticity of FRP elements mainly relate to
the fibres (Rostasy, 1993).
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The tensile strength will drop when the diameter is increased because the bond
performance of the fibres and matrix will decrease, even though the number of fibres
will increase. However, the tensile strength fluctuation coefficient is 2-7%, which

indicates a small-scale strength of dispersion (Mochizuki. et al, 1993)

Figure (2.6) shows typical stress-strain relationships for different types of FRP
and high tensile steel. It should be noted that when comparing the several commercial

FRP bars with prestressing steel the ratio of fibre volume must be taken into

consideration.
3200
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Figure (2.6): Stress-Strain curves of different types of FRP

2.3.4.1.2 Bending of FRP :

Maruyama and Honma (1993) carried out tests on CFRP and AFRP to check the
effect of the bent portion of the rod on its tensile strength. Three radius values were

examined 5, 15 and 25-mm respectively. They reported that:

o CFRP and AFRP rods all ruptured at the beginning of the bent portion on the
loading side.

e The tensile strength of the bent portion of FRP rods tended to decrease

hyperbolically as the radius of the curvature of the processed portion

decreased.
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e The rate at which tensile strength decreased varied with bend radius , fibre

type, and bending method employed

Also, experiments on GFRP rods show that sharper bends, similar to 90" or 180
hooks, cannot be performed in the field. Attempts to bend a straight bar or straighten a
bent bar will result in a very large stresses in the outermost fibers at those locations,

leading to fracture of the bar (Ehsani, 1993).

2.3.4.1.3 Bond

Bond between FRP bar and concrete depends on several factors such as surface
roughness of FRP bar, indentations of FRP, chemical adhesion, thickness and
mechanical properties of the polymeric layer, etc. Bond between FRP bars and

concrete can be divided into three parts as that between steel and concrete as follows:

e Friction
e (Chemical adhesion

e Mechanical interlock
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Figure (2.7): Different shape of FRP element.

An experimental study to determine the instantaneous and long term transfer
length of fibre glass and steel pretensioned concrete specimens was carried out by /ssa
et al. (1993) who concluded that the bond between fibre glass and concrete is superior
to that between steel and concrete. However, Tighiouart et al. (1998) studied the bond
strength of glass fibre in reinforced concrete and reported that glass fibre has lower

bond strength value than steel bars, this also was concluded by Ehsani et al (1993).
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This discrepancy may be explained by reference to the bond mechanism between
FRP bars and concrete, noting that bond between FRP bars and concrete 1s not a fibre
property but 1t is a matrix property. So, a change to the matrix type or surface
roughness will certainly change the bond properties. This is not only for GFRP but
also for AFRP and CFRP. Benmokrane et al (2000), who investigated the bond
between AFRP and CFRP bars and concrete, reported that the surface geometry of

FRP rods and the properties of filling grouts influenced the pullout behaviour and
bond strength of grouted FRP rods.

Also, Ehsani et al. (1997) carried out tests to investigate the transfer bond length
of both AFRP and CFRP and reported that the transfer length for FRP tendons is
generally shorter than that for steel.

2.3.4.1.4 Fire resistance

Tests indicated that at 350 °C carbon FRP retains 35% of its normal temperature
breaking load and 40% of its normal temperature tensile elastic modulus. The
corresponding ratios for aramid are 15% and 40% respectively. The rate of decrease
in elastic modulus is thus about half that of the breaking load (4lsayed et al, 2000).
(Reduction in strength of prestressing steel usually starts from 150 °C, and only 50%

of its original tensile strength (i.e. 20 °C) is retained when the temperature 1s about

400 to 450 °C (Bardhan-Roy, 1982)).

2.3.4.2 Long-term behaviour

2.3.4.2.1 Creep

Prestressing tendons in a prestressed concrete member are essentially subjected
to long-term static tensile stresses. These stresses increase tendon strain and can result
in failure due to creep rupture. Creep of FRP materials is highly dependent on the
level of the sustained load. Also, the volume of fibers and the matrix of FRP have a

significant influence on the creep performance of the composites.

Glass fibres have excellent resistance to creep. If a rod is loaded to a value less

than 70% of its short-term strength, then creep is of no significance (Wolff and
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Miesseler, 1993). Also, for a high quality GFRP rod, the additional strain caused by

creep were estimated to be only 3% of the initial elastic strains (Ehsani, 1993).

Based on their experimental tests conducted on 10-mm diameter AFRP rods
Saadatmanesh and Tannous (1999) concluded that the specimens exhibited good
creep characteristics in air and in alkaline solution and, to a lesser degree, in acidic

solution, at sustained loads corresponding to 40 % of the ultimate strength.

