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1 FOREWORD

It is a common feeling, among those involved in research and design activities in the field of
strengthening with fiber-reinforced composites, that Italy is getting a worldwide reputation, both for
the value of its contribution in improving the knowledge in this field as well as for the presence of a
peculiar and important building heritage. This includes those of historical and architectural rele-
vance as well as more recent masonry, reinforced concrete, prestressed concrete, and steel struc-
tures. Most of the latter structures are now over 30 years old and in need of urgent structural reme-
dial works.

The main international initiatives for the identification of design guidelines to address these needs
are well known. It is worth mentioning the Japanese (JSCE - 1997), the American (ACI 440 -
2000), as well as the European guidelines (FIP-CEB - 2001). For the sake of completeness, the
study report entitled “Non-metallic reinforcements in RC structures,” approved by the Italian Na-
tional Research Council (CNR) in January 1999 will also be included. All the aforementioned
documents deal with structures made out of reinforced concrete.

The purpose of this guideline is to provide, within the framework of the Italian regulations, a docu-
ment for the design and construction of externally bonded FRP systems for strengthening existing
structures. A guideline, by its nature, is not a binding regulation, but merely represents an aid for
practitioners interested in the field of composites. Nevertheless, the responsibility of the operated
choices remains with the designer.

The document deals with the following topics:
- Materials
- Basic concepts on FRP strengthening
- Strengthening of reinforced and prestressed concrete structures
- Strengthening of masonry structures

Specific guidelines for the strengthening of reinforced and prestressed concrete structures as well as
masonry structures for construction subjected to earthquakes according to the most recent national
and international design codes are provided.

The first topic includes a summary of the several advantages and some disadvantages of FRP mate-
rials. It also includes an Appendix (Appendix A) where notions on the mechanical characterization
of composite materials are presented. The peculiar differences between FRPs as compared to tradi-
tional materials (such as their anisotropic behaviour) as well as emphasis to their constitutive laws
are highlighted.

The remaining topics are approached according to the usual style of technical documents published
by CNR. The approach of the Eurocodes is adopted; statements are divided between Principles and
Application Rules. Each statement is marked by a progressive numbering, with the principles being
marked by the label (P). Principle statements include the following:
General statements and definitions of mechanical-structural nature.
Recognized needs and/or analytical models accepted by the scientific community, whose
value is universally deemed to be pre-eminent with respect to possible alternatives, unless
otherwise explicitly stated.

Application Rules are procedures of widely recognized value, following the Principles and satisfy-
ing their needs.
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The document contains four more Appendices:

- Appendix B includes a section on the failure modes due to debonding and a section on the
constitutive law for bond between FRP and concrete substrate.

- Appendix C on the design of FRP-reinforced concrete columns under combined bending and
axial forces.

- Appendix D on confined concrete.

- Appendix E containing numerical examples on FRP strengthening of reinforced concrete
members.

This Technical Document has been prepared by a Task Group whose members are:
AIELLO Prof. Maria Antonietta - University of Lecce

ASCIONE Prof. Luigi
BARATTA Prof. Alessandro
BASTIANINI Dr. Filippo
BENEDETTI Prof. Andrea
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BORRI Prof. Antonio
BRICCOLI BATI Prof. Silvia
CERONI Dr. Francesca
CERSOSIMO Dr. Giuseppe
COSENZA Prof. Edoardo
CREDALI Dr. Lino

DE LORENZIS Dr. Laura
FAELLA Prof. Ciro

FANESI Dr. Elisabetta

FEO Prof. Luciano
FORABOSCHI Prof. Paolo
FRASSINE Prof. Roberto
GIACOMIN Dr. Giorgio
GRANDI Dr. Alberto
IMBIMBO Prof. Maura

LA TEGOLA Prof. Antonio
LAGOMARSINO Prof. Sergio
LUCIANO Prof. Raimondo
MACERI Prof. Franco
MAGENES Prof. Guido
MANFREDI Prof. Gaetano
MANTEGAZZA Dr. Giovanni
MARTINELLI Dr. Enzo
MODENA Prof. Claudio
MONTI Prof. Giorgio
MORANDINI Dr. Giulio
NANNI Prof. Antonio
NIGRO Prof. Emidio
OLIVITO Prof. Renato Sante
PASCALE Prof. Giovanni
PECCE Prof. Maria Rosaria
PISANI Prof. Marco Andrea
POGGI Prof. Carlo

PROTA Dr. Andrea
REALFONZO Prof. Roberto

- University of Salerno

- Universita “Federico I1”- Napoli
- University of Bologna

- University of Bologna

- University of Salerno

- University of Perugia

- University of Firenze

- University of Sannio - Benevento
- Interbau S.r.I.- Milano
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- University of Cassino

- University of Lecce

- University of Genova

- University of Cassino

- University “Tor Vergata” - Roma
- University of Pavia

- University “Federico 11" - Napoli
- Ruredil S.p.a. - Milano

- University of Salerno

- University of Padova

- University “La Sapienza” - Roma
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1.2 SYMBOLS

General notations

()e
(-)ec
(-)d
()
()
(Ime
()R
()s
()s

value of quantity (.) for concrete

value of quantity (.) for confined concrete

design value of quantity (.)

value of quantity (.) for the fiber-reinforced composite
characteristic value of quantity (.)

value of quantity (.) for confined masonry

value of quantity (.) as resistance

value of quantity (.) for steel

value of quantity (.) as demand

Uppercase Roman letters

Ac
At
Arw
Al
ASW

Trd
Traf

area of concrete cross-section, net of steel reinforcement

area of FRP reinforcement

area of FRP shear reinforcement

overall area of longitudinal steel reinforcement

area of one stirrup leg

area of steel reinforcement subjected to tension

area of steel reinforcement subjected to compression

Young’s modulus of elasticity of concrete

Young’s modulus of elasticity of FRP reinforcement

Young’s modulus of elasticity of fiber itself

Young’s modulus of elasticity of matrix

Young’s modulus of elasticity of steel reinforcement

design value of the maximum tensile force transferred by FRP reinforcement to the concrete
support

design value of the maximum anchorage force transferred by FRP reinforcement bonded on
a masonry structure in the presence of a force perpendicular to the bonded surface area
shear modulus of adhesive

shear modulus of concrete

moment of inertia of cracked and un-strengthened reinforced concrete section

moment of inertia of cracked and FRP-strengthened reinforced concrete section
moment of inertia of transformed section

moment of inertia of FRP reinforcement about its centroidal axis, parallel to the beam neu-
tral axis

flexural capacity of FRP-strengthened member

factored moment

bending moment acting before FRP strengthening

bending moment applied to the RC section due to loads applied after FRP strengthening
axial capacity of FRP-confined concrete member

axial capacity of FRP-confined masonry

factored axial force

weight fraction of fibers

weight fraction of the matrix

glass transition temperature of the resin

melting temperature of the resin

torsional capacity of FRP-confined concrete member

FRP contribution to the torsional capacity

Tramax torsional capacity of the compressed concrete strut
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Tras Steel contribution to the torsional capacity
Tsq¢  factored torsion

Ty Yarn count in x direction

Vip  volumetric fraction of fibers

Vra  shear capacity of FRP-strengthened member
VRract concrete contribution to the shear capacity
VRramax Maximum concrete contribution to the shear capacity
VRras Steel contribution to the shear capacity

Vras FRP contribution to the shear capacity

Vram Masonry contribution to the shear capacity
Vsq  factored shear force

Lowercase Roman letters

oF width of FRP reinforcement

d distance from extreme compression fiber to centroid of tension reinforcement

fod design bond strength between FRP reinforcement and concrete (or masonry)

fok characteristic bond strength between FRP reinforcement and concrete (or masonry)

fc concrete compressive strength (cylindrical)

fecd design strength of confined concrete

fed design concrete compressive strength

fek characteristic concrete compressive strength

fam  mean value of concrete tensile strength

fra design strength of FRP reinforcement

fraa  design debonding strength of FRP reinforcement (mode 1)

fraa2  design debonding strength of FRP reinforcement (mode 2)

fred effective design strength of FRP shear reinforcement

fri characteristic strength of FRP reinforcement

frpa  design debonding strength of FRP reinforcement

fok  Ccharacteristic compressive strength of masonry

M«  characteristic compressive strength of masonry in the horizontal direction

fmea  Characteristic compressive strength of FRP-confined masonry

fnd design compressive strength of masonry

f"na  design compressive strength of masonry in the horizontal direction

fma  design tensile strength of masonry

fmk  Characteristic tensile strength of masonry

fmm  mean value of the tensile strength of masonry

fud design shear strength of masonry

fuk characteristic shear strength of masonry

fy yield strength of longitudinal steel reinforcement

fyd design yield strength of longitudinal steel reinforcement

fywa  design yield strength of transverse steel reinforcement

fi confining lateral pressure

fierr  effective confining pressure

h section depth

Keff coefficient of efficiency for confinement

Ky coefficient of efficiency in the horizontal direction

Ky coefficient of efficiency in the vertical direction

K, coefficient of efficiency related to the angle « of fibers respect to the longitudinal axis of
confined member

Iy bond length

le optimal bond length
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Pb distance between layers of bars in the confinement of masonry columns

Pt spacing of FRP strips or discontinuous FRP U-wraps

S interface slip

St interface slip at full debonding

t thickness of FRP laminate

Wi width of FRP laminate

X distance from extreme compression fiber to neutral axis

Uppercase Greek letters
Tk characteristic value of specific fracture energy
Irq  design value of specific fracture energy

Lowercase Greek letters

ore  safety coefficient for fabric stiffness

Ot safety coefficient for fabric strength

Ym partial factor for materials

YRd partial factor for resistance models

&o concrete strain on the tension fiber prior to FRP strengthening
& concrete strain on the compression fiber

eccu  design ultimate strain of confined concrete

Eco concrete strain on the compression fiber prior to FRP strengthening
Ecu ultimate strain of concrete in compression

&t strain of FRP reinforcement

&fd design strain of FRP reinforcement

erdria  reduced design strain of FRP reinforcement for confined members
Efk characteristic rupture strain of FRP reinforcement

edd  Maximum strain of FRP reinforcement before debonding

emcu  Ultimate compressive strain of confined masonry

emu  Ultimate compressive strain of masonry

&s1 strain of tension steel reinforcement

€2 strain of compression steel reinforcement

Eyd design yield strain of steel reinforcement

n conversion factor

vip ~ Poisson’s ratio of fibers

Vi Poisson’s ratio of matrix

porin  fiber density

Pm matrix density

o stress in the concrete

ot stress in FRP reinforcement

s stress in tensile steel reinforcement

osq  Stress normal to masonry face acting on the bonded surface area between FRP reinforcement
and masonry

equivalent shear stress at the adhesive-concrete interface
curvature at ultimate

curvature at yielding

S
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2 MATERIALS

2.1 INTRODUCTION

Continuous fiber-reinforced materials with polymeric matrix (FRP) can be considered as composite,
heterogeneous, and anisotropic materials with a prevalent linear elastic behavior up to failure. They
are widely used for strengthening of civil structures. There are many advantages of using FRPs:
lightweight, good mechanical properties, corrosion-resistant, etc. Composites for structural
strengthening are available in several geometries from laminates used for strengthening of members
with regular surface to bi-directional fabrics easily adaptable to the shape of the member to be
strengthened. Composites are also suitable for applications where the aesthetic of the original struc-
tures needs to be preserved (buildings of historic or artistic interest) or where strengthening with
traditional techniques can not be effectively employed.

There are also examples of applications of composite strengthening with discontinuous fibers and
polymeric matrix as well as continuous fibers and inorganic matrix; the latter has been proven to be
of particular interest. Such strengthening methodologies, however, will not be discussed in this
document because available literature is not sufficient to ensure reliable structural applications.

This chapter reports the basic information on composite materials, their constituents (fiber, matrix,
and adhesive), and their physical and mechanical properties. Such information is necessary to know
the pros and cons of fiber-reinforced composite materials to make use of their advantages and miti-
gate, if possible, their disadvantages. This is of particular relevance to ensure durability of FRP
strengthening applications where traditional materials such as concrete or masonry are coupled with
high technology materials.

The readers familiar with the technological and mechanical properties of fiber-reinforced composite
materials may postpone the reading of Sections 2.2 and 2.3 and proceed to Section 2.4.

2.2 CHARACTERISTICS OF COMPOSITES AND THEIR CONSTITUENTS

Composite materials exhibit the following characteristics:
e They are made of two or more materials (phases) of different nature and “macroscopically”
distinguishable.
e At least two phases have physical and mechanical properties quite different from each other,
such to provide FRP material with different properties than those of its constituents.

Fiber-reinforced composites with polymeric matrix satisfy both of the above characteristics. In fact,
they are made out of both organic polymeric matrix and reinforcing fibers, whose main characteris-
tics are summarized in Table 2-1. As it can be seen, carbon fibers may exhibit values of Young’s
modulus of elasticity much larger than those of typical construction materials. Therefore, they are
more effective from a structural point of view. Potential problems with other materials used as sup-
port need to be carefully evaluated by designers and practitioners.

