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Preface

In December 1996, the then CEB established a Task Group with the main objective to
elaborate design guidelines for the use of FRP reinforcement in accordance with the design
format of the CEB-FIP Model Code and Eurocode2. With the merger of CEB and FIP into
fib in June 1998, this Task Group became fib TG 9.3 FRP Reinforcement for concrete
structures in Commission 9 Reinforcing and Prestressing Materials and Systems. The Task
Group consists of about 60 members, representing most European universities, research
institutes and industrial companies working in the field of advanced composite reinforcement
for concrete structures, as well as corresponding members from Canada, Japan and USA.
Meetings are held twice a year and on the research level its work is supported by the EU
TMR (European Union Training and Mobility of Researchers) Network “ConFibreCrete”.

The work by fib TG 9.3 is performed by five working parties (WP):

1. Material Testing and Characterization (MT&C) Convenors: C. Burgoyne, A. Gerritse

2. Reinforced Concrete (RC) Convenors: A. Hole, K. Pilakoutas

3. Prestressed Concrete (PC) Convenor: L. Taerwe

4. Externally Bonded Reinforcement (EBR) Convenor: T. Triantafillou

5. Marketing and Applications (M&A) Convenors: G. Pascale, A. Di Tommaso

This technical report constitutes the work conducted as of to date by the EBR party.
Membership in this sub-group has been increasing constantly over the past few years and
today reaches a number in the order of 30. The working party met typically twice a year for
one and a half day meetings. Furthermore, the internet provided an excellent communication
platform. An important step forward was the setting up of a home page, thanks to the efforts
of Stijn Matthys at Ghent University.

This bulletin gives detailed design guidelines on the use of FRP EBR, the practical
execution and the quality control, based on the current expertise and state-of-the-art
knowledge of the task group members. The bulletin is regarded as a progress report since
e [t is not the aim of this report to cover all aspects of RC strengthening with composites.
Instead, it focuses on those aspects that form the majority of the design problems.

e Several of the topics presented are subject of ongoing research and development, and the
details of some modelling approaches may be subjected to future revisions.

e As knowledge in this field is advancing rapidly, the work of the EBR WP will continue.

Inspite of this limit in scope, considerable effort has been made to present a bulletin that is
today’s state-of-art in the area of strengthening of concrete structures by means of externally
bonded FRP reinforcement.

All persons having participated in the preparation of this report are mentioned in the
copyright page. Further acknowledgements are due to Urs Meier (Switzerland) and
Ferdinand Rostasy (Germany) for revision of the document, and to Richard Moss (UK) for
linguistic assistance. To all members of the EBR WP my sincere thanks are expressed for the
high-quality and extensive work brought in on a voluntary basis.

Patras, March 2001 Thanasis TRIANTAFILLOU
Convenor of WP EBR
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Glossary

Adherent — A body held to another body by an adhesive.

Adhesive — Substance applied to mating surfaces to bond them together by bonding. An
adhesive can be in liquid, film or paste form.

AFRP — Aramid Fibre Reinforced Polymer.

AR-Glass — Stands for “alkali-resistant glass” and refers to zirconia glass.

Aramid — High-strength, high-stiffness aromatic polyamide fibres.

Bi-directional — A strip or fabric with fibres oriented in two directions in the same plane.

Binder — A component of an adhesive that is primarily responsible for the adhesive forces
that hold two bodies together.

Bond — See adhesive.

Buckling — A failure mode usually characterised by fibre deflection rather than breaking
because of compressive action.

Carbon Fibre — Fibre produced by high temperature treatment of an organic precursor fibre
based on PAN (polyacrylonitrile) rayon or pitch in an inert atmosphere at temperatures above
980°C. Fibres can be graphitised by removing still more of the non-carbon atoms by heat
treating above 1650°C.

CFRP - Carbon Fibre Reinforced Polymer.

Cure — To change the molecular structure and physical properties of a thermosetting resin by
chemical reaction via heat and catalysts or in combination, with or without pressure.

Debonding — Local failure in the bond zone between concrete and the externally bonded
reinforcement.

Delamination — Separation of layers in a laminate because of the failure of the adhesive,
either in the adhesive itself or at the interface between the adhesive and the adherent.

E-Glass — Stands for “electrical glass” and refers to alumino-borosilicate glass most often
used in conventional polymer matrix composites.

Epoxide — Compound containing a three-member ring consisting of two carbon atoms and
one oxygen atom.

Epoxy Resin — A polymer resin characterised by epoxide molecule groups.
Fabric, Non-woven — A material formed from fibres or yarns without interlacing.
Fabric, Woven — A material constructed of interlaced yarns, fibres or filaments.

Fibre — A general term used to refer to filamentary materials. Fibre is often used
synonymously with filament.

Filaments — Individual fibres of indefinite length used in tows, yarns or rovings.

Filler — A relatively non-adhesive substance added to an adhesive to improve its working
properties, permanence, strength or other qualities.

FRP - Fibre Reinforced Polymer.
GFRP - Glass Fibre Reinforced Polymer.

vi
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Glass Fibre — Reinforcing fibre made by drawing molten glass through brushings. The
predominant reinforcement for polymer matrix composites. Known for its good strength,
processability and low cost.

Glass Transition Temperature (Ty) — Approximate temperature above which increased
molecular mobility causes a material to become rubbery rather than brittle. The measured
value of T, can vary, depending on the test method.

Glue — See adhesive.

Hand Lay-up — A fabrication method in which reinforcement layers are placed in a mould or
on a structure by hand, then cured to the formed shape.

Hardener — Substance that reacts with the resin to promote or control curing action by taking
part in it. Also a substance added to control the degree of hardness of the resin.

Impregnate — To saturate the voids of a reinforcement with a resin manually or with a
machine.

Interlaminar shear — shear force acting at the interface between adjacent layers (laminae) of
a laminate.

Laminate — To unite layers of material with an adhesive. Also, a product made by bonding
together two or more layers of materials.

Lay-up — Placement of layers of reinforcement in a mould.

Matrix — Binder material in which reinforcing fibre is embedded. Usually a polymer but may
also be metal or a ceramic.

Open time — The time interval between the spreading of the adhesive on the adherent and the
completion of the assembly of the parts for bonding.

PAN (polyacrylonitrile) — Used as a base material or precursor in the manufacture of certain
carbon fibres.

Pitch — A high molecular weight material that is a residue from the destructive distillation of
coal and petroleum products. Pitches are used as base materials for the manufacture of certain
high-modulus carbon fibres.

Polyester — Unsaturated polyesters are manufactured by reacting glycols with either dibasic
acids or anhydrides. Polyesters are normally cured at room temperature with a monomer such
as styrene.

Polymer — Large molecule formed by combining many smaller molecules or monomers in a
regular pattern.

Polymerisation — Chemical reaction that links monomers together to form polymers.
Post-cure — An additional elevated temperature exposure to improve mechanical properties.

Pot life — Length of time in which a catalysed thermosetting resin retains sufficiently low
viscosity for processing.

Prepreg — Resin-impregnated fabric or filaments in flat form that can be stored at very low
temperature for later use in moulds or hand lay-up. The resin is often partially cured to a tack-
free state.

Primer — A coating applied to a surface prior to the application of an adhesive to improve the
performance of the bond. The coating can be a low viscosity fluid that is typically a 10%
solution of the adhesive in an organic solvent, which can wet out the adherent surface to leave
a coating over which the adhesive can readily flow.
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Pultrusion — An automated, continuous process for manufacturing composite rods and
structural shapes having a constant cross section. Roving and/or tows are saturated with resin
and continuously pulled through a heated die, where the part is formed and cured. The cured
part is then cut to length. For some applications fabrics can be included into the profiles.

Putty — repair mortar.

Reinforcement — Key element added to matrix to provide the required properties. Ranges
from short and continuous fibres through complex textile forms.

Resin — Polymer with indefinite and often high molecular weight and a softening or melting
range that exhibits a tendency to flow when subjected to stress. As composite matrices, resins
bind together reinforcement fibres.

Roving — A collection of bundles of continuous filaments either as untwisted strands or as
twisted yarns.

Sheet — See fabric, non-woven.

Shelf Life — Length of time in which a material can be stored and continue to meet the
specifications requirements, remaining suitable for its intended use.

Stress Corrosion — Corrosion due to the effect of a corrosive environment, which is activated
in the presence of stress.

Stress Rupture — The reduction of tensile strength due to sustained loading.
Strip — Pre-manufactured forms made of fibres and resin. Strips are normally pultruded.

Thermoplastic — A composite matrix capable of being repeatedly softened by an increase of
temperature and hardened by cooling.

Thermoset — Composite matrix cured by heat and pressure or with a catalyst into an infusible
and insoluble material. Once cured a thermoset cannot be returned to the uncured state.

Thixotropy — A property of adhesive systems to thin upon isothermal agitation and to thicken
upon subsequent rest. Thixotropic materials have a high static shear strength and low
dynamic shear strength at the same time. They lose their viscosity under stress.

Tow — An untwisted bundle of continuous filaments, usually designated by a number
followed by K, indicating multiplication by 1000. For example, 12 K tow has 12 000
filaments.

Unidirectional — A strip or fabric with all fibres oriented in the same direction.

Vinyl ester — A class of thermosetting resins containing esters of acrylic and/or methacrylic
acids, many of which have been made from epoxy resin. Cure is accomplished, as with
unsaturated polyesters, by co-polymerisation with other vinyl monomers, such as styrene.

Viscosity — Tendency of a material to resist flow. As temperature increases, the viscosity of
most materials decreases.

Warp — Yarns running lengthwise and perpendicular to the narrow edge of woven fabric.
Weft — Yarns running perpendicular to the warp in a woven fabric.
Wet Lay-up — Fabrication step involving application of a resin to dry reinforcement.

Yarn — Continuously twisted fibres or strands that are suitable for weaving into fabrics.

viii
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1 Introduction

1.1 Repair, strengthening, retrofit

The issue of upgrading the existing civil engineering infrastructure has been one of great
importance for over a decade. Deterioration of bridge decks, beams, girders and columns,
buildings, parking structures and others may be attributed to ageing, environmentally induced
degradation, poor initial design and/or construction, lack of maintenance, and to accidental
events such as earthquakes. The infrastructure’s increasing decay is frequently combined
with the need for upgrading so that structures can meet more stringent design requirements
(e.g. increased traffic volumes in bridges exceeding the initial design loads), and hence the
aspect of civil engineering infrastructure renewal has received considerable attention over the
past few years throughout the world. At the same time, seismic retrofit has become at least
equally important, especially in areas of high seismic risk.

1.2 Externally bonded FRP reinforcement (EBR)

Recent developments related to materials, methods and techniques for structural
strengthening have been enormous. One of today’s state-of-the-art techniques is the use of
fibre reinforced polymer (FRP) composites, which are currently viewed by structural
engineers as “new” and highly promising materials in the construction industry. Composite
materials for strengthening of civil engineering structures are available today mainly in the
form of:

e thin unidirectional strips (with thickness in the order of 1 mm) made by pultrusion

e flexible sheets or fabrics, made of fibres in one or at least two different directions,
respectively (and sometimes pre-impregnated with resin)

For comparison with steel, typical stress-strain diagrams for unidirectional composites under

short-term monotonic loading are given in Fig. 1-1.

G (GPa)
6+

2
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'
L
by
o

0.02 0.04 €

Fig. 1-1: Uniaxial tension stress-strain diagrams for different unidirectional FRPs and steel. CFRP = carbon
FRP, AFRP = aramid FRP, GFRP = glass FRP.
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The reasons why composites are increasingly used as strengthening materials of reinforced
concrete elements may be summarised as follows: immunity to corrosion; low weight (about
Ya of steel), resulting in easier application in confined space, elimination of the need for
scaffolding and reduction in labour costs; very high tensile strength (both static and long-
term, for certain types of FRP materials); stiffness which may be tailored to the design
requirements; large deformation capacity; and practically unlimited availability in FRP sizes
and FRP geometry and dimensions. Composites suffer from certain disadvantages too, which
are not to be neglected by engineers: contrary to steel, which behaves in an elastoplastic
manner, composites in general are linear elastic to failure (although the latter occurs at large
strains) without any significant yielding or plastic deformation, leading to reduced ductility.
Additionally, the cost of materials on a weight basis is several times higher than that for steel
(but when cost comparisons are made on a strength basis, they become less unfavourable).
Moreover, some FRP materials, e.g. carbon and aramid, have incompatible thermal expansion
coefficients with concrete. Finally, their exposure to high temperatures (e.g. in case of fire)
may cause premature degradation and collapse (some epoxy resins start softening at about 45-
70 °C). Hence FRP materials should not be thought of as a blind replacement of steel (or
other materials) in structural intervention applications. Instead, the advantages offered by
them should be evaluated against potential drawbacks, and final decisions regarding their use
should be based on consideration of several factors, including not only mechanical
performance aspects, but also constructibility and long-term durability.

1.3 Applications of EBR

Composites have found their way as strengthening materials of reinforced concrete (RC)
elements (such as beams, slabs, columns etc.) in thousands of applications worldwide, where
conventional strengthening techniques may be problematic. For instance, one of the popular
techniques for upgrading RC elements has traditionally involved the use of steel plates epoxy-
bonded to the external surfaces (e.g. tension zones) of beams and slabs. This technique is
simple and effective as far as both cost and mechanical performance is concerned, but suffers
from several disadvantages (Meier 1987): corrosion of the steel plates resulting in bond
deterioration; difficulty in manipulating heavy steel plates in tight construction sites; need for
scaffolding; and limitation in available plate lengths (which are required in case of flexural
strengthening of long girders), resulting in the need for joints. Replacing the steel plates with
FRP strips (Fig. 1-2 a, b) provides satisfactory solutions to the problems described above.
Another common technique for the strengthening of RC structures involves the construction
of reinforced concrete (either cast in-place or shotcrete) jackets (shells) around existing
elements. Jacketing is clearly quite effective as far as strength, stiffness and ductility is
concerned, but it is labour intensive, it often causes disruption of occupancy and it provides
RC elements, in many cases, with undesirable weight and stiffness increase. Jackets may also
be made of steel; but in this case protection from corrosion is a major issue. The conventional
jackets may be replaced with FRP fabrics or sheets wrapped around RC elements (Fig. 1-2 c,
d), thus providing substantial increase in strength (axial, flexural, shear, torsional) and
ductility without much affecting the stiffness. The range of applicability of EBR in RC
structures is increasing constantly: a typical example is the recently developed technique of
shear strengthening in beam-column joints (Fig. 1-2 e).
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(b)

(c) (d)

(e)

Fig. 1-2: Typical FRP applications as strengthening materials of RC structures: (a) flexural strengthening of
slab; (b) flexural strengthening of beam; (c) shear strengthening and confinement of column, (d)
wrapping of concrete tank; (e) shear strengthening of beam-column joint.

1.4 Content and aim of this report

In this state-of-the-art report the aim is to give an overview of the main applications of
composites as externally bonded reinforcement (EBR) of concrete structures and to present
guidelines for the design. Following a general description of materials and techniques related
to the application of composites as external reinforcement of concrete elements, the report



Copyright fib, all rights reserved. This PDF copy of fib Bulletin 14 isintended for use and/or distribution only by National Member Groups of fib.

contains several chapters, with each of them devoted to one particular aspect of strengthening
with externally bonded FRP. Separate chapters deal with the design and structural behaviour
of concrete members strengthened in flexure, shear or torsion as well as confined members.
Naturally, these chapters are followed by detailing rules and issues of practical execution and
quality control. The last chapter provides information on special design considerations and
environmental effects.

We should emphasise that: (a) it is not the aim of this report to cover all aspects of RC
strengthening with composites; (b) several of the topics presented in this report are subjects of
ongoing research and development, and the details of various modelling approaches may be
subjected to future revisions. Nevertheless, considerable effort has been made here to present
material which is state-of-the-art in the area of composites as strengthening materials for
concrete structures.

In this bulletin, several box-around values are given in the text, as in Eurocodes, the
meaning being that these values may be revised in the future, if new information and data
become available.
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2 FRP strengthening materials and techniques

This chapter provides general information on FRP materials used in concrete
strengthening, on concepts and techniques for their application, and on recently developed
advanced methods of FRP applications as externally bonded reinforcement of concrete.
Further details are also provided in Chapter 8 on “Practical Execution”.

2.1 Materials for FRP strengthening
2.1.1 General

The selection of materials for different strengthening systems is a critical process. Every
system is unique in the sense that the fibres and the resin components are designed to work
together. This implies that a resin system for one strengthening system will not automatically
work properly for another. Furthermore, a resin system for the fibres will not necessarily
provide a good bond to concrete. This implies that only systems that have been tested and
applied in full scale on reinforced concrete structures shall be used in FRP strengthening.

Today there are several types of FRP strengthening systems, which are summarised
below:

e Wet lay-up systems
e Systems based on prefabricated elements
e Special systems, e.g. automated wrapping, prestressing etc.

These systems correspond to several manufacturers and suppliers, and are based on
different configurations, types of fibres, adhesives, etc. Also, the suitability of each system
depends on the type of structure that shall be strengthened. For example, prefabricated strips
are generally best suited for plane and straight surfaces, whereas sheets or fabrics are more
flexible and can be used to plane as well as to convex surfaces. Automated wrapping can be
preferable in cases when many columns need to be strengthened at the same site.

Practical execution and application conditions, for example cleanness and temperature, are
very important, in achieving a good bond. A dirty surface will never provide a good bond.
The adhesives undergo a chemical process during hardening that needs a temperature above
10 °C to start. If the temperature drops, the hardening process delays.

In the following sections the three main components, namely adhesives, resin matrices and
fibres of an FRP strengthening material system will be discussed briefly.

2.1.2 Adhesives

The purpose of the adhesive is to provide a shear load path between the concrete surface
and the composite material, so that full composite action may develop. The science of
adhesion is a multidisciplinary one, demanding a consideration of concepts from such topics
as surface chemistry, polymer chemistry, rheology, stress analysis and fracture mechanics. It
is not our aim to cover this field in any detail. It is only to emphasise that key information
about adhesives relevant to their use needs to be provided by the manufacturer of the
strengthening system.

Only the most common type of structural adhesives will be discussed here, namely epoxy
adhesive, which is the result of mixing an epoxy resin (polymer) with a hardener. Depending
on the application demands, the adhesive may contain fillers, softening inclusions, toughening
additives and others. The successful application of an epoxy adhesive system requires the
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preparation of an adequate specification, which must include such provisions as adherent
materials, mixing/application temperatures and techniques, curing temperatures, surface
preparation techniques, thermal expansion, creep properties, abrasion and chemical resistance.
When using epoxy adhesives there are two different time concepts that need to be taken
into consideration. The first is the pot life and the second is the open time. Pot life represents
the time one can work with the adhesive after mixing the resin and the hardener before it
starts to harden in the mixture vessel; for an epoxy adhesive, it may vary between a few
seconds up to several years. Open time is the time that one can have at his/her disposal after
the adhesive has been applied to the adherents and before they are joined together. Another
important parameter to consider is the glass transition temperature, T,. Most synthetic
adhesives are based on polymeric materials, and as such they exhibit properties that are
characteristic for polymers. Polymers change from relatively hard, elastic, glass-like to
relatively rubbery materials at a certain temperature. This temperature level is defined as
glass transition temperature, and is different for different polymers.
Epoxy adhesives have several advantages over other polymers as adhesive agents for civil
engineering use, namely (Hollaway and Leeming 1999):
e High surface activity and good wetting properties for a variety of substrates
May be formulated to have a long open time
High cured cohesive strength; joint failure may be dictated by adherent strength
May be toughened by the inclusion of dispersed rubbery phase
Lack of by-products from curing reaction minimises shrinkage and allows the bonding of
large areas with only contact pressure
Low shrinkage compared with polyesters, acrylics and vinyl types
Low creep and superior strength retention under sustained load
Can be made thixotropic for application to vertical surfaces
Able to accommodate irregular or thick bond lines
Typical properties for cold cured epoxy adhesives used in civil engineering applications
are given in Table 2.1 (Mays and Hutchinson 1992). For the sake of comparison, the same
table provides information for concrete and mild steel too.

Property Cold-curing Concrete | Mild steel

(at 20 °C) epoxy adhesive
Density (kg/m’) 1100 —1700 2350 7800
Young’s modulus (GPa) 0.5-20 20 - 50 205
Shear modulus (GPa) 0.2-8 8-21 80
Poisson’s ratio 0.3-04 0.2 0.3
Tensile strength (MPa) 9-30 1-4 200 - 600
Shear strength (MPa) 10 - 30 2-5 200 - 600
Compressive strength (MPa) 55-110 25-150 | 200 - 600
Tensile strain at break (%) 0.5-5 0.015 25
Approximate fracture energy (Jm™) 200-1000 100 10°-10°
Coefficient of thermal expansion (10°%/°C) 25-100 11-13 10 - 15
Water absorption: 7 days - 25 °C (% w/w) 0.1-3 5 0
Glass transition temperature (°C) 45 - 80 --- ---

Table 2-1: Comparison of typical properties for epoxy adhesives, concrete and steel (Tdljsten 1994).
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2.1.3 Matrices

The matrix for a structural composite material can either be of thermosetting type or of
thermoplastic type, with the first being the most common one. The function of the matrix is
to protect the fibres against abrasion or environmental corrosion, to bind the fibres together
and to distribute the load. The matrix has a strong influence on several mechanical properties
of the composite, such as the transverse modulus and strength, the shear properties and the
properties in compression. Physical and chemical characteristics of the matrix such as
melting or curing temperature, viscosity and reactivity with fibres influence the choice of the
fabrication process. Hence, proper selection of the matrix material for a composite system
requires that all these factors be taken into account (Agarwal and Broutman 1990).

Epoxy resins, polyester and vinylester are the most common polymeric matrix materials
used with high-performance reinforcing fibres. They are thermosetting polymers with good
processibility and good chemical resistance. Epoxies have, in general, better mechanical
properties than polyesters and vinylesters, and outstanding durability, whereas polyesters and
vinylesters are cheaper.

2.14 Fibres

A great majority of materials are stronger and stiffer in the fibrous form than as a bulk
material. A high fibre aspect ratio (length/diameter ratio) permits very effective transfer of
load via matrix materials to the fibres, thus enabling full advantage of the properties of the
fibres to be taken. Therefore, fibres are very effective and attractive reinforcement materials.
Fibres can be manufactured in continuous or discontinuous (chopped) form, but here only
continuous fibres are considered. Such fibres have a diameter in the order of 5-20 um, and
can be manufactured as unidirectional or bi-directional reinforcement. The fibres used for
strengthening all exhibit a linear elastic behaviour up to failure and do not have a pronounced
yield plateau as for steel.

There are mainly three types of fibres that are used for strengthening of civil engineering
structures, namely glass, aramid and carbon fibres. It should be recognised that the physical
and mechanical properties can vary a great for a given type of fibre as well of course the
different fibre types.

Glass fibres for continuous fibre reinforcement are classified into three types: E-glass
fibres, S-glass and alkali resistant AR-glass fibres. E-glass fibres, which contain high
amounts of boric acid and aluminate, are disadvantageous in having low alkali resistance. S-
glass fibres are stronger and stiffer than E-glass, but still not resistant to alkali. To prevent
glass fibre from being eroded by cement-alkali, a considerable amount of zircon is added to
produce alkali resistance glass fibres; such fibres have mechanical properties similar to E-
glass. An important aspect of glass fibres is their low cost.

Aramid fibres were first introduced in 1971, and today are produced by several
manufacturers under various brand names. The structure of aramid fibre is anisotropic and
gives higher strength and modulus in the fibre longitudinal direction. The diameter of aramid
fibre is approximately 12 um. Aramid fibres respond elastically in tension but they exhibit
non-linear and ductile behaviour under compression; they also exhibit good toughness,
damage tolerance and fatigue characteristics.

Carbon fibres are normally either based on pitch or PAN, as raw material. Pitch fibres are
fabricated by using refined petroleum or coal pitch that is passed through a thin nozzle and
stabilised by heating. PAN fibres are made of polyacrylonitrile that is carbonised through
burning. The diameter of pitch-type fibres measures approximately 9-18 um and that of the
PAN-type measures 5-8 um. The structure of this carbon fibre varies according to the
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orientation of the crystals; the higher the carbonation degree, the higher the orientation degree
and rigidity as a result of growing crystals. The pitch base carbon fibres offer general purpose
and high strength/elasticity materials. The PAN-type carbon fibres yield high strength
materials and high elasticity materials. Typical properties of various types of fibre materials
are provided in Table 2.2. Note that values in this table are only indicative of static strength
of unexposed fibres. Design values of the FRP composite systems should account both for
the presence of resin (see “rule of mixtures” below) and for reductions due to long-term
loading, environmental exposure etc. (such reductions are normally supplied by the

manufacturer).
Material Elastic Tensile strength | Ultimate tensile
modulus (MPa) strain (%)
(GPa)
Carbon
High strength 215-235 3500-4800 1.4-2.0
Ultra high strength 215-235 3500-6000 1.5-2.3
High modulus 350-500 2500-3100 0.5-0.9
Ultra high modulus 500-700 2100-2400 0.2-0.4
Glass
E 70 1900-3000 3.0-4.5
S 85-90 3500-4800 4.5-5.5
Aramid
Low modulus 70-80 3500-4100 4.3-5.0
High modulus 115-130 3500-4000 2.5-3.5

Table 2-2: Typical properties of fibres (Feldman 1989, Kim 1995).

2.1.5 FRP materials

FRP materials consist of a large number of small, continuous, directionalized, non-
metallic fibres with advanced characteristics, bundled in a resin matrix. Depending on the
type of fibre (Section 2.1.4) they are referred to as AFRP (aramid fibre based), CFRP (carbon
fibre based) or GFRP (glass fibre based). Typically, the volume fraction of fibres in FRPs
equals about 50-70% for strips and about 25-35% for sheets. Hence fibres are the principal
stress bearing constituents, while the resin transfers stresses among fibres and protects them.
Different techniques are used for manufacturing (e.g. pultrusion, hand lay-up), detailed
descriptions of which are outside the scope of this bulletin. As externally bonded
reinforcement for the strengthening of structures, FRP materials are made available in various
forms, which are described in Section 2.2.

Basic mechanical properties of FRP materials may be estimated if the properties of the
constituent materials (fibres, matrix) and their volume fraction are known. This may be
accomplished by applying the “rule of mixtures” simplification as follows:

Ef =Egy Vb + EmVim (2-1)
fr =~ T Vip + T Vin (2-2)

where Ef = Young’s modulus of FRP in fibre direction, Eg, = Young’s modulus of fibres, Ey,
= Young’s modulus of matrix, Vg, = volume fraction of fibres, V,, = volume fraction of
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matrix, fr = tensile strength of FRP in fibre direction, f5, = tensile strength of fibres and f;, =
tensile strength of matrix. Note that in the above equations Vg, + Vi, = 1. Also, typical
values for the volume fraction of fibres in prefabricated strips are in the order of 0.50 — 0.65.

As the rule of mixture is an approximation of the micro-mechanical behaviour of fibre
composites, a more detailed prediction of the stress-strain behaviour should be obtained
through tensile testing (see also Chapter 8). Hence the material properties should be given for
the combined FRP directly, so to reflect the fibre and matrix characteristics as well as the
micro-structural aspects such as fibre diameter, distribution and parallelism of fibres, local
defects, volume fractions and fibre-matrix interfacial properties.

Material Elastic modulus | Tensile strength Ultimate tensile
(GPa) (MPa) strain (%)
E¢ fr Efu
Prefabricated strips
Low modulus CFRP strips 170 2800 1.6
High modulus CFRP strips 300 1300 0.5
Mild steel 200 400 25%

*  Yield strain = 0.2%

Table 2-3: Typical properties of prefabricated FRP strips and comparison with steel.

Typical FRP commercial products in the form of prefabricated strips have the properties
given in Table 2-3, where the properties for mild steel area also given for comparison.

In case of prefabricated strips the material properties based on the total cross-sectional
area can be used in calculations and are usually supplied by the manufacturer (see Table 2-3).
In case of in-situ resin impregnated systems, however, the final FRP thickness and with that
the fibre volume fraction is uncertain and may vary. For this reason a calculation based on
the FRP properties for the total system (fibres and matrix) and the actual thickness is not
appropriate. Note that manufacturers sometimes supply the material properties for the bare
fibres. Because of this difference in approach, one should be careful when comparing
properties of different systems. Furthermore it is very important that in calculations the
appropriate material properties for the applied system are used. In the following the
difference between both approaches is explained and elucidated with an example.

Due to the fact that the stiffness and strength of the fibres (Egp, and fsp) is much larger than
respectively the stiffness and strength of the matrix (E,, and fy,), the properties of the FRP
composite material (Ef and f;) are governed by the fibre properties and the cross-sectional area
of the bare fibres. When the FRP properties are based on the total cross-sectional area (fibres
and matrix) this means that, compared to the properties of the bare fibres, the stiffness and
strength is less. It may be obvious that the strength and stiffness of the total system is not
affected because this reduction is compensated by an increase of the cross-sectional area
compared to the cross-sectional area of the fibres. So, there is a strong relation between the
fibre volume fraction and the FRP properties to be used in calculations. This is illustrated in
Table 2-4 and Fig. 2-1. For certain chosen properties of the fibres and the matrix, the effect
of the volume fraction of the fibres on the FRP properties is shown. For a constant amount of
fibres (cross-sectional area = 70 mm?) the failure load and strain at failure is only very little
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affected by an increase of the amount of resin. The FRP-properties to be used in calculations
based on the total cross-sectional area, however, are strongly influenced.

Chosen properties for constituent materials of FRP composite:

Eﬁb:220 GPa fﬁb = 4000 MPa

E.= 3GPa fn= 80 MPa
Cross-sectional area FRP-properties Failure load
Agp An zAx;< Vb E¢ fr Ultimate

(mm?) | (mm?) | (mm?) | (%) [eq. (2-1)] | [eq. (2-2)] strain

(MPa) (MPa) (%0) (kN) (%)

70 0 70 100 220000 4000 1.818 280.0 100.0
70 30 100 70 154900 2824 1.823 282.4 100.9
70 70 140 50 111500 2040 1.830 285.6 102.0

* In case of a strip with a width of 100 mm dividing this value by 100 mm gives the
thickness of the strip (resp. 0.7 mm, 1.0 mm and 1.4 mm).