Also Benmokrane et al (2000), examined the effect of tendon type and
constituent, grout type, and bond or fixed anchor length on CFRP and AFRP uplift
and sustained loading behaviour when used as ground anchor tendons. They reported
that creep behaviour appeared to control the long-term uplift capacity of prestressed
FRP ground anchors. The recommended working load for post-tensioned FRP ground

anchors 1s 0.40 f,, for AFRP rods and 0.50 f;, for CFRP rods, where f,, 1s the ultimate

load or strength of the anchor tendon

2.3.4.2.2 Relaxation

Stress relaxation is defined as the loss of stress (with time) at constant strain.
Relaxation of FRP rods is dependent on several factors as concluded by
Saadatmanesh and Tannous (1999), after testing 10-mm diameter AFRP rods 1n air
and in direct exposure to three different chemical solutions. Saadatmanesh and
Tannous concluded that the relaxation losses increase with increase in temperature,
and are lower in air than in solutions. Also, the relaxation losses were higher in acidic

solution than in alkaline solution.

CFRP has the least relaxation among FRPs. The final relaxation loss of GFRP
remains limited to 3.2 % at an initial stress level of 0.5 f,, (extrapolated to 57 years)
(Taerwe, 1993), while relaxation loss of AFRP after 100 years extrapolated from 5000

hours-relaxation test results is in the range of 10% to 15% (Dolan, 1993).

2.3.4.2.3 Fatigue

Tests showed that the fatigue strength of ARFP and CFRP were superior to high-

strength prestressing wire. In contrast to this GFRP has a lower fatigue strength
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(Rostasy, 1993). However, the fatigue life of FRP materials is dependent on the
applied load, stress range, specimen shape, fibre reinforcement, percentage contents
of fibres and resin and the number of fatigue cycles (Uomoto and Ohga, 1996). Also,
test results revealed that the presence of moisture and increase in temperature could

have an adverse effect on the fatigue life of composite materials (Alsayed et al.,
2000).

2.3.4.2.4 Durability

FRP rods expose to natural weathering will deteriorate but the degree of

deterioration will be dependent on several factors such as (Hollaway, 1993):

o Type of the gel coat used to protect the exposed surface of polymer
composites.

o Ultraviolet component of the sunlight and its wavelength.

e The action of the weather on the composite in different climates and
situations

e The provisions of the required level of quality control to ensure suitable
production environment, a correct fabrication procedure and an adequate cure

for the resin.

Some factors, which have an effect on the durability of FRP bars, are discussed

as follows:

Alkaline effect

Tests show that CFRP is not affected by alkaline solutions, while unprotected
GFRP made with E- or S-glass fibres is detrimentally affected by alkaline solutions
and sea water, and may fail by corrosion induced creep rupture. AFRP are far less

sensitive to alkaline solutions than GFRP (Rostasy, 1993).

Takewaka and Khin (1996) tested seven different kinds of FRP rod for durability
in the high alkaline solution simulating the pore water of concrete under different

prestress conditions and different exposing periods. They concluded that:

e Not only GFRP rod but also CFRP and AFRP rods are probably deteriorated

by the alkaline action of the pore solution in concrete.
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o The loss of the strength of CFRP and AFRP rods in an alkaline environment
varies according to the types of rod, though they have the same kinds of fiber
and matrix resin. The strength of some types of rod does not decrease at all
[fibre: carbon ( PAN TR Besfit) - matrix: Epoxy Resin ( Novolak)], while 1n
other types of rod 20 to 30% decreased [ fibre: carbon (Pan TR-30) - matnx:
Epoxy Resin (Bisphenol A)].

e The decrease of strength of the CFRP rod resulting from immersion in the
alkaline solution 1s attributed to the deterioration of the matrix resin, and that
of AFRP rod is probably due to the combined deterioration of both the aramid
fibre itself and the matnx resin

e There is a fairly high possibility of stress rupture on GFRP rod immersed 1n

the alkaline solution, though the duration varies according to the tensile stress

levels.

Also, Uomoto and Ohga (1996) reported that alkali could penetrate into GFRP
rods using vinylester resins as matrices, due to the very thin thickness of resin

protecting fibres and poor alkaline resistance of glass fibres.
Sea water and ultraviolet effect

Both GFRP and CFRP have better resistance to the ultraviolet rays than AFRP.
Tested carried out by Uomoto and Ohga (1996) on different types of FRP show that
tensile strength of AFRP rods reduced by about 30% under both inland and marne
environment conditions at the age of 3 years. While that of GFRP was about 1% at the
age of 3 years. The reduction of the tensile strength of CFRP was about 9% at the age
of 1 year and no reduction after that. Uomoto and Ohga attributed the reduction in the
tensile strength of AFRP to the deterioration of aramid fibre used in the AFRP rods by

ultraviolet rays.