The matrix may be considered as an isotropic material, while the reinforcing phase, with the excep-
tion of glass fiber, is an anisotropic material (different properties in different directions). The defin-
ing characteristics of FRP materials are as follows:
e Geometry: shape and dimensions.
e Fiber orientation: the orientation with respect to the symmetry axes of the material; when
random, the composite characteristics are similar to an isotropic material (“quasi-
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isotropic”). In all other cases the composite can be considered as an anisotropic material.
e Fiber concentration: volume fraction, distribution (dispersion).

Therefore, composites are in most cases a non-homogeneous and anisotropic material.

Table 2-1 — Comparison between properties of fibers, resin, and steel (typical values)

Young’s Tensile Strain Coefficient of Density
modulus strength at failure  thermal expansion
E oy & a P
[GPa] [MPa] [%0] [10—6 OC—1] [g /cm3 1

E-glass 70 - 80 2000 - 3500 35-45 5-5.4 25-26
S-glass 85-90 3500 - 4800 45-55 16-29 2.46 — 2.49
Carbon 300-760  2400-3400  05-08 -1.45 1.85-1.9
(high modulus)
Carbon
(high strength) 240 - 280 4100 - 5100 1.6-1.73 -0.6 - -0.9 1.75
Aramid 62 - 180 3600 - 3800 1.9-55 -2 1.44 -1.47
Polymeric matrix  2.7-3.6 40 - 82 1.4-52 30-54 1.10-1.25

250 — 400 (yield)

350 - 600 (failure) 20~ 30 104 8

Steel 206

To summarize FRP properties, it is convenient to recognize fiber-reinforced composites in two
categories, regardless of their production technology:

e Single-layer (lamina)

e Multi-layer (laminates)

Laminates are materials composed of stacked layers (the lamina) whose thickness is usually of
some tenths of a millimeter. In the simplest case, fibers are embedded only in the lamina’s plane
(there are no fibers arranged orthogonally to that plane). The size of laminates is intermediate be-
tween those of the fibers and those of engineering structures (Table 2-2). There is also a special
class of multi-layer composites, so-called hybrid laminates, where each single lamina is made out of
both different fibers (e.g., epoxy matrix composites with carbon and aramid fibers to get a stiff and
tough composite) or different materials (e.g., composites with alternate layers of epoxy resin with
aramid and aluminium fibers). The main advantage of laminates is represented by the greater free-
dom of fiber arrangement.

Table 2-2 — Size of fiber composites with polymer matrix.
representative dimensions
pm nm um mm m km

Atom *ox
Polymer molecules *
Biological polymers

Crystallites

Spheroids

Diameter of fibers

Thickness of FRP sheets

Thickness of FRP laminates **

Length of laminates * ok ox
Structures *OK*

* *
* %
* %
* x
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Due to the anisotropic characteristics of FRP material, their mechanical properties depend on the
choice of the reference system. The main axes are usually chosen to be concurring with the symme-
try axes of the material (natural axes). The case of a unidirectional FRP material is illustrated in
Figure 2-1.

1
Figure 2-1 — Choice of axes for a unidirectional FRP material.
The ratio between values of the properties of composite materials in different directions is named

anisotropic ratio. Some values of the anisotropic ratio related to the main characteristics of interest
in unidirectional laminates (E;: Young modulus of elasticity; G;j: shear modulus; o;: failure

stress; «;: coefficient of thermal expansion) are shown in Table 2-3.

Table 2-3 — Anisotropic ratios of fiber-reinforced unidirectional laminates (typical values).

E1/E> E1/ Gr2 o1lor cal o
Silicon carbide/ceramic 1.09 2.35 17.8 0.93
Boron/aluminium 1.71 5.01 11.6 0.30
Silicon carbide/aluminium 1.73 5.02 17.0 0.52
S-Glass/epoxy 2.44 5.06 28.0 0.23
E-Glass/epoxy 4.42 8.76 17.7 0.13
Boron/epoxy 9.27 37.40 24.6 0.20
Carbon/epoxy 13.60 19.10 41.4 -0.07
Aramid/epoxy 15.30 27.80 26.0 -0.07

Composite materials can be stronger and stiffer (carbon FRP) than traditional construction materi-
als. As a result, composites may become very attractive when the weight of the structure becomes
an issue. FRP tensile strength and Young’s modulus of elasticity can be up to four and two times
that of traditional materials, respectively. This means that a composite material structure may weigh
nearly half of a traditional construction material structure of equal stiffness.

The nature of the phases of the composite determines the final properties of FRP materials. To ob-
tain a composite with high mechanical strength, using “strong” fibers is not enough. A good adhe-
sion between matrix and fibers used as loading carrying component is also necessary. The adhesion
is usually obtained through a third component applied in a very thin layer on the fiber surface that
makes them compatible with the organic matrix. Such surface treatment requires the presence of an
intermediate phase between the matrix and the fibers, named interface, or interphase (Figure 2-2).
The interphase is typically made of a very thin layer (often a single-atom) placed directly on the fi-
ber that is essential for determining the final properties of the material.

CONTINUOUS PHASE @ttt
BT e RERSED PHASE freinforcement)

Oﬂd‘i \

ags
L
a«._~”

_ INTERPHASFE

k.. i

Figure 2-2 — Representation of phases in a FRP composite.
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Structural failures of FRP composites are often due to lack of bond between matrix and fibers.
Therefore, the FRP material manufacturer should take special care in choosing the most appropriate
component to use to promote the bond.

2.2.1 Fibers used in composites

The most common fibers used in composites are glass, carbon, and aramid. Their unique monodi-
mensial geometry, in addition to being particularly suitable for the realization of composites, pro-
vides FRP laminates with stiffness and strength higher than those of three-dimensional FRP shapes.
This is due to the lower density of defects of mono-dimensional configurations as opposed to that of
three-dimensional members.

2.2.1.1 Types of fibers available in the market and their classification
Fibers are made of very thin continuous filaments, and therefore, are quite difficult to be individu-
ally manipulated. For this reason, they are commercially available in different shapes (Figure 2-3).
A brief description of the most used is summarized as follows:

e Monofilament: basic filament with a diameter of about 10 um.

e Tow: untwisted bundle of continuous filaments.

e Yarn: assemblage of twisted filaments and fibers formed into a continuous length that is

suitable for use in weaving textile materials.
e Roving: a number of yarn or tows collected into a parallel bundle with little or no twist.

[ ] MONOFILAMENT

TOW

& = ROVING

Figure 2-3 — Types of fibers.

By combining a number of tows or yarns together, a tape is obtained, where tows or yarns can be
simply arranged side by side or sewed or fastened on a bearing. The classification of fibers is di-
rectly taken from that traditionally used for textile fibers. The filaments used to produce yarns are
basically characterized by their chemical composition or by their mass per unit length. The unit of
linear mass or count (mass per unit length) according to 1SO 2974:2000(E) is the TEX, equivalent
to 1 g per km of fiber. Another unit of linear mass, now obsolete, is the denier, equivalent to 0.111
TEX.

The technical name of fiberglass follows the rule of 1SO 1139:1973(E) and 1SO 2078:1993(E) and
includes the following members:
e A letter identifying the type of glass used
e A second letter identifying the type of fiber used
- C ( “Continuous”, for filaments)

10
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- D (*Discontinuous”, for discontinuous fibers)

A first number identifying the nominal diameter (in um) of the filament

A second number indicating the linear mass of the fiber in TEX

The direction and value of torsion (Figure 2-4), expressed in rpm (optional)

The number of wires used to produce the twisted member (optional)

A manufacturer label containing all the un-coded information necessary for the product

characterization (optional)

|
L

)

Negative torsion (S). Positive torsion (2).
Figure 2-4 — Definition of the two possible directions of torsion.

Examples of labeling are listed in the following:

e EC10 40: continuous filament of E-glass, with a diameter of 10 um and a linear mass of 40
TEX.

e EC9 34 Z 40: continuous filament of E-glass, with a diameter of 9 um and a linear mass of
34 TEX, twisted at 40 rpm. The letter Z indicates a torsion defined as positive according to
ISO 1139:1973(E) (negative torsion is indicated with the letter S).

e EC934 27160 x4 S 150: the letter “x” shows that the material is a wire containing a number
of identical filaments. The code preceding the “x” identifies the characteristics of the fila-
ments, while the following number (4) represents the number of filaments and the letter S a
negative torsion, accomplished at 150 rpm.

e EC9 x4 S 150: simplified labelling of the previous filament.

Yarns commonly used for structural composites are referred to as EC5 10 x 2 or SC5 4 x 2, depend-
ing whether the material is E-glass or S-glass, respectively. For carbon fibers, yarns are usually
classified by the symbol “k,” standing for “thousands” [e.g., a 1k yarn is made of 1000 filaments
(66.6 Tex), a 3k yarn (200 Tex) has 3000 filaments, and so on]. Typical values are 0.5k, 1k, 3k, 6k,
12k, 18k, 24k, and 48Kk.

In addition to yarns or rovings, fibers are also commercially available as fabrics. In this case, fibers’
dispositions may be such as to provide a quasi-isotropic properties of the fabric. In such materials
the main direction is named warp while the orthogonal direction is named weft.

2.2.1.2 Glass fibers

These are fibers commonly used in the naval and industrial fields to produce composites of me-
dium-high performance. Their peculiar characteristic is their high strength. Glass is mainly made of
silicon (SiO5) with a tetrahedral structure (SiO4 ). Some aluminium oxides and other metallic ions
are then added in various proportions (Table 2-4) to either ease the working operations or modify
some properties (e.g., S-glass fibers exhibit a higher tensile strength than E-glass).

11
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Table 2-4 — Typical composition of fiberglass (% in weight).

E-glass S-glass
Silicon oxide 54.3 64.20
Aluminium oxide 15.2 24.80
Iron oxide - 0.21
Calcium oxide 17.2 0.01
Magnesium oxide 4.7 10.27
Sodium oxide 0.6 0.27
Boron oxide 8.0 0.01
Barium oxide - 0.20
Various - 0.03

The production technology of fiberglass is essentially based on spinning a batch made of sand, alu-
mina, and limestone. The constituents are dry mixed and brought to melting (about 1260 °C) in a
tank. The melted glass is carried directly on platinum bushings and, by gravity, passes through ad
hoc holes located on the bottom. The filaments are then grouped to form a strand typically made of
204 filaments. The single filament has an average diameter of 10 um and is typically covered with a
sizing. The yarns are then bundled, in most cases without twisting, in a roving. The typical value of
the linear mass for roving to be used in civil engineering applications is larger than 2000 TEX.

Glass fibers are also available as thin sheets, called mats. A mat may be made of both long continu-
ous or short fibers (e.g., discontinuous fibers with a typical length between 25 and 50 mm), ran-
domly arranged (Figure 2-5) and kept together by a chemical bond. The width of such mats is vari-
able between 5 cm and 2 m, their density being roughly 0.5 kg/m?.

Glass fibers typically have a Young modulus of elasticity (70 GPa for E-glass) lower than carbon or
aramid fibers and their abrasion resistance is relatively poor; therefore, caution in their manipulation
is required. In addition, they are prone to creep and have a low fatigue strength. To enhance the
bond between fibers and matrix, as well as to protect the fibers itself against alkaline agents and
moisture, fibers undergo sizing treatments acting as coupling agents. Such treatments are useful to
enhance durability and fatigue performance (static and dynamic) of the composite material. FRP
composites based on fiberglass are usually denoted as GFRP.

Discontinuous fibe Discontinuous fibers mat.
Figure 2-5 — Fiberglass mat.

Is.

2.2.1.3 Carbon fibers

Carbon fibers are used for their high performance and are characterized by high Young modulus of
elasticity as well as high strength. They have an intrinsically brittle failure behavior with a relatively
low energy absorption; nevertheless, their failure strength are larger compared to glass and aramid
fibers. Carbon fibers are less sensitive to creep rupture and fatigue and show a slight reduction of
the long-term tensile strength.

12
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The crystalline structure of graphite is hexagonal, with carbon atoms arranged on a basically planar
structures, kept together by transverse Van der Waals interaction forces, much weaker than those
acting on carbon atoms in the plane (covalent bonds). For such reason, their Young modulus of
elasticity and strength are extremely high in the fiber directions and much lower in the transversal
direction (anisotropic behavior). The structure of carbon fibers is not as completely crystalline as
that of graphite. The term *“graphite fibers” is however used in the common language to represent
fibers whose carbon content is larger than 99 %. The term “carbon fibers” denotes fibers whose car-
bon content is between 80 and 95 %. The number of filaments contained in the tow may vary from
400 to 160000.

The modern production technology of carbon fibers is essentially based on pyrolysis (e.g., the ther-
mal decomposition in the absence of oxygen of organic substances), named precursors, among
which the most frequent are polyacrylonitrile fibers (PAN), and rayon fibers. PAN fibers are first
“stabilized,” with thermal treatments at 200-240 °C for 24 hrs, so their molecular structure becomes
oriented in the direction of the applied load. As a second step, carbonization treatments at 1500 °C
in inert atmosphere to remove chemical components other than carbon are performed. The carbon-
ized fibers may then undergo a graphitization treatment in inert atmosphere at 3000 °C, to develop a
fully crystalline structure similar to that of graphite. FRP composites based on carbon are usually
denoted as CFRP.

