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EXECUTIVE SUMMARY

A worldwide interest is being generated in the use of fibre reinforced polymer
composites (FRP) in rehabilitation of reinforced concrete structures. As a
replacement for the traditional steel plates or external post-tensioning in
strengthening applications, various types of FRP plates, with their high strength to
weight ratio and good resistance to corrosion, represent a class of ideal material in
external retrofitting. Within the last ten years, many design guidelines have been
published to provide guidance for the selection, design and installation of FRP
systems for external strengthening of concrete structures. Use of these guidelines
requires understanding of a number of issues pertaining to different properties and
structural failure modes specific to these materials. A research initiative funded by
the CRC for Construction Innovation was undertaken (primarily at RMIT) to develop a
decision support tool and a user friendly guide for use of fibre reinforced polymer
composites in rehabilitation of concrete structures.

The user guidelines presented in this report were developed after industry
consultation and a comprehensive review of the state of the art technology. The
scope of the guide was mainly developed based on outcomes of two workshops with
Queensland Department of Main Roads (QDMR). The document covers material
properties, recommended construction requirements, design philosophy, flexural,
shear and torsional strengthening of beams and strengthening of columns.

In developing this document, the guidelines published on FIB Bulletin 14 (2002),
Task group 9.3, International Federation of Structural Concrete (FIB) and American
Concrete Institute Committee 440 report (2002) were consulted in conjunction with
provisions of the Austroads Bridge design code (1992) and Australian Concrete
Structures code AS3600 (2002).

In conclusion, the user guide presents design examples covering typical
strengthening scenarios.
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1 GENERAL
1.1 Introduction

Rehabilitation and upgrading of existing civil engineering infrastructure has been of
great importance during the last decades. There are number of situations where the
structural capacity of a structure in service needs to be increased. Fibre reinforced
composite (FRP) systems can be used for the strengthening or retrofitting of existing
concrete structures to resist higher design loads, correct deterioration-related
damage, or increase ductility. These advanced composites used in bridge
rehabilitation are being developed from fibres, polymers, metals and composites of
these materials. While the concept of composites have been used in building industry
for several millennia, the application of fibre reinforced polymer (FRP) for
rehabilitation and strengthening of reinforced concrete structures is relatively new.
Externally bonded FRP systems have been used to strengthen and retrofit existing
concrete structures overseas and in Australia, eg, Westgate Bridge and Little Bridge
Victoria (Kalra and Neubauer, 2003 and Shepherd and Sarkady 2002). The
number of projects utilizing FRP systems has dramatically increased worldwide, from
a few ten years ago to several thousand today (Bakis et al. 2002). The FRP
composites combine the strength of the fibres with the stability of the polymer resins.
They are defined as polymer matrix, that are reinforced with fibres or other
reinforcing material with a sufficient aspect ratio (length to thickness) to provide a
desirable reinforcing function in one or more directions. The FRP composite
materials are different from traditional construction materials such as steel,
aluminium and concrete because they are anisotropic; i.e., the properties differ
depending on the direction of the fibres.

FRP composites gain their strength largely from the fibres, which are usually glass,
carbon, or Aramid fibre. FRP materials are lightweight, non-corrosive, non-magnetic
and exhibit high tensile strength. Additionally, these materials are readily available in
several forms ranging from factory made laminates to dry fibre sheets that can be
wrapped to conform to the geometry of a structure before adding the polymer resin.
Although the fibres and resins used in an FRP system are relatively expensive
compared with traditional strengthening materials like concrete and steel, labour and
equipment costs to install FRP systems are often lower. FRP systems can also be
used in areas with limited access where traditional techniques would be difficult to
implement.

Due to the characteristics of FRP materials, behaviour of FRP strengthened
members, and various issues regarding the use of externally bonded reinforcement,
the development of design guidelines for FRP system is ongoing in Europe, Japan,
Canada and the United States. Within the last ten years, many design guidelines
have been published to provide guidance for the selection, design and installation of
FRP systems for external strengthening of concrete structures. However there is still
little independent user friendly guidance on the design and construction of the FRP
strengthening systems. Some FRP suppliers provide limited advice but this tends to
be system specific and may not be compatible with Australian design codes.
Because of this lack of design and construction guidance, a user friendly guide on
rehabilitation and strengthening of reinforced concrete bridge structures is being
developed as part of the CRC-Construction Innovation funded project of “Decision
Support Tool in Rehabilitation of Concrete Infrastructures”, which would be applicable
to all types of FRP and all strengthening systems, and set in the context of the
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Australian codes and standards. Set in the context of limit state philosophy, the guide
provides design guidance on flexural and shear strengthening of beams and
columns, and flexural strength, axial compressive strength and ductility enhancement
of columns. The construction procedures are also briefly explained including material
types and properties, field applications, workmanship and installation.

1.2 Scope and Limitations

This report offers general information on the use, engineering, design, construction
and inspection of externally bonded FRP composites strengthening systems.

The design procedures are the key feature of the guide, which may be applicable to
all FRP materials and strengthening techniques. The procedures are based on
generally accepted principles, and in line with the approaches developed elsewhere
based on extensive research, particularly as in the USA and Europe. The material
and physical properties of FRP materials and manufacturing methods are reviewed in
so far as they have a direct impact on the design and construction of the FRP
strengthening system. Information on the properties of commercially available
materials is also presented. Surface preparation of the substrate concrete and
installation of FRP are vital aspects and have therefore been covered in the guide.
Some guidance in quality control and inspection and monitoring are included.

It is essential to assess suitability of an FRP system for a particular application. A
condition assessment of the existing structure should be performed and the best
treatment option should then be determined based on the assessment (ACI, 440,
2002). The condition assessment can be perform based on AS 3600(2002),
Austroads Bridge design code (1992) and other related Australian codes and
standards. The recommended assessment procedures are outlined in the user guide.

FRP materials should not be selected as a blind replacement of conventional
strengthening or rehabilitation systems in structural intervention applications. The
application of FRP strengthening system should be based on consideration of
several factors, including not only mechanical performance aspects, but also
constructability, long-term durability, and availability of the material.

The durability and long term performance of FRP materials have been subject of
much research, however this research remains on-going. Long-term field data are
not yet available, and it is still difficult to predict accurately the life of FRP
strengthening systems. The environment degradation and long term durability may
be considered by using reduction factors for various environments. Additionally, the
coupling effect of environmental conditions and loading conditions still requires
further study. Caution is advised in applications where the FRP are subjected
simultaneously to extreme environmental and stress conditions.

Many issues regarding bonding of the FRP system to the substrate remain the focus
of a great deal of research. There are many different debonding failure modes in
shear and bending that can govern the strength of an FRP strengthened member.
Most of the debonding modes are covered in this report; more accurate methods of
predicting debonding may be still needed.



User Friendly Guide for Rehabilitation or Strengthening of Bridge Structures Using Fibre Reinforced Polymer Composites

1.3 Background Information

Steel plate bonding and steel or concrete column jacketing are the traditional
methods of external reinforcing of concrete structures. Steel plates bonded to the
tension zones of concrete members have shown to be increasing the flexural
capacity of the members (Fleming and King, 1967). This traditional method has been
used over the world to strengthen bridges and buildings. However, the corrosion of
steel plates, deterioration of the bond between steel and concrete, installation
difficulties such as necessity of heavy equipment in installing, have been identified as
major drawbacks of this technique. As a result, researchers investigated FRP
strengthening as an alternative to this method.

The United States has shown an interest in fibre based reinforcement in concrete
structures since the 1930s. However, actual development and research into the use
of these materials for retrofitting concrete structures started in the 1980s through the
initiatives of the National Science Foundation (NSF) and the Federal Highway
Administration (FHWA). Using FRP materials for retrofitting concrete structures was
reported as early as 1978 in Germany (Wolf and Miessler, 1989). The same kinds of
investigations to retrofit concrete structures were reported in Europe and Japan in the
1980s. Externally bonded FRP systems have been used to strengthen concrete
structures around the world from mid 1980s. Research in Switzerland has led to the
first applications of externally bonded FRP systems to reinforced concrete bridges for
flexural strengthening (Meier 1987; Rostasy 1987). FRP systems were used as an
alternative to steel plate bonding in Europe. Using FRP systems to increase the
confinement was first applied in Japan in the 1980s (Fardis and Khalili 1981;
Katsumata et al. 1987). Utilizing FRP systems around the world has been increasing
from a few projects ten years ago to several thousands today (Bakis et al. 2002). In
Japan FRP usage has been increased after the 1995 Hyogoken Nanbu earthquake
(Nanni 1995).

FRP Externally bonded FRP systems have also been applied to strengthen masonry,
timber, steel and cast iron structures. They have been used in structural elements
such as beams, slabs, columns, walls, joints/connections, chimneys and
smokestacks, vaults, domes, tunnels, silos, pipes, and trusses.

The development of the design rules and guidelines for the field application of
externally bonded FRP systems is on-going in Europe, Japan, Canada and the
United States. Within the last 10 years the Japan Society of Civil Engineers (JSCE,
2001) and the Japan Concrete Institute (JCI, 1997 and 1998) as well as the Railway
Technical Research Institute (RTRI, 1996a and b) made several publications related
to FRP systems in concrete structures (Japan Concrete Institute 1997; Neale (2000),
Dolan et al. (1999); Sheheta et al. 1999; Saadatmanesh and Ehsani (1998),
Benmokrane and Rahman 1998).

Previous research and field applications for FRP rehabilitation and strengthening are
described in AClI Committee 440 (2002). In Europe Task Group 9.3 of the
International Federation for Structural Concrete (FIB) published a bulletin on design
guidelines for externally bonded FRP reinforcement for reinforced concrete structures
(FIB Bulletin 14, 2002). Section 16, “Fibre Reinforced Concrete”, of the Canadian
Highway Bridge Design Code was completed in 2000 (CSA 2000) and the Canadian
Standards Association (CSA) recently approved the code “Design and Construction
of Building Components with Fibre Reinforced Polymers (CSA 2002).
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1.4 Structural Assessment

Identification of the deficiencies of the bridge structure is the first step in addressing
the issue of rehabilitation. This requires clear identification of performance
requirements of the bridge structure and then evaluating the performance based on
existing information on the bridge.

Condition assessment of the structure is the first step in determining the rehabilitation
methodology. Clear identification of the performance level needed and the structural
deficiency requires design load definition, definition of traffic, material properties and
design documentation of the existing structure. Project specifications and identified
strategic function and level of use of the route can be used to establish some of the
above information. Evaluation of the structure should commence by conducting a
systematic field assessment and recording details of previous repair or rehabilitation
tasks undertaken and accident and traffic overloading data if available. This would be
followed by a structural analysis and design calculations complying with the
recommendations of the relevant codes and standards.

To assess suitability of an FRP system for a particular application, the engineer
should perform condition assessment of the existing structure based on AS 3600
(2002) and Austroads Bridge Design code (1992). The overall evaluation should
include a thorough field inspection, review of existing design and as built documents,
and a structural analysis. Existing construction documents for the structure should be
reviewed, including the design drawings, project specifications, as built information,
field test reports, past repair documentation, and maintenance history
documentation. In addition, field investigation should verify the following:

Existing dimensions of the structural members;

Location, size, and cause of cracks and spalls;

Location and extent of corrosion of reinforcing steel;

Quantity and location of existing reinforcing steel;

In-place compressive strength of concrete; and

Soundness of concrete, especially the concrete cover, in all areas where the
FRP system is to be bonded to the concrete.

The load carrying capacity of the existing structure should be then determined in
accordance with the relevant Australian standards and based on the information
gathered in the field investigation, review of design calculations and drawings, and as
determined by analytical or other suitable methods. Load tests or other non-
destructive test methods can be incorporated into the overall evaluation process if
deemed appropriate.

1.5 Applications and Use

FRP composites have found their way as strengthening materials of reinforced
concrete elements (such as beams, slabs, columns etc.) in thousands of applications
worldwide, where conventional strengthening techniques could be problematic. The
range of applicability of externally bonded reinforcement in reinforced concrete
structures is increasing constantly. Recent developments related to materials,
methods and techniques for structural strengthening and rehabilitation of the
deteriorated bridges have been enormous. The reasons why FRP composites are
increasingly used as strengthening materials of reinforced concrete elements may be
summarized as follows:
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Immunity in corrosion;

Low weight;

Easier application in confined space;

Elimination of the need for scaffolding and reduction in labour costs or

stopping traffic and bridge operation;

¢ Very high tensile strength (both static and long term, for certain types of FRP
material);

o Large deformation capacity; and

e Unlimited availability in FRP sizes, geometry and dimensions.

In regards to these advantages, uses of FRP strengthening systems make the
rehabilitation and strengthening of bridges more achievable.

1.6 Commercially Available Externally Bonded FRP Systems

FRP systems can be categorized based on installation and construction methods.
Common FRP system forms may be listed as follows:

1.6.1 Wet lay-up systems

In wet lay-up systems, the saturating resin, along with the compatible primer and
putty, is used to impregnate and bond the FRP dry unidirectional or multidirectional
fibre sheets or fabrics sheets to the concrete surface.

1.6.2 Prepreg systems

In prepreg systems, the uncured unidirectional or multidirectional fibre sheets or
fabrics bond to the existing concrete with or without an additional resin application,
after they are pre-impregnated with a saturating resin in the manufacturer’s facility.
Prepreg systems are saturated off-site and, like wet lay-up systems, cured-in-place.

1.6.3 Precured systems

In precured systems, the factory fabricated FRP strips or sheets bond to the
concrete surface using an adhesive along with the primer and putty. The system
manufacturer should be consulted for recommended installation procedures.
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2 MATERIAL

In this chapter, the physical and mechanical properties of FRP composites are
presented. The characteristics of FRP composites depend on many factors such as
type of fibre, its orientation and volume, type of resin used and quality control used
during the manufacturing process. It is possible to obtain the characteristics of
commercially available FRP composites from the manufacturer. However, some
generic material characteristics are described in this chapter.

FRP composite materials for strengthening of civil engineering structures are
available today mainly in the form of:

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

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

FRP systems come in a variety of forms, including wet lay-up systems and precured
systems. The FRP system and its form should be selected based on acceptable
transfer of structural loads and ease and simplicity of application. The manufacture
of FRP materials is outlined and some general guidance on selection of FRP system
and materials for particular strengthening applications are also provided. Indicative
physical and mechanical material properties of some FRP prefabricated strips and
fibres are included in the guide. The other related aspects of FRP materials such as
durability, fire and electricity resistance, safety and environmental impact on material
properties for different types of fibres are also discussed.