Table 2-4: Example showing the effect of volume fraction of fibres on the FRP properties.

stress (MPa) Viib te
A (width = 100 mm)
4000 + <« 100% 0,7 mm
(bare fibres)

3000 T <« 70% 1,0 mm
2000 4 <« 50% 1,4 mm
1000 ¢+

t t >

1 2 strain (%)

Fig. 2-1: Stress strain relations corresponding to various fibre volume fractions Vg, in Table 2-4.

The example given above demonstrates that for a comparison of FRP materials it may not
be sufficient only to compare values for strength and/or stress-strain relations. It is important
also to know the composition of the FRP material to which the given property belongs. In
case of uncertainty about the thickness (like with in-situ resin impregnated systems) it may be
more convenient to base calculations on the fibre properties and fibre cross-sectional area than
on properties for the total system. The latter approach is still possible, however, the material
properties and thickness (cross-sectional area) as specified by the manufacturer should then be
used and not the actual thickness that is realised in practice.

As mentioned, in case of in-situ impregnated systems, one may calculate the properties of
the FRP based on those of the bare fibres only. In this case the second term in eq. (2-1)-(2-2)
may be ignored, Vi, should be taken equal to 1 and the dimensions of the externally bonded
reinforcement (e.g. cross-sectional area) should be calculated based on the nominal
dimensions of the fibre sheets. If this approach is adopted, the resulting property (e.g. elastic
modulus, tensile strength) should be multiplied by a reduction factor r, to account for the
efficiency of the fibre-resin system and for the sheet or fabric architecture. This factor should
be provided by the FRP system supplier based on testing. Alternatively, the FRP supplier
could provide directly the properties of the in-situ impregnated system (e.g. thickness, elastic
modulus, tensile strength) based on testing. To illustrate this, we may assume that a sheet has

10
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a nominal thickness tg, and elastic modulus Eg, (both calculated based on bare fibre
properties). After impregnation, the FRP has a thickness tr and an elastic modulus Er. The
two systems are equivalent according to the condition: tg,Egpr = tiEr.

2.2 FRP EBR systems

Different systems of externally bonded FRP reinforcement (FRP EBR) exist, related to the
constituent materials, the form and the technique of the FRP strengthening. In general, these
can be subdivided into “wet lay-up” (or “cured in-situ”) systems and “prefab” (or “pre-
cured”) systems. In the following, an overview is given of the different forms of these
systems (e.g. ACI 1996). Techniques for FRP strengthening are given in Section 2.3.

221 Wet lay-up systems

e Dry unidirectional fibre sheet and semi-unidirectional fabric (woven or knitted), where
fibres run predominantly in one direction partially or fully covering the structural element.
Installation on the concrete surface requires saturating resin usually after a primer has

been applied. Two different processes can be used to apply the fabric:
- the fabric can be applied directly into the resin which has been applied uniformly onto
the concrete surface,
- the fabric can be impregnated with the resin in a saturator machine and then applied
wet to the sealed substrate.

e Dry multidirectional fabric (woven or knitted), where fibres run in at least two directions.
Installation requires saturating resin. The fabric is applied using one of the two processes
described above.

e Resin pre-impregnated uncured unidirectional sheet or fabric, where fibres run
predominantly in one direction. Installation may be done with or without additional resin.

e Resin pre-impregnated uncured multidirectional sheet or fabric, where fibres run
predominantly in two directions. Installation may be done with or without additional
resin.

e Dry fibre tows (untwisted bundles of continuous fibres) that are wound or otherwise
mechanically placed onto the concrete surface. Resin is applied to the fibre during
winding.

e Pre-impregnated fibre tows that are wound or otherwise mechanically placed onto the
concrete surface. Product installation may be executed with or without additional resin.

2.2.2 Prefabricated elements

e Pre-manufactured cured straight strips, which are installed through the use of adhesives.
They are typically in the form of thin ribbon strips or grids that may be delivered in a
rolled coil. Normally strips are pultruded. In case they are laminated, also the term
laminate instead of strip may be used.

e Pre-manufactured cured shaped shells, jackets or angles, which are installed through the
use of adhesives. They are typically factory-made curved or shaped elements or split
shells that can be fitted around columns or other elements.

11
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2.3 Techniques for FRP strengthening
2.3.1 Basic technique

The basic FRP strengthening technique, which is most widely applied, involves the
manual application of either wet lay-up (so-called hand lay-up) or prefabricated systems by
means of cold cured adhesive bonding. Common in this technique is that the external
reinforcement is bonded onto the concrete surface with the fibres as parallel as practically
possible to the direction of principal tensile stresses. Typical applications of the hand lay-up
and prefabricated systems are illustrated in Fig. 2.2. More details on the basic technique are
provided in Chapter 8.

(a) (b)

Fig. 2-2: (a) Hand lay-up of CFRP sheets or fabrics. (b) Application of prefabricated strips.

2.3.2 Special techniques

Besides the basic technique, several special techniques have been developed. Without
aiming to provide a complete overview of these special techniques, a number of them are
briefly explained in the following sections.

Some of the special techniques described below are patented by the companies that
developed them.

2.3.2.1 Automated wrapping

The FRP strengthening technique through automated winding of tow or tape was first
developed in Japan in the early 90s and a little later in the USA. The technique, shown in Fig.
2-3, involves continuous winding of wet fibres under a slight angle around columns or other
structures (e.g. chimneys, as has been done in Japan) by means of a robot. Key advantage of
the technique, apart from good quality control, is the rapid installation.

12



Copyright fib, all rights reserved. This PDF copy of fib Bulletin 14 isintended for use and/or distribution only by National Member Groups of fib.

(a) (b)

Fig. 2-3: Automated RC column wrapping. (a) Schematic. (b) Photograph of robot-wrapper.

2.3.2.2  Prestressed FRP

In some cases it may be advantageous to bond the external FRP reinforcement onto the
concrete surface in a prestressed state. Both laboratory and analytical research (e.g.
Triantafillou et al. 1992, Deuring 1993) shows that prestressing represents a significant
contribution to the advancement of the FRP strengthening technique, and methods have been
developed to prestress the FRP composites under real life conditions (Luke et al. 1998).

Prestressing the strips prior to bonding has the following advantages:

e provides stiffer behaviour as at early stages most of the concrete is in compression and
therefore contributing to the moment of resistance.

e crack formation in the shear span is delayed and the cracks when they appear are more
finely distributed and narrower (crack widths are also a matter of bond properties).

e closes cracks in structures with pre-existing cracks.

e improves serviceability and durability due to reduced cracking.

e improves the shear resistance of member as the whole concrete section will resist the
shear, provided that the concrete remains uncracked.

e the same strengthening is achieved with smaller areas of stressed strips compared with
unstressed strips.

e with adequate anchorage, prestressing may increase the ultimate moment of resistance by
avoiding failure modes associated with peeling-off at cracks and the ends of the strips.

e the neutral axis remains at a lower level in the prestressed case than in the unstressed one,
resulting in greater structural efficiency.

e prestressing significantly increases the applied load at which the internal steel begins to
yield compared to a non-stressed member.

The technique has also some disadvantages:

e it is more expensive than normal strip bonding due to the greater number of operations and
equipment that is required.

o the operation also takes somewhat longer.

e the equipment to push the strip up to the soffit of the beam must remain in place until the
adhesive has hardened sufficiently.

The concept for applying a prestressed FRP strip is shown schematically in Fig. 2-4 and a
schematic illustration of the stressing device is given in Fig. 2-5.

13
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(a)

(b)

(©)

Fig.2-4: Strengthening with prestressed FRP strips: (a) prestressing; (b) bonding; (c) end anchorage and FRP
release upon hardening of the adhesive.

P \
Temporary End
reaction plate Jack anchorage

Fig.2-5: Schematic illustration of active anchorage.

When the prestressing force is too high, failure of the beam due to release of the
prestressing force will occur at the two ends, due to the development of high shear stresses in
the concrete just above the FRP. Hence the design and construction of the end zones requires
special attention. Tests and analysis have shown that if no special anchorages are provided at
the ends, FRP strips shear-off (from the ends) with prestress levels in the order of only 5-6%
of their tensile strength (for CFRP). But a technically and economically rational prestress
would require a considerably higher degree of prestressing, in the range of 50% of the FRP
tensile strength, which may only be achieved through the use of special anchorages applying
vertical confinement (see Fig. 2-4 c). Such systems have been developed for practical
applications as well as research purposes.

Prestressing of column jackets (active confinement) can be achieved by pretensioning the
fibre bundles during winding or with unstressed jackets by making use of, e.g., expansive
mortar or injection of mortar or epoxy under pressure.

2.3.2.3  Fusion-bonded pin-loaded straps

Another interesting development of the FRP strengthening technique involves replacing
solid and relatively thick strips (Fig. 2-6 a) by the system shown in Fig. 2-6 b, known as pin-
loaded strap (Winistoerfer and Mottram 1997). The strap comprises a number of non-
laminated layers formed from a single, continuous, thin tape, which consists of fibres in a
thermoplastic matrix. The outside, final layer of the tape is fixed to the previous layer by a

14
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fusion bonding process. Such a system enables the individual layers to move relative to each
other, thus reducing the unwanted secondary bending stresses. Careful control of the initial
tensioning process allows interlaminar shear stress concentrations to be reduced, so that a
uniform strain distribution in all layers is achieved.

(a) (b)

Fig. 2-6: Wrapping with (a) thick strips and (b) non-laminated straps.

2.3.2.4  In-situ fast curing using heating device

Instead of cold curing of the bond interface (curing of the two-component adhesive under
environmental temperature), heating devices can be used. In this way it is possible to reduce
curing time, to allow bonding in regions where temperatures are too low to allow cold curing,
to apply the technique in winter time, to work with prepreg FRP types, etc.

Different systems for heating can be used, such as electrical heaters, IR (infrared) heating
systems and heating blankets. For CFRP the system illustrated in Fig. 2-7 is also possible.
This system takes advantage of the electrical conductivity of carbon fibres. It uses a special
heating device to pass an electric current through CFRP strips during the strengthening
process. The control unit allows the desired curing temperature to be maintained within a
narrow range.

Controlled fast curing enables not only rapid application of the strengthening technique
(e.g. full curing at 70 °C may be achieved in 3 hours) but also increases the glass transition
temperature of the adhesive.

15
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Temperature FRP strip
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(a)
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device
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(b)

Fig. 2-7: Fast curing using heating device: (a) Schematic, (b) Photograph of end brackets.

2.3.2.5  Prefabricated shapes

Prefab type of FRP EBR systems are mostly applied in the form of straight strips.
However, these prefab systems can also be produced in other forms, depending on the
foreseen application. By shaping them, prefab systems can be employed in applications
where normally the more flexible wet lay-up systems are used. For shear strengthening of
beams, pre-manufactured angles can be used as shown in Fig. 2-8 a-b. Figure 2-8 ¢ shows
prefab shells or jackets which can be used for the confinement of circular and rectangular
columns. In this case, the shells should be fabricated with sufficiently small tolerances. For
new structures, FRP castings may be used. These act as formwork during construction, and as
external reinforcement for the loaded structure.

16
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(2)

(b)

(©)

Fig. 2-8: Examples of prefab shapes for strengthening. (a) angle, (b) application of angles, (c) shell.

2.3.2.6  CFRP inside slits

CFRP in concrete slits may be thought of as a special method of supplementing
reinforcement to concrete structures. The slits are cut into the concrete structure with a depth
smaller than the concrete cover. CFRP strips e.g. with a thickness of 2 mm and a width of 20
mm are bonded into these slits (Fig. 2-9).

Bond tests and beam tests have been carried out to study the mechanical behaviour of the
system (Blaschko and Zilch 1999). It was shown that a higher anchoring capacity compared
with CFRP strips glued onto the surface of a concrete structure is obtained. The mechanical
behaviour is stiffer under serviceability loads but more ductile in the ultimate limit state. The
tensile strength of the CFRP can be reached in beams with additional reinforcement
consisting of strips in slits, if there is enough load carrying capacity of the compression zone
in the concrete and for shear. The bond behaviour with high strength and ductility allows to
bridge wide cracking without peeling-off. Moreover the strips are protected against
demolition. So the CFRP material can be used more efficiently if it is glued into slits instead
of on the surface.
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| concrete

bonding agent

CFRP strip

Fig. 2-9: CFRP strips glued into slits.

2.3.2.7  FRP impregnation by vacuum

FRP impregnation by vacuum is quite common in the plastics industry. Vacuum
impregnation is, to some extent, comparable with wet lay-up. The concrete element to be
strengthened according to this method is pre-treated in the same manner as for the other
methods (i.e. through sandblasting, grinding or water blasting). The surface is cleaned
carefully, primer is applied and after curing of the primer the fibres are placed in
predetermined directions. It is important that sheets or fabrics have channels where the resin
can flow, otherwise special spacing material must be used. A vacuum bag is placed on top of
the fibres, the edges of the bag are sealed and a vacuum pressure is applied (Téljsten and
Elfgren 2000). Two holes are made in the vacuum bag, one for the outlet where the vacuum
pressure is applied and one for the inlet where the resin is injected (Fig. 2-10). In order to
achieve an acceptable vacuum pressure, a special sealant of epoxy putty can be used along the
sides of the beam at the underside of the vacuum bag. Sealing must be effective to a very
high level.

Vacuum and Epoxy Flow CFRP—Fabric Vaccum Bag Epoxy Flow
— Epoxy Transportation —=——
——————— ————————

Vacuum I a 1
‘

Concrete Beam

Epoxy —=

——| Epoxy Trap

Fig. 2-10: Strengthening with vacuum injection system (Téljsten and Elfgren 2000).

Vacuum impregnation has several advantages over traditional wet lay-up. The first
advantage is that with this method it is possible to avoid hand contact with the epoxy adhesive
and waste at the work site can be kept to a minimum. Furthermore, the quality of the
composite can be improved. However, this method requires a large investment and there can
be some difficulties in achieving a high degree of vacuum with surfaces of rough texture or in
complicated geometries and locations. This implies higher costs for the strengthening work.
For this application, a low viscosity cold-cured epoxy adhesive is used.
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3 Basis of design and safety concept

Externally bonded FRP reinforcement (FRP EBR) is an efficient technique that can be
applied for a wide range of structures and materials. However, following the scope of this
bulletin (Chapter 1), the basis of design and safety concept refers to the use of FRP EBR for
repair and strengthening of reinforced concrete structures only.

3.1 Basis of design
3.1.1 General requirements

Strengthening of concrete structures by means of externally bonded reinforcement (EBR)
is an efficient technique that relies on the composite action between a reinforced or
prestressed concrete element and the externally bonded reinforcement. To guarantee the
overall structural safety of the strengthened member it is important that proper FRP EBR
systems are used, correctly designed, detailed and executed. The state of the member before
strengthening is of influence and may require repair techniques preceding the execution of the
FRP EBR system. Hence, whereas specifications in this document reflect on the design and
execution of the externally bonded reinforcement specifically, related documents concerning
the design of RC and PC members, among which Eurocode 2 (EC2) (CEN 1991), and
concerning repair techniques will apply as well.

Various FRP EBR systems are available which differ depending on type of FRP, type of
adhesive, method of curing, material preparations, etc. It should be ensured that only
approved FRP EBR systems are used. The use of FRP EBR systems of insufficient quality
(with respect to the constituent materials, the system and the execution) will compromise
structural safety. To avoid this, products, systems and staff should fulfil quality control
specifications (see Chapter 8). Quality control procedures should be adopted with respect to
production, design, execution and in-service behaviour.

As the design combines and involves different structural aspects and as different FRP
EBR systems are available, the project engineer should have sufficient experience in the
design of structural repairs and should have knowledge about the materials and systems, the
expected structural response and the related safety or risk aspects.

3.1.2 Design requirements
3.1.2.1  General

All necessary design situations and load combinations should be considered. In the
design the relevant limit states should be addressed. The design of the FRP EBR has to
reflect the effects of the additional reinforcement provided to the section (designed assuming
full composite action) and the ability of transferring forces by means of the bond interface
(verification of debonding). In addition, detailing rules and special provisions need to be
considered. Design calculations are based on analytical or (semi-) empirical models.

The state of the (repaired) structure prior to strengthening should be taken as a reference
for the design of the externally bonded FRP reinforcement. By means of field inspection,
review of existing documents and a structural analysis, the state of the existing member or
structure should be verified. As the application of the FRP EBR system is not intended to
confine or arrest defects (such as e.g. steel corrosion), possible damage or deterioration is to
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be identified and causes of deficiencies should be known. If needed, proper repair should be
undertaken.

Due to the lack of plasticity in the FRP, redistribution of moments in the strengthened
parts of members is, in general, not allowed, unless sufficient confinement of the concrete is
provided, to allow for plastic deformations. Finally, for strengthened members such as
columns and walls, the effect of out-of-plane deformations (second order effects) should be
considered in the design.

3.1.2.2  Limit states and design situations

The design procedure should consist of a verification of both the serviceability limit state
(SLS) and the ultimate limit state (ULS). In some cases it may be expected that the SLS will
be governing for the design (see 3.1.2.3).

The following design situations have to be considered:

— persistent situation, corresponding to the normal use of the structure

— accidental situation, corresponding to unforeseen loss of the FRP EBR (due to e.g. impact,
vandalism, fire)

— special design considerations (e.g. bond stresses due to differences in coefficient of
thermal expansion, fire resistance, impact resistance).

3.1.2.3  Verification of the SLS

It should be demonstrated that the strengthened member or structure performs adequately
in normal use. To meet this requirement, the SLS verification normally concerns:

— stresses; these have to be limited in order to prevent steel yielding, damage or excessive
creep of concrete and excessive creep or creep rupture of the FRP

— deformations or deflections; which may restrict normal use of the structure, induce
damage to non load-bearing members or negatively influence the appearance

— cracking (including interface bond cracking); which may damage the durability,
functionality and appearance of the structure or which may endanger the integrity of the
bond interface between FRP EBR and concrete

If the reasons for strengthening are related to improved serviceability, the SLS will be
governing for the design, rather than the ULS. Even if the reason for strengthening is dictated
by strength increase considerations, it may arise for flexural members that the SLS is
governing for the design. Indeed, as FRP materials have high strength, small cross-sectional
areas of FRP are needed for ULS. In order to meet the serviceability criteria, these areas may
be insufficient, especially given the relative low modulus of elasticity of some FRPs.

Load combinations for SLS as specified in EC2 (CEN 1991) apply. Partial safety factors
for the materials yy are taken equal to 1.0, except if specified otherwise. The stress-strain
behaviour of FRP for SLS verifications is given in Section 3.1.3.1.

Provisions for the calculation of the SLS are given in the different chapters of this bulletin.
Detailed calculations are not obligatory in the case limit measures and detailing rules as
specified in the respective sections on the SLS are considered.

3.1.2.4  Verification of the ULS

In ULS, the different failure modes that may occur have to be considered. In general, the
failure modes can be subdivided to those assuming full composite action between the RC/PC
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member and the EBR system (adequate bonding) and those verifying the different debonding
mechanisms that may occur.

Load combinations and partial safety factors (load factors yr and material factors yy) for
ULS as specified in EC2 (CEN 1991) apply, unless specified otherwise. The material safety
factor yr and the stress-strain behaviour of FRP for ULS verifications are given in Section
3.1.3.2. Material safety factors with respect to ULS verification of bond failure are given in
Section 3.1.3.3. Provisions for the calculations in ULS are given in the different chapters of
this bulletin.

3.1.2.5 Accidental situation

The accidental design situation is a verification in which loss of the FRP due to e.g.
impact, vandalism or fire is assumed. The unstrengthened member is subjected to all relevant
accidental load combinations of the strengthened member. This verification is performed in
the ultimate limit state, considering the partial safety factors for the materials to be 1.0 and
considering reduced partial safety coefficients and combination factors for the loads, as
provided in Eurocode 1 (EC1), Part 1 (CEN 1994).

3.1.2.6  Special design considerations

Special design considerations such as cyclic loading, extra bond stresses due to the
difference in thermal expansion between FRP and concrete, impact and fire resistance may be
relevant. These aspects strongly depend on the in-situ situation and may influence both the
design and the practical execution. From the above it may be obvious that impact and fire can
be regarded as an accidental situation as well as a special design consideration. In the case of
the accidental situation, the consequences of loss of FRP strengthening are considered and
special precautions with respect to impact and fire may not be required. When on the other
hand the FRP EBR has to fulfil certain requirements under impact and fire loading, this is
regarded as special design consideration.

It is important that sufficient attention is paid to the special design aspects, as they can
have a considerable influence on the structural safety. Provisions with respect to the special
design considerations are given in Chapter 9.

3.1.2.7  Durability

The environmental conditions must be taken into account from the start of the design
process, so that their influences with respect to the durability are considered and if needed
protective measures can be taken. Further guidance with respect to durability is given in
Chapter 9.

3.13 Models for the constituent materials and partial safety factors

For the design verification, the stress-strain models and associated material safety factors
ym given in this section can be assumed. For the load safety yr and load combination factors
v reference is made to EC1 (CEN 1994) and EC2 (CEN 1991). However, other action safety
factors may be proposed in the future (subject to further study).
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3.1.3.1 SLS verification

For SLS verifications, a linear stress-strain response is considered for the constituent
materials and the partial safety factors of the materials yy are taken equal to 1.0. In the case
of FRP, reference will be made to the following relationship:

Gf:Eﬂ( ef (3-1)

where Eg is the characteristic value of the secant modulus of elasticity. The latter is
determined between |10 %| and |50 %) of the FRP ultimate strength.

Normally, the lower bound characteristic value Egg.0s ( fractile) is used for the design.
In some verifications, when a higher E-modulus results in lower reliability, it is necessary to
refer to the upper bound value Eqq.05 ( fractile). When the E-modulus is not considered
as a fundamental variable in the equation, reference may be made to the mean value Eg,.

3.1.3.2  ULS verification, full composite action between concrete and FRP EBR

For the ULS verification, reference is made to the design stress-strain curves of the
constituent materials, as shown in Fig. 3-1.
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Fig. 3-1: Design stress-strain curves of constitutive materials at ULS.

For the concrete, a parabolic-rectangular stress block or alternative stress-strain
relationships can be assumed, as provided by EC2. The design strength of the concrete afeq =
afe/ye 1s based on the characteristic value of the compressive strength fy, a partial safety
factor y. = 1.5 and a reduction factor a. = 0.85 to account for the reduced compressive strength
under long-term loading. For the steel reinforcement, a bilinear stress-strain relationship is
considered, with a design yield strength fq = fyi/ys. The material safety factor ys equals 1.15.
More details on the stress-strain curves, characteristic and design values of the concrete and
steel can be found in EC2 (CEN 1991).

The tensile stress-strain behaviour of the FRP for ULS verifications can be idealised by
means of a linear response, defined as (Fig. 3-1):

or =Epgr <fpy (3-2)

where Eg, = fi /e 1s the modulus of elasticity at ultimate, based on the characteristic values
of the FRP tensile strength and ultimate strain. The characteristic strength f corresponds to
the fractile of the tensile strength and &gy is the fractile of the failure strain. It is
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noted that the modulus of elasticity Eg, is normally higher than the secant modulus Eg (as the
fibres, which are not perfectly aligned initially, straighten at higher load levels, the stiffness of
the FRP increases). Nevertheless, this should be verified and Eg, shall not be taken less than
Efo.05-

When the design is governed by the SLS or an ULS corresponding with concrete crushing
or bond failure, the FRP strain at ultimate is rather limited. In this situation, which will often
be the case, the FRP stress or at ULS is considerably lower than the tensile strength, so that
the design tensile strength is generally not governing. To verify this or hence in those cases
where the ULS is determined by FRP tensile failure anyway, reference is made to the design
tensile strength fzq:

fo €
frg =~ —Tue (3-3)

Values for the FRP material safety factor yr are suggested in Table 3.1. These are mainly
based on the observed differences in the long-term behaviour of FRP (basically depending on
the type of fibres), as well as on the influence of the application method. The proposed
factors are (because of lack of comprehensive data) subject to further study. The ratio efe/€fum
normally equals 1, as the effective ultimate FRP strain &, expected in-situ will not
significantly differ from the mean strain &, obtained through uniaxial tensile testing, and as
small variations are accounted for in the FRP material safety factor yr. However in particular
cases, the effective failure strain &g may be significantly lower as result of wrapping of FRP
around very sharp corners, application of a large number of layers, multi-axial state of stress,
etc. A limited value of the FRP failure strain may also be considered as a simplified design
alternative. In this case, the ULS verification restricts excessive FRP deformations, rather
than verifying the related failure mode itself. Further details on the effective failure strain g
(if applicable) are provided in the respective chapters of this bulletin or should be based on
experimental evidence.

For the stress-strain relationship of FRP confined concrete, reference is made to Chapter 6.

Table 3-1: FRP material safety factors y:

FRP type Application type A" Application type B
CFRP 1.20 1.35
AFRP 1.25 1.45
GFRP 1.30 1.50

M Application of prefab FRP EBR systems under normal quality control conditions. Application of wet lay-
up systems if all necessary provisions are taken to obtain a high degree of quality control on both the
application conditions and the application process.

@ Application of wet lay-up systems under normal quality control conditions. Application of any system
under difficult on-site working conditions.

3.1.3.3  ULS verification of bond failure

Bond failures may be caused by different reasons as demonstrated in Chapter 4.
Assuming proper application of the FRP EBR and the use of suitable materials, the bond
failure will normally occur in the concrete. In the ULS verification, reference will be made to
the design tensile or shear strength of the concrete, by introducing a material safety factor,
designated ye. A factor y, equal to is proposed (similar to y. = 1.5 [EC2]).
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In particular cases, e.g. for high strength concrete, the shear strength of the adhesive can
be lower than the shear strength of the concrete. In the ULS verification, reference will be
made to the design tensile or shear strength of the adhesive, by considering a material safety
factor vy, = . The proposed factors y., and v, are (because of lack of comprehensive data)
subject to further study.

Higher FRP tensile stresses (of = Efer) will result in higher bond forces. Hence, the
verification of bond failure should be related to an upper bound value of the modulus of
elasticity Er. The latter can be taken equal to the maximum of:

— the modulus of elasticity Eg, at ultimate (although bond failure may occur at FRP strains
considerably lower than the ultimate FRP strain)
— the upper bound value of the characteristic secant modulus Egg 9s.

3.2 Safety concept

The design should be such that sufficient structural safety is obtained, including sufficient
ductility. The latter aspect is discussed in Section 3.3.

3.21 Safety concept with respect to the ultimate limit state

In the ultimate limit state, the modelling will be related to the different failure modes that
may occur. Design should be such that brittle failure modes, such as shear and torsion, are
excluded. For the same reason, it should be guaranteed that the internal steel is sufficiently
yielding in ULS (see Section 3.3), so that the strengthened member will fail in a ductile
manner, despite the brittle nature of concrete crushing, FRP rupture or bond failure. Hence,
the governing failure mode of a flexural member will be either steel yielding/concrete
crushing (before FRP rupture or debonding) corresponding with zone B in Fig. 3-2, or steel
yielding/FRP failure (either FRP rupture or bond failure) corresponding with zone A in Fig.
3-2. In Fig. 3-2, &, is the initial strain at the extreme tensile fibre before strengthening, &¢min 18
the minimum allowable FRP strain at ultimate (Section 3.3) and &g, is the FRP strain in the
critical section at ultimate. In case FRP fracture is governing, &g, equals the design value of
the ultimate FRP strain €r,4. In case of bond failure, eq, equals the FRP strain in the critical
section when debonding occurs. This debonding may initiate at another location than the
critical section that is considered for the verification of the flexural capacity. Bond failure
will be allowed in the design if &mne = €min. Optimum design will correspond with
simultaneous concrete crushing (g, = 0.0035) and FRP tensile failure (&fq) (Fig. 3-2).

For flexural members often the SLS will be governing in the design (as mentioned in
Section 3.1.2.3). This implies that larger amounts of FRP will be applied than needed for
ULS. Generally, this will positively influence the ratio of ultimate load to service load.

In all cases, it should be verified that the shear (or torsion) capacity of the strengthened
member is larger than the acting shear (or torsion) forces. If needed, flexural strengthening
must be combined with shear strengthening.

For tensile members, optimum design in ULS will correspond with FRP rupture. Bond
failure will strongly reduce the load-bearing capacity of the tensile member. In any case, the
design should guarantee sufficient yielding of the internal steel (Section 3.3).

For compression members, strengthening is done by confinement (Chapter 6). This
technique favourably influences the structural safety as confinement results in increased
ductility.
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Fig. 3-2: Strain distribution at ULS in the critical section of strengthened flexural members.

3.2.2 Safety concept with respect to accidental design situation

It is sometimes suggested that the FRP EBR should serve as secondary reinforcement, so
that in case of accidental loss of the FRP strengthening, the existing structure can still
continue to support all relevant load combinations without (total) collapse of the structure.
This verification is based on an accidental design situation (see Section 3.1.2.5).

If the accidental design situation is fulfilled, structural safety is maximised with respect to
loss of the externally bonded reinforcement. In this case, special design considerations such
as vandalism, impact or fire are generally no longer of concern, or they are of minor
importance.

On the other hand, it can be argued that the accidental design situation restricts the
maximum strength increase, while sufficient evidence is available to rely on the externally
bonded FRP reinforcement not only as secondary reinforcement. In this case, extra attention
should be paid to the special design considerations mentioned above.

In any event, the strength increase of properly designed strengthened members can be
limited not only by the ULS, but by the SLS and the ductility requirements as well. It may be
that the latter requirements govern the maximum strength increase rather than the accidental
design situation.

3.3 Ductility

Generally, the ductility of a strengthened tensile or flexural member decreases with
respect to the unstrengthened member. This will be the case especially for premature
debonding failures and high strengthening ratios, as small FRP strains and hence small
deformations or curvatures are obtained at ultimate.

To guarantee adequate ductility of strengthened flexural members, the internal steel
should sufficiently yield at failure, i.e. the curvature (or deflection) at ultimate should be large
enough. With respect to this issue, EC2, Section 2.5.3.4.2 (5) (CEN 1991) gives the
following limitation on the depth of the compression zone at ultimate:

€ <10.45| for concrete types C35/45 or lower
€ <(0.35] for concrete types higher than C35/45

(3-4)

where & = x/d, with x the depth of the compression zone and d the effective beam depth.
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Based on eq. (3-4) and Fig. 3-2, with the ultimate concrete strain &, = 0.0035 and h/d =
1.1, the following requirement can be formulated, in terms of the minimum FRP strain at
ultimate:

€fuc =1(0.0050 - &, for concrete types C35/45 or lower
€fuc =10.0075| - €, for concrete types higher than C35/45

(3-5)

with €, the FRP strain in the critical section at ultimate.