2.3.5 The prestressing tendon and its anchorage

The prestressing force, in post-tensioned prestressed concrete, is transferred from
the tendons to the anchorage mainly by shear stress and lateral pressure. When using
FRP as prestressing tendons, special anchorages are needed because the shear strength

of FRP is very low. Also, FRP elements are very sensitive to transverse pressure and
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specially to notches, which may sever the outer fibres. To overcome these problems,

special anchorages are made for FRP tendons. These anchorages should fulfil the

following requirements (ISIS Canada, 1997):

Develop a minimum of 95% of the ultimate tensile strength of the tendon (the

anchorage efficiency)

Fatigue failure of the anchorage components should not occur.

Creep in the anchorage must be minimal.

The most common types of FRP anchorage systems, as shown in figures (2.8-
2.9), can be classified into (ISIS Canada, 1997):

Split wedge anchorage system where a metal wedge in a conical housing 1s

used to grip the tendon. The wedges compress the perimeter of the tendon and

teeth in the wedges grip it.

Plug-in-cone anchorage system. A bundle of tendons is placed in a conical
housing socket and a solid cone is driven into the bundle centre to splay out

the tendons and grip them individually between the spike 1tself and the socket.

Resin-sleeve anchorage system. An epoxy resin 1s injected between a

cylindrical steel shell and the tendons.
Resin-potted anchorage system where the resin-sleeve anchorage system 1s

modified to this geometry to achieve better anchorage.

Soft-metal overlay anchorage. The grnipping pressure 1s transferred to the

FRP rods through a soft metal tube.

Swaged anchor where the rod/cable is embedded in a resin and transverse

stress is generated along a steel shell using bolts and nuts.
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Figure (2.9): Anchor components for different FRP tendons (/S7S Canada, 1997)

Several problems appeared, when anchor depends on resin to transfer the rod

load, after long periods for the following reasons (Dolan, 1990):

e Creep of the resin may lead to apparent relaxation due to tendon shortening.

e Deterioration of the resin may lead to a loss of anchor capacity.
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e There may be deterioration at the interface between the anchor resin and the

resins used in the composite rod. This may lead to bond failure in the anchor.
e The resin strength may deteriorate rapidly at an elevated temperature,

especially the low modulus resin. While the fibres are not affected, thermal

protection of the anchor may be considered.

Nanni et al. (1996) evaluated ten commercially FRP tendon-anchor systems for
prestressing the concrete structures, in tension up to failure. They concluded that the

ultimate load capacity 1s generally controlled by the anchor rather than the tendon.

2.3.6 Advantages of Fibre Reinforced Plastics (FRP) compared to steel (Arnold et
al.,. 1991. Erki and Rizkalla, 1993. Meier, 2000).

e High ratio of strength to mass density (10 to 15 times greater than steel’s)
e (Carbon and aramid fibres have excellent fatigue characteristics

e Excellent corrosion resistance and electromagnetic neutrality

e Low axial coefficient of thermal expansion, especially for carbon fibre

reinforced composite materials

e FRP reinforcement generally has a mass only one-seventh to one-fifth of steel

reinforcement of equivalent diameter.
e Potential lower component costs:
- Lower fabrication costs
- Lower quality assurance costs

- Lower scrappage rate (can be reproduced)

2.3.7 Disadvantages of FRP reinforcement (Erki and Rizkalla, 1993).

e Higher cost than steel.

e Low modulus of elasticity when used in ordinary reinforced beams.

e Low failure strain
e Special attention must be paid to anchorages when FRP reinforcement used

for prestressing.

e Long-term strength of FRP reinforcement can be lower than short-term static
strength (e.g. the long-term strength of GFRP is approximately 70 % of its
short-term strength)
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e Ultra-violet radiation can deteriorate FRP rods
e Aramid fibres can be deteriorated due to water absorption

e The low durability in acidic or alkaline environments.

2.3.8 Factors Which Affect the Performance of FRP When Used as Bonded

Tendons

The performance of FRP tendons when used as internal bonded prestressing

tendons 1s affected by several factors. Some of these factors are as follows:

2.3.8.1 Bond

FRP bars, in a general, have a shorter transfer length than steel; they have higher
bond stresses. This in conjunction with a low cover value may lead to splitting cracks
along the FRP element (Rostasy, 1993). The bond between FRP bars and concrete, as
mentioned before, depends strongly on the matnx type and surface texture of the FRP
element and on the tensile and compressive strength of the concrete. Any
deterioration in the surface of FRP bars or in the bond between the fibres and the resin
matrix will reduce the bond strength and hence, the efficiency of FRP bars as

reinforcement to the concrete.