2.1 Constituent Materials

There are several constituent materials in commercially available FRP repair systems
such as resins, primers, putties, saturants, adhesives, and fibres.

2.1.1 Resins

A large variety of resins are used with FRP systems. The most commonly used
resins can normally be used in different environmental conditions. However as shown
by the ACI Committee 440 (2002), FRP system manufacturers use resins that have
the following characteristics:

e Compatibility with, and adhesion to, the concrete substrate;

e Compatibility with, and adhesion to, the FRP composite system;

e Resistance to environmental effects, including but not limited to, moisture, salt
water, temperature extremes, and chemicals normally associated with exposed
concrete;

¢ Filling ability;
o Workability;

e Pot life consistent with the application;
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e Compatibility with and adhesion to the reinforcing fibre; and

o Development of appropriate mechanical properties for the FRP composite.

2.1.1.1 Primer

The primer is used to penetrate the surface of the concrete, providing an improved
adhesive bond for the saturating resin or adhesive.

2.1.1.2 Putty fillers

The putty is used to fill small surface voids in the substrate, such as bug holes, and
to provide a smooth surface to which the FRP system can bond. Filled surface voids
also prevent bubbles from forming during curing of the saturating resin.

2.1.1.3 Saturating resin

The saturating resin is used to impregnate the reinforcing fibres, fix them in place,
and provide a shear load path to effectively transfer load between fibres. The
saturating resin also serves as the adhesive for wet lay-up systems, providing a
shear load path between the previously primed concrete substrate and the FRP
system.

2.1.1.4 Adhesives

Adhesives are used to bond pre-cured FRP laminate systems to the concrete
substrate. The adhesive provides a shear load path between the concrete substrate
and the FRP reinforcing laminate. Adhesives are also used to bond together multiple
layers of precured FRP laminates.

2.1.1.5 Protective coatings

The protective coating may be used to protect the bonded FRP reinforcement from
potentially damaging environmental effects. Coatings are typically applied to the
exterior surface of the cured FRP system after the adhesive or saturating resin has
cured.

2.1.2 Fibres

Continuous glass, aramid, and carbon fibres are common reinforcements used with
FRP systems. The fibres give the FRP system its strength and stiffness.

2.2 Physical Properties

2.2.1 Density

The densities of FRP composites with Glass, Carbon and Aramid are shown in Table
2-1 (ACI Committee 440, 2002).

The density of steel is also presented there as comparison. It is clearly seen from the
Table that density of FRP composites are four to six times lower than that of steel.
The reduced density is a desirable property as it reduces transportation and handling
cost and additional dead load on structure.
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Table 2-1: Typical densities of FRP materials, kg/m3 (ACI Committee 440, 2002)

Steel GFRP CFRP AFRP

7,900 1,200 - 2,100 1,500 — 1,600 1,200 — 1,500

2.2.2 Coefficient of thermal expansion

Table 2-2 (ACI Committee 440, 2002) shows the coefficients of thermal expansion for
typical unidirectional FRP materials. It is clearly shown that it changes in the
longitudinal and transverse directions and also depending on the type of fibre,
volume of fibre and resin. The coefficient of thermal expansion of concrete ranges
from 7x10° to 11x10®/C and is usually assumed to be isotropic. Steel has an
isotropic coefficient of thermal expansion of 11.7x10/C.

Table 2-2: Typical coefficients of thermal expansion for FRP materials. (ACI Committee 440, 2002

o Coefficient of thermal expansion, x10°°/C
Direction
GFRP CFRP AFRP
Longitudinal 61010 -1to 0 -6 to -2
Transverse 1910 23 22 to 50 60 to 80

2.3 Mechanical Properties

FRP materials are composed of a number of continuous, directionalized, nonmetallic
fibres, bundled in a resin matrix. Normally, the volume fraction of fibres in FRP strips
is about 50-70% and that in FRP sheets is about 25-35%. Fibres are the principal
stress bearing constituents, while the resin transfers stresses among fibres and
protects them. If these volume fractions and properties of constituent materials (fibres
and matrix) are known for a particular FRP composite then mechanical properties
can be obtained as shown in FIB Bulletin 14 (2002).

Ei =BV +EnVn 2-1
fo~ faVa + .V 2-2
where, E; = Young’s modulus of FRP in fibre direction, Es = Young’s modulus of
fibres, E,= Young’'s modulus of matrix, Vg, = volume fraction of fibres, V,, = volume
fraction of matrix, f; = tensile strength of FRP in fibre direction, fs, = 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.

FIB Bulletin 14 (2002) shows the properties of commercially available FRP
prefabricated strips (Table 2-3). Normally for these strips, the manufacturer provides
the material properties.
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Table 2-3; Typical properties of prefabricated FRP strips and comparison with steel (FIB 2002)

Material Elastic modulus | Tensile strength | Ultimate tensile strain
(GPa) - E¢ (MPa) - f; (%) - &
Prefabricated strips
Low modulus CFRP 170 2800 1.6
High modulus CFRP 300 1300 0.5
Mild steel 200 400 25 (Yield strain = 0.2 %)

In in-situ resin impregnated systems, the final FRP thickness and thus the fibre
volume is uncertain. Therefore the composite material properties based on the
properties of fibres and matrix may not be appropriate. Sometimes manufacturers
provide the material properties for the bare fibres. There is a strong relationship
between the fibre volume fraction and the FRP properties to be used in the property
calculation of mechanical properties of FRP composite. This is shown in Table 2-4
and Figure 2-1.

Table 2-4: Example showing the effect of volume fraction of fibres on the FRP properties (FIB 2002)

Properties for constituent materials of FRP composite:

Fibre:

Young’s modulus: 220 GPa Tensile strength: 4000 MPa

Matrix:

Young’s modulus: 3 GPa Tensile strength: 80 MPa

Cross sectional area FRP properties Failure load
Asip An A% Vi E; (MPa) | fi (MPa) | Ultimate | (kN) (%)
(mm?) (mm?) | (mm®) | (%) |Eq.(2-1) | Eq.(2-1) | strain (%)

70 0 70 100 220,000 | 4000 1.818 280.0 100.0
70 30 100 70 154,900 | 2824 1.823 283.4 100.9
70 70 140 50 111,500 | 2040 1.830 285.6 102.0

* In the case of a strip with a width of 100 mm dividing this value by 100 mm gives the
thickness of the strip.

It can be seen that for a constant amount of fibre volume, an increase in the amount
of resin has a minor effect on the failure load. However, the FRP composite
properties are strongly influenced by the matrix proportion.

Figure 2-1: Stress strain relations corresponding to various fibre volume fractions Vi,
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< 3000 —— Vfib=70% and tf=1.0 mm
a
=
& 2000 - —— Vfib=50% and tf=1.4 mm
3
@ 1000 |
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Strain (%)

In case of an uncertainty of the FRP thickness (in-situ resin impregnated systems), it
is convenient to perform the calculations based on the fibre properties and fibre cross
sectional area provided that the material properties and the thickness supplied by the
manufacturer are used instead of the actual thickness realized. In this situation the
second part of Equations (2-1) and (2-2) may be ignored and the resulting property
(elastic modulus, tensile strength) should be multiplied by a reduction factor r. This
factor r should be supplied by the supplier based on test results. Alternatively the
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FRP supplier can provide the properties of in-situ impregnated system (thickness,
elastic modulus, and tensile strength) based on test results.

2.4 Design Material Properties

The material properties reported by manufacturers do not normally consider the
effect of long-term exposure of the FRP materials to various types of environmental
conditions. The long-term exposure of the FRP materials to the environment can
reduce the tensile strength, creep-rupture, fatigue endurance and other material
characteristics. Hence, the design material properties should be reduced based on
the environmental exposure condition. The design ultimate tensile strength, rupture
strain and modulus of elasticity then may be calculated using Egs (2-3) and (2-4).

f
Ef :ﬂ 2-5
€fu

* The material properties reported by manufacturer

The environmental-reduction factor, Cg, for various exposure conditions and different
types of FRP are given in Table 2-5 (ACI 440, 2002).

Table 2-5: Environmental-reduction factor for various exposure conditions

. . ) Environmental-reduction
Exposure Condition Fibre and resin type factor, Cg

Carbon/epoxy 0.95

Interior exposure Glass/epoxy 0.75
Aramid/epoxy 0.85
Carbon/epoxy 0.85

Exterior exposure (bridges, piers,

and enclosed parking garages) Glass/epoxy 0.65
Aramid/epoxy 0.75
Carbon/epoxy 0.85

Aggressive environment (chemical

plants and waste water treatments) Glass/epoxy 0.5
Aramid/epoxy 0.7

10
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2.5 Commercially Available Externally Bonded FRP in
Australia

Composite materials for strengthening structures are available in the form of
unidirectional thin strips made by pultrusion or sheets or fabrics made of fibres in at
least one or two different directions.

Major suppliers of FRP systems in Australia are Master Builders Technologies (MBT)
and Sika® Services Corporate Construction. MBT supplies two MBrace Composite
Strengthening Systems. The first one is the MBrace FRP fabric (sheet) materials
including carbon, aramid and glass fibres while the other system is MBrace S&P CFK
laminate strip (plate) (carbon fibre laminate materials). Sika® CarboDur composite
strengthening systems supply flexural strengthening products (plates), shear
strengthening products (L-shaped strips) and shear strengthening and confinement
products (flexible sheets). The Sika® products include carbon, aramid and glass
fibres. These commercially available composite strengthening systems are described
briefly in the following sections.

2.5.1 MBrace composite strengthening systems (MBT Australia)

The MBrace Composite Strengthening System comprises a family of lightweight FRP
materials. They are externally bonded to the surface of structures to enhance the
strength. These systems provide very high tensile strength and are used for flexural
and shear reinforcement and axial compression confinement of concrete, masonry
and timber elements.

The MBT-MBrace sheets (either uni-directional or bi-directional) can be applied as
dry and wet lay ups and also as pre-impregnated Prepegs. Types of fibres used in
MBrace FRP systems are carbon, aramid and glass (uncoated E-glass which
corrodes in alkaline environment and Alkali resistant glass-AR glass). The stress-
strain diagram for these fibres is shown in Figure 2-2.

Figure 2-2: Stress-strain diagrams (MBT Australia)
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The basic fibres in MBrace FRP systems are embedded in a polymer matrix where
the arrangement of fibres can be either unidirectional or bidirectional.

2.5.1.1 MBrace FRP fabric (sheet) materials

MBrace FRP fabric sheets can be stretched or woven and uni-directional or bi-
directional as follows;

11
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Stretched sheets, Uni-directional arrangement:

In the stretched sheets fibres are bonded to a tight mesh and parallel fibres are
stretched. Therefore these sheets have high elastic modulus. These are more
suitable for increasing the structural capacity of an element.

Woven sheets, Bi-directional arrangement:

Woven sheets are produced by weaving and the arrangement of fibres is bi
directional. These sheets are less suitable for increasing the structural capacity of an
element as the fibres are slightly wavy. These bi directional sheets are more suitable
for increasing the ductility of a structural component.

Uni-directional and bi-directional MBT-MBrace FRP sheets

Either cold curing epoxy resin matrix or the thermally curing epoxy resin matrix is
used to ensure the load transfer from the sheets to the substrate.

Cold curing epoxy resin matrix:

Uni-directional and bi-directional sheets are applied as a dry lay up if the weight is
less than 400 gm/m?. In this case the cold curing epoxy resin is rolled onto the
structural element and dry sheet is applied into the matrix. Stretched and woven
sheets are applied as a wet lay up if the weight is less than 400-800 gm/m?. Contrary
to the dry lay up situation, in this case the sheets are impregnated with the cold
curing epoxy matrix and then applied wet to the structural element.

Thermally curing epoxy resin matrix:

The uni-directional and bi-directional sheets are impregnated with the thermally
curing epoxy adhesive at the manufacturer's facility. Thermal curing is done by
applying additional heat to the epoxy resin on the element. This method is called a
Prepeg system.

2.5.1.2 MBrace S&P CFK laminate strip (plate)

Prefabricated FRP is supplied to the job site as a composite (laminate). The supplier
does the impregnation with the epoxy resin matrix and thermal curing under
controlled factory conditions. A commonly used laminate used for structural
strengthening is the MBT-MBrace Laminate CFK.

2.5.2 Sika® CarboDur structural strengthening systems

Sika® CarboDur composite strengthening systems include flexural strengthening
products (plates), shear strengthening products (L-shaped strips) and shear
strengthening or confinement products (flexible sheets).

The material characteristic of the Sika® CarboDur structural strengthening systems
can be summarized in the following Tables.

Table 2-6: Material properties of Sika® CFRP plates

Sika® CarboDur Type S Type M Type H
CFRP plates Elastic modulus (N/mm?) 165,000 210,000 300,000
Tensile strength (N/mm?®) 2,800 2,400 1,300
Average Measured failure tensile strength (N/mm?) | 3,050 2,900 1,450
Strain at failure >1.7% >1.2% >0.45%
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Table 2-7: Material properties of Sika® Wrap Hex fabrics
Sika® Wrap | Sika® Wrap | Sika® Wrap
Hex-230C Hex-103C Hex-100G
Elastic modulus of fibres (N/mm®) 230,000 230,000 70,000
Tensile strength (N/mmz) 3,500 3,500 2,250
Weight (g/m?) 230 610 920

Table 2-8: Material properties of Sika® dur epoxy adhesive and mortars

Sika® dur-30 Sika® dur-30
Compressive strength (N/mm?) >95 >75
Adhesive strength on steel (N/mm?) >26 >10

Adhesive strength on concrete (N/mm®)

>4 (concrete failure)

>4 (concrete failure)

E-modulus

12,800

9,000

Table 2-9: Material properties of Sika® dur epoxy adhesive

. Sika® dur-Hex-
Sika® dur-330 300/306
Flexural modulus (N/mm?) 3,800 3,120
Adhesive strength on concrete (N/mm?) >4 (concrete Failure) | >4 (concrete Failure)
Viscosity Pasty Low viscous

2.5.3 MBrace FRP strengthening systems

Table 2-10: Properties of MBrace FRP fabric strengthening systems

Type of fibre Elastic modulus | Tensile strength | Ultimate tensile strain
(kN/mm?) (MPa)

S&P A sheets 120 (dry or wet lay up)

Aramid 120 2,900 0.025

S&P C sheet 240/640 (for dry lay up)

Carbon 240/640 3,800/ 2,650 0.017/0.004

S&P G-sheet (dry lay up)

E-glass 73 3,400 0.045

AR-glass 65 3,000 0.043

S&P G-sheet (wet lay up)

E-glass 73 3,400 0.045

AR-glass 65 3,000 0.043

Table 2-11: Properties of MBrace FRP plate strengthening systems

Type of fibre Elastic modulus (kN/mm?®) Tensile strength (MPa)
S&P Laminate 150/2000 164,000 205,000
S&P Laminate 200/2000 2,700 — 3,000 2,400 — 2,600

2.6 Time-dependent behaviour and durability

2.6.1 Creep-rupture

When FRP composites are subjected to a constant load over a time they fail
suddenly. This failure is known as creep rupture and this time period is known as the
endurance time. The endurance time decreases when the ratio of sustained tensile
stress to the short-term strength of the FRP laminates increases. Furthermore it
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decreases with adverse environmental conditions such as high temperature, high
alkalinity, freezing-thawing cycles and wet-dry cycles. As stated in ACI Committee
440 (2002) the relationship between creep rupture strength and the logarithm of time
for FRP bars is linear. The ratios of stress level at creep-rupture after 500,000 hours
to the initial ultimate strength of the GFRP, AFRP, and CFRP bars were extrapolated
to be 0.3, 0.47, and 0.91, respectively (Yamaguchi et al. 1997). Similar values have
been determined elsewhere (Malvar 1998). The vulnerability of carbon, aramid and
glass fibres to creep rupture is increasing respectively.