2.2.1.4 Aramid fibers

Aramid fibers are organic fibers, made of aromatic polyamides in an extremely oriented form. First
introduced in 1971, they are characterized by high toughness. Their Young modulus of elasticity
and tensile strength are intermediate between glass and carbon fibers (Figure 2-6 and Figure 2-7).
Their compressive strength is typically around 1/8 of their tensile strength. Due to the anisotropy of
the fiber structure, compression loads promote a localized yielding of the fibers resulting in fiber in-
stability and formation of kinks. Aramid fibers may degrade after extensive exposure to sunlight,
losing up to 50 % of their tensile strength. In addition, they may be sensitive to moisture. Their
creep behavior is similar to that of glass fibers, even though their failure strength and fatigue behav-
iour is higher than GFRP.

5000
4000 = Carbon (AS4)
Carbon (T300)
S-Glass

= 3000 |- /7 Aramid
% " (Kevlar® 49)
b
2 2000
w E-Glass

1000

0 L ] L |
0 L 2 3 4

Deformation [%o]

Figure 2-6 — Stress-strain diagram for different reinforcing fibers

The production technology of aramid fibers is based on high-temperature and high-speed extrusion
of the polymer in a solution followed by fast cooling and drying. The fibers produced in this way
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may undergo a hot orientation treatment through winding on fast rotating coils (post-spinning) to
improve their mechanical characteristics. Aramid fibers are commercially available as yarns, rov-
ing, or fabrics. FRP composites based on aramid fibers are usually denoted as AFRP.

4
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Figure 2-7 — Comparison between FRPs and steel

2.2.1.5 Other types of fibers

Fibers as previously described are the most commonly used for the production of composite materi-
als to be employed for application in the civil engineering field. Alternative fibers such as boron fi-
bers have high Young modulus of elasticity as well as good strength.

In presence of high temperatures, different types of fibers may be used, such as ceramic fibers (e.g.,
alumina fibers and silicon carbide fibers), whose mechanical characteristics are reported in Table
2-5 along with those of boron fibers.

Table 2-5 — Properties of boron and ceramic fibers.

Boron fibers Ceramic fibers
Alumina (CFP)* SiC (CVD)** SiC (pyrolysis)
Diameter [um] 16.5 2045 140 10-20
Density [g/cm®] 2.63 3.95 3.3 2.6
Failure stress [MPa] 2800 1380 3500 2000
Young’s modulus 385 379 430 180

[GPa]
(*) Chemically Formed Processes
(**) Chemical Vapour Deposition

2.2.1.6 Technical characteristics of yarn

Yarns are not available on the market as strengthening materials; instead, they are used as raw ma-
terial for the production of fabrics. Hereafter, the structure of a typical technical data sheet for yarn
is proposed. The international reference standard is 1SO 2113:1996(E).

ISO 1889:1997 (E) can be used to determine the count of a yarn. A sample of any given length
should be taken from the fabric and should be weighted; the count value is given by the following
ratio:
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T - P-1000
L

2.1)

where Ty is the count of the yarn, expressed in Tex [g/km]; P is the weight of the sample, ex-
pressed in grams; and L is the length of the sample, expressed in meters.

The area A, in mm?, of the cross-section of a filament or bundle (yarn, tow, or roving), can be de-
termined using the following equation:

N (2.2)
p-1000

where p is the yarn density, expressed in g/cm3 ; and Ty is the count, expressed in TEX.
The evaluation of such parameters may be useful for production quality control.

TECHNICAL DATA SHEET: yarn

THE MANUFACTURER SHALL REPORT THE STATISTICAL VALUES NEEDED TO EVALUATE
THE STRENGTH CHARACTERISTICS (E.G. SAMPLE MEAN, SAMPLE STANDARD DEVIATION,
POPULATION, PERCENTILE, CONFIDENCE INTERVAL).

Yarn description
Commercial name, type of yarn, twisting, finishing, and any other information deemed necessary.

Yarn characteristics

property Measurement Test method
unit Reference standard

fiber diameter um

fiber density g/cm3

no. of filaments

count Tex 1SO1889:1997(E)

type of finishing (size)

finishing content % 1SO1887:1995(E)

1SO10548:2002(E)

Young modulus of elasticity GPa 1ISO10618:1999(E)

tensile strength (average and characteristic value) MPa 1ISO10618:1999(E)

failure strain % 1ISO10618:1999(E)

moisture content % 1ISO3344:1997(E)

Storage conditions
Description

Safety and handling
Description

2.2.2 Non-impregnated fabrics
The fabric that is not impregnated with resin is named “dry.” The simplest fabric is obtained start-
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ing from a roving and is named “woven roving.” Since the roving does not exhibit any twisting, the
filament is transversely compressed where weft and warp cross each other. The resulting fabric is
suitable to realize large products in size and thickness.

Fabrics obtained directly from the weaving of the yarns, being lighter and more compact, can be
used for more specific applications that require an optimization of the structural weight. A compos-
ite laminate obtained from these fabrics has a lower volumetric fraction of fibers than a laminate
made of unidirectional fiber due to the crimp associated to weaving.

The most used types of fabric are plain, twill and satin. Plain fibers exhibit the stiffest and most sta-
ble structure. The main disadvantages are the difficulty of impregnation with resin as well as the
crimp of weft and warp. This latter characteristic implies a lower strengthening effectiveness on the
plane of the laminate. The crimp for such fabrics is about 10 %. Twill fibers and satin fibers are
more flexible but relatively prone to be damaged during manipulation. The satin fabric is intrinsi-
cally stiffer in the lamination plane, since its has the least crimp of fibers in both directions.

Figure 2-8 shows the geometries of the most used fabrics in current applications. The representation
complies with the following assumptions:

e Black or dashed box = weft yarn on top of warp yarn

e White box = weft yarn under warp yarn

| 77 VAV

Plain Twill Satin
Figure 2-8 — Fabric examples.

There are also multi-axial fabrics, where the fibers are oriented in more than two directions. They
can be made of woven yarns or simply sewn yarns. Finally, three-dimensional fabrics are also
available, where the presence of a second weft in a direction orthogonal to the plane provides the
product with higher strength and special properties (e.g. the capability to inflate when they are im-
pregnated with resin).

2.2.2.1 Technical characteristics of non-impregnated fabrics

Fabrics for structural strengthening are commonly distributed as a dry product to be impregnated
with special resins at the job site. They can be unidirectional, where the fibers are all oriented in the
direction of the length and kept together by a light non-structural weft; bi-directional, made of a or-
thogonal weft-warp weaving, usually balanced (same ratio of fibers in the two directions); and
multi-axial, where fibers are oriented in different directions. Dry fiber manufacturers are required to
provide material data sheets. The structure of a material data sheet is reported hereafter for mono-
and bi-directional fabrics; data sheets of commercially available fabrics may also include other in-
formation or parts of those indicated. The suggested structure is exhaustive regarding the type and
amount of information provided.
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TECHNICAL DATA SHEET: non-impregnated fabric

THE MANUFACTURER SHALL REPORT THE STATISTICAL VALUES NEEDED TO
EVALUATE THE STRENGTH CHARACTERISTICS (E.G. SAMPLE MEAN, STANDARD
DEVIATION, POPULATION, PERCENTILE, CONFIDENCE INTERVAL).

Fabric description
Type of weave (plain, twill, satin, etc.), type of yarn (weft and warp), characteristics other than weft
and warp (finishing, veil, wrapping, etc.), and any other information deemed necessary.

Fabric characteristics

Property Direction | Measurement Test method
of yarn unit Reference standard
yarn count warp Tex 1SO 1889:1997(E)
weft Tex '
yarn density glem®
no. of yarns/cm warp n:/cm ISO 4602:1997(E)
weft n°/cm
mass (weight) total g/m*
warp g/m? ISO 3374:2000(E)
weft g/m*
Young modulus of elasticity warp MPa
for tensile stress weft MPa
tensile strength warp [N] 1SO 4606:1995(E) (textile glass)
(mean and characteristic value) |  weft [N] ISO 13934-1:1999(E)
failure strain warp % ISO 4606:1995(E) (textile glass)
weft % ISO 13934-1:1999(E)

Characteristics of the yarn
See the yarn technical data sheet.

Storage conditions
Description.

Safety and handling
Description.

Indications for use as strengthening system

The manufacturer may indicate other products to couple with the fabric for the realization of the
strengthening systems, such as impregnation resins, possible protective coatings, primer, putty, etc.
Such information shall be accompanied by the results of compatibility tests performed on the com-
plete system (see Section 2.5).

The general reference standard is 1SO 8099:1980. For multi-axial fabrics, in addition to the general
information concerning the type of yarn and other characteristics of the fabric, the orientation of
each layer of fibers should be reported as well. In the following, examples concerning the determi-
nation of some characteristic parameters of the fabrics used for structural strengthening are illus-
trated.

17




CNR-DT 200/2004

In cases where only the yarn count and geometry are provided, the mass of fibers per unit area in a
given direction can be determined with the following equation:

T, -N;
10

Py = (2.3)

where p, is the mass of the fabric in the principal direction, expressed in g/m2 ; Ty Is the yarn
count referred in the principal direction, expressed in Tex [g/km]; and N¢ is the number of yarns
per unit width in the principal direction [yarns/cm].

For example, given a unidirectional fabric characterized by 3.8 yarns/cm and by a yarn count of 800
Tex, the resulting mass per unit area is:

800 [Tex]-3.8 [yarns/cm]

) =304 g/m’
10

If it is necessary to evaluate the number of yarns arranged in a given direction per unit length in the
orthogonal direction, ISO 4602:1997(E) can be applied: the yarns arranged in the orthogonal direc-
tion on a given fabric strip (e.g., 10 cm wide) are counted, and the resulting number is varied pro-
portionally to the chosen unit length.

2.2.3 Matrices

Thermoset resins are the most commonly used matrices for production of FRP materials. They are
usually available in a partially polymerized state with fluid or pasty consistency at room tempera-
ture. When mixed with a proper reagent, they polymerize to become a solid, vitreous material. The
reaction can be accelerated by adjusting the temperature. Thermoset resin have several advantages,
including low viscosity that allows for a relative easy fiber impregnation, good adhesive properties,
room temperature polymerization characteristics, good resistance to chemical agents, absence of
melting temperature, etc. Disadvantages are limited range of operating temperatures, with the upper
bound limit given by the glass transition temperature, poor toughness with respect to fracture (“brit-
tle” behavior), and sensitivity to moisture during field applications. The most common thermoset-
ting resins for civil engineering are the epoxy resin. Polyester or vinylester resins are also used.
Considering that the material is mixed directly at the construction site and obtains its final structural
characteristics through a chemical reaction, it should always be handled by specialized personnel.

Fiber-reinforced composite materials with thermoplastic polymeric matrices are also available but
require installation techniques different from thermosetting resin. Composite bars with thermo-
plastic matrix that may be bent at any time by means of special thermal treatment are currently be-
ing investigated.

2.2.3.1 Epoxy resins

Epoxy resins are characterized by a good resistance to moisture, chemical agents, and have excel-
lent adhesive properties. They are suitable for production of composite material in the civil engi-
neering field. The maximum operating temperature depends both on formulation and reticulation
temperature. For operating temperatures higher than 60 °C, the resin should be suitably selected by
taking into account the variations of its mechanical properties. There are usually no significant re-
strictions for the minimum operating temperature. The main reagent is composed of organic fluids
with a low molecular weight, containing a number of epoxy groups, rings composed by a oxygen
atom and two carbon atoms:

18



CNR-DT 200/2004

Figure 2-9 — Epoxy group.

Such materials may be produced by the reaction of epichlorohydrin with amino compounds or acid
compound of bisphenol A.

The epoxy pre-polymer is usually a viscous fluid, with viscosity depending on the polymerization
degree. A reticulating agent (typically an aliphatic amine) is to be added to this mixture in the exact
quantity to obtain the correct structure and properties of the crosslinked resin. The reaction is exo-
thermic and does not produce secondary products. It can be carried out at both room and high tem-
peratures, according to the technological requirements and the target final properties. The chemical
structure of the resin may be changed on the basis of the chemical composition of the epoxy pre-
polymer. The most commonly used epoxy resin in composite materials for civil applications is the
diglycidylether of bisphenol A (DGEBA).

2.2.3.2 Polyester resins

Polyester resins have a lower viscosity compared to epoxy resins, are very versatile, and highly re-
active. Their mechanical strength and adhesive properties are typically lower than those of epoxy
resins.

Unsaturated polyesters are linear polymers with a high molecular weight, containing double C=C
bonds capable of producing a chemical reaction. The polymerization degree, and hence the mole-
cule length may be changed; at room temperature the resin is always a solid substance. To be used,
polyester resin has to be dissolved in a solvent, typically a reactive monomer, which reduces the
resin viscosity and therefore aids the fiber impregnation process. The monomer (typically styrene)
shall also contain double C=C bonds, allowing cross-linking bridges between the polyester mole-
cules to be created. The reaction is exothermic and no secondary products are generated. It is usu-
ally performed at room temperature, according to technological requirements and target final prop-
erties. The chemical structure of polyester resins may be adapted either by changing the acid and
the glycol used in the polymer synthesis or by employing a different reactive monomer.