This deterioration could be due to moisture absorption, alkaline environments,
cyclic loading, etc. The following subsections discuss some of factors which may

reduce the bond between FRP bars and concrete:

2.3.8.1.1 Moisture

Water acts as a plasticizer when absorbed by the matnx, softening the matenal
and reducing some properties of the laminate. Moisture may also migrate along the
fibre-matrix interface, affecting the adhesion. Moisture in composites reduces matrix-
dominated properties, such as transverse strength, fracture toughness and impact
resistance. Debonding can occur due to formation of discontinuous bubbles and
cracking in the matrix. Mechanical properties can be reduced even further if heat is

present or if the composite is under cured or has a large amount of voids. Moisture

absorption is usually dependent on the matrix, but aramid fibres will also absorb water
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(Whitaker et al, 1998). Also, after testing FRP bars conditioned in aqueous solutions
for 14 and 84 days at a temperature of 80 °C, Bank et al. (1998) recommended

polyester resin should not be used for FRP bars due to its severe degradation. Also, it
was reported that, radial and circumferential cracking was observed in the resin

matrix. Circumferential cracking can lead to a failure phenomenon whereby the core
of unidirectional fibres are debonded from the outer surface of the rod which remains

bonded to the concrete.

2.3.8.1.2 Cyclic loading

Katz (2000) studied the effect of cyclic loading on the bond between FRP rods
(with different resin matrices) and concrete immersed in water at 60 and 20 °C to

accelerate deterioration effects. Katz reported that the reduction in the bond strength
was approximately 70% after loading. Also, three mechanisms of failure were

identified:

e Abrasion of the surface of the rod, which, in the case of uniform resin
throughout the rod, may lead to a reduction of 20-30% in the bond strength

e Delamination of the outer layer of the resin at the surface of the rod, which

may lead to a reduction of up to 60% 1n the bond strength.

e Abrasion of cement particles entrapped between the rod and the concrete,

which serves as the main source of "bond" for smooth rods

2.3.8.1.3 High temperature

FRP bars showed a reduction of between 80 and 90% 1n the bond strength as the
temperature increased from 20 to 250 °C. While, in comparison, ordinary deformed
steel bars showed a reduction of only 38% in the same temperature range. The
reduction in bond strength of FRP bars was attributed to the polymer in the surface of
the bar only and the reduction in concrete properties was not the cause of the loss of
bond strength at high temperature (Katz et al., 1999). This severe reduction 1n bond

strength at the high temperature can lead to the failure of members.
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2.3.8.2 FRP tendon’s strain

During the life of a structure, cracking of concrete can occur for several reasons ,
such as increase 1n concrete stress above its tensile strength, environmental attack, etc.
When cracks occur on the tension face of a bonded prestressed concrete element, the
tendons may be subjected to very high strains at the crack location. In the case of steel
tendons, local debonding between steel and concrete may occur and steel is able to
deform locally in a ductile manner to lessen such localised high strain. This continues
until the average strain along the debonded length of the bar is less than the high

strain as shown 1n Figure (2.10).

v v
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Figure (2.10): Strains and Stresses at the crack locations

When using FRP as prestressing tendons, 1t should be noted that:

e FRP has a linear elastic response right up to failure with little or no ductility.

e FRP has a limited strain capacity which 1s less than steel (typically 0.015 or

above).

However, as FRP is expensive, it is preferred to use FRP close to its strain
capacity, but during prestressing, much of the fibre strain capacity is absorbed 1n
prestressing. This leaves the tendon very sensitive to additional strain induced by

beam curvature or cracking of concrete, and may lead to failure of the concrete

structure.
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For unbonded tendons, when the beam is subjected to its ultimate load, and
concrete strains increase to a very high value, the tendon will not see that peak strain,
since 1t will continue to be subjected to an average value as shown in Figure (2.11).
Though this value 1s affected by contact between tendons and deviators (where some

sizeable friction effects may arise), the tendon strain will remain much lower than the

local concrete strain (Burgoyne, 1993).

€ Concrete S
strain

Figure (2.11): Strains 1in a cracked beam with an unbonded tendon

2.3.8.3 Coefficient of thermal ex pansion

FRP bars have two coefficients of thermal expansion (CTE), one in the
longitudinal direction and the other in the transverse direction. For most commercially
produced FRP bars, the longitudinal coefficient of thermal expansion is generally
close to that of concrete, while the transverse coefficient of thermal expansion is

higher than that of concrete and may be 10 times that of concrete.