2.6.2 Fatigue

Fatigue behaviour and life prediction of stand alone FRP materials have been studied
in the last 30 years (American National Research Council 1991). In these studies
aerospace materials were the primary subject of investigation. Based on the test
results some general observations on the fatigue behaviour have been made. Test
conditions that raise the temperature and moisture content of FRP materials
generally degrade the ambient environment fatigue behaviour.

Of all FRP composite type, CFRP is least susceptible to fatigue failure having a
survival limit of 60 to 70% (one million cycles) of the initial static ultimate strength of
CFRP. In a stress versus logarithm of the number of cycles at failure graph, the
downward slope of CFRP is about 5% of the initial static ultimate strength per decade
of logarithmic life. Fatigue strength of CFRP is not normally affected by moisture and
temperature exposures of concrete structures unless the resin or fibre/resin interface
has suffered substantial deterioration due to the environment.

Individual glass fibres showed a delayed rupture caused by stress corrosion under
ambient environment laboratory conditions (Mandell 1982). A cyclic tensile fatigue
effect of approximately 10% loss in the initial static strength per decade of logarithmic
lifetime is observed for GFRP composites (Mandell 1982). Generally, no clear
fatigue limit can be defined. Environmental factors such as moisture, alkaline, and
acidic solutions can play an important role in the fatigue behaviour of glass fibres.
Aramid fibres exhibit good fatigue behaviour and the tension-tension fatigue
behaviour of an impregnated aramid fibre strand is excellent. Strength degradation
per decade of logarithmic lifetime is approximately 5 to 6% (Roylance and Roylance
1981). Commercial AFRP tendons for concrete have a survival limit of 54 to 73% of
the ultimate tensile strength in two million years (Odagiri et al. 1997).

2.6.3 Durability

The tensile strengths provided by the manufacturers of FRP systems are based on
tests conducted in a laboratory environment, which does not simulate the real
environment conditions. However, the mechanical properties of FRP systems are
reduced with many factors such as the adverse environmental exposure (high
temperature, humidity and chemicals), the duration of exposure, resin and fibre type
and resin curing method (see also Table 2-5).
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3 RECOMMENDED CONSTRUCTION
REQUIREMENTS

FRP system shipping, storage and installation procedures are normally developed by
the system manufacturer. The procedure differs between systems and even within a
system depending on the condition of the structure. This chapter gives general
guidelines for FRP system installation based on international guidelines (FIB Bulletin
14, 2002 and ACI Committee 440, 2002) as well as procedures developed by
Australian manufacturers.

3.1 Shipping and Storage

3.1.1 Shipping

FRP materials should be labelled and packaged and shipped according to all
applicable Australian packaging and shipping codes and regulations. The corrosive,
flammable, or poisonous materials should be labelled and classified under
“Hazardous Materials Regulations”. Type and material identity of FRP laminates is
usually stamped on each length module and identification of FRP wrap rolls is
labelled on each roll.

3.1.2 Storage

FRP system constituent materials should be stored in a manner that preserves the
properties and maintains the safety in accordance with manufacturer’s
recommendations. Material safety data sheets (MSDS) for all FRP constituent
materials and components should be assessable at the job site, and may be obtained
from the manufacturers. The handling requirements and potential hazards of the FRP
materials may be found in information sources, such as organization literature and
guides or OHS guides.

3.2 Techniques for FRP Strengthening

The strengthening techniques concern the application of FRP as structural
reinforcement bonded to an existing concrete substrate structure. The technique can
be used under different conditions and at different locations of the structural member
taking into account all specifications and requirements.

3.2.1 Basic technique

The most widely used FRP strengthening technique is the manual application of wet
lay-up (hand lay-up) or prefabricated systems using cold cured adhesive bonding.
The crutial feature of this technique is that the fibres of externally bonded FRP
composites are in parallel as practicable with the direction of principal tensile
stresses. Typical applications of the hand lay-up and prefabricated systems are
illustrated in Figure 3-1. The basic technique of FRP strengthening described here
refers to the manual application of FRP reinforcement to an existing member. A two-
part cold cured bonding agent is used to achieve bonding.
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Figure 3-1: (a) Hand lay-up CFRP sheets. (b) Application of prefabricated strips (FIB 2002)

(a) (b
The basic technique involves three acting elements, defined as follows.

3.2.1.1 Substrate

FRP composite is bonded to an existing structure to enhance its strength. The
behaviour of the strengthened structure heavily depends on a good concrete
substrate and the preparation of the concrete surface. As shown by FIB Bulletin 14
(2002) 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.

3.2.1.2 Adhesive/Resin

A suitable adhesive/resin should be selected for a particular FRP strengthening
system. This is normally specified by the manufacturer to meet all the requirements
regarding the installation system. The bonding agent normally ensures the bond
between the substrate and the FRP reinforcement. It may have to impregnate “wet
lay-up” types of FRP systems depending on the type of FRP reinforcement.

3.2.1.3 FRP reinforcement

Depending on the application of the FRP composites, they can be categorized as
follows.

“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 polymerization. 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. The
main characteristic and typical aspect of FRP composites are presented inTable 3-1.
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Table 3-1: Main characteristics and typical aspects of FRP composites, basic technique (FIB 2002)

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 t0 0.5 mm
Use Simple bonding of the factory Bonding and impregnation of
made elements with adhesive the sheets or fabrics with resin
(shaped and cured in-situ)
Typical If not pre-shaped only for flat Regardless of the shape, sharp
application surfaces corners should be rounded
aspects Thixotropic adhesive for bonding Low viscosity resin for bonding

and impregnation

Normally one layer, multiple layers | Often multiple layers

possible

Stiffness of strip and use of Often a putty is needed to
thixotropic adhesive allow for prevent debonding due to
certain surface unevenness unevenness

Simple in use, higher quality Very flexible in use, needs
guarantee (prefab system) rigorous quality control

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

3.3 Temperature, Humidity, and Moisture Considerations

Surface temperature of the concrete, temperature, relative humidity of air before and
during installation can affect the FRP strengthening procedure. Primers, saturating
resins, and adhesives generally should not be applied to cold or frozen surfaces. If
the temperature of concrete surface is below a minimum level as proposed by the
manufacturer, an auxiliary heat source must be used to increase the surface and air
temperature. If this is not used, improper saturation of the fibres and curing of the
resin constituent materials may occur. The heating device should not contaminate
uncured FRP system.

It is a general practice to apply resins and adhesives to dry and clean concrete
surface. If FRP systems are applied to concrete surfaces that are subject to moisture
vapour transmission, it will result in surface bubbles and lead to failure of the bond
between the FRP system and the substrate.

3.3.1 MBrace FRP strengthening system

MBT Australia recommends that CFRP should not be applied when the ambient
temperature is below 5°C. Auxiliary heating is allowed in this type of systems to
increase the surface and air temperature. However the method of heating should be
approved. Similarly, when temperature exceeds 20°C, care shall be taken with batch
life of epoxies and special precautions may be necessary. Presence of moisture may
slow down adhesion of primer and/or resin. MBT Australia recommends that FRP
should not be applied when rain or condensation is expected. No application shall
take place unless the concrete temperature and air temperature are at least 3
degrees higher than the dew-point temperature.
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3.4 Equipment

Each FRP strengthening system needs unique equipment, which are designed
specifically for the application of the materials for that system. This equipment can
include resin impregnators, sprayers, lifting/positioning devices, and winding
machines.

3.5 Substrate Repair and Surface Preparation

Concrete substrate and proper preparation and profiling of the concrete surface can
affect the behaviour of concrete members strengthened or retrofitted with FRP
systems. Debonding or delamination of the FRP system can result from an
improperly prepared substrate concrete, before achieving the design load transfer.
The bond behaviour of strengthened member can also be affected by an improper
surface preparation. The FRP system manufacturers usually provide a specific
guideline for a particular FRP system. Noise, dust, and disruption to building
occupants can be generated during the substrate preparation.

The concrete substrate should be checked for corrosion of existing reinforcing steel.
The cause of corrosion needs to be addressed and corrosion related deterioration
should be repaired before strengthening commences. The compatibility of the
materials used to repair the substrate and the FRP system should be discussed with
the FRP system manufacturer.

Some FRP manufacturers have reported that movement of cracks of 0.3 mm and
wider can affect the performance of the externally bonded FRP system through
delamination or fibre crushing. Consequently, cracks wider than 0.3 mm should be
pressure injected with epoxy. Smaller cracks exposed to aggressive environments
may require resin injection or sealing to prevent corrosion of existing steel
reinforcement. Prior to FRP installation, the surface of the concrete must be cleaned
so that is free of laitance, dust, grease and other bonding inhibiting materials that are
likely to affect bond strength between the FRP and the concrete. Uneven concrete
surface irregularities (off sets) must be ground and smoothed to less than 1 mm.
Where fibres wrap around the corners of rectangular cross sections, the corners
should be rounded to a minimum 13 mm radius to prevent stress concentrations in
the FRP system and voids between the FRP system and the concrete. Roughened
corners should be smoothed with putty. Obstructions, re-entrant corners, concave
surfaces, and embedded objects can affect the performance of the FRP system and
should be addressed. Obstructions and embedded objects may need to be removed
before installing the FRP system. In applications involving confinement of structural
concrete members, surface preparation should promote continuous intimate contact
between the concrete surface and the FRP system (ACI 440, 2002).

As shown by ACI Committee 440 (2002), applications of FRP systems can be
categorized as bond-critical or contact-critical. The surface preparation requirements
should be based on the category of FRP application. Bond-critical application
requires an adhesive bond between the FRP system and the concrete. The bond-
critical method is used for flexural or shear strengthening of beams, slabs, columns,
or walls. In this method, surface preparation must be done using sand blasting,
grinding or water blasting. All laitance, dust, dirt, oil, curing compound, existing
coatings, and any other matter that could interfere with the bond of the FRP system
to the concrete should be removed. Bug holes and other small surface voids should
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be completely exposed during surface profiling. After the profiling purpose is over,
the surface should be cleaned and protected before FRP installation.

Contact-critical application requires intimate contact between the FRP system and
the concrete, such as confinement of columns. In this method, surface preparation
should promote continuous intimate contact between the concrete surface and the
FRP system.

3.5.1 MBrace FRP strengthening systems (MBT Australia)

MBT Australia (CD ROM) provides a number of guidelines on the surface preparation
for application of FRP composites.

e The substrates should be clean and free of surface moisture and frost. Dust,
laitance, grease, curing compounds, waxes, impregnations, foreign particles and
other bond inhibiting materials should be removed from the surface by a method
of blasting or equivalent mechanical means;

e Deteriorated concrete or corroded reinforcing steel must be repaired as required
by MBT, Australia. Any corroded steel reinforcement should be cleaned and
prepared thoroughly by abrasive cleaning, and the area patched prior to
installation of FRP system. Do not cover corroded reinforcing steel embedded in
concrete with FRP Systems. Existing uneven surfaces must be filled with an
appropriate repair mortar or must be ground smooth;

e Before starting the surface preparation procedure, the contractor should prepare
a sample area. The sample area shall be prepared in accordance with the
requirements of the guidelines provided here, and shall be used as a reference
standard depicting a satisfactory prepared surface. Normal requirement is the
surface must present similar to 60-grit sandpaper. The strength of the concrete or
repaired area shall be verified after preparation by random pull-off testing.
Minimum tensile strength of substrate required is 1.0 MPa;

e When required by the contract documents, the contractor shall install a trial or
sample area (1m? min) of the FRP System for purposes of in-situ bond testing to
verify preparation, system application and bond; and

¢ Maintain control of concrete chips, dust and debris in each area of work. Clean
up and remove such material at the completion of each day of blasting.

3.6 Reinforcement Details

Detailing of externally bonded FRP reinforcement typically depends on the geometry
of the structure, the soundness and quality of the substrate, and the levels of load
that are to be sustained by the FRP sheets or laminates. Many bond-related failures
can be avoided by following these general guidelines for detailing FRP sheets or
laminates (ACI 440, 2002):

e Do not turn inside corners;

e Provide a minimum 1/2 in. (13 mm) radius when the sheet is wrapped around
outside corners; and
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e Provide sufficient overlap when splicing FRP plies.

3.6.1 FRP debonding

Providing enough bonded area of the FRP laminate to the concrete substrate can
reduce the chance of the debonding of a properly installed FRP laminate. Interface
bond area should be calculated based on the horizontal shear and tensile strength of
the concrete substrate. It is recommended to use a reduction factor of 0.50 in
calculation of the bond strength. Analytical methods for computing the bond stress
may be also used to calculate a more accurate value for the bond (Blaschko and
Zilch. 1998; Brosens and Van Gemert 1997; Maeda et al. 1997).

Shear transfer may be increased by using mechanical anchorages. The performance
of any anchorage system should be then substantiated through testing.

3.6.2 Concrete cover delamination

The normal stresses in bonded FRP laminate can also result in concrete cover
delamination (Figure 3-2).