The family of polyester resins for composite materials is typically composed of isophthalic, or-
thophthalic, and bisphenolic resins. For both high temperatures and chemically aggressive environ-
ment applications, vinylester resins are often used; they represent a compromise between the per-
formance of traditional polyester resins and that of epoxy resins.

2.2.3.3 Other types of resins

The intrinsic limitations of thermosetting resins, in particular their poor toughness, their quite low
operating temperatures, and their tendency to absorb moisture from the environment, have recently
led to the development of composites with a thermo-plastic matrix. Such resins have the capability
of flowing after heating at a high enough temperature, specifically, higher than Ty (glass transition
temperature) for amorphous materials and higher than T, (melting temperature) for semi-crystalline
materials. The shape of each components may be modified by simply heating the material at a suit-
able temperature (hot forming). Their use in the civil engineering field is rather limited at present;
however, applications of potentially remarkable relevance are currently being developed (e.g., rein-
forcing bars for concrete). In general, thermoplastic resins are tougher than thermosetting resin, and
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in some instances have higher operating temperatures. In addition, they have a better resistance to
environmental factors. The main limitation for their use is their high viscosity, which makes fiber
impregnation difficult, and requires complex and costly working equipment.

Moreover, the use of inorganic matrices (cement-based, metallic, ceramic, etc.) for production of
fiber-reinforced composites for construction is rapidly growing. Even though they are not discussed
in this document, their use is deemed possible when accompanied by suitable technical documenta-
tion and experimental validation to prove their effectiveness.

2.2.3.4 Technical data sheet of the resin

The structure of a typical technical data sheet for resin is reported as an example (technical data
sheets available on the market could report other information or only a portion of those indicated
here). The suggested structure is exhaustive regarding type and amount of provided information.

TECHNICAL DATA SHEET: resin

Resin description
Commercial name, mono-or bi-component, pasty or fluid consistency, use, and any other necessary in-
formation.

Characteristics of unmixed resin

Measure- |Comp.| Comp. | ,,. Test method Notes

property mentunit | A i B | Mixture Reference standard
color
viscosity at 25 °C Pa:s :38 ggi’gigggg (1)
thyxotropy index ASTM D2196-99 Q)
density glem® ISO 1675:1985(E)
mixing ratio vol_ume %

weight
storage conditions |time months
(sealed container) |temperature °C

(1) For non thyxotropic resins the Garner viscosimeter can be used; for thyxotropic resins the Brookfield viscosimeter shall
be used.

Characteristics of mixed resin

Mixing conditions:
Description

Application conditions:

Description
ropert Measurement Test method Notes
property unit Reference standard
pot life (at 35 °C) Pot life (at 35 °C) ISO 10364:1993(E) )
At5°C 1SO 9396:1997(E) 3)
gel time At 20 °C min ISO 2535:2001(E)
At 35 °C ISO 15040:1999(E) %
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minimum application temperature °C
. Time min
exothermic peak ISO 12114:1997(E)
temperature C
At5°C
full cure time At 20 °C min ISO 12114:1997(E)
At 35 °C

(2) Pot life (working life) = maximum working time after mixing of all components.

(3) Gel time = time needed from fluid to gel appearance at predefined temperature conditions.

Characteristics of cured resin

VilEES et Value Test method
property urern_ent tempera_ Cured 5 days Cured 1 hour Reference Standard
unit ture  |at22°C at 70 °C

volume shrinkage 1SO 12114:1997(E)
coefficient of thermal | ygeoca | ISO 11359-2:1999(E)
expansion

o ISO 11357-2:1999(E) (DSC)
gLk CEnEIon °C 1SO11359-2:1999(E) (TMA)
temperature ASTM E1640 (DMA)
Young modulus of elas- | - ISO 527:1993(E)
ticity for tensile stress
tensile strength MPa ISO 527:1993(E)
failure strain % ISO 527:1993(E)

Storage conditions
Descriptions

Safety ad handling
Description

2.2.4 Adhesives and bonding principles

The implementation of FRP-based structural strengthening (e.g., pultruded laminate) requires the
use of adhesives. The choice of the most suitable adhesive as well as the type of surface treatment
to be carried out prior to FRP application shall be made on the basis of available substrate and prop-
erties of the selected FRP system. Technical data sheets for FRP materials usually report the indica-
tions of the adhesive to be used as a function of the structure to be strengthened. Even the applica-
tion of dry fabrics impregnated on-site might be considered as an assembling operation using adhe-
sives. The type of surface treatment to be carried out prior to FRP application is important for the
correct use of adhesives. For this reason, the rationale for a suitable substrate preparation that de-
scribes physical, chemical, and mechanical mechanisms of adhesion is presented. For a more com-
prehensive study, the reader is referred to specific literature on the subject.

An adhesive is a material quite often of a polymeric nature capable of creating a link between at
least two surfaces and able to share loads. There are many types of natural and synthetic adhesives
(elastomers, thermoplastics, and mono- or bi-component thermosetting resins); the most suitable
adhesives for composite materials are based on epoxy resins. Epoxy adhesives usually are bi-
component viscous mixture; once hardened, through a cross-linking chemical reaction, they become
suitable for structural applications.
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There are several advantages in the use of adhesive bonding compared to mechanical anchorage.
They include the possibility of connecting different materials, providing greater stiffness, uniform
distribution of loads, and avoiding holes dangerous for stress concentrations. On the other hand, ad-
hesives are sensitive to environmental conditions, such as moisture, and are not appropriate when
exposed to high temperatures (fire resistance).

The following three types of fracture can be identified for adhesive bonding (Figure 2-10).

e Cohesive fracture: it takes place inside one of the materials forming the connection. The
same material is therefore on both sides of the fracture surface, which may be either smooth
or rough. It is the ideal fracture for adhesives.

o Adhesive fracture: it takes place at the interface between adhesive and support when the
adhesive strength is lower than that of the support. The fracture surface is typically smooth.
This type of fracture highlights inaccurate applications.

e Mixed fracture: it appears as both cohesive and adhesive failure. The fracture surfaces are
very irregular and characterized by coexistence of both materials. It appears for both weak
and non-consolidated support (e.g., deteriorated masonry or concrete) and inaccurate adhe-
sive applications.

ADHEREND ADHEREND ADHEREND

- > e |

-'"“-'-

adhesive fracture cohesive fracture mixed fracture
Figure 2-10 — Comparison between different types of fracture.

The efficiency of adhesion depends on many factors, such as surface treatment, chemical composi-
tion and viscosity of the adhesive, application technique, and hardening or cross-linking process of
the adhesive itself. Adhesion mechanisms primary consist of interlocking of the adhesive with the
surface of the support with formation of chemical bonds between polymer and support. As a result,
adhesive strength is enhanced by surface treatments that improve interfacial properties of the sup-
port by increasing the roughness of the surface to be strengthened. Several types of adhesive
mechanisms are described in the literature and briefly summarized hereafter.

Physical bond: it involves secondary bonds, such as Van der Waals forces, ionic bonds, and hydro-
gen bonds between molecules of the adhesive and those of the support. It is based on electrostatic
and absorption theory, for which good adhesion is ensured when the adhesive is capable of wetting
the support. To this end, the surface energy of the support I'sy (energy per unit area) shall be
higher than that of the adhesive I'|\, (Figure 2-11): for example, wetting properties of epoxy resins

bonded to steel support are excellent; they are poor for other materials such as polyethylene.

Ly
FLUIDS A7 Isy 6 = contact angle
SOLID ' - 0=0 complete wrapping
(perfecily smooth surface) '!_;3]_ Oo <@< 1800 pal’tla| Wet“ng
0 =180 no wetting

Figure 2-11 — Adsorption theory and contact angle.
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Chemical-covalent bond: it involves primary bonds (covalent bonds) between the molecules of the
support and the adhesive (Figure 2-12). The fracture implies breaking of such bonds. For this rea-
son, coupling agents are often used particularly in the case of glass fibers. Coupling agents link with
the oxides of the surface support to react with the adhesive during cross-linking or causing diffusive
phenomena (see the following item).

Diffusive or inter-diffusive phenomena: after diffusion or inter-diffusion of atoms or molecules
across the interface, the bond between two surfaces is generated (Figure 2-12). The described
mechanism is typical for polymeric matrix composites, where the mobility of polymeric chains
makes linking possible; in such a case, time is important to allow the adhesive reaching the final
strength.

Mechanical interlock theory: the bond exploits the mutual creep resistance between locally perme-
ated surfaces; therefore, it is important to have irregular surfaces to allow spreading of the adhesive,
filling of the support pores, and cracks before solidification takes place (Figure 2-12).

% 7

§ R AAA MM A
R T Y

e BB BB BB

Chemical reaction

Electrostatic attraction (covalent bOﬂd)

y

'Hhii'\\gﬂr
e L
i

Inter-diffusion and Mechanical interlocking
formation of connections

Figure 2-12 — Adhesive mechanisms.

The main objective of surface treatment is “cleaning” of the surface by removal of all possible sur-
face contaminations, such as oxides, foreign particles, oil, laitance, dust, moisture, etc. The adopted
treatment usually modifies the chemistry of the surface, enhancing the formation of stronger bonds
with the adhesive such to resist environmentally aggressive agents, which would degrade the adhe-
sion over time. Finally, treatments should ensure adequate surface roughness.

Other treatments such as solvents and sandblasting can be effectively employed. In some instances,
prior to adhesive application, a layer of primer acting as a coupling agent is applied. The use of FRP
pultruded laminate requires an additional cleaning of the laminate face prior to bonding. In some
cases, laminates have a protective film that prevents external contamination. Such films shall be
removed before the laminate is applied. Any surface treatment shall be carried out immediately be-
fore FRP application takes place to avoid surface recontamination. Presence of moisture in the sup-
port shall be avoided during FRP application; the surfaces of the support shall be perfectly dry prior
to application of the adhesive. In the following of this document, recommendations to reduce the
risk of failures associated to bonding are presented.
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2.2.4.1 Technical data sheet of the adhesive

The most suitable adhesives for composite materials are those based on bi-component epoxy resins.
Technical data sheets shall therefore include the chemical-physical properties of each single com-
ponents as well as the adhesive properties. Because the former have already been listed in 2.2.3.4,
the data sheet here reported only refers to the adhesive properties.

TECHNICAL DATA SHEET: adhesive

THE MANUFACTURER SHALL REPORT THE STATISTICAL VALUES NEEDED FOR THE
EVALUATION OF CHARACTERISTIC PROPERTIES (E.G. SAMPLE MEAN, STANDARD
DEVIATION, POPULATION, PERCENTILE, CONFIDENCE INTERVAL)

Adhesive description
Commercial name, mono- or bi-component, pasty or fluid consistency, use, and any other information
deemed useful.

Bonding properties of the resin

Meas- Test Value T o

property urement | tempera- | Cured Cured I

unit ture 5daysat | 1hoursat | Reference standard

22 °C 70 °C

shear strength MPa single lap shear
(average and characteristic value) ISO 4587:2003(E)
peeling strength KN/m floating-roller method
(average and characteristic value) ISO 4578:1997(E)

Note: for external strengthening with FRP laminate an ISO standard (TC71/SC6N) “Non-conventional strengthening
of concrete - Test methods-Part 2: Fiber strengthened polymer (FRP) sheets” is under preparation, where two new
tests are proposed to evaluate the bond on concrete: “Test Method for direct pull-off strength of FRP sheets with
concrete” and “Test Method for bond properties of FRP sheets to concrete”. A similar pull-off test, “Test method for
direct tension pull-off test”, is also proposed in the document ACI 440.3R-04 “Guide Test Methods for Fiber-
reinforced Polymers for Reinforcing or Strengthening Concrete Structures” by the American Concrete Institute.
Such standards do not propose specific tests for bond on steel. There is however a similar Japanese standard (JSCE-
E544-2000 “Test methods for continuous fiber sheets”), proposing also a lap shear strength test for FRP and steel
The cited documents include also a shear strength test of the adhesive based on shear lap test.

Storage conditions
Descriptions

Safety and handling
Description

2.3 FRP STRENGTHENING SYSTEMS

FRP systems suitable for external strengthening of structures may be classified as follows:
e Pre-cured systems (2.3.2):
Manufactured in various shapes by pultrusion or lamination, pre-cured systems are directly
bonded to the structural member to be strengthened.
e Wet lay-up systems (2.3.3):
Manufactured with fibers lying in one or more directions as FRP sheets or fabrics and im-
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pregnated with resin at the job site to the support.

e Prepreg systems (2.3.4):
Manufactured with unidirectional or multidirectional fiber sheets or fabrics pre-impregnated
at the manufacturing plant with partially polymerized resin. They may be bonded to the
member to be strengthened with (or without) the use of additional resins.

2.3.1 Mechanical properties of FRP strengthening systems

In FRP materials, fibers provide both loading carrying capacity and stiffness to the composite while
the matrix is necessary to ensure sharing of the load among fibers and to protect the fibers them-
selves from the environment. Most FRP materials are made of fibers with high strength and stiff-
ness, while their strain at failure is lower than that of the matrix.

Figure 2-13 shows the stress-strain relationship for fiber, matrix, and the resulting FRP material.
The resulting FRP material has lower stiffness than fibers and fails at the same strain, & nay , Of the

fibers themselves. In fact, beyond such ultimate strain, load sharing from fibers to the matrix is pre-
vented.