In terms of a minimum strain in the internal steel reinforcement at ultimate, eq. (3-4)
corresponds with:

€suc = (0.0043| for concrete types C35/45 or lower
€suc = 0.0065| for concrete types higher than C35/45

(3-6)

where gy, is the steel strain in the critical section at ultimate. Based on steel grade S500
(characteristic yield strain gy = 0.0025), this means that the steel strain €4, should equal at
least 1.7 or 2.6 times the yield strain. Hence, the minimum curvature ductility index can be
approximated as:

Oy min * for steel S500 and concrete types C35/45 or lower

Oy min * for steel S500 and concrete types higher than C35/45 (3-7)

where 9, is equal to the curvature at failure y, divided by the curvature at yield y,. For tensile
members, strains at ultimate should meet the condition given in eq. (3-6).

The amount of internal steel should meet the minimum specified in Chapter 7, meaning
that sufficient steel reinforcement is available to prevent brittle failure at first cracking, even
in the absence of the FRP EBR. Finally, it can be noted that increased ductility can be
obtained by means of confinement (Chapter 6).

If the design of the strengthened flexural or tensile member is governed by e.g. the SLS,
the amount of FRP provided to the structure may be considerably higher than what is needed
for the ULS. In this case, it may be difficult to fulfil the ductility condition while yet high
safety factors between the acting (S) and the resisting (R) design load in ULS are obtained
(hence also a high safety factor between the service load and the resisting design load). In the
case R > S, the ductility condition should no longer be fulfilled.
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4 Flexural strengthening

4.1 General

Reinforced concrete elements, such as beams and columns, may be strengthened in flexure
through the use of FRP composites epoxy-bonded to their tension zones, with the direction of
fibres parallel to that of high tensile stresses (member axis). The concept is illustrated in Fig.
4-1, which also shows a practical application. The analysis for the ultimate limit state in
flexure for such elements may follow well-established procedures for reinforced concrete
structures, provided that: (a) the contribution of external FRP reinforcement is taken into
account properly; and (b) special consideration is given to the issue of bond between the
concrete and the FRP.

In the following reference is made to reinforced concrete members strengthened with
externally bonded FRP tensile reinforcement. In Section 4.8 reference is also made to
prestressed concrete, EBR in compression and prestressed FRP EBR.

Fig. 4-1: Flexural strengthening of RC beams with CFRP strips.

Idealized stress-strain curves for concrete, FRP and steel were presented in Fig. 3-1.
These curves, along with the assumption that the slip at the concrete-FRP interface may be
ignored (an assumption which is justified for most structural adhesives applied at thicknesses
in the order of 1.0-1.5 mm, in which case viscoelastic phenomena, such as axial and
interlaminar shear creep as well as relaxation, are negligible), form the basis for the ultimate
strength limit state analysis of concrete elements strengthened in flexure. Central to the
analysis of these elements is the identification of all the possible failure modes. These are
described below, following a brief presentation of the effect of initial load acting on the
members at the time of strengthening.

4.2 Initial situation

The effect of the initial load prior to strengthening should be considered in the calculation
of the strengthened member. Based on the theory of elasticity and with M, the service
moment (no load safety factors are applied) acting on the critical RC section during
strengthening, the strain distribution of the member can be evaluated. As M, is typically
larger than the cracking moment M, the calculation is based on a cracked section (Fig. 4-2).
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If M, is smaller than M, its influence on the calculation of the strengthened member may

easily be neglected.
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Fig. 4-2: Initial situation.

Based on the transformed cracked section, the neutral axis depth x, can be solved from:

1
S D0+ (@ DA (xe —dy) = A ([d=x,) (4-1)

where a5 = E/E.. The concrete strain g, at the top fibre can be expressed as:

_ Moxo

€ 4-2
© ECICO ( )
where I, is the moment of inertia of the transformed cracked section:
bxﬁ 2 2
Iy = 3 +(as _I)ASZ(XO _dz) +asAsl(d_Xo) (4-3)

Based on strain compatibility, the concrete strain g, at the extreme tension fibre can be
derived as:

h-x,
co (4'4)

Xo

€, =€

This strain equals the initial axial strain at the level of the FRP EBR, needed for the
evaluation of the strengthened member.

4.3 Failure modes — ultimate limit states

The failure modes of a reinforced concrete element strengthened in flexure with externally
bonded FRP reinforcement may be divided into two classes: (a) those where full composite
action of concrete and FRP is maintained until the concrete reaches crushing in compression
or the FRP fails in tension (such failure modes may also be characterized as “classical”) and
(b) those where composite action is lost prior to class (a) failure, e.g. due to peeling-off of the
FRP. A brief description of each failure mode is given below:
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4.3.1 Full composite action
e Steel yielding followed by concrete crushing

The flexural strength may be reached with yielding of the tensile steel reinforcement
followed by crushing of the concrete in the compression zone, whereas the FRP is intact.

e Steel yielding followed by FRP fracture

For relatively low ratios of both steel and FRP, flexural failure may occur with yielding of
the tensile steel reinforcement followed by tensile fracture of the FRP.

e Concrete crushing

For relatively high reinforcement ratios, failure of the RC element may be caused by
compressive crushing of the concrete before the steel yields. This mode is brittle and
certainly undesirable. The FRP is in this case of little purpose, and means of increasing the
compressive capacity of the concrete should be considered (e.g. confinement). Detailed
treatment of the above three failure modes may be found in Triantafillou and Plevris (1992)
and Matthys (2000).

4.3.2 Loss of composite action
4.3.2.1 Debonding and bond failure modes

Bond is necessary to transfer forces from the concrete into the FRP, hence bond failure
modes have to be taken into account properly. Bond failure in the case of EBR implies the
complete loss of composite action between the concrete and the FRP reinforcement, and
occurs at the interface between the EBR and the concrete substrate. On the other hand,
localised debonding, means a local failure in the bond zone between concrete and EBR. In
this case the reduction in bond strength between concrete and FRP reinforcement is limited to
a small area, e.g. a loss in bond length of 2 mm next to a crack in a flexural member.
Therefore localised debonding is not in itself a failure mode which will definitely cause a loss
of the load carrying capacity of a member with EBR.

When localised debonding propagates, and composite action is lost in such a way that the
FRP reinforcement is not able to take loads anymore, this failure is called peeling-off. If no
stress redistribution from the externally bonded FRP reinforcement to the embedded
reinforcement is possible, peeling-off will be a sudden and brittle failure.

Bond failure may occur at different interfaces between the concrete and the FRP
reinforcement, as described below (see also Fig. 4-3).
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Fig. 4-3: Different interfaces for bond failure.
e Debonding in the concrete near the surface or along a weakened layer, e.g. along the

line of the embedded steel reinforcement (Fig. 4-4)
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Fig. 4-4: Different debonding lines in the concrete.

e Debonding in the adhesive (cohesion failure)

As the tensile and shear strength of the adhesive (epoxy resin) is usually higher than the
tensile and shear strength of concrete, failure will normally occur in the concrete. In this case
a thin layer of concrete (a few millimeters thick) will remain on the FRP reinforcement.
Debonding may occur through the adhesive only if its strength drops below that of concrete
(e.g. at high temperatures or when the strength of concrete is unusually high).

e Debonding at the interfaces between concrete and adhesive or adhesive and FRP
(adhesion failure)

Bond failures in the interfaces between concrete and adhesive or adhesive and FRP will
only occur if there is insufficient surface preparation during the FRP application process,
because the cohesion strength of epoxy resins is lower than the adhesion strength.

e Debonding inside the FRP (interlaminar shear failure)

Because the FRP is a composite material itself, debonding may also occur inside the FRP
between fibres and resin. This failure mechanism, as may be explained by fracture
mechanics, will occur once crack propagation in the FRP is energetically more convenient
than in the concrete. This might be the case with high strength concretes. Nevertheless,
interlaminar failure is a secondary failure mode, that occurs after the bond fracture has
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initiated in the concrete, and, hence, usually does not determine bond strength. No further
elaboration will be given here.

4322  Bond behaviour

The behaviour of the bond between externally bonded FRP and concrete can be analysed
in bond tests, such as the one illustrated in a simplified form in Fig. 4-5.

bond length I,

12 2

7 7
slip s¢ FRP
adhesive
Ne
N, —> T concrete
Nr
-

Fig. 4-5: Simplified bond test (e.g. Zilch et al. 1998, Bizindavyi and Neale 1999).

A typical distribution of the shear stresses along the bond length for different load levels is
shown in Fig. 4-6 for a CFRP plate 50 mm wide and 1.2 mm thick, with a bond length of 250
mm. For low load levels the shear stresses are mainly concentrated near the loaded end, but
as the load increases they move towards the unloaded end. Unlike the simplified bond test,
the exact distribution in case of a strengthened flexural member is influenced as well by the
normal stresses perpendicular to the bond area, which are caused by bending effects.
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Fig. 4-6: Distribution of shear stresses along the bond length (Zilch et al. 1998).

The behaviour of the bond between concrete and reinforcement can be characterized by
the shear-slip relation. This relates the shear stress which is locally transferred between
concrete and reinforcement to the displacement, that is the slip, between the two materials.
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Shear-slip relations for different types of reinforcement are shown in Fig. 4-7. The bond of
EBR is very stiff compared to the bond of embedded deformed steel bars, but the total load
capacity of the bond is much lower (the area under the curves in Fig. 4-7 indicates the energy,
which can be borne in the reinforcement by bond). The difference in bond characteristics
influences the division of the tensile force into the embedded and the externally bonded FRP
reinforcement.

For design purposes, the shear-slip behaviour may be simplified and modelled according
to various degrees of complexity. As an example the model of Holzenkdmpfer (1994) is
shown in Fig. 4-8, for a concrete tensile strength of f.,, =2 MPa.

bond shear stress 1, (MPa)
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0,0 0,2 0,4 0,6 08 1,0
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Fig. 4-7: Shear stress - slip relations for different types of reinforcement (Zilch et al. 1998).
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Fig. 4-8: Models for the shear stress - slip relations of EBR (Holzenkdmpfer 1994).

Bond models such as that described above may be used for calculating anchoring forces,
crack formations etc.

4.3.2.3 Bond behaviour of RC members strengthened with FRP
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Most failures observed in tests of RC flexural members with EBR are caused by peeling-
off of the EBR element. As discussed above, the weakest point in the bond between the EBR
and the concrete is in the concrete layer near the surface. Hence in the following we shall
concentrate on bond failure modes related to the concrete surface. Depending on the starting
point of the debonding process, the following failure modes can be identified (Fig. 4-9):

! l | | l J

g+q

embedded
reinforcement

/ externally bonded
e ap—p— ——— ‘reinforcement
uncracked uncracked
‘ section cracked section section
I

outermost crack maximum bending outermosl crack
moment

failure mode 1 failure mode 2 failure mode 4 failure mode 3

Fig. 4-9: Bond failure modes of a concrete member with EBR (Blaschko et al. 1998).
e Mode 1: peeling-off in an uncracked anchorage zone

The FRP may peel-off in the anchorage zone as a result of bond shear fracture through the
concrete.

e Mode 2: peeling-off caused at flexural cracks

Flexural (vertical) cracks in the concrete may propagate horizontally and thus cause
peeling-off of the FRP in regions far from the anchorage.

e Mode 3: peeling-off caused at shear cracks

Shear cracking in the concrete generally results in both horizontal and vertical opening,
which may lead to FRP peeling-off. However, in elements with sufficient internal (and
external) shear reinforcement (as well as in slabs) the effect of vertical crack opening on
peeling-off is negligible

e Mode 4: peeling-off caused by the unevenness of the concrete surface

The unevenness or roughness of the concrete surface may result in localized debonding of
the FRP, which may propagate and cause peeling-off.

4324  FRP end shear failure

Tests by several investigators, e.g. (Oehlers and Moran 1990, Jansze 1997), have indicated
that when externally bonded plates stop at a certain distance from the supports (as is typically
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the case in strengthening applications) a nearly vertical crack might initiate at the plate end
(plate end crack) and then grow as an inclined shear crack (Fig. 4-10 left). However, by
virtue of internal stirrups, the shear crack may be arrested and the bonded-on plate separated
from the concrete at the level of the longitudinal reinforcement in the form of spalling (Fig. 4-
10 right). The latter failure mode is also called concrete rip-off. Both failure mechanisms
will be activated when the maximum shear stress near the plate end reaches a critical value.

{ ¢ 1

a

|

Fig. 4-10: FRP plate-end shear failure.

A more detail treatment of the failure mechanisms described above is given in the
following section.

4.4 Analysis of ULS
4.4.1 Full composite action
4.4.1.1  Steel yielding followed by concrete crushing

According to the steel yielding / concrete crushing failure mode, which is the most
desirable, failure of the critical cross section occurs by yielding of the tensile steel
reinforcement followed by crushing of concrete, while the FRP is intact. The design bending
moment of the strengthened cross section is calculated based on principles of RC design (see
Fig. 4-11). First, the neutral axis depth, x, is calculated from strain compatibility and internal
force equilibrium, and then the design moment is obtained by moment equilibrium. The
analysis should take into account that the RC element may not be fully unloaded when
strengthening takes place, and hence an initial strain €, in the extreme tensile fibre (see Fig. 4-
11) should be considered.

The design bending moment capacity may be calculated based on the following:

Calculation of neutral axis depth, x:

0.85yfegbx + A Eegy = Agfyg +ArEgep (4-5)
where y = 0.8 and
€4 = Eqy x—d, (Eses2 not to exceed fyq) (4-6)
X
h-x
€f =€y T_So (4-7)
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Design bending moment capacity:
Mpg = Agfyq(d=8Gx)+AErer(h—86x)+A,E e, (gx—d,) (4-8)

where g = 0.4.

£:.=£:,=0.0035

X
h
€1 As1 fyd
—— AfEfo
€ &
(a) (b) (©)

Fig. 4-11: Analysis of cross section for the ultimate limit state in bending: (a) geometry, (b) strain distribution
and (c) stress distribution.

For the equations given above to be valid, the following assumptions should be checked:
(a) yielding of tensile steel reinforcement and (b) straining of the FRP is limited to the
ultimate strain, €qq:

> (4-9)

X—S <8fud (4_10)

4.4.1.2  Steel yielding followed by FRP fracture

The failure mode involving steel yielding / FRP fracture is theoretically possible.
However, it is quite likely that premature FRP debonding will precede FRP fracture and
hence this mechanism will not be activated. For the sake of completeness we may state here
that the analysis for this mechanism may be done along the lines of the previous section.
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Equations (4-5) — (4-8) still apply, with the following modifications: &, is replaced by &; &ris
replaced by &nyq; and v, g are provided by the following expressions:

10008{0.5 —% Scj for g, <0.002
y= (4-11)
- for 0.002 < g, <0.0035
00e,
871000, g e <0.002
4(6-1000¢, )
g = (4-12)

1000g,(3000g,, —4)+2
2000, (3000s, —2)

for 0.002 < g, <0.0035

4.4.2 Loss of composite action
4.4.2.1  Peeling-off caused at shear cracks

Shear cracks in concrete elements are inclined, and are associated with both horizontal, w,
and vertical, v, opening displacements, primarily due to the aggregate interlock and dowel
action mechanisms. In analogy to what was described in the Section 4.3.2.3, the horizontal
crack opening displacement may result in peeling-off. But the vertical crack opening
displacement may cause peeling-off too, as it induces direct tension in the concrete layer
between the FRP and the embedded longitudinal steel reinforcement (Fig. 4-12). Whether
peeling-off will initiate or not in this case (for a given horizontal crack opening displacement)
depends on a number of parameters, including the following (Triantafillou and Plevris 1992):
(a) the vertical crack opening displacement; (b) the flexural and shear rigidity of the FRP; and
(c) the tensile strength of concrete.

Peeling-off caused at shear cracks has not been quantified in proper detail by the research
community yet (an appropriate bond model is yet to be developed). The model of Deuring
(1993) is probably the most comprehensive one as of to date, but is rather complicated to
apply. In a relatively recent study Blaschko (1997) proposed that peeling-off at shear cracks
may be prevented by limiting the acting shear force to the shear resistance Vgq; of RC
members without shear reinforcement (Eurocode 2 approach) with the following modification
for the characteristic shear strength of concrete trx and the equivalent longitudinal
reinforcement ratio peg:

Ty = 0.15£13 (4-13)
E
A +A; E—f
_ S
Peg =g (4-14)

In case the design shear capacity falls below the required, an appropriate means of shear
strengthening should be provided.
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normal stresses FRP

Fig. 4-12: Peeling-off caused at shear cracks.

Based on experimental results (concrete grades C25/30 to C30/37, CFRP prefab on wet
lay-up type), Matthys (2000) has derived a shear resistance Vrp = Trpbd, with a characteristic
value for the shear strength tri = 0.38+151peq (MPa).

4.42.2  Peeling-off at the end anchorage and at flexural cracks

Treatment of peeling-off at the end anchorage and at flexural cracks may be done
according to various approaches, which are described briefly in the following. Detailed
treatment of these approaches is presented in the Appendix of this chapter.

e Verification of end anchorage, strain limitation in the FRP

This approach involves two independent steps: first, the end anchorage should be verified
based on the shear stress — slip constitutive law at the FRP-concrete interface. Then a strain
limitation should be applied on the FRP to ensure that bond failure far from the anchorage
will be prevented. Notably, this procedure has been followed in a number of draft design
guidelines so far, mainly due to its simplicity. However, it represents a crude simplification
of the real behaviour, as the FRP strain corresponding to bond failure is not a fixed value but
it depends on a series of parameters, including the moment-shear relation, the strain in the
internal steel and the distribution of cracks.

e Verification according to the envelope line of tensile stresses in the FRP

In this approach peeling-off is treated in a unified way both at the end anchorage and at
any point along the FRP-concrete interface based on the interface shear stress —slip law and
the envelope line of tensile stresses in the FRP (Niedermeier 2000). The main advantage of
this approach is that peeling-off at the end and at flexural cracks is treated with the same
model, whereas the main disadvantage is its complexity, which makes it difficult to apply as a
practical engineering model.

e Verification of end anchorage and of force transfer at the FRP/concrete interface

According to the third approach (Matthys 2000), two independent steps should be
followed (as in the first one). In the first, the end anchorage should be verified based on the
shear stress — slip constitutive law at the FRP-concrete interface. And in the second it should
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be verified that the shear stress along the interface, calculated based on simplified equilibrium
conditions, is kept below a critical value (the shear strength of concrete). One disadvantage
of this approach is the treatment of the same — in principle - phenomenon (peeling-off at the
FRP end and far from it) with different models and another one is that it is based on a stress
distribution for a homogeneous, uncracked beam. However, one major advantage is the
simplicity of application in practical problems.

4423 End shear failure

Jansze (1997) employed the fictitious shear span concept, illustrated in Fig. 4-13, to
compute the shear resistance of plated beams along the lines of the Model Code (CEB 1993).

!

(a)
] .
de ﬂ Modelling

analogy

| |

I a |

(b)
L of Ps
Fig. 4-13: (a) Concept of fictitious shear span and (b) modelling analogy for the analysis of FRP-end shear
failure.
The resulting equations are summarized below:

VSd < VRd = TRdbd (4-15)

Tpg = 0.15 3/3§£1+ /%} 100p,F,y (4-16)
L

2
ap —‘{/mdﬁ (4-17)

Ps
38



Copyright fib, all rights reserved. This PDF copy of fib Bulletin 14 isintended for use and/or distribution only by National Member Groups of fib.

a>L+d, ar<a (4-18)

In the above equations L (in mm) is the distance of the FRP end from the support, a (in mm)
is the shear span and ps=As;/bd.

The fictitious shear span concept provides a simplified engineering approach for the FRP
end shear failure (including concrete rip-off failure). The reader should note that other
models have been developed too (e.g. Téljsten 1994 and 1997, Malek et al. 1998), based on
the analytical calculation of shear and normal stresses at the FRP end. However, such models
are much more complicated to use, and their description is not given in this Bulletin.

4.4.2.4  Peeling-off caused by the unevenness of the concrete surface

Debonding of the FRP due to possible unevenness of the concrete surface (Fig. 4-14) is
another failure mechanism that has not been studied thoroughly. Experimental evidence
suggests that this mechanism may be avoided by adopting certain practical execution rules
and limitations on concrete surface roughness (see Chapter 9). Most of these limitations refer
to a maximum concrete roughness over a given length, and depend on FRP type and
dimensions (e.g. thickness). Specific details should be looked for in specifications normally
provided by suppliers of FRP strengthening systems.

L —

Vi by

diverting forces

Fig. 4-14: Peeling-off caused by unevenness of concrete surface.

4.5 Ductility requirements

Ductility may be quantified in terms of the curvature ductility index (curvature at failure
divided by curvature at yield), which can be derived from moment-curvature diagrams (e.g.
such as those in Triantafillou and Plevris 1992). As sudden failures with no or very little
warning are undesirable, the ductility index should exceed a certain value as suggested in

Chapter 3.
4.6 Serviceability limit state
4.6.1 Basis of calculation

Calculations to verify the serviceability limit state may be performed according to a linear
elastic analysis. Reference will be made to both uncracked (state 1) and cracked sections
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(state 2). Whereas the neutral axis depth of RC members, according to a linear elastic
calculation, is independent from the acting moment, this is no longer the case for a
strengthened section as a result of the initial strains before strengthening. Assuming linear
elastic material behaviour and that the concrete does not sustain tension, the cracked section
analysis can be based on Fig. 4-15 (Matthys 2000).

c
NSZ

ol ,
7w | 07 I 77777777777 G
) . f
S B / )

d{ 7 ;

e < —> N,

Fig. 4-15: Linear elastic analysis of cracked section.

From the equilibrium of forces and strain compatibility, the depth of the neutral axis X, is
obtained from the following:

c

%bxg +(ag DA (x, —dy) = (stsl(d—xe)+afAf{h—(l+2—°)xe} (4-19)

where ar = E¢/E.. For low values of the initial strain g,, the term (1+&,/g;) equals about 1, so
that eq. (4-19) can be solved directly for x.. For high values of &, compared to the acting
concrete strain g at the extreme compression fibre, the neutral axis depth x. should be solved
from eq. (4-19) - (4-20):

E e = 1 ( i ) f (4-20)
X Xn —
2bxe(h_ 3ej+(as _I)As2 : 2 (h_dZ)_asAsl

Neglecting the steel reinforcement in compression (As; = 0) and assuming h/d = 1.1 (mean
effective depth of the steel and FRP reinforcement ~ 1.05d), eq. (4-20) can be written as:

M
E., = . k ” 4-21)
bxe(l.OSd—ej
2 3

or, based on the equations in Section 4.2,

gy M, X¢ (4-22)

S Mk XO

C
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where M, is the service moment prior to strengthening and x,, the corresponding neutral axis
depth, is calculated from eq. (4-1). The moment of inertia of the cracked section is given by:

bx;
L =540 DA (xe —d2)” +oAg(@d=x0)” +apAp(h—x,)® (4-23)

and depends, similar as for x., on the acting moment M.

The uncracked section analysis can be performed in a similar way as the cracked section
analysis. However, as M, is typically higher than the cracking moment M, and as the
influence of the FRP reinforcement is limited anyway, the geometrical characteristics of the
uncracked section before strengthening apply. Neglecting also the contribution of the steel
reinforcement, the moment of inertia (for rectangular beams) can be approximated as:

bh?
N —— 4-24
1* (4-24)
and the cracking moment, for rectangular beams, M; as:
bh?
Mcr ~ fctm 6 (4-25)
4.6.2 Stress limitation

Under service load conditions it is required to limit stresses in the concrete, steel and FRP
to prevent damage or excessive creep of the concrete, steel yielding and excessive creep or
creep rupture of the FRP. If external tensile reinforcement is added and as the compression
force equals the total tensile force, a significant change in the state of concrete stress may be
expected. To prevent excessive compression, producing longitudinal cracks and irreversible
strains, the following limitations for the concrete compressive stress apply (Eurocode 2):

6. <0.60f under the rare load combination (4-26a)

o, <0.45f, under the quasi-permanent load combination (4-26b)

where o, = Eg, is obtained from eq. (4-20).
To prevent yielding of the steel at service load, Eurocode 2 specifies:

d—
o, =E¢, " Ye <0.80f yk under the rare load combination (4-27)

€
In a similar way, the FRP stress under service load should be limited as:

h—-x

€

— soj <nfy under the quasi-permanent load combination (4-28)
c

(O :Ef(SC
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where n < 1 is the FRP stress limitation coefficient. This coefficient depends on the type of
FRP and should be obtained through experiments. Based on creep rupture tests (e.g.
Yamaguchi et al. 1998), indicative values of 1 = 0.8, 0.5 and 0.3 may be suggested for CFRP,
AFRP and GFRP, respectively. Note that as the design is often governed by the SLS, relative
low FRP strains at service load may be expected, so that FRP creep rupture is typically not of
concern.

4.6.3 Verification of deflections

As already a small amount of external FRP significantly increases the failure load, small
cross-sectional areas Ar are needed for the ULS. As also the modulus of elasticity of FRP can
be relatively low, this results in a low axial stiffness EfAs. This stiffness is often insufficient
to limit curvatures and deflections of the strengthened beam under service load, and may need
to be increased to fulfill the SLS.

In terms of methods for the prediction of deflections, quite high accuracy is obtained for
calculations based on numerical integration of the curvature, which is determined taking into
account tension stiffening and a non-linear analysis of the cracked section. A more simplified
calculation can be performed according to the so-called CEB bilinear method (see CEB
1993), which gives reasonably accurate predictions at the SLS. According to this method, the
mean deflection, a, is calculated from:

a=a;(1-Cp)+aygy (4-29)

where a; and a, are the deflections in the uncracked and the fully cracked state, respectively,
and Gy is a distribution (tension stiffening) coefficient:

Cb=0 Mk<Mcr

MCI'

4-30
Cp ZI_BIBZ[M (330

n/2
j M, >M
k

where B, is a coefficient taking into account the bond characteristics of the reinforcement and
B> is a coefficient taking into account the loading type. According to CEB (1993), the power
n equals 2. For high strength concrete more accuracy is obtained with n equal to 3 (Lambotte
and Taerwe 1990). Although the bond behaviour of FRP differs from that of steel, a good
agreement between experimental and analytical results is reported in Matthys (2000), if 3
and [, are taken as specified in EC2 (B; = 0.5 and 1 for smooth and deformed steel,
respectively; B2 = 0.5 and 1 for long-term and short-term loading, respectively). The
deflection in the uncracked state, a;, and in the fully cracked state, a,, can be calculated by
classical elasticity analysis, referring to a flexural stiffness in the uncracked state E.I; and in
the fully cracked state Ecl,, respectively. Taking into account the moment M, at which the
FRP is applied, this yields:

M
a; =k 0 — 4-31
N (4-31)
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M,  ,M-M
Ec102 ECIZ

a, :kaz( OJ M, >M, (4-32)

where ky; is a coefficient depending on the loading type and I, is the moment of inertia in the
cracked state before strengthening.

4.6.4 Verification of crack widths

To protect the internal steel and to guarantee functionality of the member, crack widths
should be limited. For RC beams strengthened with EBR, new cracks will appear in between
existing cracks. Hence, denser cracking and smaller crack widths are obtained, which often
makes the verification of crack widths not necessary.

Assuming stabilized cracking, the characteristic value of the crack width is calculated
according to Eurocode 2 as:

W = Bsrmgrm,r = BsrmCSz (4-33)
where = 1.7 is a coefficient which relates the mean and characteristic value of the crack

width, s is the mean crack spacing, em, 1s the mean strain of the steel reinforcement with
respect to the surrounding concrete,  is a tension stiffening coefficient similar to that given in

eq. (4-30):
C:O Mk <MCI‘
M, ) (4-34)
CZI_BIBZ Mk >N[cr
My

and ¢; is the reinforcement strain in the fully cracked state. Assuming €, ~ & =~ & + €&, and
with Ny = Ng; + Ny, €; is given as:

_ Nrk +EfAf80
E;A +EfA¢

£, (4-35)

with Ny = My/z. and z. the lever arm between the total tensile force (Ns; + Ny) and the
compression force (N + Ng).

The mean crack spacing, smm, taking into account the effect of both the internal and the
external reinforcement, can be calculated as (Rostasy et al. 1996):

_ 2fcthC,eff EsAs _ 2fctrnAc,eff ébEfAf

S =
EAg+EpErAg TimUr EgAg+EpEfAg

(4-36)

m

TomU

sm ™S

where A_.fr 1 the effective area in tension taken as the lesser of 2.5(h — d)b and (h —x)b/3
(Eurocode 2), tsm = 1.8fum (CEB 1993) and 14, = 1.25f, (Holzenkampfer 1994) is the mean
bond stress of the steel and the FRP, us and uy is the bond perimeter of the steel and FRP
reinforcement and &, is a bond parameter given as:
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— TmeSASuf — TmeSdS (4_37)
TsmEfAfus TsmEf4tf

&b

where d; is the (mean) diameter of the steel bars and t; is thickness of the FRP.

Neglecting the tension stiffening effect (§ = 1) and assuming &, = 0, the crack width is
derived from eq. (4-33) — (4-37) as:

M, 1
Eqdpeg (ug +0.694u)

Wi =2.1p efr (4-38)

where pcerr = Acer/bd 1s the ratio of the effective area in tension and peq is the equivalent
reinforcement ratio. Specifying wi < 0.3 mm (EC2), the following condition is obtained for
the FRP bond width us = by (br total width of the bonded FRP):

M

up 210.1pg o —1.44u (4-39)

s©Peq

Eq. (4-39) expresses that sufficient bond area should be provided to bridge the cracks in such
a way that the crack width is limited under service load (for a constant value of pr and hence
Peg, crack widths will be smaller for FRP with large width and small thickness). For very
deep beams it may appear that the required bond width uy is larger than the available width b
of the beam. In this case pr should be increased by considering also a larger FRP thickness.