Figure 3-2: Delamination caused by tension failure of the concrete cover

J ™ FRP C:‘L

In the absence of a more detailed analysis, the following general guidelines can be
used for the location of cut-off points of the FRP laminate to avoid this type of failure
(ACI 440, 2002):

e For simply supported beams, the plies should extend a distance d past the
point along the span corresponding to the cracking moment, Mg, under
factored loads. In addition, if the factored shear force (Clause 3.3, AS3600,
2002 or Section 2, Ausroads Bridge code 1992) at the termination point is
greater than 2/3 the concrete shear strength according to Clause 8.2.9 of AS
3600 or Section 5.8.2 of Austroads Bridge design code (V' > 0.67V,.), the
FRP laminates should be anchored with transverse reinforcement to prevent
the concrete cover layer from splitting.

e For continuous beams, a single-ply FRP laminate should be terminated d/2 or
150 mm minimum beyond the inflection point (point of zero moment resulting
from factored loads). For multiple-ply laminates, the termination points of the
plies should be tapered. The outermost ply should be terminated not less
than 150 mm beyond the inflection point. Each successive ply should be
terminated not less than an additional 150 mm beyond the inflection point.
For example, if a three-ply laminate is required, the ply directly in contact with
the concrete substrate should be terminated at least 460 mm past the
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inflection point (Figure 3-3). These guidelines apply for positive and negative
moment regions.

Figure 3-3 : Graphical representation of the guidelines for allowable termination points of a three-ply

FRP laminate.
Point of inflection
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3.7 Detailing of laps and splices

FRP laminates can be spliced only as permitted on drawings or in specifications or
as calculated for load transfer following the recommendations of the system
manufacturer.

The fibres of FRP systems should be continuous and oriented in the direction of the
design tensile forces. Fibre continuity can be maintained with a lap splice by
overlapping the fibres along their length. The required overlap should be calculated
based on the tensile strength and thickness of the FRP material system and on the
bond strength between adjacent layers of FRP laminates. Sufficient overlap should
be provided to promote the failure of the FRP laminate before debonding of the
overlapped FRP laminates.

Appropriate development length/area at splices, joints, and termination points should
be provided for a Jacket-type FRP systems used for column members. This is to
ensure that the failure will be through the FRP jacket thickness rather than failure of
the spliced sections.
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3.8 Summary of Strengthening Techniques

Table 3-2 presents summary of strengthening techniques. The type of FRP, design
actions and special need of each technique are also tabulated.

Table 3-2: Summary of strengthening technigues

. . . Type of Special
Strengthening Method Design Action FRP Considerations
Wet lay up of FRP sheets to
the tension zone of the soffit of t Flexrt:ral. Shegts or De-bonding
a beam or slab strengthening strips
Attaching prefabricated FRP
sheets to the tension zone of str('e:r!e)t(lfl:er:?wlin Shsetre;tssor De-bonding
the soffit of a beam or slab 9 9 P
The different types of wrapping o
schemes to increase the shear strer?htizrnin Sheets Dlrﬁg‘eo; of
strength of a beam or column 9 9
Automated winding of wet .
A . Shear and axial .
fibers under a slight angle compression Sheets Equipment
around columns or other P heni availability
structures, strengthening
Attaching prestressed FRP Flexural
strips to the tension zone of strenathenin Strips Anchorage
the soffit of a beam or slab 9 9
Fusion-bonded pin-loaded Flexural and shear IOZI(;;d Equipment
straps strengthening availability
straps
In-situ fast curing using Flexural Strips )
heating device strengthening P
Prefabricated U or L shape Shear Strips Direction of
strips for shear strengthening strengthening P fibres
Bonding FRP strlps inside FIexuraI_ Strips Crack initiation
concrete slits strengthening
FRP impregnation by vacuum .
to the tension zone of the soffit s FIexEraI_ Strips Equ_|lprg1ltlalnt
of a beam or slab trengthening availability
Prefabricated FRP shells or Axial compression Confmmlg
. ) strengthening and pressure will be
jackets for the confinement of ductility Sheets different to that
circular or rectangular columns enhancement of steel
FRP wrapping for axial ét): :L ct%rgr;])irness;rc:g Confining
compression strengthening ?juctilit 9 Sheets pressure will be
and ductility enhancement y different
enhancement
FRP wrapping for torsional Torsional Sheets Direction of
strengthening strengthening fibres
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4 GENERAL DESIGN CONSIDERATIONS

The successful structural repair and upgrading involves four basic elements:
concepts used in system design; compatibility and composite behaviour of existing
members with upgraded system; field application methods; and most importantly,
design details.

The status of the structure to be strengthened should be investigated and repairs
should be performed as appropriate. It is of great importance to select the best FRP
system for a particular rehabilitation need. Proper designing, detailing and applying it
in a particular structure should guarantee the overall structural behaviour and safety
of the strengthened member.

4.1 Design Philosophy

In common with most codes of practice for structural design, the design methods
contained in this report are based on limit-state philosophy. This ensures that a
strengthened member will not reach a limit state during its design life. All necessary
design situations and load combinations should be considered. In assessing the
effect of a particular limit state on the structure, the designer will need to assume
certain values for the design loading and the design strength of the materials. This
method ensures safety levels in serviceability limit state (deflection, cracking) and
ultimate limit state (failure, rupture, fatigue). The possible failure modes, stresses and
strains resulting from this method in each material should be assessed in order to
find the nominal strength of a member. The design of a FRP strengthening system
should include the effects of FRP composites, force transfer through bond interface,
detailing rules and special provisions. Design calculations are based on analytical or
(semi-) empirical models.

A thorough field inspection, review of existing design and a structural analysis should
be performed for the structure to be strengthened by FRP. Depending on that
investigation, proper repair should be undertaken as the application of FRP is not
meant to confine defects such as steel corrosion. Redistribution of moments is not
normally allowed in FRP as it lacks plasticity. In strengthening columns and walls
using FRP composites, it is necessary to consider the out-of plane deformations
(second order effects).

Verification of both the serviceability limit state (SLS) and the ultimate limit state
(ULS) should be performed in the design procedure. As shown in FIB Bulletin 14
(2002), the following situations may be considered:

o Persistent situation, corresponding to the normal use of the structure;
Accidental situation, corresponding to debonding or delamination of the FRP
system (due to e.g. impact, vandalism, fire); and

e Special design considerations (e.g. bond stresses due to differences in
coefficient of thermal expansion, fire resistance, impact resistance).
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4.1.1 Verification of the serviceability limit state

The serviceability of a strengthened member (deflections, crack widths) under
service loads should satisfy acceptable provisions of AS 3600, 2002 and Austroads
Bridge design code. To meet this requirement, the serviceability limit state verification
normally should consider:

e Stress limits (prevent steel yielding, damage or excessive creep of concrete
and excessive creep or creep rupture of the FRP);

e Acceptable deformations or deflections; and
Cracking (including interface bond cracking).

If the aim of applying a strengthening procedure is to improve the serviceability, then
the serviceability limit state will govern the design, rather than the ultimate limit state.

4.1.2 Verification of the ultimate limit state

The strength of strengthened member depends on the controlling failure mode. All
possible failure modes should be investigated for an FRP strengthened section
(Ganga Rao and Vijay 1998). In general, the failure modes can be subdivided to
those assuming full composite action between the reinforced concrete / prestressed
concrete member and the FRP and those verifying the different debonding
mechanisms that may occur.

Load combinations and partial safety factors should be applied as specified in
relevant code and standards.

4.1.3 Accidental situation

The level of strengthening that can be achieved through the use of externally bonded
FRP reinforcement is often limited by considerations of the accidental design
situation as required by design codes. The structure should be checked for loss of
the FRP strengthening due to an accidental situation e.g. impact, vandalism or fire.

The un-strengthened member is then subjected to all relevant accidental load
combinations. This may be verified in the ultimate limit state, considering the partial
safety factors for the materials and considering reduced partial safety coefficients
and combination factors for the loads, as provided in relevant codes and standards.

4.1.4 Special design considerations

Environmental conditions uniquely affect resins and fibres of various FRP systems.
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 also be relevant.

The material properties used in design should account for the degradation and effect
of impact and fire. However, it is important that sufficient attention is paid to the
special design aspects, as they can have a considerable influence on the structural
safety.
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4.1.5 Durability

Many FRP systems exhibit reduced mechanical properties after exposure to certain
environmental factors, including temperature, humidity, and chemical exposure.
Hence the environmental conditions must be taken into account from the start of the
design process. The exposed environment, duration of exposure, resin type and
formulation, fibre type, and resin-curing methods are some of the factors that
influence the extent of the reduction in mechanical properties. These factors and their
influences with respect to the durability should be considered and, if needed,
protective measures can be taken.

4.2 Safety Concept and Strengthening Limits

The FRP strengthening system should be designed to provide sufficient structural
safety, including sufficient ductility. A major task involved in design is the choice of
the appropriate margin of safety for the different limit states together with
corresponding value for the associated safety coefficient.

4.2.1 Safety concept with respect to the ultimate limit state

In limit state design, the variability of material properties is taken into account by
assuming a characteristic strength. Characteristic strength usually is taken as the
value below which not more than 5% of test results lie. A similar approach is used to
define characteristic strength of FRP, but the acceptable failure rate may be reduced
to 1%.

The modelling of the strengthened member should consider the different failure
modes that may occur. Using FRP materials with no yielding capacity and,
considering concrete substrate with unfavourable post-failure in tension leads to a
brittle failure. Therefore, the brittle failure modes, such as shear and torsion, should
be prevented in design of an FRP system. For the same reason, it should be
guaranteed that the internal steel is sufficiently yielding in Ultimate Limit State, so
that the strengthened member will fail in a ductile manner. In order to discuss the
failure of the strengthened member, strain distribution at Ultimate Limit State in a
critical section can be considered as shown in Figure 4-1 (FIB Bulletin 14, 2002).

Figure 4-1: Strain distribution at Ultimate Limit State in the critical section of strengthened flexural
members
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€ is the initial strain at the extreme tensile fibre before strengthening, & min is the
minimum allowable FRP strain at ultimate and &g is the FRP strain in the critical
section at ultimate.

Strengthening is not always a primary goal of the application of externally bonded
reinforcement. For example, in columns, FRP wrapping is used to improve ductility
as well as load carrying capacity by activating multiaxial stresses or by counteracting
lateral tensile stresses and shear forces. This technique favourably influences the
structural safety as confinement results in increased ductility.

4.2.2 Strengthening limits

There should be strengthening limits to protect the strengthened structure against
collapse due to bond failure or other failure of FRP system caused by fire, vandalism
or other causes. ACI Committee 440 (2002) suggested a careful consideration to
determine reasonable strengthening limits. It has been recommended by some
designers and system manufacturers that even the unstrengthened structural
member should have sufficient strength to resist a certain level of load so that in case
the FRP system is damaged the structure is still capable of resisting certain loads
without collapse. AClI Committee 440 (2002) recommended that the existing strength
of the structure should be sufficient to resist a level of load as described by Eq. (4-1).

(ORn Doising = (L1-2SpL +0.855 11 ) 41

4.3 Ductility

The use of externally bonded FRP reinforcement for flexural strengthening will
reduce the ductility of the original member. In some cases, the loss of ductility is
negligible. Sections that experience a significant loss in ductility, however, should be
addressed. To maintain a sufficient degree of ductility, the strain level in the steel at
the ultimate-limit state should be checked.
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5 FLEXURAL STRENGTHENING

In recent years, the bonding of FRP plates or sheets has become a very popular
method for the flexural strengthening of reinforced concrete elements, such as
beams and columns. Flexural strengthening using FRP strips is illustrated in Figure
5-1.

Figure 5-1: Flexural strengthening of RC beams with CFRP strips (FIB Bulletin 14, 2002)
y / ]

FRP strengthening systems has drawn a great deal of attention as the need for
structural strengthening is increasing and the cost is reduced if FRP is used. 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.

Figure 5-2 illustrates the Idealized stress-strain curves for concrete, FRP and steel.
The ultimate strain at the extreme concrete compression fibre is taken to be 0.003.
These curves, along with the assumption that the slip at the concrete-FRP interface
may be ignored, form the basis for the ultimate strength limit state analysis of
concrete elements strengthened in flexure.

Figure 5-2: Design stress-strain curves of constitutive materials at Ultimate Limit State
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5.1 Initial Situation

The pre-loading including the self weight of structure is likely to exist in the practical
applications prior to and during strengthening. Therefore, the effect of the pre-loading
has to be considered in the structural analysis of the strengthened member.
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The effect of pre-loading due to self-weight and service loads is generally beneficial if
the beam fails by FRP rupture, but this effect is generally insignificant. The effect of
pre-loading is more significant and detrimental if the beam fails by concrete crushing
and should be investigated in design calculations. As the service moment, M, is
typically larger than the cracking moment, M,, therefore, the calculation will be based
on a cracked section.

5.2 Design Assumptions

For a section strengthened with an externally bonded FRP system, the following
assumptions are made in calculating the flexural strength (AClI Committee 440,
2002).

o Design calculations are based on the actual dimensions of the existing
member to be strengthened, its configuration of reinforcing steel, and its
material properties;

e The strains in the reinforcement and concrete are directly proportional to the
distance from the neutral axis, that is, plane sections remain plane after
loading;

e There is no relative slip between external FRP reinforcement and the
concrete;

o The shear deformation within the adhesive layer is neglected since the
adhesive layer is very thin with slight variations in its thickness;

e The maximum usable compressive strain in the concrete is 0.003;

Concrete resists no tension; and

e The FRP reinforcement has a linear elastic stress-strain relationship until

failure.

5.3 Design for Strength

The strengthened structure and its component members should be designed for the
strength as described in following subsections.

5.3.1 Section shear strength

When the flexural strength of a RC section is increased using FRP reinforcement, it
is important to check that the member will be capable of resisting the shear forces
associated with the increased flexural strength.

5.3.2 Existing substrate strain

The strains due to pre-loading including the self-weight of structure and any
prestressing forces should be considered as initial strains in design of the
strengthened member. The initial strain level on the bonded substrate, &, can be
determined from an elastic analysis of the existing member, considering all loads that
will be on the member, during the installation of the FRP system. It is recommended
that the elastic analysis of the existing member be based on cracked section
properties.
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5.4 Nominal strength

The strength-design approach requires that the design strength in bending of a
member is not less than the design action effect as indicated by Eq. 5-1. Design
flexural strength, ¢M,,, refers to the nominal strength of the member multiplied by a
strength-reduction factor (see Clause 8.4.1 of AS 3600 or Section 5.8.1 of Austroads
Bridge design code), and the required moment strength, M, refers to the load effects
calculated from factored loads (see Clause 3.3 of AS 3600 or Section 2 of Austroads
Bridge design code). This guide recommends calculation of required moment
strength of a section using factored loads as required by Austroads Bridge design
code (1992) or AS 3600 (2002). This guide also recommends the use of an
additional strength reduction factor of 0.85 applied to the flexural contribution of the
FRP reinforcement alone, y¢ = 0.85 (ACI 440, 2002) with the strength reduction
factors (¢) required by AS3600 (2002). This additional reduction factor is meant to
account for lower reliability of the FRP reinforcement.