4
f fiby, max |

ﬁn,max 1--

MATRIX

!
>

&fib.max Smmax
Figure 2-13 — Stress-strain relationship of fibers, matrix and FRP.

Table 2-6 summarizes mechanical properties of a pre-cured laminate compared to the average val-
ues of the corresponding fibers. The values of Young modulus of elasticity, E;, and ultimate

strength at failure, f¢, of the laminate are lower than those of the fiber itself, while the ultimate ten-
sile strain is of the same order of magnitude for both materials.

Table 2-6 — Comparison between mechanical properties of a pre-cured laminate and fibers

Pre-cured systems Modulus of elasticity [GPa] Ultimate strength [MPa]  Ultimate strain [%]
FRP Fiber FRP Fiber FRP Fiber
= Efib ft ffib Efu Efib,u
CFRP (low modulus) 160 210-230 2800 3500-4800 1.6 1.4-2.0
CFRP (high modulus) 300 350-500 1500 2500-3100 0.5 0.4-0.9

For FRP material made of unidirectional fibers, the mechanical behavior of the composite can be
estimated using micro-mechanical models; for example, by using the rule of mixtures [eg. (6.5) in
Appendix A]:

Et=Vfio-Efiv+ (1-Viib)-Em (2.4)

fr = Viip-frint (1-Viin)-fm (2.5)
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where Vg, is the volumetric fraction of fibers (ratio between the volume of fibers and the overall
volume of the composite), and Eg, and E,, are the Young modules of elasticity of fibers and ma-

trix, respectively. The rule of mixtures is based on the hypothesis of a perfect bond between fibers
and matrix; for unidirectional composites it provides accurate assessment of the modulus of elastic-
ity. The same accuracy can not be obtained for ultimate strength. For design purposes, it is always

preferable to rely upon experimental determination of the above mentioned values (E¢ and f¢), as
discussed in the following.

For proper definition of stiffness and strength properties of FRP composites impregnated in-situ,
geometrical (volumetric ratio or weight ratio between fibers and matrix) and mechanical character-
istics of each components shall be available. For example, a unidirectional 200 mm wide fabric (fi-

bers area Agjp, = 70 mmz) impregnated with variable quantities of resin is considered. By dividing

the overall area of the impregnated fabric, As (obtained as the sum of resin and fibers area), by the

fabric width, the thickness of the composite is obtained. The properties of each components are re-
ported in Table 2-7. The importance of resin content on the mechanical properties in the fiber direc-
tion, calculated using Equations (2.4) and (2.5), is summarized in Table 2-8.

Table 2-7 — Properties of components.

Fibers Matrix
Esir= 220 GPa En=3 GPa
frip= 4000 MPa fn= 80 MPa

Table 2-8 — Importance of fiber volumetric fraction on the FRP mechanical properties
Avin Anm Ar  Vip  Ef ff eu Fru Ef-As
[mm?] [mm?] [mm?] [%] [GPa] [MPa] [%] [kN] [kN]
70 0 70 100 220.0 4000 1.81 280.0 15400
70 30 100 70 1549 2824 1.82 282.4 15490
70 70 140 50 1115 2040 1.83 285.6 15610
70 163.3 2333 30 68.1 1256 1.84 293.0 15890

Table 2-8 and Figure 2-14 refer to volumetric fractions of fibers ranging between 30 and 100 %..
Values of fiber stiffness and strength are remarkably larger than those of the matrix (Table 2-7). As

a result, mechanical properties of FRP composite materials (Ef and fs) are mainly controlled by
fibers, and the matrix contribution can be neglected.

fr [MPa] Vsip
r' .

4000 Fiber ,100%

3000 | FRP 70%

2000 50%
30%

1000

0 L B

— T
0 04 0.8 1.2 1.6 2 &

Figure 2-14 — Stress-strain relationship as a function of the volumetric fraction.
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When the above mentioned properties are referred to the overall section of the composite, both
Young modulus of elasticity and strength at failure decrease as the resin content increases. The

same does not apply if one were to look at both ultimate force, F,,, and axial stiffness (Es - As)

whose variations (3-4 %) are negligible. In fact, the reduction of E¢f and f; are compensated by
the increase of the overall cross-sectional area with respect to that of fibers only.

The example shows that when evaluating FRP mechanical properties to be used for design, the resin
volumetric fraction needs to be available when referring to stiffness and ultimate strength of the
composite. Alternatively, FRP axial stiffness and ultimate force at failure, F,,, calculated neglect-

ing the matrix, shall be available. Such values do not take into account other relevant parameters as-
sociated to the composite manufacturing process that significantly affect the mechanism of collapse.

2.3.2 Pre-cured systems
2.3.2.1 Mechanical characteristics

Pre-cured composites are characterized by a unidirectional disposition of fibers that allows the use
of the rule of mixtures to determine stiffness and strength of the composite, since the volumetric
fractions usually vary between 50 and 70 %. However, such values only represent an estimate (typi-
cally an overestimation) because other relevant parameters, such as adhesion properties between fi-
bers and matrix, presence of manufacturing defects, voids, or fibers misalignment, are not taken into
account. Reliable values of FRP mechanical properties shall be obtained with experimental testing
to ensure determination of appropriate statistical parameters accounting for the adopted manufactur-
ing process as well. The values provided by FRP manufacturers shall be based on criteria similar to
those discussed in 2.4. In case of pre-cured systems, manufacturers typically provide mechanical
characteristics referred to the laminate cross-section having a well specified size.

2.3.2.2 Technical data sheets for pre-cured systems

Hereafter, the structure of a typical data sheet for pre-cured composites (laminates, bars, grids, etc.)
is proposed. As previously seen, technical data sheets available on the market can also include other
information or report only a portion of those here indicated. The proposed structure is exhaustive
regarding the type and amount of information given.

TECHNICAL DATA SHEET: pre-cured composites
(laminates, bars, grids)

THE MANUFACTURER SHALL REPORT THE STATISTICAL VALUES NEEDED FOR THE
EVALUATION OF THE CHARACTERISTIC STRENGTHS (E.G. SAMPLE MEAN, STANDARD
DEVIATION, POPULATION, PERCENTILE, CONFIDENCE INTERVAL)

Description

Commercial name, type of fiber, type of resin, manufacturing technology (pultrusion, lamination, etc.),
and any other information deemed useful.

Geometrical and physical properties

property Measurfament Test method Notes
unit Reference standard
thickness (laminate) mm
width mm
length mm %
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section geometry (bars, grids)

nominal area (bars, grids) mm?
nominal perimeter (bars, grids) mm 1)
color
. fiber glem? _
density e Jlom’ 1SO 1183-1:2004(E) 2)
i 0,
fiber content SUEA % 1SO 11667:1997(E)
volume %

N _ ISO 11357-2:1999(E) (DSC)
glass transition temperature of resin (Tg ) °C 1S011359-2:1999(E) (TMA)
ASTM E1640 (DMA)

maximum operating temperature °C
electrical conductivity S/m

(1) Value to be used in case of bars and grids of non circular cross section to compute bond length.
(2) Value to be used to compute the weight fraction of fiber when the volume fraction is known and vice versa.

Properties

property Measur_ement Test method Notes
unit Reference standard

tensile Young modulus of elasticity GPa ISO 527-4,5:1997(E)

tensile strength - MPa ISO 527-4,5:1997(E)

(average and characteristic value)

strain at failure % ISO 527-4,5:1997(E)

compression Young modulus of elasticity (bars) GPa ISO 14126:1999(E)

compressive strength (bars) MPa IS0 14126:1999(E)

(average and characteristic value)

compressive strain at failure (bars) % ISO 14126:1999(E)

creep I1ISO 899-1:2003(E) (3)

relaxation (bars, grids) (4)

bond: shear stress (bars, grids) Pull-out test (4)

(3) The ISO 899-1:2003(E) standard is the general reference standard for creep behavior of FRP materials, while
the ISO standard (TC71/SC6N) “Non-conventional strengthening of concrete - Test methods-Part 1: Fiber
strengthened polymer (FRP) bars and grids” is under way for reinforcing FRP bars and prestressed grids, where
a specific test is proposed for FRP bars (“Test Method for creep failure”). As an alternative, there is a test pro-
posed in the document ACI 440.3R-04 “Guide Test Methods for Fiber-reinforced Polymers for Reinforcing or
Strengthening Concrete Structures” named “Test Method for creep rupture of FRP bars”.

(4) In the ISO standard (TC71/SC6N) concerning FRP bars and grids the following two tests are proposed: “Test
method for bond strength by pull-out testing” for bond, and “Test Method for long-term relaxation” for relaxa-
tion. Similar tests are included in the ACI 440.3R-04 document.

Storage conditions
Description

Safety and handling
Description

Indications for use as strengthening system

The manufacturer may indicate other products to couple with the pre-cured composite for the realization of the
strengthening system, such as adhesives, possible protective coatings, primer, putty, etc. Such information shall
be accompanied by compatibility test results performed on the as-proposed system.
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2.3.3 Wet lay-up systems

In case of wet lay-up systems, final thickness of the FRP laminate can not be estimated in a deter-
ministic fashion. Therefore, it is recommended to refer to both mechanical and geometrical proper-
ties of dry fabric according to the technical data sheets provided by FRP manufacturer.

2.3.3.1 Determination of laminate cross sectional area
For the laminate cross sectional area, A, reference shall be made to the technical data sheet pro-

vided by FRP manufacturer. Laminate cross sectional area per unit width can be expressed as fol-
lows:

T, N
A =
10- pgp

(2.6)

where A is expressed in mm?/m, T, is the yarn count referring to the principal direction ex-
pressed in TEX [g/km], Ng is the number of yarns per unit width referring to the principal direction

expressed in [yarns/cm], and psy, is the fiber density [g/ cm?® ].

In case of fabrics with the same number of fibers in two orthogonal directions (balanced fabrics),
laminate cross sectional area, Ay, may also be calculated as follows:

Anzza_EL_ @.7)
* Prib

where p; is the fabric mass per unit area, expressed in g/m2 .

In case of a unidirectional fabric, A, may be evaluated as follows:

A, =P (2.8)
Prib

Sometimes it is common to refer Ay to the thickness of an equivalent plate made of fiber only. The
equivalent thickness, teq, expressed in mm, can be obtained as follows:

A
ty = 0 2.9
" 1000 (29)

A disadvantage of this method is that different thickness values of the equivalent plate would be as-
sociated to the same unbalanced fabric (e.g., a fabric having different number of fibers in two or-
thogonal directions).

Table 2-9 summarizes the parameters deemed necessary for the determination of the laminate cross
sectional area for three different fabrics as follows: 1) unbalanced plain weave fabric (fabric A), 2)
balanced plain weave fabric (fabric B), and 3) unidirectional fabric (fabric C).
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Table 2-9
Property Measurement unit Fabric A Fabric B Fabric C
Fabric mass g/m? 187 286 304
Fiber density g/cm® 176 176 1.8
No. of varns/cm weft no/cm 4 6 -
oty warp no/cm 8 6 3.8
Count weft Tex 67 200 -
warp Tex 200 200 800

In case of unbalanced fabric (fabric A), Equation (2.6) yields:

2
A = 67[1Toe>i]7;1[[ye;rns/3(]:m] —152MM (area in weft direction)
-1.76[g/cm m
2
P = 2001[;)I'e1x]7§[[g3]/?£rr:3/]cm] = 90.9% (area in warp direction)

For case B fabric, cross sectional area can be written as follows (both directions):

200 [Tex]-6 [fililcm] 68.2 mm?
10-1.76 [g/cm’] T m

A,

Alternatively, the same result can be obtained from Equation (2.7) as follows:

A - p, | g/m? | _ 240 mm® _ o, mm’
2-py [glem®] 2176 m m

Finally, for case C fabric, Equation (2.8) provides:

A = P [g/ng _ 304 mm’ _168.9 mm?®
P [G/cm®] 1.80 m m

2.3.3.2 Mechanical characteristics

Mechanical properties of wet lay-up systems cannot be determined by multiplying the cross sec-
tional area, A;, computed according to Equation (2.6), by both Young modulus of elasticity and

ultimate fiber or fabric strength. In fact, values referring to fibers do not take into account the real
geometry of the fabric (weaving, weft-warp) that considerably affect the fabric mechanical proper-
ties. Similarly, values of stiffness and strength referred to dry fabric, when available, cannot be used
directly for the determination of the same properties referring to the final composite.

As a result, mechanical properties of wet lay-up systems can be determined using two different
methods; both of them require information that shall be provided by FRP manufacturer/supplier.
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Mode 1
Safety factors for both stiffness, o, and strength, a4 , can be introduced as follows:

Ax-Er = are-Asib-Esib (2.10)

where A, = A, is calculated according to 2.3.3.1, and Egj, is the Young modulus of elasticity for
fiber only, while the product A - E5 refers to the axial stiffness of the FRP after impregnation. The
safety factor, oy, shall be estimated by the FRP manufacturer/supplier and shall be determined on
the basis of experimental tests carried out on composite samples corresponding to well-defined
volumetric fractions. Such safety factors may take into account both resin type and strengthening

geometry; however, quality of installation and nature of support can not be considered for the cali-
bration of a¢g . Similarly:

Arfr = asr-Asib-Frib (2.11)

Mode 2

Alternatively, FRP manufacturer/supplier may specify characteristic values of the mechanical prop-
erties of the system considered applied to the structure to be strengthened, based on experimental
investigations carried out on the final system. In this case, it is possible to take into account all the
parameters affecting the behavior of the final system, including nature and geometry of the support.