4.6.5 Verification of bond interface cracking

Stress concentrations are especially obtained at the FRP end and at the location of cracks.
At service load, bond interface crack initiation at the FRP curtailment should be prevented as
it may reduce the long-term integrity of the anchorage zone under e.g. cyclic loading and
freeze/thaw action. To fulfill this requirement it should be verified (SLS, quasi-permanent
load combination) that the maximum shear stress t¢; at the FRP end, calculated according to a
linear elastic analysis, is smaller than f.«. In the case that an extra anchorage is provided at

the FRP end, this verification is no longer necessary. One approach to calculate t¢ is that of
Roberts (1989):

1/2
telh—
T = VXZO{ ] M |l (4-40)

Estet,

where G, and t, is the shear modulus and thickness, respectively, of the adhesive at the FRP-
concrete interface; Vy-¢ and My is the shear force and bending moment acting on the section
corresponding to the end of the FRP; and 1. is the moment of inertia of the transformed
cracked section.

It may be argued that local debonding at the location of cracks can be allowed in ULS as
long as no bond failure is obtained. However, this local debonding should be avoided at
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service load to guarantee the long-term integrity of the bond interface. From Fig. 4-8 it
follows that local debonding occurs if the slip is larger than sg,:

2G
Spp = (4-41)

Tr1

With Gr = cpfemm, T = 1.8fm and cp = 0.202 mm (Neubauer and Rostasy 1997), the ultimate
slip sg equals 0.224 mm, which corresponds to a crack width 2sg = 0.45 mm. As the
characteristic value of the crack width under service load is limited to a maximum of 0.30 mm
(mean crack width of 0.18 mm), it appears that local debonding will not occur in the SLS.

4.7 Summary of design procedure

The procedure for dimensioning FRP-strengthened RC elements in flexure may be

summarized as follows:

e For the member before strengthening: determine the resisting design moment (ULS)
and check the SLS. The latter is not needed directly, but it will provide valuable
information with respect to the SLS of the strengthened member (most likely to govern
the design).

e From the service moment M, prior to strengthening determine the initial strain g, at the
extreme tension fibre.

e Assume full composite action and from the design moment after strengthening
determine the required FRP cross section to fulfill the ULS. Verify that sufficient
ductility is obtained (Section 3.3).

e C(Calculate the deflections in the SLS. If the maximum allowable deflection is
exceeded, determine the required FRP cross section to fulfill the deflection
requirements.

e Calculate the stresses in the concrete, steel and FRP in the SLS. If allowable stresses
are exceeded, determine the required FRP cross section to fulfill the stress limitation
requirements.

e Verify that the provided FRP bond width is sufficient to control crack widths in the
SLS. Increase the FRP width, if necessary, or, given a maximum width, increase the
amount (thickness) of FRP. Bond interface cracking in the SLS is not of concern.

e Verify the resisting shear force at which bond failure due to shear cracks (vertical
crack displacement) occurs (ULS). If this failure mode dominates, determine a new
value of the FRP cross section.

e Verify that bond failure at the end anchorage and along the FRP (e.g. in regions where
flexural cracking dominates) does not occur. If this is the case mechanical anchorage
should be provided.

e Verify that FRP end shear failure is avoided. Provide shear strengthening at the ends
if required.

e Verify the accidental situation.

e Verify the shear design resistance of the strengthened member (see next chapter). If
needed shear strengthening should be provided.

4.8 Special cases
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4.8.1 Pre-tensioned or post-tensioned concrete elements

In this section, general considerations are presented regarding the FRP-strengthening of
prestressed elements. All issues involved are dealt with from a qualitative standpoint, the
reason being that, so far, research in this field has only produced a few studies, both
theoretical and experimental. These, being necessarily limited in scope and variety of cases,
cannot offer conclusions of general validity and are a bit far from proposing commonly usable
design rules (as a matter of fact, less than 10% of the bridges that have been FRP-
strengthened so far are prestressed). Thus, this section proposes itself, instead of as a state-of-
the-art, rather as an attempt to clarify all issues involved and to identify the most impellent
research needs. In what follows, reference is made to the following prestressed members that
might require FRP strengthening: bridge superstructures (girders, beams and decks) and slabs
for prefabricated floors. The following does not cover strengthening of elements with either
unbonded tendons, external tendons, or made from lightweight aggregate concrete.

4.8.1.1  Considerations on FRP-strengthening of prestressed concrete members

In designing an FRP-strengthening of a prestressed member, the conceptual implications
due to the presence of long-term phenomena should be clearly understood, as opposed to the
case of conventional reinforced concrete, where the effects of shrinkage and creep are easily
dealt with.

Strengthening interventions usually take place when all long-term phenomena (creep,
shrinkage, relaxation) have fully developed. Though this apparently favourable situation may
seem to simplify the design procedure, it actually complicates the preliminary assessment
phase of the existing conditions: the current state depends on all previous states, which
therefore must be properly reconstructed. Thus, special care should be devoted to:
construction sequence, with due consideration to all prestressing phases, correct description
of long-term phenomena along with their superposition and mutual interaction, and evaluation
of damage effects (due to impact, etc.) on the section stress pattern. Assessment of
prestressed concrete structures should be carried out in accordance to appropriate national
standards.

Alternative to this, a simplified approach can be adopted, in which all time-dependent
effects are lumped into a single reduction coefficient, applied to the tendon stress, from which
the pre-strengthening stress/deformation state is computed. Parametric studies are needed to
quantitatively evaluate the consequences of such approximation on the design outcome, both
in economical terms and from the safety standpoint, though, in general, it can be anticipated
that such abrupt simplifications should be avoided in favour of more detailed preliminary
assessment studies, especially in those cases where either many construction phases have
followed one another or impact damage has changed the internal equilibrium configuration by
activating a stress redistribution.

Different problems arise for the (less common) case of short-term FRP-strengthening, e.g.,
when prestressed elements do not pass the load test, due to either under-design or execution
errors. In these cases, the design of the FRP reinforcement requires a slightly more complex
study, because all long-term phenomena are still to develop and therefore they should be
accounted for in the long-term effectiveness evaluation of the strengthening.

4.8.1.2  Considerations on the safety verifications
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Once the existing stress state assessment has been correctly carried out, the conventional
verification procedures currently adopted for prestressed concrete can be applied, according
to the national standards, provided the FRP contribution is appropriately accounted for, in the
same way as already explained in the section relative to reinforced concrete. Therefore, the
usual verifications for concrete and steel of prestressed sections will not be repeated here, and
also the reference values for the allowable stresses will not be indicated, inviting the reader to
refer to the relevant national codes. Only issues peculiar to the case of FRP strengthening
will be commented on, for both traditional performance levels: the serviceability limit state
and the ultimate one.

The basis of design of the FRP-strengthening shall generally be limit state, except where
limitations are placed on cracking when the design shall be checked according to the
serviceability limit state.

At the serviceability limit state, the verifications should be performed with respect to the
usual stress limits for concrete and steel, given by the national codes, whereas for FRP, the
appropriate R coefficients should be adopted, as discussed in a previous paragraph. A still
debated issue from the strengthening design philosophy standpoint is the possibility of
admitting the presence of tensile stresses in the prestressed concrete section after the FRP-
strengthening intervention. Such a decision would imply, as a consequence, the necessity of
performing cracking verifications; in these latter, the role of the (non-prestressed) externally
bonded FRP in reducing cracking in the tensile regions still needs to be ascertained and
quantified.

At the ultimate limit state, the most compelling research issue, as is also the case for
conventional reinforced concrete, regards the design partial safety factors calibration, which
strongly influences the design process quality. Reliability-based studies should be carried out
that keep the same FRP material factors as for reinforced concrete and aim at the calibration
of other sectional capacity factors that ensure fulfillment of the limit states within a specified
exceedance probability.

Another important aspect to be considered in the establishment of a design procedure is
the determination of the initial strain at the prestressed element soffit where the FRP
strengthening is to be applied. The actual FRP strain should be computed by subtracting the
initial strain to the strain obtained from the plane section hypothesis, due to the discontinuity
at the FRP-concrete interface. While this operation brings irrelevant improvement when
verifying the serviceability limit state, it is absolutely necessary at the ultimate limit state,
because the FRP rupture event determines the member collapse event (and thus the safety
level) and therefore it should be computed as accurately as possible. Of course, in case
appropriate measures have been taken, such as props and buttresses to recover the existing
deflection prior to applying the FRP strengthening, the initial strain at the FRP-concrete
interface can be considered as zero.

4.8.1.3  Considerations on the modelling issues

The development of design equations for FRP-strengthening of prestressed concrete
sections relies on the availability of accurate models that can be used to numerically verify
the effectiveness of the design procedures, both at short and long term. Fibre-section models
lend themselves easily to this task, because all long-term phenomena can be described at the
material level and subsequently integrated over the section and then over the finite element to
obtain the global response. Such models should include all issues discussed above, which
inevitably increase the complexity of both the formulation and the implementation. In first
instance, all local and global degrees of freedom (dof) should be considered as split, as usual,
into an “instantaneous” and a “time-dependent” part, which are added to give the total
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deformation. Secondly, in order to consider different construction phases (section regions
cast at different times), the number of local (section) and global (element) unknowns
increases accordingly (for instance, 2 dof for the girder + 2 dof for the slab), whilst additional
plane-section-type compatibility equations should be established on the deformation
increments, rather than on the total deformations, in all section regions.

4.8.2 EBR in compression

The elastic modulus of FRP in compression is, in general, lower than that in tension.
Moreover, typical EBR configurations have very low flexural rigidity, so that local buckling
may occur at relatively low stress levels. It is generally felt that FRP should not be used as
compression reinforcement. However, at certain instances FRP may be subjected to
compressive stresses which may be of secondary importance but not negligible. One example
is illustrated in Fig. 4-16, where the FRP over the support extends to positive moment
regions. Other examples may be found in cases of column strengthening.

EBRin . M ¥ V¥4 ¥ 4 ¥ 4 ¥ Vv 4 v 4 v ¥ ¥ ¥ ¥]— 9

compression

| concrete beam
with internal steel

A / A A reinforcement
EBRin

/]\ moment

_
~_ N_ distribution

Fig. 4-16: Example of an unintentional use of EBR in compression.

]

tension

The experimental database regarding the behaviour of EBR in compression is poor. One
test with an FRP laminate glued in the compression zone of a RC beam is reported by
Deuring (1993). In this test no buckling failure of the laminate was observed before the
concrete failed in compression itself. But the beam was designed to fail due to yielding of the
tension steel reinforcement without taking the EBR in compression into account. Other tests
performed at the EMPA with CFRP laminates bonded on simply supported aluminium beams
demonstrated that premature local buckling of the CFRP is a possibility (Kim and Meier
1991, Triantafillou et al. 1991).

The analysis of FRP local buckling would involve idealising the FRP as an elastic thin
strip supported over an elastic medium of high rigidity. Initial efforts to address the problem
are currently under way, but no firm results are available. Local buckling may be avoided by
placing compressive stress limitations in the FRP (yet to be established), which are expected
to be satisfied in many cases, as permanent compressive stresses in concrete should be kept
low too, in order to prevent excessive creep deformations. Otherwise, FRP should either not
be glued in compression zones or special devices (e.g. external clamps) should be provided to
fix the reinforcement against buckling.
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4.8.3 Strengthening with prestressed FRP
4.8.3.1 Design

Conventional reinforced concrete theory may be applied to determine accurately the
cracking and yield loads of beams with prestressed strips in flexure provided that the initial
stress in the strip is included in the calculations. However, premature failure by other failure
modes, as described above, must be examined. As the ultimate load in flexure is approached,
cracking of the concrete will inevitably occur and the section will revert to normal reinforced
concrete behaviour. In this case the ultimate shear strength of a beam strengthened with a
stressed strip will be the same as that of the original beam.

In calculating the shear resistance, the contribution of the strip to dowel action must be
ignored unlike the main tensile steel reinforcement that can be included. The reason for this
is that any vertical movement may lead to peeling-off failure resulting in debonding of the
strip from the concrete. To be effective the strip would need to be enclosed by the shear
links.

The ultimate flexural strength of a beam with a stressed strip will not markedly differ from
that of a beam with an unstressed strip. However, the initial strain in the strip will be added
to that induced by bending so that strip failure is more likely and the failure mode of “steel
yielding followed by FRP fracture” may be activated.

4.8.3.2  Prestress losses

Losses in prestress should be taken into account and may arise from the following reasons:

e Relaxation of the steel tendons (the relaxation of prestressing steel is in the order of
5%) and the prestressed FRP EBR (the relaxation depends on the type of FRP;
compared to prestressing steel the relaxation of CFRP is lower, of GFRP has the same
magnitude and of AFRP is higher).

e Immediate elastic deformation of the concrete that occurs when the prestress is
transferred into the beam, about 2 - 3%. Strips that have already been prestressed will
experience a loss of prestress due to the shortening of the beam upon the prestressing
of subsequent strips. If the prestress is applied by reacting against the member there
will be no loss. The principles of conventional prestressing will apply.

e Creep and shrinkage of the concrete under compressive prestress over the service life
of the structure, about 10 - 20%. This loss will be similar to conventional prestressing.

e Slippage of the tendons at their ends that occurs when the prestress is transferred into
the anchorages. The method of anchoring FRP strips will determine whether a loss is
likely similar to the pull in of wedges as for steel tendons.

e Friction between the duct and the tendon in conventional prestressing with steel
tendons. With a stressed strip acting on the soffit of a beam, the camber of the beam
will probably ensure that the strip does not touch the concrete and so there is no
friction (this is the case in unbonded FRP EBR). If the strip does touch the concrete,
this loss must be allowed for but if the adhesive acts as a lubricant the loss will be
lower than for conventional prestressing.

4.8.3.3  FRP end anchorage
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Tests have shown that only about 6% of the ultimate strength of the strip can be
transferred into the concrete by the adhesive alone (e.g. Triantafillou et al. 1992, Deuring
1993). Detailed analytical treatment of this problem may be found in Triantafillou and
Deskovic (1991). Prestressing forces greater than this require an adequate anchor system to
transfer the stressing force into the member to avoid peeling-off at the end of the strip.
Prestressing forces of up to 50% of the ultimate strength of the strip have been used in tests.
Until verification by further tests, the value of 50% of the ultimate strength of the plate should
not be exceeded based on tensile tests on the full section of the strip. Where the tests are
based on the ultimate strength of coupon specimens this value should not exceed 33%.
Newly developed systems for anchorage must be investigated with appropriate tests. The
fixing bolts for the anchorage system must be designed to take the full prestressing force and
must penetrate the beam an adequate distance beyond the reinforcing steel.
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APPENDIX - ULS VERIFICATION OF PEELING-OFF AT THE END ANCHORAGE
AND AT FLEXURAL CRACKS

A.l Approach 1: Anchorage verification and FRP strain limitation

One approach to prevent peeling-off is restricting the ultimate tensile strain &¢jm at ULS to
a certain value. In addition to this, the end anchorage has to be verified using methods mainly
based on fracture mechanics and bond stress - slip relationships (e.g. Pichler 1993, Téiljsten
1994, Holzenkdmpfer 1994, Neubauer and Rostasy 1997, Niedermeier 2000). The strain
limitation approach has been incorporated in quite a few design guidelines and technical
approvals, with &g ranging from 0.0065 to 0.0085 (e.g German Institute of Construction
Technology Authorizations, 1997, 1998, 2000a, 2000b).

Recent test results have demonstrated that the FRP tensile strain when peeling-off occurs
depends on a broad range of parameters, such as the properties of the EBR and the concrete,
the loading pattern, the crack spacing, etc. A global strain limit may not be suitable to
represent the whole range of applications. Therefore the strain limitation in some cases could
lead to a non-economical use of the FRP EBR, especially when strengthening large spans.
Hence in the near future the strain limitation model will be replaced by more accurate ones,
which will be based on extensive test data as well as analytical calculations. Two of the
proposed models which will provide a more realistic prediction of EBR peeling-off and a
more economical use of the EBR are presented in the following two sections.

As an example for the verification of the end anchorage, in the following the model of
Holzenkédmpfer (1994), as modified by Neubauer and Rostasy (1997), is presented. This
model, based on the bond law of Fig. 4-8, gives the maximum FRP force which can be
anchored, Ng, max, and the maximum anchorage length, €y max, €qual to:

Ny max = acikekpbyEetefen (N (Al-1)
Et

Comax = o] ——— (mm) (A1-2)
c2fctm

where o is a reduction factor, approximately equal to 0.9, to account for the influence of
inclined cracks on the bond strength (Neubauer and Rostasy 1999) (note that o =1 in beams
with sufficient internal and external shear reinforcement and in slabs); k. is a factor
accounting for the state of compaction of concrete (k. can generally be assumed to be equal to
1.0, but for FRP bonded to concrete faces with low compaction, e.g. faces not in contact with
the formwork during casting, k. = 0.67) and ks, is a geometry factor:

(A1-3)

with bgb > 0.33. Note that b, br and tr are measured in mm, and Eg, f.., are in MPa. ¢; and ¢,
in eq. (Al-1) and (A2-2) may be obtained through calibration with test results; for CFRP
strips they are equal to 0.64 and 2, respectively.

For bond lengths €, < Chmax, the ultimate bond force was calculated according to
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Holzenkédmpfer (1994) as follows:

1 ly
Nia = Npymax 5——| 2= (Al-4)
¢ b,max ¢ b,max
A2 Approach 2: Calculation of the envelope line of tensile stress

A more detailed approach to prevent peeling-off at flexural cracks in case of short-term
static loading is proposed by Niedermeier (2000). The aim of this approach is to calculate the
maximum possible increase in tensile stress within the EBR, which can be transferred by
means of bond stresses between two subsequent flexural cracks. This increase shall be
compared to the increase according to the design assuming full composite action (Fig. A2-1).
Test results demonstrate that debonding and peeling-off initiate at flexural cracks when the
tensile stress in the EBR exceeds the value that can be transferred by bond stresses. As the
crack spacing has an important influence on the build up of tensile stresses, it is necessary to
make assumptions about the spacing of cracks at ULS.

Ns
1y \ Envelope line of the .
A ~ | tensileforce R
\\ / !
Ne \\ \\/ 1

N / ___________

Envelope line of the
resisting tensile force

Fig. A2-1: Envelope line of the resisting tensile forces.

The basic approach consists of three steps (Fig. A2-2):

e Determination of the most unfavourable spacing of flexural cracks.

e Determination of the tensile force within the EBR between two subsequent cracks
according to the design in bending (see Section 4.4.1).

e Determination of the maximum possible increase in tensile stress in the EBR.
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Determination ofthe most unfavourable
spacing of flexural cracks

1 1

Determination ofthe tensile stress of the ﬁ
FRP EBR ateach crack

4

Determination ofthe maximum possible
increase in tensile stress inthe EBR at ‘ max Ac,
each crack

4

Acfd < max Acfd

Acfd

Fig. A2-2: Basic approach - flow chart.
e Determination of the most unfavourable spacing of flexural cracks

The crack spacing between two subsequent cracks equals 1 to 2 times the transmission
length £ and may be calculated assuming constant mean bond stresses of both the internal and
the external reinforcement. The mean bond stress of the internal reinforcement 1y, can be
determined according to EC2 [eq. (A2-1) in case of high bond action] whereas the mean bond
stress of the external reinforcement can be estimated with eq. (A2-2). The transmission
length may be calculated with Eqs (A2-3)-(A2-5), where M,; is the bending moment causing
cracking. In eq. (A2-4) the factor k takes into account, among others, the higher value of the
flexural tensile strength fn when compared to the axial tensile strength or the tensile strength
of the concrete surface. In this case k should equal (EC2). The mean lever arm z;, may
be determined taking into account the axial stiffness of the different layers of reinforcement
[eq. (A2-5)]. To simplify the calculation, a constant crack spacing over the whole length of
the flexural member may be assumed. As the bond stresses which can be transferred in an
uncracked concrete zone (i.e. anchorage zone or between two subsequent cracks) is restricted
due to the limitation of fracture energy, large crack spacing is unfavourable. Hence the crack
spacing may correspond to 2 times the transmission length.

Tsm = 2'25fctk,0.95 = 185fctm (A2-1)
Trn = 0.44f (A2-2)
Sym =2/ —ZMcr 1 (A2-3)
=2/, = -
m Zn (ermbf +ermdsn)
kf, k 0.95bh2
= (A2-4)
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hE;A; +dE A )

(
z.,=0.85
" (EfAf+EsAsl)

(A2-5)

e Determination of the tensile stress of the FRP EBR at each crack

In accordance with Section 4.4.1, the tensile stress has to be calculated taking into account
strain compatibility and internal force equilibrium. The shift rule according to EC2 has to be
applied.

e Determination of the maximum possible increase in tensile stress in the EBR

To verify that the growth in tensile stresses between two subsequent cracks as calculated
in the design for bending (Section 4.4.1) does not exceed the maximum possible increase
determined by the bond stresses, the achievable increase has to be estimated. This has to be
done for the region where flexural cracks occur as well as for the anchorage zone.

The maximum tensile force, which can be transferred from the EBR to the concrete by
means of bond stresses at the anchorage zone (Fig. A2-3), can be calculated according to
Niedermeier (2000) with eq. (A2-6) - (A2-8).

uncracked

cracked section \' section L
d T

uncracked
section

embedded
? reinforcement

outermost crack externally bonded
reinforcement

Separating the anchoring
problem at the outermost crack

Fig. A2-3: End anchorage in an uncracked concrete zone.

Eci/f T
Ctudamax = oy IS [MPa] (A2-6)
Yc tf

In eq. (A2-6) ¢, equals m The maximum possible stress is closely related to an effective
anchorage length {pmax [€q. (A2-7)],

Et
Chmax = 2, | === [mm] (A2-7)
£ f

ctm

where ¢, =11.44|.
An increase in anchorage length above {,max does not result in an increase in resisting
tensile stresses (Fig. A2-4). This is due to the limitation of fracture energy as observed by
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many researchers, e.g. Holzenkdmpfer (1994) or Neubauer and Rostasy (1997). For
anchorage lengths lower than 0, max, the maximum tensile stress is described by eq. (A2-8)

(Fig. A2-4):
Ly Ly
O fad :g 2- / " O fad,max ¢ b <t b,max (A2'8)

b,max b,max

Csfad,max T !

/ I

/ |

G fad / |

/ parabolic \|/ const.
/ ;
i
bond length I Ib,max

Fig. A2-4: Anchorable tensile stress related to anchoring length (Niedermeier 2000).

An analysis of the bond behavior of the EBR based on a simplified bilinear bond stress —
slip relation leads to equations which can be used to calculate the maximum increase in
tensile stress max Acg in an element between two cracks depending on the tensile stress oyg.
o1q 18 the tensile stress as determined based on strain compatibility and force equilibrium (the
shift rule has to be applied here) at the section where the lower tensile stresses act (Fig. A2-
5).

LA AANS e,
T | N e |||

I embedded

b T reinforcement

outermost crack externally bonded
S reinforcement

= o, + maxAocy

St

Jrfdx < t, maxAoy,
0

Fig. A2-5: Element between two subsequent cracks — analysis of peeling-off at flexural cracks.
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In Fig. A2-6 the maximum possible increase depending on a specific crack spacing is
shown.

N
N @) _ (®)
~ N (1 ) maXAGmm = maon'm‘A' - (maXAﬂm - (B‘)“aXAO'm )O_m
N

~ @ 1
B N o - \9) (2) maxac,? = -
~N
E N (3) maxAc O =f,—0
Z
=

—>» max Acy

—>»0u [N/mm?]

Fig. A2-6: Diagram of the maximum possible increase in tensile stress between two subsequent cracks
(Niedermeier 2000).

The points A, B and C shown in the diagram may be estimated using the following
equations. In Fig. A2-6 point A corresponds to the verification at the end anchorage where
ot = 0. The matching maximum increase in stress - or in this case, the maximum anchorable
tensile stress maxAc™ - can be estimated from eq. (A2-6) - (A2-8). o™ can be calculated
with eq. (A2-9) and the related maximum increase maxAc™ can be estimated from eq. (A2-

10).
E
o® =570 ¢, ol 2™ [MPa] (A2-9)
rm 4tf
2
ciEr /f o f
max Acy®) = 1 \/ Lof t ke | (62 —6® | [MPa] (A2-10)
Ye f

with ¢; = (0.185] and ¢4 = |0.285]. The linear decrease between points A and B can then be
described by eq. (A2-11). The graph between B and C is determined by eq. (A2-12).

max Ac g ™ —max Ac P
maxAcfd(l):maonfd(A)—( =i 5 ki )Gfd (A2-11)
Gf( )
2
1] [ciEfyfuf
max Ac P = —\/ Lt t ke | —o | [MPal (A2-12)
Te f
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For high tensile stresses, the upper limit of the increase in stresses is determined by the tensile
strength of the FRP, eq. (A2-13) (see Fig. A2-6).

maxAc fd & :ffd —O fd (A2- 1 3)

Note that in eq. (A2-6) - (A2-12) the units are MPa for stress and modulus of elasticity and
mm for dimensions.

The proposed factors cj, ¢z, ¢3, ¢4 and k are obtained by calibrating (linear regression
analysis) the bond model by means of simplified bond tests as described in Section 4.2.2.2.
They are subject to further study and may change in the future when more test data will
become available. Note that these parameters are closely related to the basic bond stress —
slip relation shown in Fig. A2-7,

Ty :
A G = TnSn
‘ 2
T+ G :T/’l “Sro
! 2
1 > S¢
S1 St
Fig. A2-7: Bond stress — slip relation.
where:
Cy . .
Tr1d = v ek fetm is the maximum bond stress,
C
Sfod =C€3 = 012 / Cy is the slip where debonding occurs,
2
Gpg =0.51414Sr0q =0.5 L f o fetm is the fracture energy of concrete.
C
A3 Approach 3: Verification of anchorage and of force transfer between FRP

and concrete

This approach comprises two steps. The first involves verification of the end anchorage,
as in A.1. In the second step it should be verified that the shear stress T, at the FRP-concrete
interface, resulting from the change of tensile force along the FRP, is limited (Matthys 2000).
Considering two cross sections at distance Ax, subjected to moments My and Mg+AMy, Ty
equals:

_ ANg

= A3-1
bfAX ( )

Tp
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where ANy is the change in FRP axial force between the two sections. For the verification of
the ULS the shear stress t, should be restricted to the design bond shear strength, which is
equal (in most practical cases) to the bond shear strength of concrete, fi,q. Adopting the
Mohr-Coulomb failure criterion in the case of zero normal stress, the bond strength equals
about 1.8 times the tensile strength, that is:

f
fpg =1.8—K (A3-2)

C

Equation (A3-1) can be simplified considering that N, ;=Mgy/z,, and N;=Ng+Ngq.
Depending on whether the internal steel has yielded or not, N,y and ANg can be approximated

as:
Ay E AyE AM
g1 <ga: Ny =Nfd(1+sl—sgsijfd[1+ sl Sj or ANy ~ d (A3-3 a)
AfEfo AfEf ASIES
Zg| 1+
ArEg
AM
g1 2 gt Ny =Ng+Agfy, or ANgy = —4 (A3-3b)
Zm

With AMy/Ax=V, (design shear force) and z,=(zs+z¢)/2~0.95d, this gives the following

conditions:
£l < Eyd : Yo e < flq (A3-4 a)
0.95dbf[1+ sl ]
ArE¢
\Z
€1 = Eyd - <f A3-4b
b 0.95db; ™ ( )

In eq. (A3-3 a) it was assumed that &;/er~ 1. From eq. (A3-4 a) it can be noted that this
assumption is on the safe side. Due to the substantial width of the bond interface normally
available, the verification according to eq. (A3-4) is typically not critical. Bond problems
may occur in case the internal steel is yielding or high shear forces develop.

A key assumption of this approach is that if the above condition is verified flexural cracks
will only produce stable micro-cracking at the FRP-concrete interface and local debonding,
which will not result in bond failure. Hence no additional limitation on the FRP strain should

apply.

58



Copyright fib, all rights reserved. This PDF copy of fib Bulletin 14 isintended for use and/or distribution only by National Member Groups of fib.

5 Strengthening in shear and torsion

5.1 Strengthening in shear
5.1.1 General

Shear strengthening of RC members using FRP may be provided by bonding the external
reinforcement with the principal fibre direction as parallel as practically possible to that of
maximum principal tensile stresses, so that the effectiveness of FRP is maximised (see Fig. 5-
1 for the dependence of the FRP elastic modulus, Eg,, on the fibre orientation). For the most
common case of structural members subjected to lateral loads, that is loads perpendicular to
the member axis (e.g. beams under gravity loads or columns under seismic forces), the
maximum principal stress trajectories in the shear-critical zones form an angle with the
member axis which may be taken roughly equal to 45°. However, it is normally more
practical to attach the external FRP reinforcement with the principal fibre direction
perpendicular to the member axis (Fig. 5-2, 5-3).

Efu

| | |
30° 60° 90°

Fig. 5-1: Dependence of FRP elastic modulus on fibre orientation.

Detailed investigations on shear strengthening of RC members have been relatively
limited and, to a certain degree, controversial. With a couple of exceptions, most researchers
have idealised the FRP materials in analogy with internal steel stirrups, assuming that the
contribution of FRP to shear capacity emanates from the capacity of fibres to carry tensile
stresses at a more or less constant strain, which is equal either to the FRP ultimate tensile
strain, &g, or to a reduced value (e.g. 0.005 or a fixed fraction of &g,).

In recent studies, Téljsten (1998), Triantafillou (1998) and Triantafillou and Antonopoulos
(2000) demonstrated that when the concrete member reaches its shear capacity (that is just
before it fails in shear), the external FRP is stretched in the principal fibre direction up to a
strain level, which is, in general, less than the tensile fracture strain €g,. This strain is defined
as effective strain, s, to reflect the fact that if it were multiplied by the FRP elastic modulus
in the principal fibre direction, Ef, and the available FRP cross sectional area, it could provide
the total force carried by the FRP at shear failure of the element.

The effective FRP strain is extremely difficult, if not impossible, to calculate based on
rigorous analysis. But it may be estimated based on simple modelling and through detailed
analysis of experimental data. Central to the estimation of &¢. is the identification of the status
of the FRP material at shear failure of the RC member. Note that failure is always defined by
concrete diagonal tension. As Fig. 5-4 illustrates in a qualitative manner, this may occur
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either prematurely, as a result of FRP peeling-off, or after the FRP has been stretched
considerably. In the latter case the FRP may fracture either exactly at the peak load or a little
after, due to overstressing in the vicinity of the diagonal cracks.

4

/ (a)
FRP sheet or fabric

/
f Wrapped FRP sheet or fabric / (b)
D
Wrapped or U-shapped
FRP strips or sheets ﬂ E
I ——

‘Iﬁl

Fig. 5-2: Schematic illustration of reinforced concrete element strengthened in shear with FRP: (a) FRP sheets
or fabrics bonded to the web; (b) wrapped or U-shaped FRP (the concept shown in D is applicable to
both beams and columns).
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(b)

Fig. 5-3: Shear strengthening of: (a) beam end; (b) short column.