My =M . 5-1
The nominal flexural strength of an FRP-strengthened concrete member can be
determined based on the section analysis using strain compatibility and internal force
equilibrium based on AS 3600 or Austroads Bridge design code.

Figure 5-3: Internal strain and stress distribution for rectangular section under bending moment at
ultimate state
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The nominal flexural strength of the section can then be calculated from Eq. 5-2.

¢Mu0 =O.8|:As fs(d—}/k;dj+l//fAf Ef&‘f(h—yk;dj}

5-2

5.4.1 Failure modes

The failure modes observed in experimental studies reported in the literature, can be
classified into seven main categories as follows.

o flexural failure by FRP rupture;
o flexural failure by crushing of compressive concrete;
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shear failure;

concrete cover separation;

plate-end interfacial de-bonding;

intermediate flexural crack-induced interfacial de-bonding; and
intermediate shear crack-induced interfacial de-bonding.

All these failure modes can be divided into two categories; (1) 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; (2) Loss of composite action between concrete and
FRP prior to failure (e.g. due to de-bonding or peeling-off of the FRP).

The flexural strength of a strengthened section depends on the controlling failure
mode. Concrete crushing is assumed to occur at the ultimate compressive strain of
(& = &u = 0.003) and rupture of the FRP laminate is assumed to occur at the ultimate
tensile strain of (& = &,). In order to prevent de-lamination of the FRP reinforcement,
this guide recommends limiting the strain level developed in the laminate. Eq. (5-3)
gives an expression for a bond dependent coefficient, kn, (ACI 440, 2002).

1 nNE;ts

1- <0.90 for nE;t; <180,000
60¢ ¢, 360,000

Ky =

1 {90000

608 fu nEftf

The strain level in the FRP laminate may be limited by multiplying the rupture strain

of FRP by the factor «y, to prevent debonding. The number of plies, n, used in this

equation is the number of plies of FRP flexural reinforcement at the location along
the length of the member where the moment strength is being computed.

J <0.90 for nE;t; >180,000

5.4.2 Strain level in the FRP Reinforcement

The strain level in FRP laminate at the ultimate —limit state due to maximum factored
loads should be less than the limiting strain, which is illustrated in Eq. (5-4)

h—k
Ef =&y —ud —Eg SKméfy 5-4
k,d

Where, ¢, is the initial substrate strain as described Section 4.1.
5.4.3 Stress level in the FRP reinforcement

The effective stress level in the FRP reinforcement can be calculated based on
maximum effective strain, assuming perfectly elastic behaviour.

ff =Efes 5-5
5.5 Creep-rupture and fatigue stress limits

The stress level in the FRP laminate should be checked to avoid creep-rupture of the
FRP reinforcement under sustained stresses or failure of the FRP due to cyclic
stresses and fatigue. An elastic analysis can be used as these stress levels will be
within the elastic response range of the member. The creep-rupture phenomenon
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and fatigue characteristics of FRP material were described in Section 2.6 and the
resistance of the various types of fibres was examined. The stress limits should be
imposed to prevent failure of an FRP-reinforced member due to creep-rupture and
fatigue of the FRP. An elastic analysis can be used to determine the stress level in
the FRP reinforcement considering an applied moment due to all sustained loads
(dead loads and the sustained portion of the live load) plus the maximum moment
induced in a fatigue loading cycle. Eq. (5-6) may be used limiting the stress limits
with a reasonable margin of safety. Values for safe sustained plus cyclic stress levels
are given in Table 5-1. These values are based on the stress limits previously stated
in Section 2.6 with an imposed safety factor of 1/0.60.

Sustained plus cyclic stress limit > f; 5-6
Table 5-1; Sustained plus cyclic service load stress limits in FRP reinforcement
Fibre Type
Stress Type Glass FRP Aramid FRP Carbon FRP
Sustained plus cyclic stress limit 0.20 fy, 0.30 fy, 0.55 fy,

5.6 Serviceability

The strengthened member should satisfy the provisions of AS 3600 (2002) of the
serviceability of a member (deflections, crack widths) under service loads. The
transformed section analysis may be used to assess the effect of the FRP external
reinforcement on the serviceability. The transformed area of FRP can be computed
by multiplying the area of FRP by the modular ratio of FRP to concrete. The
distribution of strain and stress in the reinforced concrete section is shown in Figure
5-4.

Figure 5-4. Elastic strain and stress distribution

f =E¢&
e c (o
—_ ¢ m
Q
2 %
ko] }
B
1 _ Neuwtral V.V
= Axis
= on)
¥
k=1
X T
= f E,
& =E.&
o o0 o SS ss” SsOss
7 — -
A =ntw €t SOF fi~ Ef€¢g
Reinforced Concrete Section Strain Distribution Stress Distribution

Similar to the conventional method, the depth to the neutral axis at service, kd, can
be computed by taking the first moment of area of the transformed section. The
difference in the initial strain level of FRP may be ignored as it does not greatly
influence the depth of the neutral axis in the elastic analysis.
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The yielding of the existing internal steel reinforcement under service loads should be
prevented to avoid inelastic deformations of the reinforced concrete members
strengthened with external FRP reinforcement. The limitation of 80 % of the yield
strength may be the applied, see Eq. (5-7).

The stress in the FRP may be computed using Eq. 5-8 with fslsfrom Eqg. 5-7 and

applied bending moment under serviceability load combinations based on Austroads
Bridge design code provisions.

Et \h—kd
feo=fos| — |———¢&,E+ 5-8
® S’S[ESJd—kd °

The stress in the FRP under service loads, f¢ ¢ should be checked with the limits
described in Table 5-1.

5.7 Anchorage

Experimental investigations show that the FRP rupture is a rare event and
delamination of FRP strips is more likely occur before stress in the FRP reach the
ultimate level. Debonding implies the complete loss of composite action between the
concrete and FRP laminates. Bond failure will be a brittle failure and should be
prevented at any cost. This guide recommends checking the following failure modes
to prevent de-lamination of FRP, depending on the starting point of the de-bonding
process. (FIB, 2002)

e De-bonding in an un-cracked anchorage zone;
¢ De-bonding caused at flexural cracks; and
e De-bonding caused at shear cracks.

Approach 1: 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 strain limitation should be applied on the FRP to ensure that bond failure far
from the anchorage is prevented. In the following the model of Holzenkamper (1994)
as modified by Neubauer and Rostasy (1997) is presented

N fa,max = aclkckbb Eftf fctm (N) 59
E.t,

€omax = (mm) 5-10
CZ fctm

where a 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); ke is
a factor accounting for the state of compaction of concrete (kc can generally be
assumed to be equal to 1.0, but for FRP bonded to concrete faces with low
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compaction, e.g. faces not in contact with the formwork during casting, kc = 0.67) and
kb is a geometry factor:

511

with bf/b > 0.33. Note that b, bfand trare measured in mm, and Ef and fctm are in MPa.
ctand c2 in Egs. 5-7 and 5-8 may be obtained through calibration with test results; for
CFRP strips they are equal to 0.64 and 2, respectively. For bond

lengths /y </p max, the ultimate bond force was calculated according to
Holzenkampfer (1994) as follows:

b b
N =N fa, max 2- 5-12
4 b, max 4 b, max
Theoretical cut off point then can be determined as follows
Ma, A, (h—x
N o = Ma, A (h=x) 5-13
I cs
Provided anchorage length >/ may 5-14

Approach2: 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 FRP strips,
which can be transferred by means of bond stresses between two subsequent
flexural cracks. This increase should be compared to the increase according to the
design assumption of the full composite action.

Figure 5-5: Envelope line of the tensile forces
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The basic approach consists of three steps

33



User Friendly Guide for Rehabilitation or Strengthening of Bridge Structures Using Fibre Reinforced Polymer Composites

e Determination of the most unfavourable spacing of flexural cracks;

o Determination of the tensile force within FRP strip between two subsequent
cracks according to the design in bending; and

e Determination of the maximum possible increase in tensile stress in the FRP.

The crack spacing between two subsequent cracks can be assumed to be 1 to 2
times of the transmission length 7/, with assumption of a constant mean bond

stresses of both the internal and external reinforcement. The mean bond stress of the
internal and external reinforcements can be then determined using Egs 5-13 and 5-
14 respectively. The transmission length and crack spacing may be calculated with
Egs 5-15 and 5-16.

T, =1.85f,, 5-15
T =0441 5-16
Sym =204 =2 Mer L 5-17

Zm (ZTsmbf + ZTsmdsﬂ)

—085 (hA(E, +dAE,) £.18
(AE¢ + ALE,)
The tensile stress in the FRP laminate at each crack then can be calculated taking
into account strain compatibility and internal force equilibrium. The maximum tensile
force, which can be transferred from FRP to the concrete by means of bond stresses
at the anchorage zone, can be estimated using Eqs 5-17 and 5-18

Figure 5-6: End anchorage in an un-cracked concrete zone (FIB 2002)
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where Cc,and c,can be obtained from the selected fracture model. In absence of the
test data it can be taken as 0.23 and 1.44 respectively. Please note that an increase
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in anchorage length above 7, . may not result in an increase in resisting tensile

stresses due to the limitation of fracture energy. The maximum tensile stress for
anchorage length lower than 7, . can be estimated by Eq. 5-18.

b4 14
O fad :g ° (2_£ ° ]O-fad,max 5-21

b,max b, max

A simplified bilinear stress-slip relation can be used for analysis of the bond behavior
of the FRP laminate. The method is illustrated in Figure 5-7 and Figure 5-8.

Figure 5-7; Element between two subsequent cracks (FIB 2002)
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Figure 5-8: Diagram of the maximum possible increase in tensile stress between two subsequent

cracks (FIB 2002)
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The points A, B and C shown in the diagram may be estimated using the following
equations. The point A corresponds to the verification at the end anchorage where
o4 = 0. The matching maximum increase in stress or in this case, the maximum
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(A) (B)
. Ao o . .
anchorable tensile stresses, max a7 can be estimated from equations 5-
(B)
. . o .
17 and 5-19 and the related maximum increase fd can be estimated from

following equations.

c.E S

(B) 5—f rm
o, ® = —Cg[fy fuy - (MPa) 5-22

Sim e 4t,

2
1| |CsE L/, f 2
oy - \/—3 ft o (o @ F o, ® | (uPa) 5-23
c f

where c.and Cc;can be assumed as 0.185 and 0.285 respectively. The linear

increase between points A and B and B and C can then be estimated by Eq. 5-22
and 5-23 respectively.

" * (max Ao, —maxAc @)
MaxAoc " =MmaxAoy  — Bl Oy 5-24
O
2
11 |ciEB y/f, f
maxac,® = 1| [SE N alan | o2 o 525
Ve tf

For high tensile stresses, the upper limit of the increase in stresses may be
determined by following equation.

maxAc ¥ = f, -0 5-26

Approach 3: Verification of anchorage and the force transfer between FRP and
concrete

If verification of the end anchorage has already been performed, it should be then

verified that the resulted shear stress 7, from the change of tensile force along the
FRP at the FRP-concrete interface is limited.

f
fo =18 5-27
7
v
Eq <&y d - < bed 5-28
0.95db, | 1+ s1Es.
At Ejg
Vd
Eq 2 Eyg' Ty > fcbd 5-29
bt
2

5.8 Special Cases

5.8.1 Pre-tensioned or post-tensioned concrete elements

FRP strengthening of pre-stressed elements has been addressed only in few studies
both experimentally and theoretically. From the FRP strengthened bridges so far,
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only 10% are pre-stressed (FIB Bulletin 14, 2002). Therefore, FRP-strengthening of
pre-stressed elements needs careful attention.

The following sections cover the FRP strengthening of bridge superstructures
(girders, beams and decks) and slabs for prefabricated floors. Strengthening of
elements with either un-bonded tendons, external tendons, or made from lightweight
aggregate concrete is not covered here.

5.8.1.1 FRP strengthening of pre-stressed concrete members

Strengthening of a pre-stressed member usually takes place after all long term
phenomena (creep, shrinkage, relaxation) have fully developed. As a result, the
assessment of the existing pre-stressed structure before FRP strengthening has
become more complicated. Therefore conceptual implications of the long term
phenomena should be clearly understood and careful attention should be paid in
designing a FRP strengthening of a pre-stressed member. As shown in the FIB
Bulletin 14 (2002), construction sequence, pre-stressing 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
should be carefully analysed in the assessment of the existing pre-stressed structure.
Assessment itself should be in accordance with the national standards.

All time dependent effects can be considered as a one single reduction coefficient
and pre-strengthening stress/strain behaviour can be computed. The effects of such
simplifications in economical and safety aspects should be studied. However, these
kinds of simplifications should be avoided where more detailed preliminary
assessment is needed.

5.8.1.2 Safety considerations

The conventional procedures for pre-stressed concrete (in accordance with relevant
national codes) can be applied to the design of the FRP strengthening system once
the existing stress state of the pre-stressed member is assessed. FRP contribution
can then be included in the same form as adopted for reinforced concrete.

The FRP-strengthened member should be checked for cracking criteria according to
the serviceability limit state. Moreover, verifications should be made for the stress
limits for steel and concrete given by the national codes. A controversial issue exists
in the strengthening design philosophy about the presence of tensile stresses in the
pre-stressed concrete section after it is strengthened by FRP. This requires careful
consideration.

Determining the initial strain in the pre-stressed element where FRP application is to
be made, is another important part in the design procedure. The actual FRP strain
will be computed by subtracting the initial strain from the strain obtained from the
plane section assumption. This is needed to be considered in the ultimate limit state,
as FRP rupture is the governing event leading to collapse. Therefore it should be
calculated to the maximum accuracy.

5.8.1.3 Modelling issues

Fibre section models can be used to verify the effectiveness of the design
procedures because all long term phenomena can be included in the material level
and finally integrated over the section analysis. The finite element analysis can be
used to obtain the global analysis of the strengthened member. The numerical
method needs to have all the issues discussed above.
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5.8.2 Strengthening with pre-stressed FRP

5.8.2.1 Design

The cracking and yield loads of a beam can be determined using conventional
reinforced concrete theory provided that the initial stress in the strips for
strengthening is included in the calculations. However, premature failure through
other modes must be examined. As the flexural ultimate load 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. The contribution of
the strip to dowel action must be ignored in calculating the shear resistance, 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 de-bonding of the
strip from the concrete. The strip would need to be enclosed by the shear links to
increase the effectiveness.