2.3.3.3 Technical data sheets for wet lay-up systems

A specific technical data sheet can not be formulated for wet lay-up systems; therefore, it is neces-
sary to refer to properties of dry fiber. The manufacturers/suppliers shall, however, provide the val-
ues of the safety factors, o and oy, with detailed information on the performed experimental

testing.

2.3.4 Pre-impregnated systems

Pre-impregnated (prepreg) systems are impregnated directly at the manufacturer plant and delivered
in rolls. Resin may receive pre-polymerization treatments. A pre-impregnated system is a thin sheet
(0.15 mm typical thickness), flexible and moderately sticky, with detaching film (silicon paper or
similar) applied on the surfaces to preserve the system itself from external contamination. Storing
shall be performed under controlled moisture and temperature conditions; system cross linking shall
occur at the time of application by means of thermal treatments. Mechanical characteristics and
technical data sheets are identical to wet lay-up systems (2.3.3).

2.4 QUALITY CONTROL
The qualification process of FRP systems and the necessary experimental tests developed by the
manufacturer shall be aimed to complete the following:
e Ensure quality of products and compliance with published specified values.
e Provide a statistically significant number of experimental results for physical and mechani-
cal characteristics to be used for design.
e Provide, when possible, data on experimental tests related to long-term behavior of the FRP
system.

Qualification tests regard physical and mechanical properties (stiffness and strength) of composite
materials, regardless of their particular application. Quality of installation as well as FRP monitor-
ing over time is reported elsewhere.
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Two qualification levels for FRP systems can be identified:
e Level 1: where physical and mechanical properties of composite are defined using statistical
analysis on a large series of tests.
e Level 2: where long-term physical and mechanical properties of composite are defined.

Both mechanical and physical qualification tests shall be carried out by a certified laboratory pro-
vided with the necessary equipment and experience in the characterization of composite materials.
Each manufacturer shall provide the mechanical characteristics obtained with statistical analysis,
including the characteristic values, percentile, sample mean, sample standard deviations, confidence
intervals, and number of samples tested. Suitable safety factors should be employed on the basis of
the adopted manufacturing technique.

2.4.1 Level 1: Physical-mechanical properties

Table 2-10 summarizes the most common tests performed on composite materials and the corre-
sponding technical standards (ISO and ASTM).

Table 2-10 — Mechanical and physical characteristics of composites.

Property Reference standard

ISO ASTM

Mechanical properties
Tensile Young modulus of elasticity 527-4,5:1993(E) D3039-00, D5083-02, D3916-02
Tensile strength 527-1,4,5:1993(E) D3039-00, D5083-02, D3916-02
Tensile strain at failure 527-1, 4,5:1993(E) D3039-00, D5083-02, D3916-02
Compression Young modulus of elasticity 14126:1999(E) D3410
Compressive strength 14126:1999(E) D3410
Compressive strain at failure 14126:1999(E) D3410
Creep 899-1:2003(E) D2990-01
Physical properties
Density 1183-1:2004(E) D792-00
Coefficient of thermal expansion 11359-2:1999(E) E831, D696

11357-2:1999(E)
Glass transition temperature (matrix) (DSC) E1356, E1640

11359-2:1999(E) ’

(TMA)

Fiber content 11667:1997(E) D3171, D2584

Samples shall be obtained either from the manufacturing plant or realized in the laboratory using
the same technique that will be used in the field. The minimum number of samples shall be at least
five for each test to be carried out. Each FRP component may be qualified according to Table 2-11
(fabrics) and Table 2-12 (resins).
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Table 2-11 — Mechanical characteristics of fabrics.

Property ISO Reference standard Product type
Mechanical properties

Tensile Young modulus of elasticity 4606:1995(E), 13934-1:1999(E) fabric
Tensile strength 4606:1995(E), 13934-1:1999(E) fabric
Tensile strain at failure 4606:1995(E), 13934-1:1999(E) fabric

Table 2-12 — Mechanical and physical characteristics of resins (matrix and adhesive).

Reference standard Product
Property 1SO ASTM type
Mechanical properties
Tensile Young modulus of elasticity 527-1:1993 (E) D638-02 resin
Tensile strength 527-1:1993 (E) D638-02 resin
Tensile strain at failure 527-1:1993 (E) D638-02 resin
Compression Young modulus of elasticity 604:2002(E) D695 resin
Compressive strength 604:2002(E) D695 resin
Compressive strain at failure 604:2002(E) D695 resin
Shear strength 4587:2003(E) D3163-01  adhesive
Peeling strength 4578:1997(E) D3167-03  adhesive
Physical properties
Viscosity 2555:1989(E), 3219:1993(E) D2196-99 resin
Thyxotropy index D2196-99 resin
Density 1675:1985(E) D1217-93 resin

. 9396:1997(E), 2535:2001(E) ] .
Gel time 15040:1999(E) D2471-99 resin
Pot life 10364:1993(E) D1338-99 '
adhesive

Exothermic peak 12114:1997(E) D2471-99 resin
Time to full cross-linking 12114:1997(E) D4473-03 resin
Volumetric shrinkage 12114:1997(E) D6289-03 resin
Coefficient of thermal expansion 11359-2:1999(E) E831, D696 resin

11357-2:1999(E) (DSC)

Glass transition temperature 11359-2-1999(E) (TMA)

E1356, E1640 resin

2.4.2 Level 2: Long-term properties

Three different behaviors can be identified over time, according to the following:
e Chemical degradation phenomena.
e Environmental factors (e.g. freeze-thaw cycles).
e Load application: constant (creep) or variable (fatigue).

Tests shall be performed on samples of suitable geometry depending upon the particular test to be
carried out. For chemical degradation phenomena and environmental factors, tests are carried out on
specimens that have been treated with thermal and/or environmental conditioning for a suitable
time. Once conditioning is completed, mechanical and/or physical properties can be determined ac-
cording to the provisions of ISO (or ASTM) standards (Table 2-10, 2-8, 2-9).
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If the variation over time of a particular property is related to the chemical degradation of the mate-
rial, its value at any given time may be estimated by applying the Arrhenius’ procedure (e.g., ex-
trapolating the results of short-term high-temperature tests). It shall be noticed that the results ob-
tained in such a way do not take into account the effect of stresses or environmental factors, such as
extended exposure to ultraviolet rays, acids, alkali, salts etc.

To evaluate the strength of FRP systems for particular environmental conditions, specific standards
must be referenced. In some instances, a standard developed for the qualification of other materials
can be used (e.g., the effect of freeze-thaw cycles on the properties of the composite material for
which the same conditioning procedure used for concrete may be adopted). After sample condition-
ing, the value of the property of interest can be obtained according to the standard reference (Table
2-10, 2-8, 2-9).

It is worth noting that the 1ISO EN 13687-(1+5) are particularly useful for aging cycles as well as for
the evaluation of the long-term performance of adhesive bond. Creep tests are deemed necessary for
long-term behavior of FRP material subjected to a constant load according to ISO 899-1:2003(E);
alternatively, the ASTM D2990-01 can be used. Performance under fatigue shall be referred to 1ISO
13003-2003(E) or ASSTM D 3479-02.

2.5 ACCEPTANCE CRITERIA

FRP materials to be used for structural strengthening shall undergo a series of controls to ensure ap-
propriateness level of mechanical and physical characteristics. For construction materials, specific
standards are available for the determination of minimum values of physical and mechanical prop-
erties, test procedures, as well as acceptance criteria (6.3). Few items concerning the responsibility
of manufacturers, designers, contractors, etc., are briefly reported in the following.

2.5.1 Selection and testing of materials: tasks and responsibilities of professionals

Manufacturers/suppliers:

e Production of FRP materials shall be subjected to a quality control program including fibers,
matrices, adhesives, pre-cured composites and other constituents.

e Manufacturers shall provide test certificates for each production lot in compliance with their
published literature.

e Whenever possible, each production lot shall be marked to ensure traceability. If this is not
the case, each lot shall be accompanied by labels or tags reporting all the information needed
for their traceability.

e In addition to mechanical and physical characteristics, manufacturers/suppliers producing
complete strengthening systems (fibers, resins, pre-cured or prepreg systems, adhesives and
other components) can provide the mechanical properties of the complete system by indicat-
ing the type of substrate used. Such values shall be the results of experimental tests carried
out either in the laboratory or in-situ.

e Complete strengthening systems certified according to the previous item shall be indicated
as Type-A applications, as opposed to Type-B applications:

Type-A applications  Strengthening system with certification of each component as well as the
final product to be applied to a given support.
Type-B applications  Strengthening systems certified for each component only.

Designer:
e Designers shall clearly state the quality and characteristics (geometrical, mechanical, and
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physical) of the each constituent of the selected strengthening system, specifying, if neces-
sary, the minimum acceptance requirements.

Designers shall specify acceptance criteria for both selected strengthening systems and field
application. In the first case, the designer indicates specimens to be taken from the job site
as well as the tests to be performed. In the second case, the designer may indicate quality
tests for FRP installation as suggested in 4.8.3 and 5.8.3 for reinforced concrete and ma-
sonry structures, respectively.

Contractor/subcontractors:

Shall obtain the material indicated by the designer through suppliers/manufacturers who
guarantee the quality of their products.

Shall make sure that the products are accompanied by technical data sheets, reporting both
mechanical and physical characteristics, and possibly by laboratory test certificates.

Shall make sure that the products comply with the provisions indicated by the designer; if
the material with the indicated requirements is not available, they shall agree with the de-
signer upon viable alternatives.

Construction manager:

Shall make decisions as to the acceptance of products.

Shall check the compliance of the material with the designer’s provisions.

Shall check the origin of the supplied material. Pultruded materials are typically marked by
the manufacturer for their identification. Other materials shall have labels or tags with the
necessary information for their traceability.

Shall check the mechanical and physical characteristics of products using the test certificates
provided by the manufacturer.

Based upon the importance of the application, it may require experimental tests to evaluate
both quality of materials and compliance with the values provided by the manufacturer.
Such tests shall be carried out in laboratories of proven experience and appropriately
equipped to characterize FRP materials. Acceptance criteria may be based on the maximum
acceptable deviation of results from the values obtained during production. In such a case, it
IS necessary to ensure that the test procedures are the same and that samples are obtained
with the same production techniques. In some cases, tests may be required to evaluate both
mechanical and physical properties of un-conditioned and conditioned specimens to take
into account temperature and moisture variation.

For Type-A applications, it is the decision of the construction manager to require acceptance
tests for the installed system. For Type-B applications, the construction manager shall re-
quire a number of tests to ensure proper quality of both strengthened system and installation
procedures as suggested in 4.8.3 and 5.8.3 for reinforced concrete and masonry structures,
respectively.

Test laboratories:

Shall demonstrate experience in the experimental characterization of FRP materials.

Shall be equipped with appropriate measurement devices and tests instrumentation.

Shall carry out the experimental tests according to the procedures indicated in the specific
standards for FRP materials.

Shall provide detailed test reports on test instrumentation and results.

Shall own a quality manual and carry out experimental activities according to EN-1SO17025
“General requirements for the competence of testing and calibration laboratories”.
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Inspector:
If the FRP strengthened structure has to be tested, the inspector shall do the following:

Check the quality of the materials to be in compliance with the manufacturer specifications.
Verify that all materials used have been accepted by the construction manager.
Check the results of experimental tests required by the construction manager, if available.

2.6 TRANSPORTATION, STORAGE AND HANDLING

Transportation, storage, and handling of FRP material is fundamental to ensure that properties of
each components are not altered and compliance with safety laws and regulations is met.

Transportation. Each component of the selected FRP system shall be suitably packaged and
transported according to safety laws and regulations.
Storage. To preserve properties of FRP material and ensure compliance with safety laws and
regulations, FRP material shall be stored according to the recommendations provided by the
supplier/manufacturer. To preserve properties of fibers and resins, storage shall be per-
formed under suitable temperature conditions (suggested range is 10-24 °C), in a dry envi-
ronment (moisture less than 20 %), unless otherwise suggested by the manufacturer. Lami-
nate and other preformed material may be damaged due to bending or improper stacking.
Due to safety reasons, some constituents such as reactive reticulating agents, initiators, cata-
lysts, solvents for surface cleaning, etc., shall be stored according to manufacturer require-
ments or official standards. Catalysts and initiators (typically peroxides) shall be stored
separately from other reagents to avoid any accidental contact leading to premature polym-
erization. The properties of non-polymerized resins can change over time and are affected
by moisture and temperature conditions. The latter can also affect the mixture reactivity and
the properties of polymerized resin. Manufacturers shall indicate the storage time (shelf life)
that ensures that the properties of thermo-setting resins are maintained. Constituents exceed-
ing their shelf time or suffering degradation or contamination shall not be used. All the con-
stituents deemed unusable shall be disposed of according to the manufacturer specifications
as well as the provisions of safety laws and regulations.
Handling. The manufacturer shall provide the technical data sheet reporting all information
relevant to safety (MSDS — Materials Safety Data Sheet) for all the constituents of FRP ma-
terial. Substances used in combination with thermoset resins are typically hardeners, cross-
linkers, initiators (peroxides), and fillers. Some potential dangers when using thermoset res-
ins include:

- Skin irritation and sensitization.