In reinforced concrete, as both steel and concrete have the same coefficient of
thermal expansion, internal strains due to temperature variation will not occur
between steel and concrete. But, when using FRP bars, this problem appears, as the
coefficient of thermal expansion of FRP is different than that of concrete. CFRP, for
example, has a longitudinal coefficient of thermal expansion of almost zero. While
GFRP and hardened concrete have the same longitudinal coefficient of thermal
expansion, its transverse coefficient of thermal expansion (GFRP) is over five times
higher (4bdalla and Elbadry, 1997). Also, the longitudinal coefficient of thermal

expansion of AFRP approaches zero (this leaves a difference from the surrounding
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concrete of approximately 12 x 10°°C) and its transverse coefficient of thermal

expansion is about (4 to 5) times that of the surrounding concrete (Gerritse, 1993).

The difference between the longitudinal coefficient of thermal expansion of FRP
bar and concrete at high temperature leads to internal slip between the concrete and
FRP bars results in a reduction of failure strength of the section. Also, this difference
results in a marginal change in prestressing force (dependent on the temperature

variation), and should be taken into consideration especially at high or low

temperatures (Gerritse, 1993).

Also, the difference in the thermal expansion in the transverse direction may
cause significant bursting stresses within the concrete around the bars under

temperature increase, or separation of the bars from the concrete under temperature
decrease (Abdalla and Elbadry, 1997)

2.3.9 Behaviour of Prestressed Concrete Beams Strengthened by External FRP

Posttensioned Tendons:

Jerrett and Ahmad (1996) tested four (203 x 406 x 5490 mm) steel prestressed
beams strengthened by external CFRP post-tensioned tendons. The beams were each
prestressed with either one or two (13 mm) 7 wire steel prestressing strand and tested
under four points loading. External post tensioning for strengthening was provided by
two 8-mm diameter CFRP (Leadline) tendons, deviated by 4.8 degrees at each of two
points. Effective steel prestress of the beams varied from 985 to 1130 MPa . The post-
tensioning stress in the CFRP tendons varied from 1240 to 1500 MPa. Due to the
external prestressing, the average strength was increased by 115% for the beams with

single steel strands and 46% for beams with double steel strands.

Saeki et al. (1993), tested artificially cracked prestressed concrete beams
externally strengthened using aramid ropes, under both static and repeated loading.
Fatigue tests of strengthened beams were conducted under the condition of two
million cycles, the stress level being up to 33% of the ultimate statical strength of
beam and cable tension force being 34% of tensile strength. The change of rigidity of

beam was found to be no significant difference between before and after fatigue tests,
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and the ultimate bending strength of beams after fatigue test was nearly same value as

that of beams before testing.

2.3.10 Using FRP Materials in Prestressed Concrete Structures (Minosaku, 1992.
Khalifa et al., 1993. Taerwe and Matthys, 1999. Rizkalla and Labossiere, 1999)

Due to their lightweight, high tensile strength and excellent corrosion resistance
FRP are used in a wide range of structures such as bridges, piers, radar stations, etc.
FRP reinforcements have been used in pedestrian and road bridges. Bridge types
range from simply supported slabs to the most sophisticated systems, such as cable-

stayed bridges.

2.3.10.1 Application of CFRP in a post-tensioned prestressed concrete bridges:

¢ CFRP strands were used as a part of the tendons 1n a post- tensioned prestressed
concrete highway bridge erected in 1991 in a German factory area. The bridge 1s
approximately 80-m long and 11.2 m wide. Large capacity multi-cable of 19
CFRP strands of 12.5 mm diameter were used and anchored by a wedge system.

e CFRP rods were used as tendons in a simple two-span prestressed concrete
highway bridge erected in 1989 in Kitakyusyu City in Japan. The bridge is 35.8
long and 12.3 wide. The tendons consisted of eight multi-cables bundled with
eight CFRP rods of 8-mm diameter. A wedge- type steel anchorage was used for
the multi-cables.

o CFRP stirrups as well as CFRP prestressing cables were used in Taylor Bridge in
1997 . The bridge is located in Manitoba, Canada. The total length of the bridge 1s
165 m, divided into five equal spans. In addition GFRP reinforces portions of the
barrier walls.

o In the cable-stayed Storchen Bridge in Winterthur, Switzerland, two 35 m long
CFRP stay cables have been incorporated with 22 steel stay cables. The total
length of this road bridge 1s 124 m.

e In Denmark, the Herning cable-stayed Bridge, with a total length of 80 m, is bult
with the exclusive use of CFRP stay cables. The bridge deck is post-tensioned
with six CFRP tendons (12.5 mm) seven-wire strands from Tokyo Rope. And a
40-m segment of the bridge deck is reinforced with CFRP bars and stirrups. The
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other 40-m segment will be reinforced with a conventional steel and stainless steel

reinforcement.