The ultimate flexural strength of a beam with a stressed strip will be similar to 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.

5.8.2.2 Pre-stress losses
Losses in prestress as shown below should be considered in design procedures.

Relaxation of the steel tendons;

e Immediate elastic deformation of the concrete;
Creep and shrinkage of the concrete under compressive pre-stress over the
service life of the structure;

e Slippage of the tendons at their ends that occurs when the pre-stress is
transferred into the anchorages; and

e Friction between the strip and the concrete if the strip does touch the
concrete.

5.8.2.3 FRP end anchorage

Experimental studies have shown that only about 6% of the ultimate strength of the
FRP strip can be transferred into the concrete by the adhesive alone (e.g.
Triantafillou et al. 1992, Deuring, 1993). Therefore a suitable anchorage system is
necessary to transfer a great pre-stressing force (50% of the ultimate strength of the
strip) and to avoid peeling off the end. The value of 50% of the ultimate strength of
the strip should not be exceeded. Where the tests are based on the ultimate strength
of coupon specimens this value should not exceed 33%. Developed FRP end
anchorage systems must be investigated with appropriate tests.
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6 STRENGTHENING IN SHEAR AND TORSION

Flexural and shear failure are the two main failure modes for normal RC beams.
Flexural failure is generally preferred to shear failure, as the strength-governing
failure mode, because the former is ductile, whilst the latter is brittle. A ductile failure
allows stress re-distribution and provides warning to users, whilst the brittle failure is
sudden and thus catastrophic. When a RC beam is deficient in shear or when its
shear capacity is less than the flexural capacity after flexural strengthening, shear
strengthening must be considered. The shear strength of existing concrete beams
and columns can be increased by fully or partially wrapping the members using FRP
systems (Malvar et al. 1995; Chajes et al. 1995; Norris et al. 1997; Kachlakev and
McCurry 2000). Providing additional shear strength is effective if the fibre orientation
is transverse to the axis of the member or perpendicular to potential shear (Sato et
al. 1996). Increased shear strength of the FRP strengthened member can result in
flexural failure which is desirable compared to shear failure.

Apart from the common advantages of corrosion resistance and high strength-to-
weight ratio of FRPs, the versatility of FRPs in coping with different sectional shapes
and corners is also a benefit for shear strengthening applications. Furthermore, shear
strengthening can be provided at locations of possible plastic hinges, stress reversals
and where post yield flexural behavior of members in moment frames needs to be
enhanced.

6.1 General Design Considerations

A number of failure modes have been observed in experiments of RC beams
strengthened for shear with bonded FRPS. These include shear failure with FRP
rupture, shear failure without FRP rupture, shear failure due to de-bonding and local
failure. However, detailed analyses of shear strengthening of RC members have
been relatively sparse. Most researchers have idealized the shear strengthening of
RC members using FRP composites with those using internal steel stirrups. RC
beams strengthened in shear using externally bonded FRPs show complex
behaviour. Both the shear strength and the failure mode are influenced by many
factors such as the size and geometry of the beam, the strength of the concrete
internal shear and flexural reinforcement, loading conditions, the method of
strengthening, and the properties of the bonded FRP. However all existing models
use the following expression to calculate the shear strength of a strengthened
member, V:

Vi =Vye +Vus + Vit 6-1

where V. is the shear capacity of the concrete, which consist of shear contribution of
concrete in compression, aggregate interlock and dowel action of steel flexural
reinforcement, Vs is the contribution of the steel stirrups and bent up bars and V; is
the contribution of FRP. V. and Vs may be calculated according to Clause 8.2 of
AS 3600 or Section 5.8.2 of Austroad Bridge design code, so the main differences
between available models lie in the evaluation of the FRP contribution.

Triantafillou (1998) and Triantafillou and Antonopoulos (2000) argued that to predict

accurately the contribution of FRP to shear resistance is impossible, because it
depends on the failure mechanism which in turn depends on various factors. They
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used a semi-quantitative approach. It has been shown that just before concrete fails
in shear, the externally bonded FRP strips stretched in the principal fibre direction up
to a strain level known as effective strain ge. This effective strain is normally less
than the tensile fracture strain of FRP composites, g,. Effective strain multiplied by
the elastic modulus of FRP in the principal fibre direction, E; and the FRP cross
sectional area will ultimately give the total force carried by FRP at the shear failure of
the member.

The effective FRP strain is extremely difficult to estimate. However, a detailed
analysis of experimental data will help in estimating this. It should be noted that
failure is assumed to be always defined by concrete diagonal tension splitting. The
failure may occur either prematurely, as a result of FRP debonding, or after the FRP
has been stretched considerably as illustrated in Figure 6-1. 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.

Figure 6-1: Schematic illustration of shear failure response
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The chief disadvantage of this model is that no distinction is made between the
different strengthening schemes or failure modes. It may be also 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.

6.2 Wrapping Schemes

Various FRP bonding schemes have been used to increase the shear resistance of
an RC member. These include bonding FRP to the side of a beam only, bonding
FRP jackets to both the sides and the tension face, and wrapping FRP around the
whole cross section. Both FRP strips and continuous sheets have been used.

Figure 6-2 and Figure 6-3 show different types of FRP wrapping schemes used to
increase the shear strength of rectangular beams, or columns. In situations where
access to all four sides of a column is possible, completely wrapping the FRP system
around the section on all four sides is the most efficient wrapping scheme. This is the
most commonly used wrapping scheme in such situations. Most commonly used
wrapping schemes to increase the shear strength in beam applications are wrapping
the FRP system around three sides of the member (U-wrap) or bonding FRP to both
the sides of the member.
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Figure 6-2: Shear strengthening of: (a) beam end; (b) short column (FIB BuIIetm 14, 2002)

.

Figure 6-3: 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) (FIB Bulletin 14, 2001).
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The three methods explained above increase the shear strength. However, complete
wrapping is the most efficient, followed by the three-sided wrapping (U wrap) and the
two sided wrapping. In all wrapping schemes, either the FRP system can be applied
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continuously along the span length of a member where exposure to moisture is
minimized or as discrete strips. In situations where complete wrapping is not feasible,
it is recommended that FRP system should be anchored to the compressive zone of
RC member.

6.3 Shear Strength

From the studies carried out by Triantafilou (1998) and Triantafillou and
Antonopoulos (2000), the behaviour of FRP composites resemble that of internal
steel. FRP carries only normal stresses in the direction of the principal material
direction. In the ultimate limit state in shear (concrete diagonal tension), FRP system
is stretched to an effective strain in the principal FRP material direction.

Figure 6-4. CFRP contribution to shear capacity for two different concrete strengths and fully wrapped
(properly anchored) versus unwrapped configurations (FIB Bulletin 14, 2002)
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From the CFRP shear strengthening results shown in Figure 6-4, the following
conclusions can be made. If peeling-off combined with shear fracture (e.g. side or U
jackets) governs the failure, concrete strength plays an important role while the shear
capacity becomes of secondary importance; and If shear fracture combined with or
followed by CFRP fracture (e.g. fully wrapped jackets) governs failure, the increase in
shear capacity becomes important while the effect of concrete becomes a secondary
issue.

In the serviceability limit state, normally externally bonded FRO strips do not de-bond
which is favourable in avoiding moisture penetration and crack propagation.

6.3.1 Nominal shear strength

The strength-design approach requires that the design shear strength of a member is
not less than the design action effect as indicated by Eq. (6-2). Design shear
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strength, @V, refers to the nominal strength of the member multiplied by a strength-
reduction factor, and the required moment strength, V*, refers to the load effects
calculated from factored loads. This guide recommends to calculate the required
shear strength of a section using factored loads as required by Austroads Bridge
design code (1992) or AS 3600 (2002).

Ny =V 6-2
The nominal shear strength of an FRP-strengthened concrete member can be
determined by adding the contribution of the FRP reinforcing to the contributions from
the reinforcing steel (stirrups, ties, or spirals) and the concrete (Eq. (6-3)). This
guideline recommends using an additional reduction factor 4, to the contribution of
the FRP system.

My = ¢(Vuc +Vys +w ¢ Vi ) 6-3
Table 6-1 shows the recommendations for the additional reduction factor.
Table 6-1: Recommended additional reduction factors for FRP shear reinforcement (ACI 440)

= 0.95 Completely wrapped members
w=0.85 Three-sided U-wraps or bonded face plies

6.3.2 FRP system contribution to shear strength

The used dimensional variables in shear strengthening calculations are illustrated in Figure 6-5.

Figure 6-5: lllustration of the dimensional variables used in shear-strengthening calculations for repair,
retrofit or strengthening using FRP laminates

Y
h| @ d < <
+——||o00 || — a
- bw = 9| léWf W >\\g
(a) (b) ©)

The contribution of the FRP system to shear strength of a member is based on the
fibre orientation and an assumed crack pattern (Khalifa et al. 1998). The shear
strength provided by the FRP reinforcement can be determined by calculating the
force resulting from the tensile stress in the FRP across the assumed crack. The
shear contribution of the FRP shear reinforcement may be then estimated by Eq. (6-
4).

A fr(sina +cosa)d ¢ o

uf St

Where,
A, =2nt, w; 6-5
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The tensile stress in the FRP shear reinforcement at ultimate is directly proportional
to the level of strain that can be developed in the FRP shear reinforcement at
ultimate.

ff =$fEf 6-6

6.3.3 Effective strain in FRP laminates

The effective strain is the maximum strain that can be achieved in the FRP system at
the ultimate load stage and is governed by the failure mode of the FRP system and
of the strengthened reinforced concrete member. All possible failure modes should
be considered and an effective strain representative of the critical failure mode
should be used. The effective strain for different FRP systems are give in following
subsections.

6.3.3.1 Completely wrapped members

It has been observed that the failure for reinforced concrete column and beam
members completely wrapped by the FRP system occurs at fibre strains less than
the ultimate fibre strain. Hence, the maximum strain used for design may be limited
to 0.4% for applications of the completely wrapped member with the FRP system

(Eq. (6-7)).

gt =0.004 <0.75¢ ¢, (for completely wrapping around the member’s cross section) 6-7
This strain limitation is based on testing (Priestley et al. 1996) and experience.
6.3.3.2 Bonded U-wraps or bonded face plies

It has been observed that the delamination failure occurred for reinforced concrete
column and beam members that do not enclose the entire section (two and three-
sided wraps). Hence, the effective strain level should be determined based on bond
stresses analysis (Triantafillou 1998a). The effective strain may be calculated using a
bond-reduction coefficient, x;, applicable to shear.

¢ =ky&fy <0.004 (for U-wraps or bonding to two sides) 6-8

The bond-reduction coefficient is a function of the concrete strength, the type of
wrapping scheme used, and the stiffness of the laminate. The bond-reduction
coefficient can be estimated using Eq. (6-9) through (6-13) (ACI 440, 2002).

_ k1k2 Le
~ 11,900¢ ¢,

The active bond length, L., is the length over which the majority of the bond stress is
maintained. This length is given by Eq. (6-10).

Ky <0.75 6-9

L - 23,300 6-10

: (nthf)O'58

The bond-reduction coefficient also relies on two modification factors, k; and ko,
which account for the concrete strength and the type of wrapping scheme.
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Expressions for these modification factors are given in Eq. (6-11) and (6-12) (ACI
440).

(23
klz _c 6-11
27
d _
L forU wraps
Ky =14 _ 6-12
! °  for two — sides bonded
f

Although the methodology has not been confirmed for shear strengthening in areas
subjected to combined high flexural and shear stresses or in regions where the web
is primarily in compression (negative moment regions), x, is suggested to be
sufficiently conservative for such cases.

6.3.4 Spacing

For spaced FRP strips used for shear strengthening, spacing should adhere to the
limits as set by AS 3600 (2002) for internal steel shear reinforcement. The spacing of
FRP strips is defined as the distance between the centrelines of the strips.

6.3.5 Reinforcement limits

The sum of the contribution of the FRP shear reinforcement and the steel shear
reinforcement should be limited. The total shear reinforcement may be then limited
based on the criteria given for steel alone in ACI 318-99 Section 11.5.6.9 (Eq. (6-
13)).

Vys +Vyr <0.66,/f(byd 6-13

This guide also recommends checking corresponding requirements of AS 3600.

6.4 Strengthening in Torsion

Strengthening concrete structures in bending with external composite reinforcement
is relatively common around the world. The shear strengthening applications using
FRP are fewer and only a few examples of torsional strengthening has been so far
published. This indicates that most likely the needs for strengthening a structure for
torsion is not in great demand compared to strengthening in bending or shear.
However, the torsional capacity of a box girder or a conventional beam or a column
may need to be increased. A concrete structure loaded in torsion may be compared
to a concrete structure affected by shear. Hence, the principles applied to
strengthening in shear are also valid in the case of torsion. There are a few minor
differences, which will be highlighted below.

Cracks in concrete due to torsional loading usually follow the same mechanisms as

concrete cracking under shear loading. However it is important to understand how a
torsional fracture develops. The main difference between shear and torsional
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cracking, is that torsional crack forms a spiral patterns (Figure 6-6). The crack opens
when the principal strains exceed the tensile strength of the concrete. Therefore
when the FRP system is placed in such a way that forms an angle with member axis,
one side is more susceptible to diagonal cracking than the other. In designing
torsional strengthening using FRP, this point needs to be taken into account.

Figure 6-6: (a) Torsional and (b) shear cracking.
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In the case of torsional strengthening of a concrete structure with fibre composites, it
is assumed that the truss-model applies. However, the fibre composite is an
anisotropic material. The placement of the fibres in relation to the principal strain
direction must be considered. It is worth noting that only full wrapping scheme
around the element’s cross section would provide increased torsional capacity, so
that the tensile forces carried by the FRP on each side of the cross section may form
a continuous loop (Figure 6-7).

Figure 6-7: Forces carried by the FRP reinforcement
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7 AXIAL COMPRESSION, TENSION AND DUCTILITY
ENHANCEMENT

Until the early 1990s, constructing an additional reinforced concrete cage and
installing grout injected steel jackets were the two common methods adopted for
strengthening of a deficient RC column (Ballinger et al. 1993). Steel jacketing is more
effective than caging, because the latter results in substantial increase in the cross-
section area and self weight of the structure. Both methods are however, labour
intensive and sometimes difficult to implement on site. In recent years, using FRP
composites as a technique to strengthen RC columns has replaced steel jacketing.