- Inhalation of vapours of solvents, diluents, and monomers.

- Fire or blast risk due to large concentrations of flammable substances in the air or

contact with flames or sparks (including cigarettes).
- Exothermal reactions between reagents that may cause fires or accidents to the per-
sonnel involved.
- Presence of dusts from working or handling FRP material.

It is therefore necessary to adopt precautions when working with such products or with their
constituents. The complexity of thermosetting resins and the associated materials require to
all personnel a careful read of labels and MSDS to avoid risks of accidents. For handling of
fibers or resins, the use of disposable gloves, work-suits, and protection glasses is suggested.
Rubber or plastic gloves shall be solvent-resistant. In the presence of fiber fragments, dusts
or solvent vapours, or when mixing and applying resins, respiratory protection devices are
needed, as specifically required by FRP manufacturers. The working site shall always be
properly ventilated.
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3 BASIS OF DESIGN FOR FRP STRENGTHENING

(1)P  The subject of this chapter regards FRP strengthening of existing reinforced and prestressed
structures as well as masonry structures for which building code requirements are not met. The
same principles also apply to existing structures made out of steel and timber, not included in this
document.

(2)P  The following is assumed:
e The choice and the design of the strengthening system are made by an appropriately quali-
fied and experienced engineer.
e The installation phase is carried out by personnel having the appropriate skills and experi-
ence.
e Proper supervision and quality control is provided during installation.
e Construction materials are used as specified in the following.

(3)P  The FRP strengthening system shall be designed to have appropriate strength, and meet ser-
viceability and durability requirements. In case of fire, the strength of the selected FRP system shall
be adequate to the required period of time.

(4)P  The FRP strengthening system shall be located in areas where tensile stresses are to be car-
ried out. FRP composites shall not be relied upon to carry compressive stresses.

3.1 BASIC REQUIREMENTS

(1)P  Design of FRP strengthening system shall be performed in compliance with the following
principles:
e The risks to which the structure can be subjected shall be accurately identified, removed or
attenuated.
e The strengthening configuration shall not be very sensitive to the above risks.
e Strengthening systems shall survive the occurrence of acceptable localized damages.
e Strengthening systems collapsing without warning shall be avoided.

(2P  The above defined basic requirements can be considered met if the following are satisfied:
e Suitable materials are chosen.
e Design is properly performed, with a careful choice of the construction details.
e Quality control procedures are defined for design and construction relevant to the particular
project.

(3)P If FRP strengthening concerns structures of historical and monumental interest, a critical
evaluation of the strengthening technique is required with respect to the standards for preservation
and restoration. The actual effectiveness of the strengthening technique shall be objectively proven,
and the adopted solution shall guarantee compatibility, durability, and reversibility.

3.2 DURABILITY REQUIREMENTS

(1)P A strengthening application shall be designed such that deterioration over the design service
life of the strengthened structure does not impair its performance below the intended level. Envi-
ronmental conditions as well as the expected maintenance program need to be carefully addressed.
Durability is of fundamental relevance and all the operators involved in the FRP-based strengthen-
ing processes shall pursue such requirement (2.5.1).
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(2)  To ensure durability to FRP strengthened members the following shall be taken into ac-
count:
¢ Intended use of the strengthened structure.
Expected environmental conditions.
Composition, properties, and performance of existing and new materials.
Choice of the strengthening system, its configuration, and construction details.
Quality of workmanship and the level of control.
Particular protective measures (e.g., fire or impact).
Intended maintenance program during the life of the strengthened structure.

(3)P  Special design problems (regarding environmental issues, loading, etc.) shall be identified at
the design stage to evaluate their relevance for a durability point of view, assign proper values of
the conversion factors (3.5), and take the necessary provisions for protection of the adopted FRP
system.

(4)  When conversion factors for a particular FRP system are not available, any possible reason
of degradation of the adopted strengthening configuration shall be accurately estimated. Such esti-
mation can be accomplished through theoretical models, experimental investigations, experience on
previous applications, or any combination of the above.

3.3 GENERAL PRINCIPLES OF THE STRENGTHENING DESIGN

3.3.1 General

(1)P  Design with FRP composites shall be carried out both in terms of serviceability limit state
(SLS) and ultimate limit state (ULS), as defined by the current building code.

2 Verification of one limit state may be omitted provided that sufficient information is avail-
able to prove that it is satisfied by another one.

(3)P  Structures and structural members strengthened with FRP shall be designed to have design
strength, Ry, at all sections at least equal to the required strength, Eq, calculated for the factored load
and forces in such combinations as stipulated in the current building code. The following inequa-
tion shall be met:

E, <R, (3.1)

(4)  The design values are obtained from the characteristic values through appropriate partial
factors different for each limit state as indicated in the current building code. Specific partial fac-
tors for FRP materials are indicated in this document.

5) For structural applications using FRP to be carried out on single structural members, when
conditions for upgrading are not met, it shall be proven that the adopted strengthening method is
such to provide the structure with a significant level of safety with respect to the applied loads. Such
applications are defined as “ameliorations.” For ameliorations, the level of safety shall be computed
for each limit state both prior to and after FRP application.

3.3.2 Partial factors and design loads

(1)P  When designing FRP strengthened members, the structure’s service life shall be in compli-
ance with the requirements of the current building code. Therefore, the same partial factors for ex-
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isting materials and the same design loads prescribed by the current building code for new construc-
tions shall be adopted.

3.3.3 Properties of FRP materials

(1)P  The properties of FRP materials to be used for strengthening existing structures shall be de-
termined through standardized laboratory tests, such as those indicated in the chapter on materials.

(2)P  Properties of the existing materials in the structure to be strengthened shall be obtained from
both on-site or laboratory tests and, when available, from any additional source of information
(original documents of the project, further documentation obtained subsequently, etc)

(3)  Strength and strain properties of FRP materials used for strengthening, as well as those of
existing materials (unless otherwise indicated in the current building code) are described by the cor-
responding characteristic values. The derivation of the characteristic value of a mechanical property
through on-site tests shall take into account dispersion of test results, statistical uncertainty associ-
ated to the number of performed tests, and previous statistical knowledge.

(4)  Only the stiffness parameters (Young modulus of elasticity) of FRP materials as well as
those of the existing materials are evaluated through the corresponding average values.

(5) In case of FRP wet lay-up systems, the coefficients o and a¢ (Section 2.3.3.2), for FRP
Young modulus of elasticity and FRP tensile strength shall not be larger than 0.90.

(6) For the generic property of a FRP material, the design value, X4, can be expressed as fol-
lows:

Vm

where 7 is a conversion factor accounting for special design problems (3.5), X is the characteristic
value of the property being considered, and y, is the partial factor of the material that takes into
account the type of application (Table 3-2).

@) For the generic property of the existing material belonging to the structure to be strength-
ened, the design value X4 can be determined through a series of on-site tests, according to the cur-

rent building code (dividing the average value by a confidence factor); alternatively, the following
equation can be used:

X
2k T (K V) (3.3)

m m

where Xk(n) is the characteristic value of the property X resulting from the number n of on-site

tests, and my is the average value of the property X resulting from the number n of tests. The value
of ky, is provided in Table 3-1 as a function of the number n, while the coefficient of variation Vy

shall be assumed equal to 0.10 for steel, 0.20 for concrete, and 0.30 for masonry and timber. The
value of the conversion factor 7 is typically assumed equal to 0.85 for concrete and 1.00 for steel,
masonry, and timber.
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Table 3-1 — Values of k,, for the determination of the characteristic value.

n 1 2 3 4 5 6 8 10 20 30 o0

Kn 231 201 189 183 180 177 174 172 168 167 1.64

3.3.4 Design capacity
(1)  The design strength, Ry, can be expressed as follows:

R, = R{X,:a,] (3.4)
Vro

In Equation (3.4), R{} is a suitable function for the specific mechanical model being considered
(e.g., flexure, shear, etc), and yrq is a partial factor covering uncertainties of the assumed model.
The arguments of the function R{} are typically the design values Xg; of the materials used for
strengthening, or the existing materials, and the nominal values a ; of the geometrical parameters
involved in the model.

(2)P  As a rule, the FRP contribution to the strengthened member can not increase its capacity for

more than 60 % of that of the unstrengthened member. Such limitation does not apply to excep-
tional or seismic loads.

3.4 PARTIAL FACTORS

3.4.1 Partial factors y, for FRP materials

Q) For ultimate limit states, values to be assigned to the partial factors, y,, indicated by y¢ for
FRP materials, are suggested in Table 3-2, as a function of the FRP failure mode:

Table 3-2 — Partial factors, y,,, for materials and products.

Failure mode Partial factor Type-A application” Type-B application
FRP rupture 7% 1.10 1.25
FRP debonding d 1.20 1.50

@ Strengthening systems certified according to the indications of Chapter 2 of (Section 2.5).
@ Strengthening systems uncertified according to the indications of Chapter 2 (Section 2.5).

2 For serviceability limit state, a value of », =y, =1.0 is assigned to all partial factors, except
where otherwise indicated.

3.4.2 Partial factors ygq for resistance models

Q) For ULS, values to be assigned to the partial factors yrq are reported in Table 3-3.
Table 3-3 — Partial factors yrq.

Resistance model 1Rd
Bending/Combined bending and axial load  1.00
Shear/Torsion 1.20
Confinement 1.10
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3.5 SPECIAL DESIGN PROBLEMS AND RELEVANT CONVERSION FACTORS

Q) Hereafter, some reference values to be assigned to the conversion factor 7, (3.3.3(6)) that af-
fects both durability and behavior of FRP materials are reported.

3.5.1 Environmental conversion factor n,

(1)P  Mechanical properties (e.g., tensile strength, ultimate strain, and Young modulus of elastic-
ity) of FRP systems degrade under specific environmental conditions such as alkaline environment,
moisture, extreme temperatures, thermal cycles, freeze and thaw cycles, and ultraviolet radiations
(UV).

2 Effects of alkaline environment. The water contained in the pores of concrete may cause
degradation of the resin and the interface between FRP and support. The damage of the resin due to
alkaline environment is typically more dangerous than that due to moisture. The resin shall com-
plete its curing process prior to being exposed to alkaline environment.

3) Effects of moisture. The main effects of moisture absorption concern the resin; they can be
summarized as follows: plasticization, reduction of glass transition temperature, and strength and
stiffness (the latter less significant). The absorption of moisture depends on the type of resin, the
composition and quality of the laminate, the thickness, the curing conditions, the resin-fiber inter-
face, and the working conditions. In a marine environment, where osmotic effects may cause the
presence of air pockets in the resin, it is suggested to use protective coatings.

(@) Effects of extreme temperatures and thermal cycles. The primary effects of temperature con-
cern the viscous response of both resin and composite. As the temperature rises, the Young modulus
of elasticity of the resin lowers. If the temperature exceeds the glass transition temperature, the per-
formance of FRP materials significantly decreases. In general, thermal cycles do not have harmful
effects on FRP; however, they may cause micro-fractures in systems with high modulus resins. For
typical temperature in civil infrastructures, undesired performance can be avoided by choosing a
system where the glass transition temperature is always higher than the maximum operating tem-
perature of the structure or component being strengthened.

(5) Effects of freeze and thaw cycles. In general, exposure to freeze and thaw cycles does not
have an impact on FRP performance, whereas it lowers the performance of the resin as well as the
fiber-resin interface. For temperatures below 0 °C, polymeric-based resin systems may improve
their performance by developing higher strength and stiffness. The effects of the degradation in-
duced by freeze and thaw cycles may be magnified by the presence of moisture.

(6) Effects of ultraviolet radiations (UV). Ultraviolet radiations rarely degrade the mechanical
performance of FRP-based systems, although this may cause some resins to have a certain degree of
brittleness and surface erosion. In general, the most harmful effect linked to UV exposure is the
penetration of moisture and other aggressive agents through the damaged surface. FRP-based sys-
tems may be protected from such damages by adding fillers to the resin or by providing appropriate
coatings.

(7)  Table 3-4 summarizes the values to be assigned to the environmental conversion factor 7, ,

depending upon fiber/resin type and exposure conditions. Such values represent conservative esti-
mates based on the durability of different fiber types. Values as reported in the table may be in-
creased by 10 % (however, r, <1 shall always be satisfied) whenever protective coatings are used.

Such coatings need to be maintained on the strengthened structure for its entire life and need to be
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experimentally tested and proven to be effective in protecting the FRP system from the environ-
mental exposure.

Table 3-4 — Environmental conversion factor 77, for different exposure conditions or FRP systems.

Exposure conditions Type of fiber/resin Na
Glass/Epoxy 0.75
Internal Aramid/Epoxy 0.85

Carbon/Epoxy 0.95

Glass/Epoxy 0.65

External Aramid/Epoxy 0.75
Carbon/Epoxy 0.85

Glass/Epoxy 0.50

Aggressive environment Aramid/Epoxy 0.70
Carbon/Epoxy 0.85

3.5.2 Conversion factors for long-term effects n,

(1)P  Mechanical properties (e.g., tensile strength, ultimate strain, and Young modulus of elastic-
ity) of FRP-based systems degrade due to creep, relaxation, and fatigue.