It may be argued that at the ultimate limit state a certain degree of FRP debonding at the
concrete-FRP interface is always expected, even if the ultimate failure does not occur
simultaneously with peeling-off. This is attributed to excessive straining in the FRP, which
results in strain incompatibilities with the substrate material (concrete) and subsequent
cracking. Cracking, in turn, causes stress concentrations that produce local debonding.
Hence, one may argue that &¢. depends heavily on the FRP bonded length, its relation to the
“effective bond length” (through which FRP-concrete interface shear bond stresses develop)
and the relation of the latter to the “development length” (defined as that necessary to reach
FRP tensile fracture before peeling-off). Apart from the bond conditions (surface preparation,
execution etc.), the development length depends on the FRP axial rigidity, which may be
expressed by the product Ep¢, and is inversely proportional to the shear, that is to the tensile,
strength of concrete. It is well established today that the tensile strength of concrete is
proportional to fu,>°, where f.,, is the compressive strength, so that one may finally argue that
gre depends on the quantity Efupf/fcmZ/ . This dependence may be established from
experimental results, as described in Triantafillou and Antonopoulos (2000).

61



Copyright fib, all rights reserved. This PDF copy of fib Bulletin 14 isintended for use and/or distribution only by National Member Groups of fib.

LOAD
A Shear fracture Shear f
& FRP fracture ear fracture

Shear fracture \ / FRP fracture
& peeling-off

* MEMBER FAILURE

N
>

DISPLACEMENT

Fig. 5-4: Schematic illustration of shear failure response.

5.1.2 Design model in the ULS
5.1.2.1  Members of rectangular, T and double-T cross section

According to the model of Triantafillou (1998) and Téljsten (1999 a), the external FRP
reinforcement may be treated in analogy to the internal steel (accepting that the FRP carries
only normal stresses in the principal FRP material direction), assuming that at the ultimate
limit state in shear (concrete diagonal tension) the FRP develops an effective strain in the
principal material direction, &re (note: this is not the principal tensile strain, which may be
assumed perpendicular to the crack). The effective strain &g is, in general, less than the
tensile failure strain, €n. Hence, the shear capacity of a strengthened element may be
calculated according to the EC2 format as follows:

Vrg =min (Veg + Vi + Vig Vraz) (5-1)
The FRP contribution to shear capacity, Vi, can be written in the following form (Fig. 5-5):
Vi = 0.98fd’eEfupbed(cot6 +cota)sina (5-2)

where

erge= design value of effective FRP strain

by = minimum width of cross section over the effective depth

d = effective depth of cross section

pr = FRP reinforcement ratio equal to 2tsina/by, for continuously bonded shear
reinforcement of thickness t¢ (by, = minimum width of the concrete cross section
over the effective depth), or (2ti/by)(bs/sf) for FRP reinforcement in the form of
strips or sheets of width br at a spacing sr (Fig. 5-2)

En = elastic modulus of FRP in the principal fibre orientation

angle of diagonal crack with respect to the member axis, assumed equal to 45°

a = angle between principal fibre orientation and longitudinal axis of member

D
I
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N

Fig. 5-5: Contribution of FRP to shear capacity.

The design value of the effective FRP strain equals the characteristic value, ex ., divided
by the partial safety factor yr. Given the lack of sufficient data, e may be approximated by
multiplying the mean value of the effective FRP strain, &, by a reduction factor, say k.

Efke = k Efe k= (5-3)

The partial safety factor is taken from Table 3-1 if failure involves FRP fracture (combined
with or following diagonal tension), or yf = v, = if bond failure leading to peeling-off
dominates.

Some researchers have proposed that the effective strain be limited to a maximum value,
in the order of 0.006, to maintain the integrity of concrete and secure activation of the
aggregate interlock mechanism (e.g. Priestley and Seible 1995, Khalifa et al. 1998,
Antonopoulos and Triantafillou 2000). Such a limitation should be considered only if
activation of this mechanism is of crucial importance.

A synthesis and evaluation of all the published experimental results (Fig. 5-6 and 5-7) on
shear strengthening of RC members with FRP sheets or fabrics reported in the literature up to
early 1999 resulted in the best fit power-type expressions given next (Triantafillou and

Antonopoulos 2000).
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Fig. 5-6: Effective FRP strain in terms of Eﬁpf/fcmm — shear failure combined with FRP debonding.
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Fig. 5-7: Normalized FRP strain in terms of Eﬁ,p_f-/fcm” 3 _ shear failure combined with or followed by FRP
fracture.

e Fully wrapped (or properly anchored) CFRP - FRP fracture controls (Fig. 5-2 b):

c2i3 030
€. =0.17) = €f (5-4 a)
’ Egpe

e Side or U-shaped CFRP jackets (Fig. 5-2 a):

c2/3 0.56 (23 0.30
gre =min| 0.65| ——| 107, 0.17| = | gg (5-4 b)
Egps Egps
peeling-off fracture

e Fully wrapped AFRP (FRP fracture controls):

c2/3 \047
gfo =0.048) —% €y (5-4 ¢)
’ Eqpy

Note that in all equations f;;,, is in MPa and Eg, is in GPa.
For most practical cases, the above equations for the effective FRP strain give values that
are above the yield strain of internal stirrups. For the sake of completeness we should
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mention that if this is not the case, then the effective FRP strain should also be used for the
calculation of the contribution of the internal steel.

5.1.2.2  Design recommendations

A careful examination of the above equations (for CFRP only, as data for AFRP and
GFRP are very limited), which are plotted in Fig. 5-8, leads to the conclusion that: (a) if
failure is governed by peeling-off combined with shear fracture (e.g. side or U jackets) the
increase in shear capacity with Egpr is relatively small but the concrete strength plays an
important role; and (b) if failure is governed by shear fracture combined with or followed by
CFRP fracture (e.g. fully wrapped jackets) the increase in shear capacity with Egpr becomes
quite substantial, but the role of concrete is of secondary importance. It is clear that full
wrapping is far more effective than partial jacketing. When full wrapping is not feasible (for
instance, when there is no access to the top side of T-beams), it is recommended that FRP
strips be attached to the compressive zone of the RC member. This may be accomplished by
using simple mechanical anchors or by bonding the ends of the strips in core holes through
the whole height of the flange of a T-beam.
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Fig. 5-8: CFRP contribution to shear capacity for two different concrete strengths and fully wrapped (properly
anchored) versus unwrapped configurations.

As an additional recommendation towards the proper design of RC elements strengthened
in shear with FRP we should point out that the spacing s of strips, if they are used vertically,
should not exceed (0.9d-b¢2) for rectangular cross sections or (d-hgbg/2) for T-beams (with
slab thickness equal to h¢), so that no diagonal crack may be formed without intercepting a
strip.
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5.1.2.3  Considerations on FRP bonded length

One drawback of the rather qualitative approach described above is that the FRP bonded
length is not taken explicitly into account. But this may be (at least partially) justified in view
of the following arguments: (a) for real size structures, the effective bond length is typically a
small fraction of a RC member’s depth, and hence the partially ineffective FRP comprises a
rather small fraction of the total; (b) the effect of short FRP bonded lengths may be taken into
account to a certain extent through the experimental data fitting and calibration procedure;
and (c¢) additional complexity to an approach which is meant to be as simple as possible (for
the sake of design calculations) may not be desirable. However, one could estimate the
maximum force that may be carried by the FRP prior to debonding according to the concepts
presented in Sections 4.2.2.2 and 4.3.2.1. An alternative approach has been proposed by
Taljsten (1999 a).

5.1.2.4  Members of circular cross section

The material presented above refers mainly to RC members of rectangular (or nearly
rectangular) cross sections. If the cross section is circular (e.g. some columns), the
contribution of FRP (wrapped around the column) to shear capacity is controlled by the
tensile strength of the FRP jacket, but may be limited to a maximum value corresponding to
excessive dilation of the concrete due to aggregate interlock (one of the key shear force
transfer mechanisms) at inclined cracks. By limiting the concrete dilation, that is the radial
strain (which is equal to the FRP hoop strain) to a maximum value, say, €max, One may easily
show that for inclined cracks forming an angle 6 with the column axis, the FRP contribution
to shear capacity is as given below:

2

€ max

Vi =

Eqps 5 cot0 (5-5)

Yt

where D = column diameter and pr = volumetric ratio of FRP. The derivation of eq. (5-5) is
easily understood if one assumes that at shear failure all the FRP material crossing an inclined
crack is strained uniformly at .. Experimental evidence suggests that €y, is in the order of
0.006 (Priestley and Seible 1995).

5.1.3 Servicability limit state

The externally bonded reinforcement should not debond at the serviceability limit state.
This is important, so that problems related to moisture penetration, crack propagation, noise
from debonding etc. may be avoided. To verify this, the strain in the FRP in the serviceability
limit state, ene, should be limited to 0.8f,/Es, unless otherwise provided and verified by the
FRP system supplier.
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5.2 Strengthening in torsion
5.2.1 General

Strengthening for increased torsional capacity may be required in conventional beams and
columns, as well as in bridge box girders. The principles applied to strengthening in shear are
also valid in the case of torsion, with a few minor differences, which will be highlighted in the
following section.

5.2.2 Design model in the ULS - rectangular cross sections

Torsional cracks are formed due to the same mechanism that is responsible for the
formation of shear cracks. The main difference between shear cracking and torsional
cracking lies in the crack pattern. Torsional cracks are inclined, just like shear cracks, but
they have different directions on opposite sides, following a spiral-like pattern (see Fig. 5-9).
Hence, an FRP material placed with the fibres forming an angle a with respect to the member
axis may be quite effective in arresting diagonal cracking on one side but ineffective on the
other side. This point should be highlighted and taken properly into account in design.

/ Back

Top (a)
/ Front
0
\ Back
( Top (b)
\/ Front
0

Fig. 5-9: (a) Torsional and (b) shear cracking.

An externally bonded FRP jacket will provide contribution to torsional capacity only if
full wrapping around the element’s cross section is applied, so that the tensile forces carried
by the FRP on each side of the cross section may form a continuous loop (see Fig. 5-10).
These forces are calculated below for the case a = 90°, in direct analogy with the shear
calculations (that is assuming the validity of the truss mechanism).

teb
Fray =€feEn —fs Lheot (5-6 a)
f
teby
Ffd,h = Sfd,eEfu S bCOtB (5-6 b)
f

Hence the contribution of FRP to torsional capacity, T, is given by the following
equation (Fig. 5-10):
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teb
de = Ffd,Vb + Ffd,hh = 28fd,eEfu %bh COte (5'7)
f

Fran

Frav Frav

Fran

+— b —

Fig. 5-10: Forces carried by the FRP reinforcement.

The design value of the effective FRP strain in the principal material direction is given as
in the preceding analysis of shear for the case of fully wrapped FRP, gg = s /vr, Where:

ene=kee k= (5-3)

The partial safety factor is taken from Table 3-1 if failure involves FRP fracture. If premature
debonding leading to peeling-off dominates y¢= yn, = .

c2/3 0.30
CFRP:  g¢, =0.17) =—=2— | ¢4 (5-4 a)
’ Eqpr
c2/3 0.47
GFRP: Sf,e =0.048 ﬁ € (5-4 C)
fuPf

Testing of FRP-strengthened concrete elements in torsion has been very limited. Some
tests have been conducted by Téljsten (1998), who demonstrated that torsional strengthening
of beams with rectangular cross sections is feasible with CFRP wrapping.

5.2.3 Servicability limit state
As in the case of strengthening in shear, the externally bonded reinforcement should not

debond at the serviceability limit state. To verify this, the strain in the FRP, &g, should be
limited to 0.8f,/Es, unless otherwise provided and verified by the FRP system supplier.
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6 Confinement

6.1 Introduction

Confinement is generally applied to members in compression, with the aim of enhancing
their load carrying capacity or, in cases of seismic upgrading, to increase their ductility.
Traditional confinement techniques rely on either steel hoops or steel jackets for upgrading.
Indeed, it is well known that increasing the confinement action enhances the concrete strength
and ductility and, in addition, prevents slippage and buckling of the longitudinal
reinforcement. In seismic problems, existing upgrading (either strengthening or retrofitting)
techniques are typically based on increasing the confinement pressure in either the potential
plastic hinge region or over the entire member (e.g. Chai et al. 1991). This technique can also
be useful in lap-splices zones.

Advanced FRP composite materials have only recently been recognized as reliable
confinement devices for reinforced concrete elements. Several experimental studies on
concrete confined with FRP have been carried out (Saadatmanesh et al. 1994, Nanni and
Bradford 1995, Seible et al. 1995, Picher et al. 1996, Matthys et al. 1999) which confirm the
viability of this solution. Current analytical and numerical research (Mirmiran and Shahawy
1997, Saadatmanesh et al. 1997, Spoelstra and Monti 1999, Matthys et al. 1999) aims at
defining appropriate constitutive laws for FRP-confined models. In the field of design of FRP
jackets extensive experimental work has been conducted by Seible et al. (1995), and
numerical and analytical work by Monti et al. (1999), with the task of identifying suitable
design equations that optimise the FRP jacket thickness as a function of the desired upgrading
level. It should be emphasised that usually the increase in strength is not as significant as that
in ductility. A recent review on the issue of upgrading through confinement may be found in
Triantafillou (2001).

In the following reference is made to the material properties in general. For design,
design values for the different strength values should be taken into account (Chapter 3).

6.2 Concrete confined by external FRP reinforcement under axial
loading

6.2.1 General

FRP, as opposed to steel that applies a constant confining pressure after yield, has an
elastic behaviour up to failure and therefore exerts its (passive) confining action on concrete
specimens under axial load in a different way with respect to steel. In Fig. 6-1 it can be seen
that at a certain value of the normalized axial concrete strain, the steel reaches yielding and
then, from that point on, it exerts a constant lateral (confining) pressure, while FRP exerts a
continuously increasing confining action.

The amount of this action depends on the lateral dilation of concrete, which in turn is
affected by the confining pressure. Thus, FRP-confined concrete models should account for
the interaction between the laterally expanding concrete and the confining device. Predictive
equations of the ultimate strength and strain of FRP-confined concrete should also consider
this peculiar behaviour.

In the following sections, the modelling of FRP-confinement will be discussed. Detailing
rules, practical execution and quality control should meet also the requirements given in
Chapters 7 and 8.
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Fig. 6-1: Comparison of confinement actions of steel and FRP materials.

6.2.2 Effective ultimate circumferential strain

The ultimate strength of the confined concrete is closely related to the failure strain of the
FRP wrapping reinforcement on the confined element. Experimental evidence shows that this
circumferential failure strain mostly occurs at strains lower than the ultimate strain eg
obtained by standard tensile testing of the FRP sheet. This reduction is due to several
reasons:

— The triaxial state of stress of the wrapping reinforcement. This is shown in Fig. 6-2,
where the concept of composite action is introduced, which denotes the ability of the
jacket of providing transverse confinement and, at the same time, longitudinal load-
carrying capacity. It depends on the fibre arrangement and bond interface
characteristics, which in turn depends on a large number of factors (such as the
stiffness of the adhesive between FRP and concrete, surface preparation conditions).
In case of no composite action, the jacket only undergoes transverse strains and
therefore fails in extension mode, due to either fibre collapse or delamination between
plies, at a circumferential strain g; slightly lower than &g, because the stress gradient in
the jacket due to the confinement pressure has also a certain influence on the ultimate
strength. In case of full composite action, the jacket undergoes both transverse and
longitudinal strains. The ultimate stress and strain are then reduced, with potential
microbuckling and delamination to develop. Thus, failure of the specimen occurs at
even lower circumferential strains than in case of no composite action.

transverse compressive stress
when in composite action

axial tensile stress due
to lateral expansion

confinement pressure

Fig. 6-2: Triaxial state of stress in FRP jackets.
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— The quality of the execution. That is, if the fibres are locally ineffectively aligned due
to voids or inadequate surface preparation, part of the circumferential strain is used to
stretch the fibres. Also, fibres may be damaged at improperly rounded edges or local
protrusions.

— The curved shape of the wrapping reinforcement, especially at corners with low radius.

— Size effects when applying multiple layers.

In the following, the effective ultimate circumferential strain, accounting for all of the
above-mentioned effects, will be denoted as €, (j = jacket). Proper design values for the
effective ultimate circumferential strain g;, should be taken into account. So far, limited data
on this issue are available. Hence, proper values of &j, should be justified by experimental
evidence.

6.2.3 Lateral confining pressure

For uniaxially loaded cylindrical concrete specimens, confined with either steel hoop or
spiral reinforcement, the effective confining pressure, fy, is calculated as a function of the
transverse steel volumetric ratio pg and its yield stress fy, as follows (Fig. 6-3):

1 ) 4A
ff :Eke Pst fy with Pst = SdSt

(6-1)

N

where k. = arching effect coefficient, s = spacing (pitch) of hoops (spiral), Ay= cross-section
of transverse steel, and ds = diametre of steel hoops (spiral).

Oy

(0 j Gj
Fig. 6-3: Lateral confining pressure exerted by the jacket.

For the case of concrete cylinders confined with FRP reinforcement, with fibres
circumferentially aligned and covering the total concrete surface, the lateral confining
pressure o¢ can be evaluated in analogy to eq. (6-1) as:

. Lo E ith 4 6-2
Op=5Pjoj=5PjEjei  wit Pj—d—j (6-2 a)

with p; = volumetric ratio of FRP jacket, o; = stress in FRP jacket, E; = the modulus of the
composite material of the jacket, €j—¢ = circumferential strain in FRP jacket (taken equal to the
lateral strain in concrete), tj = FRP jacket thickness and d; = diametre of FRP jacket. It should
be noted that k. = 1 as the cylinder is totally wrapped.
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The lateral confining pressure o, exerted by the confining jacket is computed based on its
current stress 6; = E;g; < f; = Ejgjy, whilst the maximum lateral confinement f; is provided for
g; = gju = FRP jacket effective ultimate circumferential strain:

1
f[ :EpJEJSJu (6-2b)

6.2.4 Stress-strain model of FRP-confined concrete

Several relations exist to describe the stress-strain relationships for concrete under
multiaxial states of stress (Chen et al. 1981, CEB 1983, Mander et al. 1988, CEB-FIP 1991).
The model of Mander, based on that by Popovics (1973) in which the peak stress is computed
based on the confining stress, proved to be the most efficient when only the uniaxial response
is of concern. In recent years, researchers have attempted to extend this model to predict the
behaviour of concrete including the effect of confinement provided by elastic FRP jackets. A
major obstacle is that the Popovics-Mander model is based on a constant value of the
confining pressure throughout the loading history. In reality, passive confinement increases
as concrete expands laterally, its amount depending on the stress-strain law of the confining
device. For the case of steel transverse reinforcement, the constant confining pressure
assumption is realistic when the steel is yielding. Therefore, Mander’s model correctly
represents the behaviour of steel-confined concrete (except for the initial phase when steel is
still elastic). Conversely, FRP is elastic until failure, and the inward pressure continuously
increases, so that this assumption is not appropriate.

In the literature, several models have been proposed for FRP confined concrete, which try
to take into account the specific behaviour of FRP confinement. In the model developed by
Spoelstra and Monti (1999), to deal with the increasing confining action, an incremental-
iterative calculation is proposed, which combines the above-mentioned Popovics-Mander
equations with a model expressing the circumferential strain as a function of the axial strain
(Pantazopoulou and Mills 1995). An incremental approach is also followed by Saafi et al.
(1999), which can be solved without iterations. The model considers an initial region of the
stress-strain law, similar to that of unconfined concrete, since lateral expansion of the concrete
is small. The second region, with FRP confinement fully activated, is calculated based on the
confinement model by Richart et al. (1929), whereas model coefficients are experimentally
calibrated. Yet another approach is suggested by Samaan et al. (1998). This model (a non-
normalized version of the well-known Menegotto-Pinto equation for steel, but with
regression-based parameters) is based on the observation that the dilation rate (change of
circumferential strain with respect to the axial strain) of FRP-confined concrete approaches an
asymptotic value. Hence, it is suggested to model the restraining action of the FRP by taking
into account the ultimate confining pressure and the stiffness of the FRP wrapping only,
without further need for an incremental approach. Model parameters of the stress-strain
relationship need to be experimentally calibrated.

Although the models mentioned above take into account the specific behaviour of FRP
confinement, each of them has some advantages and disadvantages. Being an engineering
model, the one proposed by Samaan et al. (1998) is the simplest and most attractive, but
depends heavily on the experimental calibration conducted by the authors. Matthys (2000),
based on experimental and analytical work, argued that this model, as well as the model by
Saafi et al. (1999), may need more consideration and further verification against experimental
data on large-scale specimens, and that, among the three models, the one by Spoelstra and
Monti is the most complex to calculate. Nevertheless, the latter model appears most versatile
and accurate (Matthys 2000) (although further verification against experimental data would be
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welcome) and, what is more important, it can be easily extended to deal with cyclic loading.
This model is presented in the following.
The Spoelstra-Monti model is based on the formula (Popovics 1973):

f .x-
G, = CC_XI; (6-3)
r—1+x

where

f E f
R e I ) B R

co s€cC CcC

where .. = compressive strain at confined peak strength f... The confined peak strength f is
expressed in terms of a constant (throughout the response) effective confining pressure 6, < f;
with an equation (Mander et al. 1988) that has been extensively tested against experimental

data:
f
T 00) 5054 127,009 290 55 (6-5)
feo fo  feo

To account for the peculiar behaviour of FRP, the following approach is taken (Spoelstra
and Monti 1999). The uniaxial stress response o, of plain concrete under compressive axial
strain g, is described as (Pantazopoulou and Mills 1995):

O¢ :Esec(gf)'gc (6-6 a)

1 1
E..le,)J=E,—=E, —— 6-6b
sec( é) C1+B8A C1+2ng ( )

Note that the area strain €, is taken as a measure of the internal damage from cracking, which
reduces the secant modulus Es, starting from the initial tangent modulus E.. The constant 3
(here, the reciprocal of that given in the original paper by Pantazopoulou and Mills 1995) is a
property of concrete, as discussed below. Note that in eq. (6-6 b) the assumption of radial
symmetry (ex = 2¢&¢) is adopted, which allows to point out the dependence on the lateral strain
€¢. Note also that the sign convention is: compressive €. and o, are negative, while dilating 5
and g are positive.
Equations (6-6 a, b) are merged into a single equation:

Ec €c—0¢ (gc ’Gﬂ)
2[360 (Sc 966)

gy (ec.0/)= (6-7)

where the dependence of the quantities 6. and g on the current strain & and the current

confining pressure oy is rendered explicitly. The constant 3 is a property of concrete:

=79 _s00 (6-8)

If

co

evaluated as a function of the unconfined concrete strength f, (in MPa).
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Once ¢ is computed from eq. (6-7), the strain g; in the confining jacket can be found (e.g.,
in axially loaded concrete cylinders it is simply: € = &), along with its current stress o; = Ejg;.
This updated value of o; can be used for a new estimate of g; through eq. (6-7), giving rise to
an iterative procedure (Fig. 6-4) until 6, converges to the correct value. The whole procedure
is repeated for each g, over the complete stress-strain curve. The resulting curve can be
regarded as a curve crossing a family of Popovics curves, each one pertaining to the level of
confining pressure, computed with the Mander equation, corresponding to the current lateral
strain, determined according to Pantazopoulou and Mills (1995). The stress-strain
characteristics of the confining mechanism are explicitly accounted for, while the lateral strain
of concrete is implicitly obtained through the iterative procedure. All numerical tests have

shown that convergence is very fast.
Impose €.; [«
set o; = oyp at previous step ]

|
[ calculate f,. from eq. (6-5) ]

[ calculate current stress G, from eq. (6-3) ]

|
[ update lateral strain g; from eq. (6-8) }
|
[ update o; from eq. (6-2) ]

fl:

no

yes

€ci= i1 T Ag. < gqy
(&cu 1s reached for g, = €j,)

Fig. 6-4: Iterative procedure of Spoelstra and Monti (1999) model.

The response of an FRP-wrapped concrete specimen obtained with this model can be seen
in Fig. 6-5, along with a comparison with steel-confined concrete.

In Fig. 6-5 a the axial stress versus axial strain is shown: steel and CFRP start with almost
the same slope, but after steel yields at 2.5 normalized axial strains, it departs towards higher
axial strains. GFRP starts with the same slope until the unconfined concrete strength is
reached; after that point GFRP has a lower slope leading to higher axial strains.

In Fig. 6-5 b the lateral strain versus axial strain relation is shown. It can be observed that
the slope of the branches depends on the type of the confining device. GFRP starts with a
higher slope (meaning that concrete has a higher initial lateral dilation), which however
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remains constant until the jacket fails. CFRP reduces the initial lateral strain, but its
effectiveness has a shorter duration, due to its lower extensional ultimate strain g;,.

In Fig. 6-5 c the dilation rate is expressed as a function of the axial strain. The dilation
rate B = Ag¢/Ag. is defined as the rate of increase of the lateral strain Ag; to the corresponding
axial strain increment Ag.. It is seen that when steel yields a discontinuity occurs, due to the
abrupt change in modulus; after this, the dilation rate increases indefinitely. On the other
hand, for the two FRP, the dilation rate constantly decreases towards an asymptotic value.
Note that the position of the point where the confinement action starts becoming effective
(that is, when the branches depart from the unconfined one) depends on the stiffness of the
confining device: the GFRP-confined concrete departs later than the other two. This is the
point where a sufficient lateral pressure develops that prevents the lateral dilation of concrete
from increasing unrestrained.

In Fig. 6-5 d, it is interesting to observe from the volume strain versus axial strain curve
that for the CFRP jacket the volumetric strain first decreases, as expected, then reverts to zero
and beyond a certain level of axial strain the ever increasing confinement pressure curtails the
volumetric expansion and inverts its direction.
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Fig. 6-5: Modeling of behaviour of concrete confined with steel, CFRP and GFRP: (a) axial stress versus axial
strain, (b) lateral strain versus axial strain; (c) dilation rate versus axial strain, and (d) volume strain
versus axial strain.
6.2.5 Predictive equations of FRP-confined concrete properties
q

Collapse of FRP-wrapped concrete specimen is identified when the condition:

€y :8ju

(6-9)
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is satisfied, that is, when the lateral strain of concrete reaches the effective ultimate or
allowable strain of the FRP material and the jacket fails (no progressive ply failure is
considered). The value of the ultimate strength and strain of the FRP-confined concrete can
be predicted through the model mentioned in the previous section. However, for design
purposes simplified explicit expressions are given in this section. For the case of steel-
confined concrete, the ultimate strain g, of concrete is predicted through an energy-balance
method (Mander et al. 1988), in which it is assumed that the increase in strain energy capacity
of compressed concrete due to confinement is provided by the confining device strain energy
capacity. The ultimate strain energy capacity of the confining device is given by the area
under the stress-strain curve times the volumetric ratio. When this is attained, the confining
device collapses and the corresponding concrete strain is taken as the ultimate strain.
However, it has been commented (Mirmiran et al. 1996) that the energy-balance method
cannot be extended to the case of FRP confinement. To this aim, practical formulae to
evaluate the ultimate compressive strength and strain for concrete confined with FRP have
been developed (Seible et al. 1995b, Spoelstra and Monti 1999, Matthys 2000), which should
be useful for design practice. Alternative to these simple regression-based models, an “exact”
closed-form expression can be obtained, based on Section 6.2.4.

6.2.5.1  “Exact” predictive equations

Irrespective of the complete stress-strain response, the ultimate state can be derived by
considering that the strain-stress coordinates at ultimate can be directly known from the
confinement pressure exerted by the jacket at ultimate (Spoelstra and Monti 1999).

Following Fig. 6-6 note that:

1. The ultimate confinement pressure is given by:

1 2 t.f,
fg =_pjfj =%

. J (6-10)

2. The parameters of the Mander confinement model corresponding to f; are then:

/ f f f
fo. =fc0(2.254 1+7.94— 2L _1254| ¢, =sco[1+5-(i— ﬂ (6-11)
fCO fCO fCO

3. The secant modulus at ultimate Eg, is:

B —— e . Ee (6-12)
U 1+2Bey,  1+2Bf/E,

4. The intersection of the straight line with slope Ege, in Fig. 6-6 with the Popovics curve
at ultimate gives the sought compressive strain and stress in concrete at ultimate:

1_Ecc/Ec
e —¢ Ecc(Ec _Esec,u) £
cu cc E Ec _ Ecc)

=E €cu (6-13)

( cu ~— —sec,u
sec,u

where E.. = f.c / €cc.
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5. Substituting eq. (6-12) into eq. (6-13) the above become:

1-E,, /E

2B8¢. E cc/ Ee E

€cu = €cc P E_= fcu = cCeu (6-14)
EC_ECC 1+2B£ju
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Fig. 6-6: Calculation procedure for ultimate compressive stress and strain.

6.2.5.2  Approximate predictive equations

Practical formulae by Seible et al. (1995b)

The ultimate strain g, can be computed through a formula experimentally derived for
concrete and adapted to the case of FRP-confined concrete (Seible et al. 1995b):

2.5p.f ¢
€.y =0.004 + 2P Ti% (6-15)

cC

where p; is the jacket volumetric ratio; and fj, &, = FRP jacket strength and effective ultimate
strain, respectively. The confined concrete peak strength f.. is computed as in eq. (6-11).

Practical formulae by Spoelstra and Monti (1999)

The following formulae are based on the observation that in experimental tests both the
ultimate strength and strain have a direct dependence on the ultimate strain of the confining
member g;,, the maximum confinement pressure f;, and the concrete modulus E., while they
have an inverse dependence on the unconfined concrete strength f.,. Through regression
analyses, the following two predictive equations were obtained:

£, =fo, (0.2 +3,f, ) (6-16)
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Ecu =ac0(2+1.25 E g, fg) (6-17)

where the normalised values of the maximum confining stress and of the concrete tangent
modulus are:

S — E

f,=—~ and E,=—% (6-18)

C

—

co co

Note that for no confinement (f; = 0) the resulting strain and strength at ultimate are those
of an unconfined concrete with g, = 0.004 (with &, = 0.002) and f., equals to 20% of the
unconfined strength, which is the value usually adopted for it.