Several experimental studies on concrete confined with FRP (Saadatmanesh et al.
1994, Nanni and Bradford 1995, Picher et al. 1996, Matthys et al. 1999, Candappa,
2000) have been carried out which confirm using FRP as a method of strengthening.
Current analytical and numerical research (Mirmiran and Shahawy 1997,
Saadatmanesh et al. 1994, Matthys et al. 1999, Lokuge et al., 2004) aims at defining
the constitutive behaviour of FRP-confined members. The most common form of
FRP column strengthening involves the external wrapping of FRP sheets / straps.

The strengthening of RC columns using steel or FRP jacketing is based on the well-
established fact that lateral confinement of concrete can substantially enhance its
axial compressive strength and ductility. In seismic problems, strengthening or
retrofitting techniques are based on increasing the confinement pressure in either the
potential plastic hinge region or over the entire member (e.g. Chai et al. 1991). In the
field of design of FRP jackets extensive experimental work has been conducted by
Seible et al. (1995a and b), and numerical and analytical work by Monti et al. (2001),
with the task of identifying suitable design equations that optimize the FRP jacket
thickness as a function of the desired upgrading level. It should be emphasized 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).

7.1 Axial Compression

Strength enhancement can be achieved by using steel confinement as well as FRP
confinement. However FRP-confined concrete behaves differently from steel-
confined concrete. Therefore already established design guidelines for steel confined
concrete columns cannot be applied for FRP confined columns. As shown in Figure
7-1, the confinement actions provided by steel and FRP wrapping are different. This
behaviour is due to the linear behaviour (without any yield points) of carbon fibre
composites. After the initial linearly elastic phase, steel displays a yielding plateau.
Therefore after reaching the maximum stress corresponding to yielding, the confining
pressure remains constant. In the contrary, FRP wrapping continues to provide
continuously increasing confining pressure until it fails (elastic behaviour).

In designing the FRP strengthening system for columns, it is necessary to estimate
the strength enhancement of concrete due to FRP composite confinement. This
confining action depends on the strain in FRP composite which is same as the lateral
strain of concrete (lateral dilation). Therefore the passive confining pressure provided
by the externally bonded FRP composites depends on the lateral dilation of concrete.
Therefore a constitutive model for concrete which can predict the lateral dilation of
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concrete is ideal in estimating the passive confining pressure provided by the FRP
composite. The concrete material model proposed by Lokuge et al., (2004), meets
the above mentioned requirements. Moreover that model has been validated to give
comparable results for the experimental test results reported by Candappa (2000) for
concrete confined by FRP.

Figure 7-1: Comparison of confinement actions of steel and FRP materials (FIB Bulletin 14, 2002)
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The maximum confining pressure provided by FRP composites is related to the
amount and strength of FRP and the diameter of the confined concrete core.
However, the ultimate strength of the confined concrete is closely related to the
failure strain of the FRP wrapping reinforcement. As the FRP is subjected to tension
in hoop direction, eventual failure occurs when its hoop tensile strength is reached.
Many researchers (Lorenzis 2001) have noted that the strain measured in the
confining FRP at rupture is in many cases lower than the ultimate strain of FRP
tested for tensile strength. The recorded hoop strains corresponding to rupture had a
range of 50 to 80% of the failure strain obtained in the tensile tests (Xiao and Wu
2000). This reduction is due to the following reasons:

e The triaxial state of stress of the wrapping reinforcement;
e The quality of the execution of the wrapping scheme;

e The curve shape of the wrapping reinforcement; and

o Size effects when applying multiple layers.

Figure 7-2 shows the concept of composite action, where the FRP jacket
provides longitudinal load carrying capacity as well as lateral confinement (it
undergoes both longitudinal and lateral strains). This behaviour depends on the
fibre arrangement and bond interface characteristics. The ultimate stress and
strain are reduced with a possibility of micro-buckling and de-lamination.
Therefore failure of the member occurs at a lower circumferential strain than in
case of no composite action. In case of no composite action, the FRP jacket is
subjected to lateral strain only and fails due to either fibre collapse or de-
lamination between plies. This failure takes place at a circumferential strain lower
than the ultimate strain.
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Figure 7-2: Triaxial state of stress in FRP jackets
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Depending on the loading condition (axial loading, shear and bending) the load-
carrying capacity of the column should be calculated according to appropriate
confinement models.

7.1.1 Nominal axial strength

The strength-design approach requires that the design axial strength of a member, is
not less than the design action effect (Eq. 7-1). Design axial strength, ¢N,, refers to
the nominal strength of the member multiplied by a strength-reduction factor, and the
required axial strength, N', refers to the load effects calculated from factored loads
(see Clause 3.3 of AS 3600 or Sec 5.10 of Austroads Bridge Design code).

Ny =N 71

The nominal Axial strength of an FRP-strengthened concrete member can be
determined using Egs. 7-2. This guideline recommends to use of an additional
reduction factor ys = 0.95, to the contribution of the FRP system.

Ny = 0.759[0.85 1 feclAg — Aq )+ Ty At s

Eq. 7-3 (Mander et al. 1988) originally developed for confinement provided by steel
jackets and it may be used to estimate the confined concrete strength for a circular
concrete member wrapped with an FRP jacket providing a confining pressure, f,.

foo = fo| 2.25 147900 oMt 105 73
1:C fC

The confining pressure given in Eq. 7-3 may be determined using Eq. 7-4 based on
the maximum effective strain that can be achieved in the FRP jacket.

_kaptft kapreEg
2 2

If the member is subjected to combined compression and shear, the effective strain
in the FRP jacket should be limited based on the criteria given in Eq. (7-5).

7-4

f|

Ef = 0.004 <0.75¢ fu 7-5
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7.1.2 Circular sections

FRP jackets are most effective at confining circular members. The FRP system
provides a circumferentially uniform confining pressure to the radial expansion of the
compression member when the fibres are aligned transverse to the longitudinal axis
of the member. The confining pressure provided by an FRP jacket installed around a
circular member with a diameter, h, can be found using the reinforcement ratio given
in Eq. (7-6).
4nt;
Pt h

The efficiency factor, x3, for circular sections can be taken as equal to 1.0

7-6

7.1.3 Noncircular sections

Testing has shown that confining square and rectangular members with FRP jackets
can provide marginal increases in the axial compression strength of the member.
The efficiency factor for noncircular sections depends on the many unknowns varying
with this type of application. Hence, the evaluation of the efficiency factor for each
case is recommended.

7.1.4 Serviceability Considerations

At the service load levels, damage to the concrete in the form of significant cracking
in the radial direction should be avoided. The FRP jacket will be considered during
overloads that are temporary in nature.

The transverse strain in the concrete should remain below its cracking strain to
prevent the damage to the concrete at service load levels. Hence, the stress in the
concrete and longitudinal reinforcement may be limited to 0.65f; and 0.60f,
respectively. The stress in the FRP jacket will be relatively low and is only stressed to
significant levels when the concrete is transversely strained above the cracking strain
by maintaining the specified stress in the concrete at service. Consequently, service
load stresses in the FRP jacket should never exceed the creep-rupture stress limit,
as FRP jackets only provide passive confinement.

The axial deformations of the strengthened member under service loads should be
also investigated to evaluate their effect on the performance of the structural
member.

7.2 Tensile Strengthening

FRP composites can be used to provide additional tensile strength to concrete
members. It depends on the design tensile strength of FRP and the ability to transfer
stress into the substrate (Nanni et al. 1998). The tensile strength contribution of FRP
can be directly calculated using Hook’s law because of its linear-elastic behaviour.
The level of tension provided by the FRP may be limited by the design tensile
strength of the FRP. The effective strain in the FRP can be determined based on the
criteria given for shear strengthening in Section 6.3. The value of k; can be then
taken as 1.0. A minimum bond length of 2L. should be provided (Eq. 6-10).
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7.3 Ductility

The collapse of, and severe damage to, many buildings and bridges in recent
earthquakes have highlighted the need for the seismic retrofit of seismically
inefficient structures. Most of the structural failures during recent earthquakes were
attributed to poor column behaviour. Figure 7-3 shows three photos of column
failures during the Kobe 1995 earthquake. These failures are due to inadequacy of
confining reinforcement and bad detailing, which resulted in improper confinement. In
concrete structures, the ability to withstand strong earthquakes depends mainly on
the formation of plastic hinges and their capability of energy absorption and
dissipation without a major loss of strength capacity. Within the plastic hinge, all the
inelastic deformations are assumed to occur. The region outside the hinge is
assumed to remain elastic at all times.

It is preferable to design structures with strong columns and weak beams with plastic
hinges forming in the beams and not in columns. However, it may not always be
possible to design structures like this, and hinges may develop in columns. Therefore
the possibility of plastic hinge formation at concrete column ends demands a
sufficient level of ductility to safeguard the structures in seismic areas. Therefore in
performing a structural analysis for earthquake loadings, it is of great importance to
design columns with sufficient level of ductility in order to minimize the chances of a
possible failure.

Figure 7-3: Column failures in Kobe 1995 earthquake (EQE 1995).

T —

Using lateral steel reinforcement is the traditional method of increasing ductility.
Recent advances in FRP technology have proven that FRP composites can be used
to increase the ductility of concrete columns. Methods of improving ductility using
FRP composites are described here in brief (Triantafillou 2001).

The purpose of seismic retrofit of RC columns is to achieve a sufficient level of
deformation ductility to dissipate seismic energy before one of the failure modes
becomes critical. The displacement ductility factor or the curvature ductility factor has
been commonly used to quantify the ductility of the seismic performance of a
structure. In order to achieve a target displacement ductility factor, ya, it is possible to
find the thickness of the FRP jacket. The method is explained in FIB Bulletin 14, 2002
and is as follows. Equivalent plastic hinge length Lp for a given column is calculated
based on the yield stress and diameter of longitudinal rebars.

From Lp and pa the curvature ductility factor yeo = ®u / ®y is established.
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Curvature ductility factor po = ®u / @y . ®y is the yield curvature and it may be found
from moment-curvature analysis of the cross section, whereas ®u is the maximum
curvature and it may be obtained (again from section analysis) in terms of the
ultimate concrete strain. Therefore ultimate concrete strain can be established and
an appropriate confinement model can be used to determine the required FRP
thickness. Japanese researchers (Mutsuyoshi et al. 1999) have used a different
method in estimating the displacement ductility factor for FRP confined columns.
They have found that displacement ductility factor is related to the shear capacity Vu,
and to the moment capacity Mu of the member after retrofitting.

7.3.1 Effective strain in FRP laminates

The ability of the strengthened member to develop greater compressive strains in the
concrete before compressive failure, increases the member’s ductility (Seible et al.
1997). The buckling of the longitudinal reinforcement can be also delayed by the FRP
jacket.

For seismic applications, a sufficient confining stress should be provided by FRP
system to develop concrete compression strains associated with the displacement
demands. The effective strain in FRP may be estimated using Eq. (7-7) (Mander et
al. 1988).

. 171(5fL —41])
€cc =
EC
Shear forces should also be evaluated in accordance with Chapter 6 to prevent brittle
shear failure.

7-7
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8 DESIGN EXAMPLES

Three worked examples are presented in this section to illustrate the application of
the user guide in design.

8.1 Flexural strengthening

8.1.1 Description of the worked example

To illustrate the application of the user guideline, a flexural strengthening solution
using FRP for a deficient concrete bridge headstock is developed. The bridge is
82.15 m long and about 8.6 m wide and is supported by 12 prestressed 27.38 m long
beams over three spans of 27.38 m. The beams are supported by two abutments
and two headstocks. During routine inspection, shear and flexural cracks were
observed in the bridge headstock (Figure 8-1).

Figure 8-1: Schematic view and cross section of the head stock
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The positive and negative flexural and shear capacities of the cross section were
calculated in accordance with Australian standards AS 3600. The nominal steel—
rebars areas, nominal steel yield strength of 400 MPa for longitudinal reinforcement
and 240 MPa for shear reinforcement and nominal concrete compressive strength of
20 MPa were used in the section capacity analysis. The degradation due to corrosion
of the steel and creep and shrinkage of the concrete were ignored. The residual
flexural capacity of 3840 kN-m and shear capacity of 2065 kN then calculated for the
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headstock in accordance with Austroads Bridge Design code Clause 5.8.1.2, Clause
5.8.1.3 and Clause 5.8.2. Although calculated applied bending moments and shear
force in serviceability limit state are relatively lower than structural capacity of the
headstock, a decision was made to strengthen the headstock for ultimate bending
moment. The strengthening target is decided to be set for ultimate bending moment
of 5200 kN-m

8.1.2 Design material properties

The guideline suggests that the design ultimate tensile strength should be
determined using the environmental reduction factor for FRP materials. The
reduction factors are mainly based on type of fibre and environmental conditions.
Similarly it is suggested to reduce the design rupture strain for environmental-
exposure conditions. A reduction factor for carbon fibre in aggressive environment,
Cg, of 0.85 is used. The design material properties for the headstock according to the
guide are listed in Table 8-1.

Table 8-1: Design material properties for flexural and shear strengthening

Material Deag(r&/lgg)ength Elg/'ls?i%lthl;J?I\/?lia) Allowable strain
Concrete 20 (y =0.85) 22,610 0.003
Steel reinforcement 400 200,000 0.002
CFRP strips (flexural) 0.85x2800=2,380 165,000 0.85x0.017=0.01445
CFRP wrapping (shear) | 0.85x3500=2,975 230,000 0.85x0.015=0.01275

The long term modulus of elasticity of 11305 was used to account for creep of concrete

8.1.3 Initial situation

It was noted that the effect of the initial load prior to strengthening should be
considered in the calculations using the theory of elasticity and with the service
moment acting on the critical beam section during strengthening.

Figure 8-2: Initial situation
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The initial strain distribution of the member may then be evaluated and considered in
strengthening calculations. As the service bending moment is typically greater than
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the cracking moment, the calculation is based on a cracked section. The initial strain
distribution of the headstock was calculated based on structural analysis for service
loading condition, long-term modulus of elasticity and the cracked section.

M, X, 2758x10° x 777
El,  22610xI,

Xo =177 MM =g, =

I, =1.6x10" + (10 —1)x 5521 x (777 — 75)* +10x 8030 x 8232 = 2.39 x 10"

_ M,X, 2758x10° x 777

o = = 0.0004
El,  22610xI,

=&

=% _ 0.0004x 876 =777 _ 4 00046
777

=&, =&y

X

(o]

8.1.4 Capacity of the strengthened beam

The cross section analysis indicated that the failure mode of the beam section of the
headstock would be the yielding of the longitudinal steel reinforcement followed by
concrete crushing, while the FRP is intact. This is the most desirable failure mode,
which satisfy the safety requirements in ultimate state for a reinforced concrete
section. The design bending moment for the strengthened member is then calculated
based on well-established principles of flexural design of a reinforced concrete beam.
The design principals are shown in Figure 8-3.