2.3.10.2 Application of AFRP in a post-tensioned prestressed concrete bridges:

AFRP bands were used as tendons in a post-tensioned prestressed concrete
suspended slab bridge. 54.5 m long and 2.1 m wide pedestrian bridge built 1990 at
a golf course in Mito City in Japan. The cross section of AFRP bands 1s 4.86 x
19.5 mm. Eight of the bands were combined to make a single cable, and 16 cables
were used. Cables were anchored by inserting eight AFRP bands into a sleeve
(material: SCM435) and filling it with expansive mortar, Cable bundling nine

CFRP rods of 8-mm diameter was used for ground anchors.

2.3.10.3 Application of GFRP in a post-tensioned prestressed concrete bridges:

GFRP rods were used as multi-cables in the Ulenberg-Stasse bridge. The bridge
was built in 1986 in Dusseldorf in Germany. The bridge is a 2-span continuous
girded highway bridge, one span is 21.3 m long and the other 1s 25.6 m long, both
are 15 m wide. 59 multi-cables consisting of 19 GFRP rods with a diameter of 7.5
mm. The tendons are anchored by adhesion to a mortar containing quartz and
polyester resin, which was injected to avoid alkali reaction of the glass fibres.

The Schiessbergstrasse bridge in Leverkusen, Germany was built in 1990. It i1s a
three span, solid concrete slab bridge with two sides spans of 16.3 m each and a
20.4 m middle span. The slab is 9.7 m wide and the deck 1s 1.12 m thick. Twenty-
seven glass fibres prestressing tendons were used in a post-bonding process.

Optical fibre sensors were also integrated for remote observation of the stresses.

GFRP were used in construction of the Notsh Road Bridge in Kamten, Austria
began in 1990. The bridge is very similar to the Schiessbergstrasse Bridge, but has
different span lengths and was designed to be partially prestressed using 27 glass
fibre tendons. The side spans are 13 m, the main span is 18 m, and the slab

thickness is 0.75 m. The bridge is equipped with optical fibre sensors as well as

chemical sensors.
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2.4 PARAFIL:

Parafil ropes were the first products lunched by Linear Composites Ltd. in 1969,
They consist of a closely packed core of high strength synthetic fibres lying parallel to
each other, and encased 1n a tough and durable polymeric sheath. Fibres used in the

core of Parafil rope differ from type to type as shown in Table (2.3) (LCL, 2000)

Table (2.3): Comparison between types of Parafil ropes.

Rope type Fibre type Sheath type
Different types can be used with each rope:
Type A Polyester
1- polyethylene
Standard modulusaramid 2. Ppolyethylene-EVA copolymer
TypeF (Kevlar 29)
3- Polyester elastomer
High modul 1d
Type G '8 (ngzv?a: z;; i 4- Flame retardant

The sheath is used to hold the fibres together, maintain the circular profile of the
rope and protect the core from ultraviolet radiation and external abrasion. The
especially formulated Polyethylene sheath 1s most commonly used and is perfectly
satisfactory for most purposes, but the Polyethylene-EVA copolymer sheath is more

flexible. Higher resistance to heat and abrasion can be obtained from the Polyester

elastomer.

The avoidance of twist, and of fibres crossing each other enables maximum use
to obtain from the tensile strength and stiffness of the fibres. It also avoids the
complication and sometimes adverse properties of more formal rope structures e.g.
high creep and low tension-tension fatigue performance (Kingston, 1988). Also,
aligning the yarns parallel to each other has the added advantage that they do not rub
over each other on loading, so no inter-yarn abrasion occurs within the main body of

rope. The only abrasion that occurs is within the termination, or where the path of the

rope is deviated over a sheave (Burgoyne et al., 1989).

2.4.1 Properties of Parafil rope type G:

The structural behaviour of Parafil rope depends mainly on the fibres due to the

lack of bond between the fibres and the sheath. This enables the full benefit of Kevlar
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fibres and eliminates problems which appear when the fibres held in a matrix as

discussed before.
2.4.1.1 Short term properties:

2.4.1.1.1 Tensile strength:

The stress-strain relationship for Parafil rope is shown in Figure (2.12). The
strength of Parafil rope exceeds that of prestressing steel, while its elastic modulus

represents approximately two thirds that of steel. However, tensile strength of the rope

decreases with the increasing rope diameter.
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Figure (2.12) Stress-strain curves of Parafil rope and high tensile steel

Parafil rope has a linear stress-strain relationship with a nominal strength of 1962

MPa and a strain at failure of about 1.5%.