In all the above equations for the ultimate strength prediction, there are cases where, for
low amounts of FRP wrapping reinforcement or low efficiency (square or rectangular cross-
sections, partial wrapping), test results and analytical modelling have shown that the stress-
strain behaviour may be characterized by a decreasing (post-peak) branch at ultimate. In
these cases, the confining pressure results in an almost negligible strength increase, so that the
confined concrete strength f.. can be taken as practically coincident to the unconfined one f.,.

6.3 Confinement of columns
6.3.1 General

Confinement of reinforced concrete columns (or similar elements, like chimneys)
significantly enhances the performance under axial load, bending and shear, because of the
increase in concrete compressive strength, the increase in ductility, the increase in shear
strength and the higher resistance against buckling of the steel reinforcement in compression.

The confinement of columns is achieved by means of internal lateral reinforcement (hoop
or closed stirrups) or by external reinforcement (steel or FRP jackets). In the latter case, the
confinement reinforcement can be provided either through external strengthening of existing
columns, or as formwork that acts as structural reinforcement after construction of the
columns.

The main objectives of confinement are: (a) to prevent the concrete cover from spalling,
(b) to provide lateral support to the longitudinal reinforcement and (c) to enhance concrete
strength and deformation capacities. In the case of circular columns, these goals can be
achieved by applying external FRP jackets, either continuously all over the surface or
discontinuously as strips. In the case of rectangular columns, the confinement can be
provided with rectangular-shaped reinforcement, with corners rounded before application (the
radius is about 15 to 25 mm, depending on the specifications given by the FRP jacket
supplier). Rectangular confining reinforcement is less efficient as the confinement action is
mostly located at the corners and a significant jacket thickness needs to be used between
corners to restrain lateral dilation and column bar buckling. An alternative approach is to
enclose the rectangular column within an externally cast circular or oval shape that provides
the appropriate shape for the jacket.

Carbon fibres are preferred if strength increase is sought, glass (or aramid) fibres if a
ductility increase is sought instead. The FRP jacket can consist of active or passive layers, or
a combination of both. Like steel jackets, passive FRP jackets provide a passive lateral
confining pressure. When (prestressed) active jackets are used, the lateral confining pressure
is primarily provided by the active pressure, rather than the passive pressure resulting from
column lateral expansion. The latter influence will increase confinement, but is not essential.
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6.3.2 Effective lateral confining pressure

Depending on column shape and strengthening lay-out, a non-uniform confining stress
distribution is obtained. Next, the following cases are examined: (1) Fully wrapped
cylindrical specimens with fibres perpendicular to longitudinal axis, (2) Influence of partial
wrapping, (3) Influence of fibre orientation, and (4) Influence of column shape.

6.3.2.1  Fully wrapped cylindrical specimens with fibres perpendicular to longitudinal axis

For uniaxially loaded cylindrical concrete specimens confined with FRP reinforcement,
with fibres circumferentially aligned and covering the total concrete surface, the lateral
confining pressure may be found by considering Fig. 6.7 a. Assuming uniform tension in the
FRP, a uniform lateral pressure is exerted on the concrete core.

bf -+
45° s'|s
fined
i i Frp|  concrete . |+
Uf Uf
(a) | D-s/2 | (b)
1 1

Fig. 6-7: Confining pressure exerted by the FRP.

The lateral confining pressure o, can be expressed as a function of the current stress o; in
the FRP jacket [see also eq. (6-2 b)] can be rewritten as:

. 1
o =Keonre, with Kigpr ZEPJ'EJ' (6-19)

where K..or = stiffness of the FRP confinement, g; = circumferential strain of the concrete,
equal to the strain g; in the FRP jacket, p; = volumetric ratio of the FRP jacket and E; =
modulus of the FRP jacket. Hence, the lateral confining pressure o; exerted by the FRP
jacket is calculated based on its current stress o; = Ejg; < fi. The maximum lateral
confinement pressure f; is obtained as:

1
ff :EPJ Ejgju (6-20)

with g, the effective failure strain of the FRP wrapping reinforcement as discussed in Section
6.2.2.
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6.3.2.2  Influence of partial wrapping

If the concrete is partially wrapped, less efficiency is obtained as both confined and
unconfined zones exist (Fig. 6-7 b). In this case, the effective lateral confining pressure is
obtained from eq. (6-22) by introducing a confinement effectiveness coefficient k. < 1:

1

conf = 5

The effectiveness coefficient is obtained by considering that the transverse pressure from the
confining device is only effective where the confining pressure has fully developed due to
arching action. As illustrated in Fig. 6-7, the arching effect is assumed to be described by a
parabola with initial slope of 45°. In between two subsequent FRP wraps, the area of
effectively confined concrete core A. is:

N2
A, = E(D —S—j (6-22)

where s’ = s — b is the clear spacing between the FRP wraps. The confinement effectiveness
coefficient k. is then obtained by considering the ratio A. / A, with A. = A, - A, the area of
concrete (gross cross-sectional area minus area of longitudinal steel reinforcement):

() ey
ko= 2D (1 —i'j (6-23)

©l-pg 2D

where ps, = A / Ay is the reinforcement ratio of the longitudinal steel reinforcement with
respect to the gross cross-sectional area.

6.3.2.3  Influence of fibre orientation

If the fibres are helically applied, the fibre alignment is less efficient to restrain the lateral
expansion of the concrete. Similarly to the previous section, this effect can be considered by
introducing a corresponding confinement effectiveness coefficient. Assuming a uniform
tension force Ny in the FRP, the confinement pressure exerted by the helical FRP wrapping
reinforcement is given by:

N
Opp=—— 6-24
ohTp R (6-24)
where R is the curvature of the helix, given as:
2 .2
R K FT (6-25)
r
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with k = p/2m, p being the helix pitch and r the radius. In a similar way, the confinement
pressure per unit width exerted by circular FRP wrapping reinforcement is obtained as:

_ Ny

= 6-26
bfr ( )

Gf,c

Based on eq. (6-24)-(6-26), the confinement effectiveness coefficient k. can be defined as:

-1

O/h 2
k,=—=[1+ (ij (6-27)

O/ D

6.3.2.4  Influence of column shape

For a square or rectangular section wrapped with FRP (Fig. 6-8) and with corners rounded
with a radius r, the parabolic arching action is again assumed for the concrete core where the
confining pressure is fully developed. Unlike a circular section, for which the concrete core is
fully confined, a large part of the cross-section remains unconfined.

unconfined
concrete

-

(45 A+
d’d
FRP 4
. J
| b=b—2r |
! !
b

Fig. 6-8: Effectively confined core for non-circular sections.

Taking the sum of the different parabolas, the total plan area of unconfined concrete is
obtained as:

1\2 2 12
A :szg _b ;d (6-28)

where w; is the clear distance between the rounded corners. Considering the ratio (Ac-
Ay)/A., the confinement effectiveness coefficient k. is given by:

L b74d?

ke =1- (6-29)
© 0 3A,(1-pg,)
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Similar to eq. (6-19) (circular section), the lateral confining pressures induced by the FRP
wrapping reinforcement on a square or rectangular cross-section are given as:

Oyx = K with K = pr keE_]

Oypy = Kconfysju with I<confy = Piy keEj

confx € ju confx

(6-30)

where the ratios pjx and pj, represent the volumetric ratio of transverse confining
reinforcement in the x and y direction and are given by:

= d = 6-31
sd an Piy sb ( )

P jx

The above is applicable in those cases where section ovalisation is impractical. In the case of
rectangular columns subsequently ovalised, the oval jacket has a changing radius of curvature
in the different loading directions. An equivalent circular column diametre can be derived by
taking the average of the oval principal radii, so that the jacket thickness calculations can
follow those outlined for circular columns. In these cases, the effective lateral confining
pressure o €xerted by the confining device equals the lateral confining pressure o, given by
eq. (6-2 a), and similarly the maximum effective lateral confining pressure fis¢ equals f;
given by eq. (6-2 b).

6.3.3 Load-carrying capacity

Depending on the loading conditions (axial loading, shear and bending) the capacity of the
columns should be calculated according to appropriate models as given by EC2 and MC90.
The capacity of the section can be computed based on the ultimate strength as given in eq. (6-
16). For modelling the FRP-confined concrete, reference is made to the above sections. With
regard to flexural and shear strengthening reference is made to Chapters 4 and 5, respectively.
Confinement in seismic regions for ductility increase by means of FRP wrapping is covered in
Section 6.4.

6.3.4 Buckling

According to Seible et al. (1995), to ensure that column bar buckling in the plastic hinge
zone does not control the flexural failure model, additional checks on the transverse
reinforcement ratio of the jacket need to be performed, particularly for slender columns where
M/(VD) > 4 (with M and V being the maximum column moment and shear, respectively and
D the column diametre). The required composite jacket thickness is inversely proportional to
the jacket modulus E; in the hoop direction and directly proportional to the column diametre.

6.4 Use of confinement to increase ductility in seismic regions

In seismic regions, columns (or bridge piers) built in the past followed the design criteria
of old codes, which favoured the strength aspects while neglecting the importance that
ductility has in ensuring stability of the response in the post-elastic range. Most of those
structural elements are inadequate to meet the more stringent requirements imposed in the
new generation of codes are now in need for upgrading. A summary of methods for
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improving plastic hinge behaviour through FRP confinement as given by Triantafillou (2001)
is given next.

The method of selecting the jacket thickness for a target displacement ductility factor i is
a relatively straightforward procedure: First the equivalent plastic hinge length L, for a given
column is calculated based on the yield stress and diametre of longitudinal rebars. From L,
and p the curvature ductility factor po = ®,/®y is established. The yield curvature @, may be
found from moment-curvature analysis of the cross section, whereas the maximum required
curvature ®, may be obtained (again from section analysis) in terms of the ultimate concrete
strain. Hence the required value for &, can be established and an appropriate confinement
model (one of the models described in Section 6.2.5) can be used to solve for the required
FRP thickness.

Japanese researchers (Mutsuyoshi et al. 1999) have followed a different approach towards
assessing the displacement ductility factor of FRP-confined columns. According to this
approach, the ductility factor may be related to the shear capacity V,, and to the moment
capacity M, of the member after retrofit, according to empirical equations of the type:

wp =a+p(V,a/M,)<10 (6-32)

where a is the shear span and the constants a,  depend on the type (that is the deformability)
of the fibres.

An alternative design equation has been proposed (Monti et al. 2001) for the ductility
upgrade of circular columns having diametre D . The equation stems from the definition of a

section upgrading index T, =85 / 83, representing the ratio of the target sectional

ductility (to be obtained through upgrading) and the initially available sectional ductility
(evaluated through assessing the existing section). The sectional curvature ductility factor pe
can be obtained from the displacement ductility factor pa in analogy to what was explained
above. The design equation yields the jacket thickness tj, expressed in terms of the
mechanical characteristics of the FRP jacket (ultimate strength f; and ultimate strain g;,):

5 f ava aVa2
(=02 D I, -—— — (6-33)
] Sju

and also expressed in terms of two assessed properties of the column to be upgraded: (1) the
(steel-hoops-) confined concrete strength £ " is calculated according to Mander et al. (1988):

£ =1, (2.2541/1 +7.94f, —2f, —1 .254) (6-34)

where f, =f, /f,, =normalized confining pressure, with:

1

f, =5ke pst (6-35)

y
where ke = tie-by-tie arching-effect coefficient (usually 0.8), and py is the volumetric ratio of

ava when

the (existing) steel hoops having yield strength f; (2) The concrete ultimate strain €;",

only the steel hoops confinement is present, can be computed through a widely accepted
experimentally-derived formula (Seible et al. 1995b):
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gava _ 0 004 4 2 APst Ty B

cu —

(6-36)

CcC

where &, = steel hoops ultimate strain.

6.5 FRP as formwork and structural reinforcement

Although Chapter 6 basically discusses the use of FRP wrapping reinforcement as a
strengthening technique for existing concrete members, this technique is also of interest for
new structures.

In situ or precast columns can be realised using concrete-filled prefabricated filament-
wound FRP tubes. In this construction technique, also called composite column casings, an
FRP tube is used as a permanent formwork, which allows reducing the time and cost of
erection. It acts also as structural reinforcement, enabling an enhancement in both strength
and ductility of the compressed member.

For more information on this subject reference is made to Mirmiran et al. (1996), Caltrans
(1997), Lillistone and Jolly (2000).
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7 Detailing rules

7.1 General

The quantity of bonded FRP reinforcement is calculated according to the models
described in the previous chapters. Detailing rules give practical information on the location,
arrangement and limitations for the FRP reinforcement required by considerations such as
minimum ductility, functional requirements, adequate anchorage, applicability of calculation
models, practical durability measures, environmental conditions, etc.

Compared to other aspects of the EBR strengthening method (e.g. design for bending),
requirements for detailing are much less supported by available test results. Nevertheless
detailing rules are important and if not attended to may lead to premature failure of the
strengthened structure. This is an aspect where future research is definitely needed. Most of
the existing design specifications on EBR strengthening do not contain any or contain a very
limited amount of detailing rules.

7.2 Detailing with respect to strengthening lay-out
7.2.1 Flexural strengthening

Flexural strengthening is provided by axially orientated fabrics of pultruded strips or cured
in-situ fabrics bonded to the top or bottom faces of the member or even to the sides (see Fig.
7-1).

In the anchorage zones no additional transverse reinforcement is required if adequate
anchorage is provided by bond stresses and debonding is resisted by concrete tensile stresses.

(a)

Cross section A-A

E G222 /
%; @

Bands (strips) (1) and (2) could be double

Fig. 7-1: Flexural reinforcement with possible shear anchorages.

7.2.1.1 General recommendations

The following recommendations should apply (Deutsches Institut fiir Bautechnik 1998):
- Maximum spacing sfmax between strips:
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Stmax < 0.27 (¢ = span length)
<5h (h=total depth)
<04 (. (/. = length of cantilever)

- Minimum distance to the edge of the beam should equal the concrete cover of the
internal reinforcement.

- Lap joints of strips should only be provided in sections where the maximum tensile
force in the EBR does not exceed 60% of the tensile force at ultimate. The lap length
should be calculated according to the verification of the end anchorage (see Chapter 4),
where f., should equal 10 N/mm? (bond strength of the adhesive). Joints are allowed
for static loading only. Nevertheless, it is strongly recommended here that lap joints
should be avoided; they are absolutely not necessary, because FRP can be delivered in
the required length.

- Permissible radii of bends should be given in the product description for the strips.
Permissible radii of fabrics need not be specified. However, it is recommended that
sharp edges of the section be mechanically rounded before application. In this case, a
minimum radius of 30 mm is recommended.

- Crossing of strips is allowed, with bonding in the crossing area.

7.2.1.2  Case of several layers

If several strips are to be applied, it is recommended to apply the one next to the other
rather than the one onto the other. In this latter case, more than 3 layers of pultruded strips or
5 layers of cured in-situ fabrics are not recommended to apply unless proved by experimental
evidence. In any case, recommendations of the EBR supplier must be followed.

By applying several layers of prestressed strengthening strips, reduction of prestressing
due to the successive release of prestressing forces should be considered.

7.2.1.3  Anchorage zone

If strengthening is applied in the span of simply supported beams, the distance between
the face of the support and the end of the strip should not exceed 50 mm. In the case of
applying strips or fabrics over supports of continuous beams or slabs, the strips or fabrics
should be anchored in the compression zone (see Fig. 7-2, refer to Chapter 4 for calculation of
the anchorage length).

Anchoring of EBR (especially if the strips are staggered) can be ensured by applying
bonded FRP “stirrups” that enclose the longitudinal strips at their ends. The use of such
stirrups is strongly recommended. Note that these stirrups are not considered to be the part of
the shear reinforcement but are responsible to keep the longitudinal strips in their position and
to prevent peeling-off.
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Fig. 7-2: Anchorage above internal supports.

7.2.2 Shear strengthening

Shear strengthening can be provided by:

- factory made L-shaped CFRP strips,

- continuous sheets.

The externally bonded shear reinforcement generally covers four or three sides of the
element but in some cases only two sides. Appropriate anchorage is strongly recommended.
Practical solutions are given in Fig. 5-2 of Chapter 5. It is important to note that in principle
there are two different cases:

1. Proper anchorage of the shear strengthening system [Fig. 5-2 b, eq. (5-4 a, ¢)],

2. Side or U-shaped shear strengthening system [Fig. 5-2 a, eq. (5-4 b)].

Anchorage failure, debonding failure and FRP fracture are accounted for in design through
the effective FRP strains described in Section 5.1 [eq. (5-4 a-c)].

Proper anchorage means a fully wrapped or a system that is properly anchored in the
compression zone, as shown in Fig. 7-3 and Fig. 7-4. Where practically possible, it is
recommended to use for anchoring the whole height of the compression zone, to guarantee an
anchoring as good as possible. FRP strips at the sides of the beam only are not recommended
as in this case there is a lack of anchorage in both the compression and tension zone.

compression zone

Fig. 7-3: Anchorage in the compression zone.
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Fig. 7-4: Alternative anchorage in the compression zone.

For the case of insufficient anchorage in the compression zone, the usable height (inner
lever arm) has to be reduced, so that the member has a fictitious lower ultimate bending
resistance. The principle is illustrated in Fig. 7-5. Until better calculation methods become
available, it is recommended to calculate according to this proposal.

fictitious compression zone

fictitious reduced inner lever arm

Fig. 7-5: No anchorage: Reduction of the usable height for bending resistance.

7.2.3 Confinement

Compressed members can be effectively confined by externally bonded reinforcement
with horizontally or spirally running fibres. The number of superimposed layers (maximum
number of layers 20-25 or according to the material supplier’s recommendation) is obtained
by the analysis described in Chapter 6.

Concerning the application of EBR on rectangular columns or pier walls with large aspect
ratio, the EBR does not actually confine the internal concrete structure if just applied to the
surface. In order to achieve confinement, the EBR jacket need to be constrained on both sides
along the length through the use of dowels or bolts that anchor the jacket to the pre-existing
structure, thereby creating shorter distances which are confined between bolts (Karbhari and
Seible 1998).

In case of eccentric compressive loads of high magnitude, longitudinally directed fibres
can be also applied. These fibres are to be anchored with transverse fibres at the top as well
as the bottom of the member.

7.2.4 Humidity and moisture issues
When applying an FRP system, especially in the case of fabrics that can wrap the total

surface of the element, water can accumulate at the bond line. Therefore in the case of
flexural strengthening of beams or of slabs it is recommended to leave a gap to provide
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vapour transfer space. In the case of shear strengthening, a gap every 300 mm should be left
exposed. Detailed recommendations can be found in Mack and Holt (1999).

In the case of column strengthening, practice suggests leaving a gap of 30 to 50 mm of
concrete unwrapped at the connection between the column and footing and/or cap beam face.
Indeed excessive flexural strength in the plastic hinge region due to the contact between the
column jacket and the adjacent member may possibly result in undesired moment and shear
forces in footings and cap beams during seismic response. A gap is then needed but it also
leaves a path for excess water to enter through any irregularities between the FRP and the
concrete. Water should be prevented from seeping in between the FRP and the concrete
surface by sealing the gap with a water barrier (epoxy resin or paint).

When dealing with humidity and moisture problems, structures to be strengthened can be
divided into environmental classes as shown in Table 7-1.

Class 0 | Structures located in dry environment with low content of humidity
Example: indoor structures

Class 1 | Structures that can be subjected to freeze-thaw and minor content of humidity
Example: protected outdoor structures

Class 2 | Structures located in a humid environment
Example: outdoor structures which are not in direct contact with water or subjected
to extreme rain (e.g. facades)

Class 3 | Structures located in a very humid environment or in direct contact with water
or/and environment with high temperature and high humidity
Example: part of quay-, bridge- or dam structures in direct contact with water

Table 7-1: Environmental classes (Tdljsten 1999 b).

The total surface can be wrapped for classes 0 and 1, special investigations are needed for
class 2 and full wrapping should be avoided for class 3.

7.3 Special anchorages
7.3.1 General

Bolts, U-shaped sheets or L-shaped strips (Meier and Bleibler 1999) are recommended at
the ends of the EBR to resist concentrations of peel and shear stresses in the region where
these stresses exceed the pull-off strength of the concrete times .

With respect to bolted systems, it is not adequate to drill through the strengthening strip
omitting special provisions and merely fixing with a bolt, as drilling holes through
unsupported composites severs the unidirectional fibres. As compressive forces can weaken
the strip further and as it is not possible for the forces in the strip to be transmitted into the
bolt, the end tabs should be designed to take the full force to be anchored. Alternatively, FRP
EBR with multidirectional fibres at the location of the bolts can be used in an effective way
(Matthys and Blontrock 2000). Bolted systems should be positioned at suitable spacing and
anchored in the concrete to a depth beyond the steel reinforcement. The bolts should be
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supplied with large washers and tightened up to a specified torque to prevent crushing of the
composite materials.

In general, anchoring devices that may influence the integrity of the strengthening system
are not recommended. For example, at holes that are necessary when bolts are applied,
interlaminar shear failure or splitting of the strip may initiate. Moreover, holes reduce the
cross section of the strip.

7.3.2 Device for CFRP strips

The basic scheme of tests made with special anchoring devices for CFRP strips is shown
in Fig. 7-6. With this mechanical anchorage a significant increase in anchored tensile force
can be obtained. This system can be applied in case of strengthening slabs (where no
wrapping is possible), local strengthening and as an anchorage for prestressed strips. A
minimum concrete cover of about 20 mm 1s required.

L-section
length: = 100 - 300 mm
4+=40mm / CFRP-strip
/ Adhesive

=30 mm

— Concrete

slits

Fig. 7-6: Anchorage for CFRP strips, special anchorage system (Zehetmaier 2000).

7.3.3 Device for sheets

The following patented anchor system (see Fig. 7-7 and 7-8) is a way to bond a composite
to a concrete structure in addition to the normal adhesive that is used (Neuner and Falabella
1996). A hole is drilled in the concrete, debris is blown out and epoxy adhesive is applied on
the structure. A layer of continuous sheet reinforcement impregnated with an epoxy resin is
applied. A glass tow is then forced through the impregnated fabric into the predrilled hole
and the ends are splayed outwards in a circle. A final layer of resin-impregnated fabric is
applied and allowed to cure.

Concrete blocks made with and without this type of anchors and with glass composite
extending outwards from a flush cut edge have been tested. The composite ends were tabbed
and shear tests were performed by gripping the tabs and the blocks and pulling apart under
tension. The results were concrete failures in both cases with the anchors showing about two

times increase in shear strength versus specimens without anchors (Neuner and Falabella
1996).
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Layers of saturated sheets

Vg layers

Predrilled hole 1 Anchorage

filled with resin \

7 &

R____ Final saturated
sheet layer

Fig. 7-7: Section of the anchor system.

Predrilled hole
in concrete

Protruding ends of fibres over
and spread evenly out from hole

Fig. 7-8: Top view of the anchor system.
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8 Practical execution and quality control
8.1 Techniques

The strengthening technique under consideration concerns the use of FRP as structural
reinforcement bonded to an existing structure (whereas this document applies for a concrete
substrate, application is also possible on masonry, natural stone, wood, aluminium, steel or
cast iron), as defined in Chapter 2 “FRP strengthening materials and techniques”. The
technique can be used under different conditions and at different locations taking into account
all specifications and requirements given hereafter. Rules and practical information on
detailing aspects are given in Chapter 7.

8.1.1 Basic technique (manual)

The basic technique of strengthening by means of FRP EBR described here refers to the
manual application of FRP reinforcement to an existing member. The bonding is realised
through polymerisation of a two-part cold cured bonding agent (normally epoxy-based). All
specifications and requirements given in the following sections should be taken into account.

The basic technique involves three acting elements, defined as follows:

1. Substrate

The substrate is the material type of the existing structure to which the FRP
reinforcement is bonded. Although FRP reinforcement can be applied to different
substrates, only a concrete substrate is dealt with in the following sections. The initial
conditions of the concrete surface in terms of strength, carbonation, unevenness,
imperfections, cracks, type and possible corrosion of internal steel reinforcement,
humidity, level of chloride and sulphate ions, etc. should be known.

2. Adhesive/Resin

A suitable bonding agent for the FRP reinforcement that meets all requirements
specified. Depending on the type of FRP reinforcement the bonding agent not only
assures the bond between the substrate and the FRP reinforcement, but also may have
to impregnate “wet lay-up” types of FRP EBR.

3. FRP reinforcement

The externally bonded FRP reinforcement (FRP EBR) is an advanced composite as
defined in Chapter 2.

With respect to the application of the FRP EBR, two major types can be defined. This
classification is that used in Chapter 2 to define the different FRP EBR systems:

- “Prefab” or “pre-cured” strips or laminates

These FRP strips are provided as fully cured composites, which have their final shape,
strength and stiffness. They are mostly available as thin strips or laminates (thickness
about 1.0 to 1.5 mm), similar to steel plates. For this type of strip the adhesive
provides the bond between the strip and the concrete only.

- “Wet lay-up (hand lay-up)” or “cured in situ” sheets or fabrics

These FRP materials are available as “dry fibre”, which means that no resin is inside
the FRP before applying, or “prepreg”, having a very small amount of resin already
inside the sheet before applying. In the latter case, the amount of resin is not sufficient
for polymerisation (other techniques exist, e.g. see Chapter 2, Section 2.3.2.4). For
these types of sheets the application of the adhesive is required to both bond the sheet
to the concrete and to impregnate the sheet.
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An overview of the main characteristics and some typical application aspects of these two
types of FRP EBR are given in Table 8-1. More details on the appearance and the
characteristics of these FRP EBR types are given in Chapter 2.

PRE-CURED CURED IN SITU
(PREFAB) (WET LAY-UP)
Shape Strips or laminates Sheets or fabrics
Thickness About 1.0 to 1.5 mm About 0.1 to 0.5 mm
Use Simple bonding of the factory made | Bonding and impregnation of the
elements with adhesive sheets or fabrics with resin (shaped
and cured in-situ)
Typical If not pre-shaped only for flat | Regardless of the shape,
application surfaces sharp corners should be rounded
aspects Thixotropic adhesive for bonding Low viscosity resin for bonding and
impregnation
Normally 1 layer, multiple layers | Often multiple layers
possible
Stiffness of strip and use of | Often a putty is needed to prevent
thixotropic adhesive allow for | debonding due to unevenness
certain surface unevenness
Simple in wuse, higher quality | Very flexible in use, needs rigorous
guarantee (prefab system) quality control

Quality control (wrong application and bad workmanship = loss of
composite action between FRP EBR and substrate/structure, lack of long
term integrity of the system, etc.)

Table 8-1: Main characteristics and typical aspects of FRP EBR (basic technique).

8.1.2 Special techniques

Based on the basic technique, special execution techniques have been developed.
Examples and some details of these special techniques are given in Chapter 2 (Section 2.3).
The specifications and requirements of these special techniques are not covered in the
following sections. They should be agreed on by all parties involved in the application of the
special technique. It is highly recommended that appropriate testing by independent
laboratories be performed.

8.2 General requirements

The technique of external strengthening by means of FRP EBR can be applied under the

following general conditions:

1. On structural elements in a dry or humid environment. Specific requirements are
given for these two environmental classes to ensure good bonding. Moreover, in
humid environment it should be verified that the internal humidity of the structure
(dampness) is not negatively affected by the bonded reinforcement and vice versa.
Application of the technique under other environmental conditions (such as under
water or on a substrate continuously saturated with water), should be related to a
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special study of the bond behaviour. Even if the adhesive ensures good bond
conditions in humid environment, the dampness of the structure can still have other
negative influences, such as risk of internal steel corrosion (involving spalling of the
concrete cover), susceptibility to freeze/thaw damage of the concrete, etc.

2. The temperature of the strengthened parts of the structure under normal service
conditions should not exceed a fraction of the glass transition temperature T, of the
adhesive or resin. This should be verified as specified in Section 8.4.1.1 (3).
According to prEN 1504-4 (CEN 2001 a), the following condition applies: T, > °C
or the maximum shade air temperature in service + 20| °C, whichever is the higher.

3. Careful consideration should be given to aspects such as: high differential
temperatures between the FRP EBR and the substrate under service conditions, fire
protection, protection against UV, possible occurrence of damage, vandalism, etc. (see
also Chapter 9).

4. The application of the FRP EBR for strengthening of structures does normally not
confine or arrest defects or potential damage mechanisms. Also the concrete should be
sound. These aspects should be verified and preceding repair should be executed if
needed, as discussed in Section 8.3.1.

5. The strengthening technique should be performed according to the specifications and
requirements given in the following sections. In addition, the instructions given by the
manufacturer of adhesives, resins and FRP materials should be taken into account. In
conjunction herewith, all necessary design drawings should be available. Furthermore,
quality control should be performed in accordance with Section 8.4. All information
used for the design (including basic assumptions) should be confirmed based on the
quality control tests. The application of the FRP EBR should be performed by
qualified and trained workers (preferably, the FRP EBR system and the operators
should be certified by an independent certification body).

8.3 Practical execution

The application of the FRP EBR should be performed in accordance with the following
procedure. In addition, any special specifications given by the manufacturers of adhesives
and FRP reinforcement should be followed provided that they are not at variance with these
specifications unless backed up by adequate research data. The described practical execution
is valid for the basic technique (see Section 8.1.1). Also reference is made to Section 8.4.
“Quality control”. The procedure for the practical application of the externally bonded FRP
reinforcement is depending on the type of FRP EBR, “prefab” or “wet lay-up” (Table 8-1).
An overview of the basic steps in applying the FRP EBR is given in Fig. 8-1.
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—| SURFACE PREPARATION |

—| Concrete |

—| Remove weak concrete and contaminations, roughen surface, round corners and make dust free |

—| Quality control: strength by pull-off, unevenness, flaws, corrosion, humidity, etc. Repair if needed |

—| Externally bonded FRP reinforcement (FRP EBR) |

—| If not provided 'application ready' and protected by a peel ply: sandpaper if needed and clean surface |

—| Cut to size and check for flaws |

—I FRP EXTERNALLY BONDED REINFORCEMENT APPLICATION |

— Type "PREFAB" or "PRE-CURED" |

—| Resin (thixotropic) application on the concrete |

—| Resin application on the FRP (dome shape) |

—| FRP application (squeezing out extra adhesive) |

—| Type "WET LAY-UP" or "CURED IN SITU" |

—| Primer and putty application (almost no unevenness allowed) (optional)

—| FRP application

—| Resin (low viscosity) application (UNDERCOATING) |

—| FRP impregnation (OVERCOATING)

—I QUALITY CONTROL (BEFORE, DURING AND AFTER APPLICATION) |

On the supplied materials (standard testing FRP and adhesive/resin) |

On the application conditions (concrete soundness, unevenness, environmental conditions, etc.) |

During/at finishing of the application (fibre direction, position, size, unevenness, bond, voids, etc.) |

—| FINISHING (OPTIONAL) |

\—l Painting, shotcrete, etc. (for e.g. aesthetics, U.V. and fire protection) |

Fig. 8-1: General scheme for practical execution and quality control.