Figure 8-3: Internal strain and stress distributions for the beam cross section of the headstock
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The section design for failure mode of yielding steel followed by concrete crushing
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A, 5521
_Ds2 _ ~0.0038
Ps2 =14 " 1676*876
A
pp=— 672 _ 400045

bd  1676*876

nE,t, =165000x1.4 = 231000 > 180000

Km

1 [ 90000 J 1 ( 90000

60, | NEt; | 60x0.01445( 231000
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0.65< y =[0.85-0.007(f¢ —28)]<0.85= » = 0.85 (Clause 5.8.2, Austroads Bridge

design code)

X =258 mm, & =0.0119<0.01445 &4, =0.0007 K, =0.16<0.4

¢ =0.8 (Table 5.2.3, Austroads Bridge design code)

¢Mu0 20-8[%2E3832(¥—d2)+ Aslfsy(d _QJ—FWAf Ef&'f (h— ﬂ(;dj}

5621x 200000 x 0.0007(110 — 75)+8030 x 400(1600 —110) +

=5203kN —m
0.85x 672x165000x 0.0119 x (1676 —110)

Myo = 0-8{

8.1.5 Anchorage

Experimental investigations show that the FRP rupture is a rare event and
delamination of FRP strips is more likely occur before stress in the FRP reach the
ultimate level. Debonding implies the complete loss of composite action between the
concrete and FRP laminates. Bond failure will be a brittle failure and should be
prevented at any cost. The user guide place a limitation on the strain level in the
laminate to prevent delamination of FRP from the concrete substrate.

nE,t, =165000x1.4 = 231000 > 180000

1 (90000 | 1 [ 90000
M 60eq, | NEsts | 60x0.0119( 231000

K, ) =0.54<09
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£ = &gy TX — &y < Kpé gy = 0.54x0.01445 = 0.0079

T =EfesAs =165000x0.0079 x 672 = 874285N

T:MafAlf(h—x)

Cs

M x14.53x 672(1676 — 442)

874285 =
2.63x10M

= M =19083kN —m> M,

The user guide also recommends considering the following failure modes to prevent
de-lamination of FRP, depending on the starting point of the de-bonding process.

e De-bonding in an un-cracked anchorage zone;
e De-bonding caused at flexural cracks; and
o De-bonding caused at shear cracks.

Approach 1: Verification of end anchorage, Strain limitation in the FRP reinforcement,

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 strain limitation should be applied on the FRP to ensure that bond failure far
from the anchorage is prevented. In the following the model of Holzenkamper (1994)
as modified by Neubauer and Rostasy (1997) is presented

Nfa,max = aclkckbb Eftf fctm (N)
Eftf

gb,max = f (mm)
2 “ctm

- /165000 x1.4 _ 240mm
’ 2x2

N o = QK KD, ([E b, fyr =0.9x0.64x1.0x1.0x 480+/165000 x 1.4 x 2 = 188KkN

fa,max

Theoretical cut off point

M, A, (h—X)
N famax — |—
cs
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M x14.53x 672(1676 —513)

188,000 =
2.63x10"

= M =4354kN —m

Based on structural analysis (Load combination of ultimate HLP 300 and ultimate
dead load), the bending moment of 4300 kN-M occur at 0.45 m from the beam
support middle span towards the column. Hence the anchorage length is 1.2 m

Provided anchorage length=1200 mm >/(p 4y = 240mm (required)

Approach 2: Calculation of the envelope line of tensile stress

The basic approach consists of three steps
o Determination of the most unfavourable spacing of flexural cracks;
Determination of the tensile force within FRP strip between two subsequent
cracks according to the design in bending; and
e Determination of the maximum possible increase in tensile stress in the FRP.

Determination of the most unfavourable spacing of flexural cracks,

7, =185f, =1.85x2=23.70
o =044f, =0.44x2=0.88

Sim =20, =478mm
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Approach 3: Verification of anchorage and the force transfer between FRP and
concrete

The verification of the end anchorage has already been performed. It should be then

verified that the resulted shear stress 7, from the change of tensile force along the
FRP at the FRP-concrete interface is limited.
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Vs g6,
Z,+Z;
b

2

Due to the substantial width of the bond interface available, the above verification is
not critical. It is shown that bond problems may occur in case of yielding of the
internal reinforcement, which is in line with the safety concept. However, this
requirement can be satisfied by using five strips of FRP.

Eq 2 &y

The flexural strength of the headstock can be increased from 3800 kN-m to 5203 kN-
m by bonding four FRP strips of 120 x 1.4 mm to the tension face of the beam
section (bottom fibre) of the headstock with fibres oriented along the length of the
member (Figure 8-4).

Figure 8-4: Flexural strengthening scheme
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8.2 Shear Strengthening

8.2.1 Description of the worked example

A shear strengthening solution is developed using FRP wrapping for a deficient
headstock. The shear capacities of the cross section were calculated in accordance
with Australian standards AS 3600. The residual shear capacity of 2065 kN then
calculated Although calculated applied shear force in serviceability limit state are
relatively lower than structural capacity of the headstock, a decision was made to
strengthen the headstock for ultimate shear force. The strengthening target is
decided to set for ultimate shear force of 2600 kN.

8.2.2 Nominal shear strength

The nominal shear strength of an FRP-strengthened concrete member can be
determined by adding the contribution of the FRP reinforcement to the contributions
from the shear steel reinforcement and the concrete. It is also suggested that an

additional reduction factor of y; =0.95, to be applied to the shear contribution of the
FRP reinforcement.

My :¢(Vuc +Vys +w £ Vi )

£¢ =0.004<0.75¢ ¢,
¢ =0.004 < 0.75x0.01275 = 0.009

f¢ =e¢E¢ =0.004x 230000 = 920MPa
A, =2nt,w, =2x1x0.13x1676 = 436mm>

Ag fe(Ssina +cosa)d ¢
Vi = =436 x920(1) = 400kN
St

Ny = dNVye +Vus +¥ 1 Vyr ) = 0.7(1475 + 1475 + 0.95x 400 x 2) = 2598kN

My =2598kN ~V " = 2600kN

The shear strength of the headstock can be increased from 2065 kN to 2600 kN by
complete wrapping of the beam with 2 layers of 0.13 mm thick carbon fibres oriented
along the transverse axis of the beam section (Figure 8-5).
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Figure 8-5: Shear strengthening scheme
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8.3 Axial Compression Strengthening

8.3.1 Description of the worked example

A circular column of 500 mm diameter of a bridge requires an additional 1200 kN of
axial compression strength (AN, = 1200). A method of strengthening the column

using FRP is sought. The nominal compressive strength of 25 MPa is assumed.

Figure 8-6: Cross section of the column
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8.3.2 Design material properties

The guideline suggests that the design ultimate tensile strength should be
determined using the environmental reduction factor for FRP materials. The
reduction factors are mainly based on type of fibre and environmental conditions.
Similarly it is suggested to reduce the design rupture strain for environmental-
exposure conditions. A reduction factor for carbon fibre in aggressive environment,
Ce, of 0.85 is used. The design material properties for the headstock according to the
guide are listed in Table 8-2.

Table 8-2: Design material properties for axial compression strengthening

Material DeS|g(rI:MSD'g)ength Elgé?ii?tl;?w?g’a) Allowable strain
Concrete 25 28,260 0.003
Steel reinforcement 400 200,000 0.002
CFRP wrapping (shear) | 0.85x3500=2,975 230,000 0.85x0.015=0.01275

The long term modulus of elasticity of 14130 may be used to account for creep of concrete

8.3.3 Nominal axial strength
The strength-design approach requires that the design axial strength of a member is

not less than the design action effect. An additional axial compression strength,
¢AN,, can be determined using following equation:
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#ANU = 0.754(0.85y ¢ ( foe — fc')(Ag — Ast )J

_4ntf _ 4x2x0.3

PE= 500
g1 =0.004 < 0.75¢ 1, =0.01275 x 0.75=0.0096

(o KapPt ft  xaprefEfr  1.0x0.0048x 0.004 x 230000
I = = =
2 2 2

— fi . f . .
foo = fo| 2.25 [1+7.9-L —2-L _125]|=25225 [1+ 79221 5221 455l 376
e f. 25 25

¢ANU = 0.85x 0.9[0.85x 0.95(37.6 — 25)(196349 — 3619)| = 1412 kN

=0.0048

=2.21 MPa
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9 NOTAION

A = cross-sectional area of a member (mm 2)

A = total area of FRP shear reinforcement (mm ?)

A = total area of FRP reinforcement (mm 2)

Asib = total area of the fibre on the FRP reinforcement (mm 2)

Aq = gross area of section (mm ?)

An = total area of the matrix in FRP reinforcement (mm 2)

As1 = total area of tensile longitudinal reinforcement (mm ?)

As2 = total area of compressive longitudinal reinforcement (mm ?)

As = area of non prestress reinforcement (mm ?)

Ast = total area of longitudinal reinforcement (mm ?)

Asy = the cross-sectional area of shear reinforcement (mm ?)

b = average width at the cross section (mm)

bt = width of FRP reinforcement (mm)

bw = web width of diameter of circular section (mm)

Ce = environmental reduction factors

d = distance from extreme compression fiber to the centroid of the non
prestresses steel tension reinforcement (mm)

ds = depth of shear reinforcement as shown in Figure 6-5 (mm)

ds = diameter of steel reinforcement (mm)

Ec = modulus of elasticity of the concrete (MPa)

Es = modulus of elasticity of FRP (MPa)

Es = modulus of elasticity of reinforcement steel (MPa)

e = specified compressive strength of concrete (MPa)

feba = design bond shear strength of concrete (MPa)

"ee = apparent compressive strength of confined concrete (MPa)

fed = design value of the concrete compressive strength (MPa)

fex = characteristic value of the concrete compressive strength (MPa)

few = characteristic value of the concrete tensile strength (MPa)

fetm = mean value of the concrete tensile strength (MPa)

ft = stress level in the FRP reinforcement (MPa)

ftq = design value of the FRP reinforcement tensile strength (MPa)

fr s = stress level in FRP reinforcement caused by a moment within elastic
range of the member, (MPa)

fry = the FRP ultimate tensile strength (MPa)

fh = the FRP ultimate tensile strength reported by manufacturer (MPa)

fi = confining pressure due to FRP jacket (MPa)

fs = stress in non prestressed steel reinforcement (MPa)

fss = stress level in non prestressed steel reinforcement at service loads, (MPa)

fy = specified yield strength of non prestressed steel reinforcement (MPa)

foy s = the yield strength of shear reinforcement (MPa)

fya = design value of the steel yield strength (MPa)

h = total depth of the member

| = a second moment area of a member (mm *)

I = monlent of inertia of transformed cracked section after strengthening
(mm®)

leo = mom4ent of inertia of transformed cracked section before strengthening
(mm )
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k = ratio of the depth of the neutral axis to the reinforcement depth in elastic
analysis of the cross section

Ky = modification factor applied to x;, to account for the concrete strength

Ko = modification factor applied to x;, to account for the wrapping scheme

Kp = size factor

Ke = concrete compaction factor

Ky = the neutral axis parameter at ultimate state

L. = active bond length of FRP laminate

Ly = bond length

’p,max = Maximum anchorage length

Ly = transmission length

M” = applied moment at the section (kN-m)

MmaxAo ¢y = design value of maximum possible increase in FRP tensile stress
between two subsequent cracks (MPa)

Mer = cracking moment

Mo = acting moment during strengthening (kN-m)

Mg = the decompression moment

MRgg = resisting design moment (kN-m) FIB 14, 2002

Muo = nominal design flexural strength (kN-m)

Nt = force in FRP

N = the required axial strength

Nta = FRP force to be anchored

Nfa max = maximum anchorable force

Ng1 = force in tensile steel reinforcement

Ny = nominal design axial strength

Rn = nominal strength of member

Rne = nominal strength of member subjected to the elevated temperature
associated with a fire

SpL = dead load effect

St = maximum spacing of FRP

S = live load effect

S rm = mean value of crack spacing

t = nominal thickness of the FRP reinforcement (mm)

V”© = applied shear force at the section (kN)

\Z = the shear force which would occur at a section when the bending moment
at the section was equal to decompression moment (N)

\A = a shear force producing principle tensile stress (N)

Vy = nominal shear strength of a member (N)

Ve = nominal shear strength provided by concrete with steel flexural
reinforcement (N)

A = nominal shear strength provided by FRP reinforcement (N)

Vs = nominal shear strength provided by steel stirrups (N)

W = width of FRP reinforcing plies (mm)

X = depth of the compression zone

Z = the first moment of area of an uncracked cross-section (mm *)

Im = mean lever arm of internal forces

a = reduction factor to account for the influence of inclined cracks on the
bond strength

o = modular ratio for non-prestressed steel
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p = a coefficient with or without numerical subscript

E e = maximum useable compressive strain of FRP confined concrete

Eo = initial concrete strain in the extreme compressive fibre before
strengthening, or unconfined concrete strain at peak stress

&u = ultimate concrete strain

& = FRP strain

&'s = FRP strain at service loads

&, min =minimum allowable FRP strain at ultimate

&ide = design value of effective FRP strain

&e = effective FRP strain

Sike = characteristic value of effective FRP strain

&u = the FRP ultimate strain

S*fu = the FRP ultimate strain reported by manufacturer

&u ¢ = FRP strain in the critical section at ultimate.

& = initial strain at the extreme tensile fibre before strengthening

& = strain in steel reinforcement

&s = strain in steel reinforcement at service loads

&1 = tensile steel strain

& = compressive steel strain

& = ultimate steel strain

Ey = yield strain of the steel reinforcement

Eyd = design value of the yield strain of the steel reinforcement

¢ = strength-reduction factor

/4 = multiplier to determine the intensity of an equivalent rectangular stress
distribution for concrete

Ka = efficiency factor for FRP confinement (based on the section geometry)

K = bond dependant coefficient for flexure

Ky = bond dependant coefficient for shear

ok = FRP reinforcement ratio

Psl = ratio of non-prestressed tensile reinforcement

£s2 = ratio of non-prestressed compressive reinforcement

o1 = design value of FRP tensile stress

O fad = design value of FRP tensile stress at the end anchorage (MPa)

Ofadmax = design value of maximum anchrable FRP tensile stress (MPa)
Th = bond shear stress

Tfm = mean bond stress of the FRP
Tsm = mean bond stress of the steel reinforcement
Wi = FRP strength reduction factor
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