2.4.1.1.2 Effect of the rope length and curvature

Tests carried out by Chambers (1986) on 6-tonne Type G ropes with lengths of
29 m and 10.9 m, revealed that the rope strength remained unaffected by length.
Also, stretching the rope around a deflector with a deflection angle up to 15° and a

radius of curvature of 50 times the diameter had no effect on their strength.
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2.1.1.1.1 Effect of rope size

As discussed before, the strength of a group of fibres will be less than the
strength of individual fibre, due to the bundle effect and the weaker fibres fail at a
lower load than the stronger ones, leaving the total load-carrying capacity reduced.

This process has to be applied twice in Parafil ropes; they are made as a bundle of
parallel yarns, which are in tumn made from about 1000 individual filaments. The
filaments themselves have strengths of about 3500 MPa; the yarns have a strength of
about 2900 MPa, and the ropes have a minimum strength of about 1930 MPa
(Burgoyne, 1993). Figure (2.13) shows the relation between the tensile strength and

rope size.
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Figure (2. 13): effect of rope size on the tensile strength of Parafil rope type G

2.4.1.1.3 Effect of temperature

Parafil based on aramid fibres has been tested at temperatures between 40 °C
and + 80 °C and showed no detectable change in properties. Moreover aramid fibres
exposed to a temperature of 150 °C for long periods of time show no detectable
change in residual strength when tested at normal temperatures. Aramid fibres show a
strength loss of only 5% after 20 hours’ exposure at 200 °C when tested at normal
temperatures. While at a temperature of 250 °C, the drop is much more accentuated,

resulting in a residual strength of about 65% after 20 hours exposure. However, at
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about 460 °C, the kevlar 49, which constitute the core of Parafil rope decomposes
with a significant weight loss. Figure (2.14) shows the relation between the
percentage of tensile strength and the time of exposure, even though these results are

for resin impregnated strands of kevlar, the results are broadly applicable to bare

yarns. (Guimaraes, 1988).
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Figure (2. 14): The effect of temperature on the tensile strength of resin impregnated
strands of Kevlar 49 (DU PONT, 1981)

The relation between the coefficient of thermal expansion (CTE) and the ratio
(initial strain/ultimate strain) is linear for a stress level varying from 3% to 45% of the
tensile strength of the yarns; at a ratio of 33% the coefficient of thermal expansion

will be =5.7x10°°°C. Also, the coefficient of thermal expansion decreases as this ratio

increases (Guimaraes, 19838).

2.4.1.1.4 Bond

As there is no bond between the yarns that constitute the core of Parafil rope and
the surrounding sheath, so the bond between the sheath and the concrete, 1f it exists,
will have a negligible effect on the core. Hence, the Papafil rope has to be considered

only as unbonded tendons.
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2.4.1.1.5 Long term properties:

Since prestressing tendons are subjected to high permanent stress, the long-term

time dependent properties are extremely important. The properties of prime

significance are creep, stress-rupture and stress relaxation.

2.4.1.1.6 Creep

Parafil ropes will creep to fatlure at high stress level. Chambers (1988)
investigated the behaviour of 60 tonnes nominal breaking load (NBL) rope subjected
to different sustained stress values (68% - 95% of normal breaking stress). Chambers
concluded that there 1s a linear relationship between applied stress and the logarithm

of the “time to break’ which leads to the prediction that a rope subjects to 50% of its
NBL will fail after about 100 years.

Also, the total creep strains are of the order of 0.13%, which can be compared
with a rope extension when stressed to about 50% of its NBL of about 0.8%. Thus, we
can expect to lose something like 16% of the mitial prestress force in a Parafil tendon

(Burgoyne, 1993).

Guimaraes and Burgoyne (1992) studied the creep behaviour of Parafil rope type
G of 1.5 and 3.0 tonne NBL and reported that applying a pretensioning load to Parafil

rope has the effect of reducing the creep strain of ropes 1n subsequent loading.