8.3.1 Preceding repair

The FRP EBR generally does not stop existing problems such as steel corrosion, water
leakage, high chloride values, etc. Potential damage mechanisms such as the risk of steel
corrosion in the existing member should be sufficiently low and the concrete should be sound.
These aspects should be verified. If needed the strengthening has to be preceded by concrete
repair and internal steel protection techniques (FIP 1991). The following aspects should be
considered:

- The soundness of the concrete substrate should be verified as specified in Section

8.4.3.4. The minimum concrete tensile strength should be greater than N/mm?. If
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the deteriorated or damaged concrete has reached a depth that no longer allows
shallow surface repair, replacement of the concrete should be considered.

- Although the external reinforcement may act as a (partial) replacement of the steel
reinforcement, corrosion should be stopped to avoid damage to the concrete due to
expansive rust. This damage may result in a decreased bond strength and an increased
susceptibility to freeze-taw action. Repair or protection is needed if the steel is already
corroded or is likely to start corroding. With respect to the latter the carbonation depth
and chloride content may need to be verified. Generally, chloride concentrations
larger than % by weight of cement are assumed as dangerous.

- To reduce the risk of reinforcing steel corrosion, to solve leakage problems, to avoid
weak bond strength at horizontal cracks, etc., wide cracks may need sealing by means
of injection. Any cracks (or construction joints) wider than mm or liable to
leakage should be injected by suitable compatible low viscosity resin to fill and seal
the cracks. Also, repair of porous concrete and joints to restore water retaining may be

of relevance.
8.3.2 Preparation of surfaces
8.3.2.1 Concrete substrate

It is important that the preparation of the concrete substrate is carried out well to provide

an adequate bond with the adhesive.

1. The substrate should be roughened and made laitance and contamination free, in such a
way that the concrete quality can be utilized in an optimum way. This is done
preferably by means of high pressure blasting (sand, grit, water jet blasting) or
grinding. In the case of blasting the concrete surface should resembles coarse
sandpaper with minor exposure of aggregates. Most of the wet lay-up systems require
a smoother surface (see Table 8.2) so that in this case grinding may be most
appropriate or so that the application of a putty is needed after roughening by means of
blasting. When using water jet blasting, further application of the FRP EBR should
only be executed when the concrete is sufficient dry again (see point 6 below).
Mechanical methods (e.g. scabbing, etc.) that may compromise the quality of the
outermost concrete should not be allowed (unless the reduced tensile strength and bond
characteristics are taken into account in the design). Regardless of the method,
execution should not damage the concrete.

2. The concrete should be sound and free from serious imperfections (grind nests, steel
corrosion, wide cracks, etc.) and potential damage mechanisms, as outlined in Section
8.3.1.

3. The unevenness that can be allowed depends on the type of FRP EBR. Strips (or
laminates) already have their final stiffness before application and are applied with a
high viscosity thixotropic adhesive. In this way, they are less sensitive to unevenness.
Fabrics and sheets are very flexible and will follow any unevenness. As a result, the
implications of the concrete unevenness are more important for fabrics and sheets.
Allowable values are given in Table 8-2. Limitations for the unevenness of the FRP
EBR after application are discussed in Section 8.3.3.
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Type of FRP EBR concrete surface
unhevenness

Permissible unevenness | Permissible unevenness
on a 2.0 mbase (mm) |ona 0.3 mbase (mm)
“Prefab”, thickness > 1 mm @
“Prefab”, thickness < 1 mm @
“Cured in situ”

Table 8-2: Allowable values of unevenness of the concrete surface.

4. Because of the important limitations concerning concrete unevenness, often a putty is
supplied together with the resin for wet lay-up systems. This putty shall meet all
requirements concerning concrete repair products. The application should be
according to the specifications of the manufacturer and the compatibility of the putty
and resin for sheet application should be proved.

5. The prepared surface should be dust free before further application of the
strengthening technique. This is achieved by cleaning by means of vacuum or oil free
compressed air.

6. The prepared surface should normally be surface dry. The allowable surface moisture
content is given by the manufacturer. It is noted that certain adhesives can be applied
in humid environment. Requirements for these adhesives are given in Section 8.4.1.
The concrete surface is under no conditions allowed to be wet. The temperature at the
concrete surface should exceed the actual dew point (which also depends on the air
humidity) with |5 | °C. If not, artificial heating and dehumidifiers may be required.

7. The concrete surface shall be marked where the FRP EBR has to be applied. For
complicated strengthening lay-outs the pre-cut FRP shall be applied temporarily to the
concrete. For the application of sheets or fabrics around sharp edges, corners shall be
rounded with a radius as specified on the design drawings. If mechanical anchorages
are to be provided, all necessary preparations should be performed in an adequate way.

8. Application of a primer is normally not necessary. However, if specified by the
manufacturer of the adhesive a primer shall be used according to the specifications
given by the manufacturer. A primer may also be specified before applying a putty,
which is often used to ensure concrete surface evenness.

8.3.2.2 FRP EBR

Strips and laminates (prefab type). The strips should be supplied to site at the specified
width and cut to the necessary length as specified on the design drawings. They should be
free from any contamination like oil, dust, carbon dust, release agents, etc. For strips
provided with an in-built peel ply, to ensure a clean surface, the ply should be removed
immediately before application and the surface must not be touched by hand again. If the
strips are provided without a peel ply but with a surface ready for bonding, handling should
be with extra care. Other strips usually require abrading and wiping clean before use, to
obtain a satisfactory surface to which to bond. This should be performed as specified by the
manufacturer. The strips should be handled with clean gloves and under dry conditions.
They have to be verified for possible damage resulting from transportation, handling or
incorrect cutting. The strips and laminates shall be free from unintended curves, bows, wraps,
undulations or twists.
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Sheets or fabrics (wet lay-up type). They are cut to the necessary plan-dimensions as
specified on the design drawings. They should be kept free from any contamination and
checked for possible damage resulting from transportation, handling or wrong cutting.
Protecting foils or in-built peel-plies should only be removed just before application.
Handling and preparation precautions provided by the manufacturer should be followed.
They have to be verified for possible damage resulting from transportation, handling or
incorrect cutting. The sheets and fabrics shall be free from wraps, twists or fibre
misalignments.

8.3.3 FRP EBR application

The application will depend on the type of FRP EBR. For strips and laminates (prefab
type) the adhesive ensures bonding only. Often a high viscosity thixotropic adhesive is
applied. For sheets and fabrics (wet lay-up type) the resin ensures both bonding and
impregnation, which calls for a low viscosity material. The viscosity should still be sufficient
to apply the sheets at the soffits of members.

The application of the FRP EBR is performed according to the specifications given in this
section and applying appropriate quality control measures as specified in Section 8.4. In
addition, the information provided by the manufacturer in terms of allowable temperatures
and relative humidity, mixing ratio, mixing time, pot life, open time, shelf life, provisions
given by the safety data sheet, provisions concerning the environmental impact, curing
duration, etc. should be taken into account.

The ambient temperature and relative humidity should be within the limits specified by the
adhesive or resin manufacturer. The application should be completed within [80| % of the pot
life (adhesive application) and open time (time for making the joint) of the adhesive at the
prevailing temperature.

After application and curing, the FRP should be essentially straight (concave surface may
result in FRP peeling). Expressed as the depth of the surface variation with respect to a
straight base length of m, the unevenness should be limited to |4 mm for “prefab” systems
and 2 | mm for “wet lay-up” systems.

8.3.3.1 “Prefab” type (strips or laminates)

The adhesive is applied as a thin layer to the concrete immediately after mixing. The
adhesive is applied to the FRP sheet in a dome shape (100 mm plate width: maximum height
about 5 mm), having slightly more thickness along the centre line of the plate. This reduces
the risk of forming voids when the strip is applied. The strip is offered to the concrete
surface, applying pressure by means of a rubber roller to ensure intimate contact with the
concrete. The extra adhesive should be squeezed out along the sides. Also, the pressure is
applied in such a way that no voids are formed (going from the centre to the outer). The final
bond line should be of equal thickness along the strip and should correspond to a minimum
adhesive thickness of 1.5 to 2.0 mm. Normally, the strips are applied in one layer. Unless
approved by testing, a maximum number of layers and total thickness as specified in Chapter
7 is allowed.

Alternatively, instead of applying the adhesive to both the concrete and the strip, adequate
results have been reported when applying the adhesive only to one surface. If backed up by
adequate research data, this or other alternatives are allowed.
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At crossings, the change in thickness of the adhesive should be gradually applied so that
the requirements of Table 8-2 are met.

If masking tape is put on the concrete either side of the strip before gluing, the adhesive
surplus can be removed more easily.

Normally, no external pressing devices need to be applied during curing.

8.3.3.2 “Wet lay-up” type (sheets or fabrics)

To achieve the required evenness of the concrete surface it will often be specified to apply
(a primer and) a putty. This shall be done in accordance with the specifications given by the
manufacturer. Next, a low viscosity resin is applied to the concrete (or putty) with sufficient
thickness (however the adhesive should remain as an even thickness), by means of a roller
brush or a toothed trowel. This process is known as ‘undercoating’. Then, the fabric or sheet
is applied by pressing it manually onto the adhesive in such a way that it is stretched without
introduction of voids. Impregnation and further pressing of the sheet is performed by
applying adhesive on top of the fabric or sheet (after removal of the paper backing, if present)
with a roller brush. This is called ‘overcoating’. The final bond line should be of an even
thickness along the sheet.

Alternative to the above procedure and to increase the level of quality insurance, the fabric
or sheet can be impregnated with the resin in a saturator machine. This enables to saturate the
FRP EBR at a better-controlled resin rate and with a more uniform thickness. The wetted
fabric or sheet is applied to the sealed substrate.

Often multiple layers will be applied. Unless otherwise specified, this may be done before
the previous layer has cured. Unless approved by testing, the maximum number of layers and
total thickness shall be as specified in Chapter 7.

Normally, no pressing devices need to be applied during curing.

8.34 Finishing

Some form of finishing may be required for aesthetic purposes. In terms of fire
protection, possible occurrence of damage, protection against ultra violet radiation, a finishing
layer can be crucial to the long-term integrity of the strengthened structure. Different types of
finishing layers can be provided such as painting, shot-concrete or fire protection panels.
These finishing layers should be applied according to the specifications given by the
manufacturer. The compatibility between the externally bonded reinforcement and the
finishing layer should be proved. If finishing layers or toppings involve heating, this should
not damage the bond integrity.

8.4 Quality control

The quality control specifications given in this section only concern the FRP EBR and its
application. For specifications concerning concrete repair techniques and steel corrosion
protection techniques, reference is made to corresponding guidelines.
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8.4.1 Characterization and quality control of the strengthening materials
8.4.1.1 General

The adhesives and FRP EBR used shall be characterized according to standard test
methods. The properties should be provided by the manufacturer, who should be able to
prove that the tests were performed by an independent laboratory and according to the
specified test methods. Furthermore, the manufacturer should guarantee that there is
sufficient quality control during production. In addition, quality control testing should be
undertaken during the practical execution, as specified in Section 8.4.3. The products are to
be delivered in accordance with Section 8.4.3.1.

If possible, the characterization of materials (according to standard test methods and
performed by independent laboratories) should be supervised by a certification body. In this
way the products can be certified.

Although standard test methods specifically developed for the characterization of FRP
EBR systems are scarce, in the following reference is made to a number of tests that can be
used. More specific or alternative test methods and procedures may become available in the
future. In addition to the test methods, some requirements are mentioned.

8.4.1.2 Bonding agent
(1) General

A two-part cold cured adhesive, comprising resin and hardener, is used for FRP bonding.
The adhesive is normally epoxy based and similar to the epoxies used for steel plate bonding.
Long term experience with epoxy adhesives, including durability, over a period of about
thirty years in civil engineering prove their suitability. Other adhesives may be used as long
as they provide equivalent performance and that their long-term durability is acceptable.
Adhesive requirements for structural bonding are also specified in prEN 1504-4 (CEN 2001

a).

(2) Physical properties

Viscosity and thixotropy. The polymer bonding agent shall be capable of being applied
readily, after mixing according to the manufacturer's instructions, in layers corresponding
with the specified adhesive application and with the specified minimum thickness of the final
bond line (Section 8.3.2.), providing thorough wetting of the adherents. The viscosity of the
adhesive should be optimised with respect to the intended use and will differ considerably for
“prefab” and “wet lay-up” types of FRP EBR. Thixotropy may be required if a high viscosity
is wanted with yet sufficient wetting ability during spreading. Different grades of an
adhesive, each applicable within a certain working temperature range, may be made available.
The viscosity shall be determined according to ISO 3219 (ISO 1993 a) (also EN ISO 3219,
CEN 1995). The suitability for application to vertical surfaces, soffits and horizontal surfaces
is verified according to EN 1799 (CEN 1998 a).

Curing conditions and shrinkage. The adhesive shall be capable of curing to the required
strength under the most extreme conditions with respect to temperature and humidity. These
conditions are specified by the manufacturer. A maximum temperature may be specified in
relation with the pot (or workable) life and the viscosity. The minimum temperature at which
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curing is still possible generally equals 5 °C. The maximum relative humidity, above which
insufficient adhesion is obtained, often equals 80 %. On curing, the adhesive shall undergo
negligible shrinkage, meaning less than % determined according to prEN 12617-3 (CEN
2001 b).

Pot life, open time and shelf life. The mixed adhesive, before application to the prepared
surfaces, shall have a pot life in excess of |4O minutes at 20 °C| (or at the typical application
temperature). The pot (or workable) life is determined according to prEN 14022 (CEN 2001
c). The time after application of the adhesive (open time), within which the joint can be
made, shall exceed 20 minutes at 20 °C|. The open time is determined according to EN 12189
(CEN 1999 a). The shelf life of all adhesive components shall exceed @ months in original
containers, stored at °C. Adhesives shall not be used if their shelf life, pot life or open
time has been exceeded.

Glass transition temperature. The heat distortion temperature (often characterized by the
glass transition temperature T,) should be sufficiently large with respect to the service
temperature: T, > 45| °C or the maximum shade air temperature in service + 20| °C, whichever
is the higher. The glass transition temperature is determined according to prEN 12614 (CEN
2001 d).

Moisture resistance. Moisture transport through the adhesive should be minimised. The
maximum water absorption after immersion in water, according to prEN 13580 (CEN 2001
e), shall not exceed 3 | % by weight.

Filler properties. Fillers used with the adhesive shall be an electrically non-conductive
material, be highly moisture resistant, be able to withstand temperatures up to °C without
degradation and have a maximum particle size of |0.5| mm.

(3) Mechanical short-term properties of the cured adhesive

Modulus of elasticity in bending (flexural modulus). The modulus of elasticity shall be
determined according to ISO 178 (ISO 1993 b) and should be within the N/mm?
range. The lower limit relates to a restriction of creep, the upper to minimize stress
concentrations.

Shear strength. A minimum value of 12 N/mm” at 20 °C]| is required. The shear strength
is determined according to EN 12188 (CEN 1999 b).

Adhesion strength. The adhesion strength of the bonding agent, determined according to
EN 12188 (CEN 1999 b) should be larger than [15 N/mm” at 20 °C|

Compressive strength. The compressive strength shall be determined according to EN
12190 (CEN 1998 b).

(4) Durability and long-term properties of the cured adhesive

The durability shall be proved based on laboratory accelerated durability testing or based
on long term experience (over a period of at least years) in conditions similar to the
proposed use. On durability, fatigue and creep under sustained load testing, reference is made
to prEN 13584-1 (CEN 2001 f), prEN 13733 (CEN 2001 g), prEN 13894-1 (CEN 2001 h) and
prEN 13894-2 (CEN 2001 i). These test methods may need to be varied with respect to FRP
EBR.
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8.4.1.3 FRP EBR

(1) General

FRP EBR is basically defined by the type(s) of fibre, the resin binder, the fibre directions
and fibre volume fraction. Mostly, FRP EBR based on carbon fibre and epoxy resin are used.
However, also FRP based on e.g. aramid or glass fibres can be used. Besides epoxy, also
other types of resins can be used. The direction of the fibres can be unidirectional or multi-
directional. In all cases, the fibres should be continuous.

(2) Type of FRP EBR and geometrical characteristics

The type of FRP EBR and dimensional characteristics should be specified, in terms of:
“prefab” type (plates or strips) and “cured in-situ” (sheets or fabrics), type(s) of fibre, resin
type, fibre directions, width, length and nominal thickness.

The definition of nominal thickness of the FRP should be clearly indicated. Generally,
reference is made to the global thickness or the dry-fibre thickness. A discussion on this
aspect is provided in Chapter 2, Section 2.1.5. If comparison of mechanical properties is
made between strips (or laminates) and sheets (or fabrics), the possible differences in defining
the nominal thickness should be borne in mind! The equivalent dry-fibre thickness of sheets
with multiple fibre directions is related to the fibre direction.

(3) Physical properties of the FRP EBR

Fibre fraction. The fibre weight fraction, the fibre volume fraction or the fibre weight by
unit area for each fibre direction shall be provided.

Amount of resin for impregnation. The minimum amount of resin, per unit area, to
impregnate “cured in-situ” sheets or fabrics should be known.

Coefficient of thermal expansion. The coefficient of thermal expansion shall be
determined according to EN 1770 (CEN 1998 c).

Glass transition temperature. The glass transition temperature of “prefab” FRP types is
typically higher (due to factory processing) than that of the bonding agent. The glass
transition temperature of “wet lay-up” systems is determined by the resin used for bonding
and impregnation.

Moisture absorption and chemical stability. As also specified for the bonding agent the
moisture absorption of the cured FRP should be limited. Although FRP EBR systems
generally have good chemical stability, the durability of the system in the environment of
subject should be demonstrated [see point (5)].

(4) Mechanical short-term properties of the FRP

Tensile strength, elastic modulus and tensile failure strain. The basic properties of the
FRP sheet shall be determined by tensile testing. The tensile strain, the modulus of elasticity
at the origin (tangent modulus), the secant modulus (defined between m % of the
ultimate load) and the failure strain shall be determined. No standard test method is available,
although reference can be made to test methods for FRP materials used in other fields: EN
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ISO 527-5 (ISO 1997), EN 2561 (CEN 1996), ASTM D3039/D3039M (ASTM 1995). The
test results should be given as mean values and standard deviation. For the tensile strength
and the E-modulus it should be clearly stated which value for the nominal thickness has been
taken in consideration. The properties obtained from tensile testing are related to the fibre
direction. For FRP sheets with multiple fibre directions the properties should be determined
for each fibre direction.

(5) Durability and long-term properties

The FRP should have sufficient resistance against moisture, chemicals and UV radiation
or should be protected from it by protecting layers. The creep characteristics of the FRP may
be required for the design. A discussion on these aspects is provided in Chapter 9 “Special
design considerations and environmental effects”.

8.4.1.4  Composite action between FRP EBR, bonding agent and concrete

(1) General

The success of strengthening by means of FRP EBR will be highly dependant on the
quality of the bond between the three acting materials: FRP EBR, bonding agent and concrete
substrate. Good bond behaviour should be guaranteed under specified (extreme) application
conditions and with regard to the long-term durability.

(2) Bond between FRP EBR, bonding agent and concrete

Different types of bond testing can be carried out. Prior to these tests, it is recommended
that an applicability test will be performed from which further test specimens for bond testing
can be taken. With the applicability test the application of the adhesive under specified
conditions is verified. At the same time this test can be used for training.

Applicability test. The FRP EBR is applied to a concrete slab, according to the procedure
specified in Section 8.3. The material should have a length of 1 m, a width corresponding to
normal application conditions and a thickness corresponding to the maximum allowable
number of layers. The application is performed on the soffit of the slab, the slab being
positioned horizontally at an elevation of about 2 m. The execution is performed in a climate-
controlled room under specified conditions (minimum temperature and maximum relative
humidity). All materials shall be put 24| hours in advance under the specified conditions. The
concrete slab shall be sufficiently large, depending on the FRP EBR dimensions, and shall
have a minimum thickness of 40l mm. The concrete quality should be such that a minimum
concrete tensile strength of [3l N/mm” is guaranteed. Depending on the envisaged application,
the concrete substrate will be either ordinary concrete or repaired concrete. In the latter case,
an additional repair mortar layer with thickness mm is applied on the concrete surface.
The strengthened slab is cured under the specified conditions for 7| days and additionally
during an extra (7| days under laboratory conditions ( °C). After execution the FRP EBR
is evaluated in terms of unevenness, thickness of the bond line and voids (see Section 8.4.3).
In addition concrete cores & 50 mm are drilled for direct tensile testing after 3, 7 days and 14
days to evaluate the bond performance (see next point). The above testing conditions refer to

104



Copyright fib, all rights reserved. This PDF copy of fib Bulletin 14 isintended for use and/or distribution only by National Member Groups of fib.

"dry environment". If the adhesive allows for "humid environment" the concrete slab will be
immersed in water for 7 days. The application test starts 2 hours after taking the slab out of
the water and drying the surface with a towel until surface dry.

Bond performance in direct tension. The bond performance can be evaluated by means of
direct tensile testing of the FRP EBR/bonding agent/concrete substrate combination. Test
specimens are obtained by taking cores from the applicability test specimen. Tests are
performed at 7 days and at 14 days under the specified curing conditions. In addition, for
outdoor exposure, durability testing (see below) shall be performed. The test method will be
according to EN 1542 (CEN 1999 c). The failure should be located inside the concrete.

Durability testing. The durability will be evaluated based on the bond performance in
direct tension, after freeze/thaw or outdoor ageing. The cores taken from the applicability test
specimen and cured under the specified conditions are respectively submitted to 10
freeze/thaw cycles or to outdoor climate, before testing them in direct tension. The
freeze/thaw tests are according to a cycle of 4 hours at -20 °C, 4 hours at +60 °C and 16 hours
under water at 20 °C. The specimens stored in an outdoor climate are left exposed for
minimum 1 year according to prEN 13733 (CEN 2001 g).

Bond performance in shear. No standard test method is currently available, although this
subject is under investigation in a round robin test (TMR ConFibreCrete, fib TG9.3 and ISIS
2001).

(3) Quality of adhesive bonded joints

If the FRP EBR is not available in quasi-continuous lengths or if more layers are applied
than the maximum specified by the supplier (Chapter 7), adhesive bonded joint testing has to
be performed (so-called lap shear strength test). This can be done according to EN 1465
(CEN 1995).

8.4.2 Qualification of workers

The strengthening technique (including possible preceding repair techniques) shall be
performed by qualified and experienced workers. The team chief or work co-ordinator
(foreman) shall be trained and qualified on all aspects of the applied techniques and shall be
present during work at all times. Training can be performed according to Section 8.4.1.3 (2).

8.4.3 Quality control on the practical execution
8.4.3.1 General remarks

The products shall be provided with the following information:

- General data (such as: name, type and function of the product, product components,
name and address of the manufacturer, batch number and expiry date).

- On request, data concerning the material properties according to standard test methods
(Section 8.4.1).

- Information concerning handling, transportation and storage (such as: pot or workable
life, shelf life, mixing ratios, mixing requirements, storage conditions, application
conditions, application guidance, cleaning agents, curing time in between primer and
putty application, etc.).
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- Safety data (such as: toxicity, inflammability, environmental impact, etc.).

The components of the bonding agents (primer, putty, adhesive) shall be provided
separately and pre-dosed according to the mixing ratio. Preferably, one component (in
normal-sized packing) is added to a second component (in over-sized packing). It should be
verified that no material remains in the packing of the first component. The mixing speed
should be sufficiently low to avoid formation of air bubbles. Mixing should be continued
until a homogeneous colour is obtained. It should be verified that no badly mixed zones are
remaining.

Special care should be taken in avoiding any type of damage to the FRP EBR during
transportation, storage and handling. Cutting of FRP EBR to length according to the design
drawings is allowed on construction site, if cutting is performed according to the
specifications of the manufacturer and if no further damage to the sheet is initiated.

8.4.3.2 Quality control of the supplied materials

Representative test samples should be taken from the supplied materials. The number of
control tests will depend on the importance of the job (the total area to be strengthened by
FRP EBR bonding, the difficulty in strengthening lay-out and whether or not the materials are
supplied in total). At least 3| tensile tests of the FRP EBR and @ bonding agent compression
tests (according to Section 8.4.1.1 and/or 8.4.1.2) should be performed, unless the products
are certified by independent certification bodies.

8433 Quality control on the application conditions

The suitability of the concrete substrate for bonding should be verified before and after
repair techniques. The concrete quality is verified based on the tensile strength of the
concrete surface, by means of pull-off testing according to EN 1542 (CEN 1999 c). The
obtained strength should be equal to the tensile strength of the bulk concrete (locus of the
failure to be totally within the concrete), unless taken into consideration in the design. The
minimum strength should be N/mm®. Secondly, the unevenness of the (repaired) concrete
surface is checked and should be within the limits given in Table 8-2. Furthermore, air
humidity, air temperature and surface moisture and temperature of the concrete substrate are
measured to evaluate the environmental conditions ("dry" or "humid" conditions, dew point,
temperature limitations for use of the adhesive, maximum allowable relative humidity, etc.).

8434 Quality control on the application process

During the execution and at finishing quality control verifications are performed to ensure

good quality of the strengthening:

- Quality control to verify that the proper execution procedure is followed and that the
FRP EBR is applied in the given direction and with proper amounts of fibres and
polymer. It has also to be ensured that proper mixing and manipulation of resin and
correct surface preparation takes place.

- Verification of satisfactory unevenness of the FRP EBR and bond line thickness after
execution.

- Quality control of the bond interface as outlined in the Section 8.4.4.
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8.4.4 Bond quality control after the practical execution

Further quality tests of the bond interface (presence of voids or defects, bond strength)
may not be necessary when the contribution of the bond interface in stress transmission
between the FRP and the concrete is negligible (i.e. columns wrapping). In most cases
however, it may be required to perform quality control of the bond interface.

Quality control of bonding can be achieved through Non-Destructive Testing (NDT) and
Partially-Destructive Testing (PDT). NDT are to be preferred for testing critical areas of the
strengthening where FRP contribution is assumed to be fundamental, and in general in all that
situations where the strengthened surface is small in comparison with the area damaged by
PDT. To aid the quality control, during execution separate test areas may be foreseen. These
areas are to be executed together with the actual FRP EBR application and under exactly the
same conditions.

Different tests can be performed as outlined in the following. It is recommended that at
least 3| bond tests are performed at 3| days and/or at [7| days and that critical bond zones are
scanned for the presence of voids.

8.4.4.1 Partially destructive techniques

Surface adherence pull-off test (see also Section 8.4.1.4). Partial coring is performed in
the FRP EBR, |5l mm into the concrete. A disc is glued and after hardening pulled off in direct
tension. The test is performed according to EN 1542 (CEN 1999 c¢).

Surface adherence shear test. 1f a FRP test strip has been glued on the concrete surface
close to an edge and extending from it, the extending part of the strip can be gripped and
submitted to tension until rupture at the strip-concrete interface occurs. In this type of test the
bond interface is submitted to pure shear.

Surface adherence torque test. A ring disc is glued on the FRP strengthening surface and
partial coring is performed at the outer and inner diameter, extending |5 | mm into the concrete.
After hardening the disc is twisted off. In this type of test the bond interface is submitted to
torque.

8.4.4.2  Non destructive techniques

To verify that no large voids in the adhesive are present the following tests may apply.

Tapping. Normally voids can be detected by means of “tapping” the bonded surface with
a steel stick with diameter 5 mm and with a rounded tip.

Ultrasonic pulsed echo techniques. A high frequency ultrasonic beam is used to scan
FRP-concrete interface and bonding defects are located through echoes generated by acoustic
impedance mismatching. Echo amplitude techniques are to be preferred to time-of-flight
ones. Effectiveness of the ultrasonic echo technique is limited to “gaseous” defects such as
air bubbles or gas film detachments, is critical under FRP loading conditions and requires
smooth FRP surfaces and well-experienced personnel. FRP areas next to edges or with small
bending radius cannot be successfully tested with this technique. Since technique is time
consuming, it is strongly recommended only for the strengthening areas where bonding is
critical.

Ultrasonic transparency techniques. A low frequency ultrasonic beam is used to scan
paths orthogonal to the strengthened surface where one of the transducer is placed, while
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another transducer is located on the opposite face of the concrete element. Time-of-flight and
wave attenuation are recorded. The technique is applicable only when both the strengthened
and the opposite surface are easily accessible and is time consuming. Its use should be
recommended only in particular situations.

Thermography. Thermographic NDT in direct dynamic condition has been successfully
applied to bonding evaluation. Testing should take place with the specimen at thermal
equilibrium, applying a homogeneous heating (or cooling) to the FRP free surface and
recording its surface temperature during the thermal transient with an infrared imaging
system. Defects are located as hot (or cool) spots due to different thermal properties of
degraded bonding. Severe limitations of the technique arise with thick overlays and with FRP
materials with a high thermal conductivity, such as CFRP. Although thermography is
strongly recommended, great care has to be used in calculating the smallest detectable defect
in order to ensure it is not critical for crack propagation. Calculation can be performed using
thermodynamic model of the strengthening.

Other dynamic techniques. At present some other dynamic techniques based on impact
spectrum analysis and on surface acoustic wave propagation are under evaluation.

8.4.43  Corrective actions for bonding defects

If considerable voids are present, the FRP should be stripped off and new FRP
reinforcements should be glued. Alternatively, they may be injected with a compatible resin,
according to a procedure agreed on by all parties. Herewith, the reduction in FRP sheet
section, the localized injection pressure, and all other negative influences resulting from the
injection should be taken into consideration to see if still all design requirements are met.

8.4.5 In-service inspection and maintenance

A manual of procedures for inspection and maintenance for the repaired and strengthened
structure should be prepared for the maintaining authority.
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9 Special design considerations & environmental
effects

9.1 General

If applied properly, FRP strengthening systems appear to offer the same or improved life
cycle cost estimates compared to other strengthening systems. Although the durability of
FRP and concrete is well documented, the combined system is raising warranted concerns
concerning the overall long-term behaviour.

The FRP-concrete interface is the critical component to the effectiveness of most FRP
structural strengthening applications as this is the location where the transfer of stresses
occurs. Field experience has shown that the bond between FRP and concrete cannot always
be assured. Bond quality is influenced by the condition of the existing concrete, surface
preparation of the concrete substrate, quality of the FRP application, quality of the FRP itself
and durability of the resin. In the following attention is paid to the durability first of all of the
FRP itself and then to that of the whole strengthened system.

9.2 Glass transition temperature

The glass transition temperature (T,) is the temperature above which FRP performance
can be expected to drop dramatically. The thermal energy supplied above T, allows the resin
chains to move and become more flexible. This will result in a reduced bond capacity. Also,
it lowers the load or sharing capacity of the resin and results in preferential loading of
individual fibres (the shorter ones). Since the load is no longer shared among the group of
fibres, the loading on individual fibres may exceed the capacity of the fibre and it breaks. The
next shorter fibres pick up the load and if the stress level is too high, they break and so on.
Ultimate load carrying capacity of the FRP can be lowered by 30-40% in extreme cases
(Kelley et al. 1999).

To avoid a premature debonding because of an excessive temperature increase, maximum
service temperature must be lower than the glass transition temperature of the resin and the
adhesive. However, one has to consider that T, may vary in time due to several
environmental parameters (temperature, moisture, etc.). High temperature could act like a
post-cure on the material and therefore increase T,. Absorption of moisture by the resin will
lower T, (see Section 9.4). A requirement with respect to this issue is given in Chapter 8,
Section 8.4.1.2. Furthermore, classical action combinations including temperature effects
must be taken into account according to Eurocode 2. If the strengthened member is to be
subjected to high temperature, an adhesive with a correspondingly high T, must of course be
selected. There are two possibilities: a cold-cure resin with an initially high T, can be used,
or post-cure can be performed on the resin to achieve a higher T,.

9.3 Fire design and protection
9.3.1 General

If no special measures (like protective linings) are taken, the externally bonded
reinforcement may be lost during fire due to the weakening of the adhesive. In such cases

verification for the unstrengthened element in the accidental design situation (Chapter 3) must
be performed.
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The evaluation of the fire resistance of concrete elements allows different types of
analysis. A global structural analysis can be performed, in which case indirect thermal
actions (thermal elongations, restraints etc.) must be considered throughout the whole
structure. Where the analysis is done by evaluation of individual concrete members (used for
classification of elements F30, F60, etc.), indirect thermal actions should not be considered.

9.3.2 Strengthened elements without fire protection

In this case the strengthening of the concrete element will be lost very quickly in a fire,
due to the high temperature that weakens the adhesive layer between the strengthening
element and the concrete. The fire resistance of the strengthened element can be evaluated by
analysing the (accidental) unstrengthened concrete section. The rules that are applicable to
reinforced and prestressed concrete elements, described in EC2, Part 2-2: Structural Fire
Design, may also be applied here. Hence, fire resistance may be evaluated using tabulated
data (minimum dimensions and minimum concrete cover for different types of elements),
using a simplified calculation method (thermal analysis and mechanical analysis with reduced
material properties) or using a general calculation method (thermal and mechanical analysis
with temperature dependent material properties). If using tabulated data, one has to keep in
mind that the values in these tables are calculated according to the accidental load level of the
unstrengthened element. The strengthened element in case of fire must be evaluated with a
load level according to the accidental load level of the strengthened element. Therefore, the
tabulated values must be changed according to the higher accidental load level of the
strengthened element.

9.3.3 Strengthened elements with fire protection

When fire protection is provided for the strengthened element, the fire resistance must be
evaluated using a more refined calculation method (like the general calculation method
proposed above). The analysis will consist of a thermal analysis to determine temperature
distributions in the element, followed by a mechanical analysis with temperature-dependent
material properties. The dimensioning of the protection will be based on a limitation for the
temperature rise in the adhesive layer (weakest element of the cross-section) during a certain
time. This temperature limit depends on the type of adhesive used but will usually be in the
range of 50°C to 100°C.

9.4 Moisture
9.4.1 Effect of water absorption on FRP

Presence of moisture is a particularly harsh environmental parameter for all structural
materials. Steel rusts, concrete can carbonate, wood rots, resin chains can split and glass
looses tensile strength. With FRP materials, the first concern is how well the resin matrix
resists the effects of prolonged exposure to water, either fresh or salt. Experience from the
boat and the military industry has shown that the effects take place over an extremely long
period of time (Lubin and Donohue 1980).

The resin matrix will absorb water. The amount of water is dependent on the resin type
and the water temperature. The two immediate effects of water absorption on the matrix are a
reduction of the glass transition temperature and a stiffening of the resin. Both of these
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effects are partially reversible in epoxy resin when the water is removed by drying. With
polyesters and vinylesters the changes can be reversible or not, depending on the time and
temperature of the exposure. Epoxies have no ester linkages in their structure and thus the
polymer chain is not easily hydrolysed. A maximum water uptake value of 3% by weight is
normally specified for structural adhesives (Blaschko et al. 1998).

Damage to fiberglass/epoxy composites may be caused by the intrusion of moisture into
the resin-fibre interface. Such intrusions may break the silane coupling agent bonds between
the glass and the coupling agent and/or the bonds between the resin and the coupling agent.
Further, the presence of moisture can leach sodium and other metallic ions from the glass
causing loss of strength over time. Moisture is thought to gain access into the composite due
to the following:

e C(apillary action along the longitudinal axis of the fibre or at the resin-fibre interface.

e Transfer through cracks and voids in the structure.

e Diffusion through the matrix.

Aramid fibres absorb up to 13% by weight of moisture that can have a deleterious effect
on tensile strength and can affect the resin-fibre interface. Carbon fibre is relatively inert to
water and so the only effects on CFRP are those of moisture on the resin matrix.

9.4.2 Durability of an FRP-concrete system

It is crucial to consider the condition of the existing concrete (including the condition of
the internal steel) prior to strengthening in order to ensure the bond quality and the longevity
of the system. Basic existing problems need to be addressed before FRP systems are
implemented, otherwise water and chemicals can still penetrate the concrete to further
deteriorate the system by debonding or peeling action where localized stresses occur. These
stresses can be due to environmental problems that include temporary water pooling in the
FRP-concrete interface. Figure 9-1 (Karbhari and Howie 1997) shows the system level
interactions.

The internal pore pressure is also another major concern related to the FRP moisture
barrier properties. As the FRP strengthening system has a secondary effect of sealing the
concrete, this internal pressure will locally accumulate. To allow moisture transfer in FRP
strengthened members, sufficient gaps (zones with no externally bonded FRP) may be
necessary. These gaps can also provide access to excess moisture or deleterious materials.

In the case of indoor applications and mild climates with properly restored concrete, the
effects of vapor-barrier encapsulation of concrete by FRP are minimal. Fully encapsulating a
concrete member with FRP can even increase its longevity by protecting it from harsh
conditions (marine, chemicals environment, etc.). However, in case of poor concrete
conditions, the encapsulation is at risk if the member is exposed to extreme climate cycling
and/or excessive moisture. Applications of FRP to a structural element that is at risk of water
pooling should not involve fully encapsulating the concrete. Good internal and surface
concrete conditions, proper surface preparation, adequate concrete substrate exposure and
proper application of an adequate FRP system may substantially reduce this risk (Kelley et al.
1999).
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Fig. 9-1: FRP system level interactions.

9.5 Temperature Effects
9.5.1 Freeze-Thaw

As strengthening is applied to existing structures, these structures may be cracked before
applying the FRP. The bonding of the FRP on the concrete may not be perfect, and some
voids (or even larger delaminations) may be present in the interface layer between concrete
and FRP. The expansion of freezing water in these cracks or voids may cause delamination
of the FRP at the concrete-FRP interface. Hence the effect of freeze/thaw cycles on the
behaviour of strengthened structures must be considered.

Kaiser (1989) studied the behaviour of strengthened beams subjected to 100 freeze-thaw
(with water at 20°C) cycles between -25°C and 20°C. Uncracked and cracked beams were
strengthened and tested. He found no negative effect of frost and thaw on the behaviour of
the tested elements compared to the behaviour of reference elements. Green et al. (1998)
studied the behaviour of freeze-thaw action on the bond behaviour between concrete and FRP.
Tysl et al. (1998) introduced some delaminations and voids in the bond layer to study the
influence of such defects on freeze and thaw action. They both found no significant influence
of frost and thaw on the bond behaviour.

Yagi et al. (1997) concluded that repeated freeze-thaw cycles have shown little or no
effect on the FRP when high quality, moisture resistant epoxies are used (Yagi et al. 1997);
yet the same freeze-thaw tests on FRP wrapped concrete cylinders showed significant
deterioration in strength and ductility (Soudki and Green 1997). Freeze-thaw cycling may
give problems when the quality of concrete is poor (Toutanji and Balaguru 1998). Concrete,
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which is not considered to be frost resistant, also contributes to the strength degradation of the
wrapped cylinder. Therefore these tests are checking how well the FRP maintains some
strength to poor quality concrete rather than testing the freeze-thaw resistance of the whole
FRP-concrete system. In other test cases, water is allowed to penetrate the FRP-wrapped
concrete at an unsealed surface (top of cylinder). Results show that the damage begins at the
unsealed surface rather than within the wrapped area (Toutanji and Balaguru 1998).

9.5.2 Bond Behaviour at high and low temperatures

It is well known that when FRPs are used together with concrete to form a plate-bonded
composite beam, the behaviour and integrity of the plate-adhesive concrete system not only
depends on the individual materials, but also on the properties of the interfaces involved in the
joint, namely, the plate-adhesive and concrete-adhesive interfaces.

However, in extreme conditions of temperature, typical of some regions of the world like
in the Poles and equatorial regions, the behaviour and integrity of joints are more conditioned
by component properties (plate, adhesive or concrete) instead of interfaces properties
involved in the joint. Thus, in general, for high temperatures the behaviour is more
conditioned by the properties of the glue, while, for low temperatures the behaviour is
conditioned by the properties of the matrix’s resin.

Pantuso et al. (2000) studied the behaviour of strengthened specimens with two types of
unidirectional CFRP strips (E=175 GPa and E=300 GPa), evaluated at room temperature, and
without internal steel reinforcement tested to failure at three different temperatures: -100°C, -
30°C and 40°C. The test specimens reinforced with high elastic modulus strips showed a
greater reduction in the ultimate bond force compared to the specimens reinforced with low
elastic modulus strips.

Test specimens tested at — 30°C and —100°C showed load versus deflection diagrams with
partial sudden drop in the load (snap-back). On the contrary, test specimens tested at +40°C
showed a uniform behaviour. Moreover, test specimens showed different type of failure with
variations of temperature. The specimens tested at +40°C underwent bond failure in the
thickness of the glue (cohesive failure). The specimens with high elastic modulus strips
tested at —30°C manifested interlaminar plate failure; concrete shear failure appeared for those
reinforced with low elastic modulus strips; the specimens tested at —100°C manifested
interlaminar plate failure in both cases.

In conclusion, tests have shown that specimens tested to failure under low or high
temperature show not only variations in the ultimate bond force, but also significant
differences in the nature of debonding.

9.6 UV light exposure
9.6.1 General

Polymeric materials undergo degradation when exposed to UV-A (wavelengths between
315 nm and 400 nm) and to UV-B (wavelengths between 280 nm and 315 nm) radiation,
which can cause dissociation of chemical bonds. Subsequent reaction with oxygen can lead
to oxidation as well as chain cutting, cross-linking, hydrolysis or loss of other small
molecules.

Surface changes in composites due to sunlight are some of the first and possibly most
critical manifestations of environmental exposure. Sunlight and especially ultraviolet light
can lead to a reduction of light transmissibility and colour changes in the composite. It can
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also influence the mechanical properties of the composite. Although colour changes and
discoloration are often perceived by the public to be an indication of strength reduction, in
reality this is only a surface condition that is usually not indicative of changes in structural
integrity or physical damage. Colour changes and reduced light transmissibility are primarily
due to the influence of UV light on the resin matrix material and not on the reinforcing
material. Indeed glass and carbon fibres are largely unaffected by UV light. Aramid fibres
are only slightly affected by UV light due to the development of a self-protective layer on
fibres under UV light exposure (Ahmad and Plecnik 1989).

In general, the mechanical properties of composites are only slightly influenced by UV
light exposure. However the amount of deterioration is dependent on the type of resin and the
fibre stacking and orientation.

e Type of resin

Polyester resins are generally more susceptible to UV light damage than epoxy resins
although they have somewhat similar strength reduction. Strength reduction can cause
composites to become more susceptible to matrix cracking or crazing (fine cracks at or under
the surface). This could lead to other environmental problems such as increased moisture
absorption and/or chemical attack.

e Fibre stacking and orientation

The importance of fibre orientation within the composite is linked to the resin matrix.
Fibre dominated properties, such as tensile and flexural strengths of composites, tend to show
very little degradation due to UV light exposure. However matrix dominated properties, such
as shear strength, are significantly affected due to reduced resin strength.

9.6.2 Test methodology

Three major categories of testing exist:

e Qutdoor

e QOutdoor accelerated

e Laboratory accelerated

There is a great deal of variability and uncertainty associated with the currently used

testing methodology:
e Outdoor tests: variability in weather at different sites, different times of year, different
years

e Laboratory tests: reproducibility between nominally identical weathering devices is

generally poor.

In most studies, UV effects are not isolated from hygrothermal effects. Therefore, it is
difficult to attribute changes in properties solely to UV effects. For example, ASTM G 53
aims at simulating deterioration caused by water as rain or dew and the ultraviolet energy in
sunlight. Specimens are alternately exposed to ultraviolet light alone and to condensation
alone in a repetitive cycle (ASTM G53 1996). Test results according to this method on glass
fabric/epoxy laminates (Steckel et al. 1998) have shown no degradation between control
specimens and specimens subjected to 100 cycles (4 hours UV exposure at 60°C and then 4
hours condensate at 40°C). The effect of a potential degradation had been evaluated on the
Young’s modulus, the tensile strength, the failure strain and the shear strength. Identical
testing on carbon fabric/epoxy laminates has shown little degradation.
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Since natural environments vary with respect to geography, topography and different
exposure periods, it may be expected that the effects of natural exposure will vary
accordingly. ASTM G23 focuses on this problem by covering the basic principles and
operating procedures for light-exposure apparatus with and without water spray employing a
carbon-arc light source. This practice includes several procedures:

e Continuous exposure to light and intermittent exposure to water spray

e Alternate exposure to light and darkness and intermittent exposure to water spray

e Continuous exposure to light without water spray

e Alternate exposure to light and darkness without water spray

Tests according to the first method (Pereg 1996) have shown no reduction of the tensile
properties of glass fabric/epoxy laminate after 2000 hours exposure.

9.6.3 Protection

Most specifications for the application of FRP strengthening systems should have some
sort of requirement concerning painting for UV protection. UV protection can be afforded by
the use of either an acrylic based paint or a polyurethane based paint. Paint should be applied
within 72 hours and while the resin is still "tacky" to the touch. If "tack" is gone (resin too
cured) then light blasting (brushing) or abrading of the surface before painting should be
carried out. A light coloured paint (white or concrete grey) will reflect much of the heat.

Two finish coats are generally required. For example, the Department of Transportation
of the State of California (USA) provides detailed information requiring the paint to withstand
a UV intensity of 0.47 W/m*/nm measured at 310 nm for a minimum of 38 cycles. A cycle
shall be 4 hours of ultraviolet exposure at 60°C and 4 hours of condensate exposure at 40°C.

9.7  Alkalinity/Acidity

The performance of the FRP strengthening over time in an alkaline or acidic environment
will depend on both matrix and the reinforcing fibre. Carbon fibre is resistant to alkali and
acid environment whereas glass fibre can degrade in these environments. However a properly
applied resin matrix will isolate and protect the fibre and postpone the deterioration.
Nevertheless RC structures located in high alkalinity and high moisture or relative humidity
environments should be strengthened using carbon fibres (Kelley et al. 1999).

9.8 Creep, stress rupture and stress corrosion

The component parts of reinforced concrete elements have all been shown to exhibit
varying degrees of creep deformation whilst under constant load. CFRP does not creep, the
creep of GFRP is negligible, but that of AFRP cannot be neglected. Hence, the creep
behaviour of CFRP - or GFRP - plated RC elements is governed primarily by the compressive
creep of concrete (e.g. Plevris and Triantafillou 1994). As AFRP creeps itself, long-term
deformations increase considerably in the case of AFRP-strengthened elements.

It must be mentioned here that creep is seldom a controlling factor in the dimensioning of
FRP-strengthened elements, unless these elements are relatively new, so that the concrete can
still be expected to develope substantial creep deformations (which is not the case in the case
of old concrete structures).

Another important issue regarding time-effects is the poor behaviour of GFRP under
sustained loading. Glass fibres exhibit premature tensile rupture under sustained stress, a
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phenomenon called stress rupture. Hence the tensile strength of GFRP drops to very low
values (as low as 20%) when the material carries permanent tension.

Stress corrosion occurs when the atmosphere or ambient environment is of a corrosive
nature but not sufficiently so that corrosion would occur without the addition of stress. This
phenomenon is time, stress level, environment, matrix and fibre related. Failure is deemed to
be premature since the FRP fails at a stress level below its ultimate.

Carbon fibre is relatively unaffected by stress corrosion at stress levels up to 80% of
ultimate. Glass and aramid fibers are susceptible to stress corrosion. The quality of the resin
has a significant effect on time to failure and the sustainable stress levels. In general, the
following order of fibres and resins gives increasing vulnerability either stress rupture or
stress corrosion (Kelley et al. 1999): carbon-epoxy, aramid vinylester, glass polyester. We
may also state that, in general, given the stress rupture of GFRP and the relatively poor creep
behaviour of AFRP, it is recommended that when the externally bonded reinforcement is to
carry considerable sustained load, composites with carbon fibres should be the designer’s first
choice.

The effects of temperature upon the creep performance of adhesives dictates that
strengthening with FRP at elevated temperatures should only be carried out with suitably
formulated adhesives. Finally, in prestressed concrete it should be ensured that stress transfer
due to creep in the concrete will not result in excessive compressive forces being induced into
the FRP.

9.9 Fatigue

Advanced unidirectional composites, such as CFRP, exhibit superior fatigue performance
to that of steel. Pioneering research at the EMPA (Kaiser 1989, Deuring 1993) as well as
additional studies (e.g. Barnes and Mays 1999) have shown that the dominant factor in the
fatigue of FRP-strengthened beams is the fatigue of existing steel reinforcement. It is
therefore recommended that the criteria for the fatigue design of CFRP strengthened beams
should be to limit the stress range in the rebars to that permitted in an unstrengthened beam.

9.10 Impact

The knowledge of the impact behaviour of FRP-strengthened RC elements is relatively
limited. In a recent study, Erki and Meier (1999) studied the impact response of four simply-
supported 8 m beams externally strengthened for flexure, two with CFRP laminates and two
with steel plates. Impact loading was induced by lifting one end of the beams and dropping it
from given heights. The strain rates induced in the CFRP were at least three orders of
magnitude greater than the strain rates used for testing CFRP coupons in tension.
Comparisons of the results led to the conclusion that the beams strengthened with CFRP
laminates performed well under impact loading, although they could not provide the same
energy absorption as the beams strengthened with steel plates. Additional anchoring, at least
at the ends of the externally bonded reinforcement to supplement the epoxy bonding and to
prevent premature debonding of the CFRP, would improve the impact resistance of the RC
elements.
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9.11 Lightning, galvanic corrosion

GFRP and AFRP are insulators. Direct hits from lightning can cause some problems
(scorching and burning) but generally this is not a major concern if the structure is earthed.
CFRP is a conductor but has a relatively high resistivity, which causes it to heat up as the
current passes through it. Studies from the aircraft industry have shown that a lightning strike
has two main effects on unprotected CFRP: first, the main body of CFRP becomes so hot that
the epoxy resin component vaporises; second, the structural properties of CFRP are affected
after the carbon cools down (Meier 1995). The tensile strength should not be affected much,
but the interlaminar shear and compressive strength will be lost. In the aircraft industry,
aluminium grids are used to protect the composite in its outermost layers as it is well proven
that lightning will not strike an object placed in a grounded metal cage.

In many FRP-strengthening applications, composites will not be susceptible to lightning
strikes as they are inside buildings or in box girders, which is equivalent to grounded cages.
Composites used in bridge strengthening are positioned either on the soffits of the beams, so
that lightning will not have access to them, or around columns, in which case CFRP might
require protection. If there are some situations where lightning might pose a risk, composites
are to be protected using metal grids.

Finally, in order to avoid potential galvanic corrosion of steel reinforcement, carbon based
FRP should not come in direct contact with steel.
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Symbols

Roman upper case letters

A, net area of concrete

Ac et effective concrete area in tension

A, effectively confined concrete core

Ar area of FRP reinforcement

A, gross area of concrete

A total area of longitudinal steel reinforcement

Ag cross sectional area of transverse steel

Ag area of tensile steel reinforcement

Ao area of compressive steel reinforcement

Ay area of unconfined concrete

D diametre of circular cross section

E. initial tangent modulus of elasticity of concrete

Ec normalised to f;, value of E,

Er modulus of elasticity of FRP

Efip modulus of elasticity of fibres

En characteristic value of the secant modulus of elasticity of FRP
Efim mean secant modulus of elasticity of FRP

En modulus of elasticity of FRP at ultimate

E; modulus of FRP jacket

En modulus of elasticity of matrix

Es modulus of elasticity of steel

Esec secant modulus of elasticity of concrete

Esecu secant modulus of elasticity of concrete at ultimate
G, shear modulus of adhesive

Gy fracture energy of concrete

G characteristic value of fracture energy of concrete
L. moment of inertia of transformed cracked section
Io> moment of inertia of transformed cracked section before strengthening
Lsec section upgrading index

I moment of inertia of transformed uncracked section
I, moment of inertia of transformed cracked section
Keonf stiffness of the FRP confinement

L distance from end of FRP to support

L, plastic hinge length

M maximum column bending moment

M, cracking moment

My design moment

My characteristic value of moment

M, acting moment during strengthening

Mgy resisting design moment

M, moment capacity of column after retrofit

\Y moment acting on section corresponding to end of FRP
N, force in concrete

N; force in FRP, or

uniform tension force in FRP helix
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Nt design value of force in FRP

Npa FRP force to be anchored

Ntamax maximum anchorable FRP force N, force in tensile steel reinforcement
Nsd design value of force in steel reinforcement

Nq1 force in tensile steel reinforcement

Nq> force in compressive steel reinforcement

R curvature of helix

T design value of torsional moment resisted by the FRP

T, glass transition temperature

A% maximum column shear force

Ve design shear capacity of the concrete

Va4 design shear force

Vi design value of shear force carried by the FRP

Viib volume fraction of fibres

Vi volume fraction of matrix

VR4 design shear resistance

VRai design shear resistance of member without shear reinforcement
Vwa2 design shear force that can be carried without web failure

Vrp resisting shear force at which shear crack peeling is initiated
Vs design shear force

Vu shear capacity of column after retrofit

Viwd contribution of steel shear reinforcement to design shear capacity
V=0 shear force acting on section corresponding to end of FRP

Roman lower case letters

a deflection, or
shear span
ap deflection in uncracked state
a deflection in fully cracked state
b width of beam
by width of FRP
by minimum width of cross section over the effective depth
Cr factor relating the concrete fracture energy to the mean tensile strength
d effective depth of the member
d; diametre of FRP jacket
d diametre of steel rebars, or
diametre of steel spiral (hoops)
d; distance from centroid of tensile steel to extreme tensile fibre
d> distance from centroid of compressive steel to extreme compressive fibre
fbd design bond shear strength of concrete
fec confined concrete strength
fcc normalised to f,, value of f..
£ confined concrete strength (available in section to be upgraded)
fed design value of the concrete compressive strength
fox characteristic value of the concrete compressive strength
fem mean value of the concrete compressive strength
feo unconfined concrete strength
fetq design value of the concrete tensile strength
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feen flexural strength of concrete

fou characteristic value of the concrete tensile strength

fetk.0.95 upper bound characteristic tensile strength of concrete

fetm mean value of the concrete tensile strength

feu concrete strength at ultimate

fr tensile strength of the FRP

frg design value of the FRP tensile strength

frp tensile strength of fibres

fi characteristic value of the FRP tensile strength

frin mean value of the FRP tensile strength

f; ultimate strength of FRP jacket

fe maximum confining stress

ﬂ normalised to f,, value of f;

fo e effective maximum confining stress

f, tensile strength of matrix

fy steel yield strength

fyd design value of the steel yield strength

fix characteristic value of the steel yield strength

h total depth of the member

hy thickness of flange in T-beams

k factor relating flexural to tensile strength of concrete, or
reduction factor

ky size factor

k. concrete compaction factor

ke arching-effect (confinement effectiveness) coefficient

km coefficient depending on type of loading

¢ span length

Ly bond length

Le length of cantilever beam

L, max maximum anchorable length

L transmission length

p pitch of helix

r radius of helix

Ie radius of rounded corner

S spacing (pitch) of hoops (spiral)

s’ clear spacing between FRP wraps

St relative displacement between FRP and concrete (slip), or
spacing of FRP strips

Sf1, Sfo parameters of approximate bond model

Sf.max maximum spacing of FRP

Srm mean value of crack spacing

ta thickness of adhesive

tr thickness of FRP

thb nominal thickness of fibre sheet or fabric

t thickness of FRP jacket

us bond perimeter of FRP reinforcement

U bond perimeter of steel reinforcement

Wi clear distance between rounded corners

Wi characteristic value of crack width

X depth of the compression zone

Xe depth of the compression zone from linear elastic analysis
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Xlim limiting value on the depth of the compression zone
Xo depth of the compression zone before strengthening
Ze lever arm (linear elastic analysis)
Zm mean lever arm of internal forces

Greek upper case letters

D, curvature at ultimate

D, yield curvature

Greek lower case letters

a reduction factor for the effect of inclined cracks on bond strength, or

reduction factor for the reduced compressive strength under long-term load, or
angle between principal fibre orientation and longitudinal axis of member

B coefficient that relates mean and characteristic value of crack width, or
parameter of damage law (a property of concrete)

B coefficient accounting for the bond characteristics of the reinforcement

B2 coefficient accounting for the type of loading

Ya material safety factor for the adhesive (verification of bond failure)

Ye material safety factor for the concrete

Yeb material safety factor for the concrete (verification of bond failure)

Yr partial safety factor for the loads

e material safety factor for the FRP

Yo material safety factor for the FRP if bond failure controls

™ partial safety factor for the materials

s material safety factor for the steel reinforcement

oG stress block centroid coefficient

S available sectional ductility

5ar target sectional ductility

Oy ductility curvature index

Oy min minimum ductility curvature index

€ strain

€A area strain in concrete

€ concrete strain in the extreme compression fiber, or
axial strain in concrete

€cc compressive strain at confined peak strength f..

€co initial concrete strain in the extreme compressive fibre before strengthening, or
unconfined concrete strain at peak stress

€eu ultimate concrete strain

gl? confined concrete strain (available in section to be upgraded)

er FRP strain

€fde design value of effective FRP strain

Efe effective FRP strain

Efke characteristic value of effective FRP strain

€flim limiting FRP strain

€f.min minimum allowable FRP strain at ultimate
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£ ultimate FRP strain

Efuc FRP strain in the critical section at ultimate

€fud design value of the ultimate FRP strain

Sfue effective ultimate FRP strain

€fuk characteristic value of the ultimate FRP strain

€fum mean value of the ultimate FRP strain

g circumferential strain in FRP jacket

Eju FRP jacket effective ultimate circumferential strain

Ej=t circumferential strain in FRP jacket (equal to lateral strain in concrete)

€0 lateral strain in concrete

€0 lateral strain in concrete at ultimate

€max maximum allowable FRP strain

& strain in the reinforcement

Em s mean strain of steel reinforcement with respect to surrounding concrete

€su ultimate strain of the steel reinforcement

€su.c steel strain in the critical section at ultimate

&1 tensile steel strain

€2 compressive steel strain

€yd design value of the yield strain of the steel reinforcement

Eyk characteristic value of the yield strain of the steel reinforcement

€ initial strain at the extreme tensile fibre before strengthening

F) tensile reinforcement strain in the cracked state

d tension stiffening coefficient

& tension stiffening coefficient

n FRP stress limitation coefficient to account for creep rupture

0 angle of diagonal crack with respect to the member axis

v dilation rate

U displacement ductility factor

Wo curvature ductility factor

& =x/d relative depth of the compression zone

&b bond parameter

Pe.eff ratio of effective concrete area in tension

Peq equivalent reinforcement ratio

Pt FRP reinforcement ratio

Pi volumetric ratio of FRP jacket in circular columns

Pix volumetric ratio of FRP jacket in rectangular columns, x direction

Pix volumetric ratio of FRP jacket in rectangular columns, y direction

Ps longitudinal steel reinforcement ratio

Pse reinforcement ratio of longitudinal steel to the gross cross-sectional area

Pst volumetric ratio of transverse steel

c stress

o stress in concrete

of FRP stress

Ofad design value of FRP tensile stress at the end anchorage

Gfad,max design value of maximum anchorable FRP tensile stress

Ofak.max characteristic value of maximum anchorable FRP tensile stress

Ofd design value of FRP stress

max Aogg design value of maximum possible increase in FRP tensile stress between two
subsequent cracks

Ok characteristic FRP stress
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max Ao

Oj
Gy
Orc
Gy eff
Geh
Oy
Gs
T
Tfl
Trik
Tfm
Trd
TRk
’L'Rp

Au
Xy

characteristic value of maximum possible increase in FRP tensile stress
between two subsequent cracks

stress in FRP jacket

lateral confining pressure

lateral confining pressure exerted by circular FRP wraps
effective lateral confining stress

lateral confining pressure exerted by FRP helix

stress in the reinforcement (steel or FRP)

steel stress

bond shear stress

maximum shear stress in the bilinear bond-model
characteristic value of maximum shear stress in the bilinear bond-model
mean bond stress of the FRP

design value of resisting shear strength of concrete
characteristic shear strength of concrete

resisting shear stress corresponding to initiation of peeling
mean bond stress of steel reinforcement

curvature at ultimate

curvature at yield

load combination factor, or

stress block area coefficient
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