2.4.1.1.7 Stress relaxation

The stress-relaxation relationship of Parafil rope type G shows a linear relation.
Chamber (1988) studied the stress relaxation of Parafil rope type G of 60 tonne NBL

and based on a numerical equation he calculated the predicted relaxation after 100

years as shown in Table (2.4) and Figure (2.15).
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Table (2.4): Predicted relaxation at 100 years

Nominal initial stress Predicted relaxation at 100 years
% NBL (% NBL)
30 7
40 7.4
>0 1.8
60 8.2*
70 8.6%

* at these stresses, over long periods of time, Parafil may fail due to stress-rupture.

10

wea=s INITIAL LOAD (f)70% NBL
e INITIAL LOAD (1)50% NBL
. e INITIAL LOAD (1)30% NBL

BEST FIT RESULTS FROM TESTS AT IMPERIAL COLLEGE
r* 1.82 » .0403F +.87L.0G (1-100)

PREDICTIONS FOR LONG TIMES SUBJECT TO
2 STRESS-RUPTURE CRITERIA

RELAXATION (r) - % NBL

30 DAYS 1 YEAR 10 YEARS 100 YEARS
0

102 103 104 105 1L0G scaLe 108
TIME (t) - HOURS
Figure (2. 15): Stress-Relaxation of Parafil rope type G

It should be pointed out that the total loss of prestressing force in a member
prestressed with Parafil is very similar to that in a beam prestressed with steel. This is
because, whilst the losses due to the relaxation of the tendon are higher than steel, as
explained above, the losses due to the elastic shortening, creep and shrinkage of the
concrete are less because the Young’s modulus of Parafil rope is lower than that of
steel (about 2/3). Also the anchorage system of Parafil rope does not cause any loss

due to anchorage slip. Therefore, the total losses will be very similar (Chambers,1988.

Burgoyne, 1993).

2.1.1.1.2 Fatigue performance

The fatigue characteristics of aramid fibres are very good. The resistance of

Kevlar to tension-tension fatigue is better than that of steel. When fatigue failure of

46



Chapter two: Literature Review

Kevlar do occur, they are normally due to fretting of fibres over one another. This can
only occur at the terminations, or at loading points, and the variation in force in
prestressing tendons, especially when unbonded, is extremely low. Thus, it is not

believed that fatigue 1s a problem in prestressing applications (Burgoyne, 1993).

2.4.1.1.8 Resistance to environmental effects

The tendons can be expected to have high durability in normal environments.
Kevlar is degraded by ultraviolet light, but this is shielded by the sheath and is not a
problem. Kevlar fibres also suffer hydrolytic attack by strong acids and alkalis, but the
tendons would not be bonded to the concrete, so the fibres will not come into contact
with the alkaline concrete. In any event, the sheath will act as a barrier to ingress of

chemicals. DuPont have reported that Kevlar is not degraded by either fresh or salt
water at normal pH levels (Burgoyne, 1993).

2.4.2 Anchorages of Parafil ropes

Parafil ropes are anchored by means of a spike and barrel fitting, which grips the
fibres between a central tapered spike and an external matching barrel as shown in
Figure (2.16). This has the advantage that as the rope 1s loaded, the spike is drawn into
the barrel, thereby clamping the rope even more tightly. To attach the termination, the
end of the rope is passed through the terminal body, and the sheath is removed over
the length of the spike; the yarns are then spread out evenly around the terminal, then
the spike is pushed in the centre of the end of the rope while the rope itself is slowly
pulled down until the cut end of the sheath 1s level with the back end of the

termination. To reduce the creep losses the rope should be pretensioned to a load in

excess of that to be applied in practice.

This system has a number of advantages over wedge systems which grip the

outside of a tension member (Burgoyne, 1993):

e The gripping force between the spike and the barrel has to pass through every
fibre (Figure 2.17) which means that each fibre can develop an equal friction

force against its neighbours or the fitting. Thus there is no tendency for some

of the fibres to carry a disproportionate amount of the load, which would
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cause early failure of those fibres, and hence the rope. Systems, which rely on
external wedges, have a tendency to develop hoop compression around the

outside of the tension member, leaving the inner fibres less well gripped.

e There 1s no resin 1n the system, which means that the effectiveness of the
termination 1s not affected by temperature or creep.

e The system is easy to fit, on site if necessary.

e There are no size effects; terminations for large ropes are linearly scaled
versions of the terminations for small ropes. The mechanics of operation
remain the same.

e The terminations can develop the full strength of the parent rope as shown

from test results.

Also, the possibility to change the material of terminations; (aluminum,
galvanized steel, stainless steel, etc.), make it suitable for all environmental

conditions.

Figure (2.16): Parafil rope and 1ts anchorage
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Figure (2.17): Gripping forces within termination

4

&

body of
termination
Top View
even fibre
thickness

Figure (2.18): Installation procedure for Parafil rope
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