2 Effects of creep and relaxation. For FRP-based systems, creep and relaxation depend on
both properties of resins and fibers. Typically, thermosetting resins (unsaturated polyesters, vinyl
esters, epoxy, and phenolic resins) are less viscous than thermo-plastic resins (polypropylenes, ny-
lon, polycarbonates, etc.). Since the presence of fibers lowers the resin creep, such phenomena are
more pronounced when the load is applied transversely to the fibers or when the composite has a
low volume ratio of fibers. Creep may be reduced by ensuring low serviceability stresses. CFRP,
AFRP, and GFRP systems are the least, moderately, and most prone to creep rupture, respectively.

3) Fatigue effects. The performance of FRP systems under fatigue conditions need to be taken
into consideration as well. Such performance depends on the matrix composition and, moderately,
on the type of fiber. In unidirectional composites, fibers usually have few defects; therefore, they
can effectively delay the formation of cracks. The propagation of cracks is also prevented by the ac-
tion of adjacent fibers.

(4)  To avoid failure of FRP strengthened members under continuous stress or cyclic loading,
values of the conversion factor for long term effects, 7, are suggested in Table 3-5. In case of

combined continuous or cyclic loading, the overall conversion factor may be obtained as the prod-
uct of the pertaining conversion factors.

Table 3-5 — Conversion factor for long-term effects 7, for several FRP systems at SLS.

Loading mode Type of fiber/resin 5,

Glass/Epoxy 0.30
Aramid/Epoxy  0.50
Carbon/Epoxy  0.80

All 0.50

Continuous
(creep and relaxation)

Cyclic
(fatigue)

42



CNR-DT 200/2004

3.5.3 Impact and explosive loading

(1)  The behavior of FRP systems subjected to impact or explosive loading is not completely un-
derstood yet. First indications suggest choosing AFRP (more resistant to impact) and/or GFRP sys-
tems rather than CFRP.

3.5.4 Vandalism

()P  FRP composite materials are particularly sensitive to cuts and incisions produced by cutting
tools.

(2)  Particular protection systems need to be carried out for FRP strengthened members open to
the public where vandalism could be an issue. The safety of the structural member shall be checked,
assuming that the FRP system is no longer in place. Design shall be verified using the combination
for quasi-permanent loads while the material partial factors at ULS shall be considered for excep-
tional loading.

3.6 STRENGTHENING LIMITATIONS IN CASE OF FIRE

(1)P  FRP materials are particularly sensitive to high temperatures that may take place during fire.
When the room temperature exceeds the glass transition temperature of the resin (or the melting
temperature in the case of semi-crystalline materials), both strength and stiffness of the installed
FRP system are reduced. In case of FRP applied as external reinforcement to concrete or masonry
members, exposure to high temperature produces a fast degradation of the bond between the FRP
system and the support. As a result, degradation of the strengthening effectiveness and debonding of
FRP composite may take place.

(2)  With regard to fire exposure, mechanical properties of FRP strengthened members may be
improved by increasing the thickness of protective coatings. It is suggested to employ coating capa-
ble of reducing the spreading of flames as well as smoke production. It is also recommended to em-
ploy protective coating systems provided with official certificates. Further specifications on the ap-
plication of protective coating systems are reported in sections 4.8.2.3 and 5.8.2.3.

(3P In order to prevent collapse of the FRP strengthened structure, as long as further information
on the actual behaviour of coatings and resins under fire exposure is not available, it is recom-
mended to keep low the FRP contribution to the member capacity.

4) It is suggested that the combination for exceptional loading (fire), as defined by the current
building code, takes as a reference the situations hereafter listed, where the design value of the ef-
fect of indirect thermal loading is indicated by the symbol Ey.

e Exceptional loading with FRP strengthening still in place (E4 = 0), when the strengthening

system has been designed to withstand fire exposure. Applied loads need to be considered at
SLS and load factors in compliance with frequent loading conditions. In this case, all loads
acting on the structure for the frequent combination are to be considered. The member ca-
pacity, reduced to take into account the duration of fire exposure, shall be computed with the
partial factors pertaining to exceptional situations, according to the current building code
(for fiber-reinforced composites y5 =1).

o Situation following an exceptional event (E4 =0), when the strengthening system is no

longer in place. Applied loads need to be considered for quasi-permanent loading condi-
tions. The member capacity, reduced to take into account the duration of fire exposure, shall
be computed with the partial factors pertaining to exceptional situations.
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4 STRENGTHENING OF REINFORCED AND PRESTRESSED
CONCRETE STRUCTURES

4.1 DEBONDING MECHANISMS

4.1.1 Failure mechanisms due to debonding

(1)P  When strengthening reinforced concrete members with FRP composites, the role of bond be-
tween concrete and FRP is of great relevance due to the brittleness of the failure mechanism by
debonding (loss of adhesion). According to the capacity design criterion, such a failure mechanism
shall not precede flexural or shear failure of the strengthened member.

(2)P  The loss of adhesion between FRP and concrete may concern both laminates or sheets ap-
plied to reinforced concrete beams as flexural and/or shear strengthening. As shown in Figure 4-1,
debonding may take place within the adhesive, between concrete and adhesive, in the concrete it-
self, or within the FRP reinforcement (e.g. at the inteface between two adjacent layers bonded each
other) with different fiber inclination angles. When proper installation is performed, because the
adhesive strength is typically much higher than the concrete tensile strength, debonding always
takes place within the concrete itself with the removal of a layer of material, whose thickness may
range from few millimeters to the whole concrete cover.

vevoring 7 //:/ﬁ

in the concrete rerzezzd Concrete

Debonding between
“— Adhesive

concrete and adhesive

Debonding
inthe adhesive : ' FRP

Debonding in
the reinforcement

Figure 4-1 — Debonding between FRP and concrete.

(3)P  Debonding failure modes for laminates or sheets used for flexural strengthening may be
classified in the following four categories, schematically represented in Figure 4-2.

e Mode 1 (Laminate/sheet end debonding)

e Mode 2 (Intermediate debonding, caused by flexural cracks)

e Mode 3 (Debonding caused by diagonal shear cracks)

e Mode 4 (Debonding caused by irregularities and roughness of concrete surface)

B WA Y s

Cracked area
l Crack-free area
Mode 4

Area of largest
hode 1
Mods 2 pending moment Mode 3

Figure 4-2 — FRP flexural strengthening: debonding failure modes

4) In the following, reference is made to Modes 1 and 2 only, since they are the most frequent
in ordinary situations. To mitigate the risk of occurrence of the remaining failure modes, recom-
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mendations on both support control and preparation, as reported in this document (Section 4.8), can
be followed.

(5) Further details on failure modes due to debonding and criteria for design are provided in
Appendix B.

4.1.2 Fracture energy

(1)P  Before any flexural and shear design can take place, the evaluation of the maximum force
that may be transferred from the concrete to the FRP, as well as the evaluation of shear and normal
stresses at the concrete-FRP interface is required. The former is necessary when designing at ULS;
the latter when designing at SLS.

(2)P  With reference to a typical bond test as represented in Figure 4-3, the ultimate value of the
force transferred to the FRP system prior to debonding depends on the length, I, of the bonded

area. The optimal bonded length, I, is defined as the length that, if exceeded, there would be no
increase in the force transferred between concrete and FRP.

Figure 4-3 — Maximum force transferred between FRP and concrete.

(3)  The optimal bonded length, |, may be estimated as follows:

le = /Ef—tf [length in mm] (4.1)
2- fctm

where E¢ and t¢ are Young modulus of elasticity and thickness of FRP, respectively, and fgy, is
the average tensile strength of the concrete.

(4)  The specific fracture energy, I'gy, of the FRP—concrete interface may be expressed as fol-
lows:

I =0.03-Kp -/ fek - Fotm [forces in N, lengths in mm] (4.2)
where f is the characteristic strength of concrete.

The value provided in Equation (4.2) is intended as a characteristic value (5th percentile); ky, is a
geometric coefficient depending on both width, b, of the strengthened beam and width, b, of the
FRP system; and ky, can be written as follows:
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[length in mm)] (4.3)

where bs /b >0.33 (if bs /b < 0.33, the value for ky, corresponding to b /b =0.33 is adopted).

4.1.3 Ultimate design strength for laminate/sheet end debonding (mode 1)

Q) For laminate/sheet end debonding assuming that the provided bond length is equal to or lar-
ger than the optimal bonded length, the ultimate design strength, f;y4, can be calculated as follows:

2'Ef'FFk

. 1
fdd — '
Vsd \/Z t;

where s ¢ is the partial factor indicated in Table 3-2 (Section 3.4.1) and y is the partial factor for

concrete.

Equation (4.4) may be used for:
e Flexural strengthening (4.2.2.5)
e Shear strengthening (4.3.3.2)

(4.4)

(2) For bond lengths, I, shorter than the optimal bonded length, I, the ultimate design
strength shall be reduced according to the following equation:

NP
fdd'E'(z IEJ (4-5)

3 When special anchoring devices are used (FRP transverse bars, U-wrap with FRP sheets,
etc.), the maximum design strength must be evaluated directly with ad-hoc experimental tests.

fogig =T

fdd,rid

4.1.4 Ultimate design strength for intermediate debonding (mode 2)

(1)P  To prevent failure from intermediate debonding mechanism, the stress variation Aot in the
FRP system between two subsequent cracks should not exceed the limit Acg . The latter value
typically depends on the characteristics of bond between concrete and FRP (as defined in Appendix
B), the distance between transverse cracks in the concrete, and the level of stress, o¢, in the FRP
reinforcement.

(2)  Alternatively, a simplified procedure may be used. The maximum strength calculated in the
FRP system at ULS shall be less than ffyq o

kCr 2-E. -
ffdd,z = kcr ) ffdd = : ——
Vtd \/Z t;

where k., can be taken equal to 3.0 if specific data are not available.

(4.6)
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The corresponding value of the design strain, gsqq, in the FRP system can be calculated as follows:

f
Etgd = —féd’z (4.7)
f

4.1.5 Interfacial stress for serviceability limit state

()P  For FRP-strengthened beams, stress concentrations (shear and normal stresses) take place at
the interface between concrete and FRP close to transverse cracks in the concrete or to the ends of
FRP reinforcement. Stress concentrations may cause cracks at the interface.

(2P  Under service conditions, interfacial cracks need to be avoided, especially when the
strengthened member can be subjected to fatigue and freeze/thaw cycles. For the analysis, a linear
elastic behavior for both concrete and steel can be considered.

3) For rare or frequent loading conditions, the “equivalent” shear stress, zy, ¢, at the adhesive-

concrete interface, shall be smaller than the design bond strength, f,,q, between FRP reinforcement
and concrete according to the following equation:

7, < fi (4.8)
(4)  The “equivalent” shear stress, ry, o, may be defined as follows:
The = kid T (4.9)

where:

- Kijg represents a coefficient (>1) accounting for shear and normal stresses close to the anchorage
ends (Appendix B):

ko = (K +1.15-k*)™ (4.10)

id
- and the coefficients k; and k, can be calculated as follows:

k =k -p-t, (4.11)

M)
k =l+a-a- (4.12)

(=) @

- M (z=a) Is the moment acting on the section where FRP strengthening ends (Figure 4-4).

- V(z=a) is the shear force acting on the section where FRP strengthening ends.
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7 FRP \

Figure 4-4 — Definition of beam geometrical parameters.

- oo and g are two elastic parameters depending on the characteristics of the interface and the FRP:

= 413
a £t (4.13)
b -2.30-K )"
_ | De Ry 4.14
ﬂ (4'Ef'|f ] ( )

where Ef, t¢, bg, and I, represent Young modulus of elasticity, thickness, width, and moment of
inertia (with respect to its centroidal axis parallel to b¢ ) of the FRP reinforcement, respectively, and
K is the slope of the initial linear branch of t-s diagram (Appendix B). K; is assumed to be equal
to:

1
Kj=—— (4.15)
ta /Ga +tC/GC
where G, and G, are the adhesive and concrete shear modulus, respectively, t, is the nominal
thickness of the adhesive, and t; is the effective thickness of the concrete (typical values for t. are
20+30 mm).

- Ty IS the average shear stress according to the Jourawski theory:

V. _ -t-(h-
Tm — (z=a) °f ( Xe) (416)
Ic/nf

- Xe and 1. are the distances from the extreme compression fiber to the neutral axis and the mo-
ment of inertia of the transformed section, respectively.

- ng = E¢ /E. is the modular ratio (E; is the Young modulus of elasticity for the concrete corre-
sponding to the considered load combination).

(5) If end anchorage is provided using U-wrap, the effect of normal stresses can be neglected
and the coefficient k in Equation (4.11) can be assumed equal to zero.

(6) The design bond strength, f,q, is a function of the characteristic tensile strength of the con-
crete, f., as follows:
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f, =k, to (4.17)
Vb

where the partial factor yy, is taken equal to 1.0 for rare loading combinations, 1.2 for frequent
loading combinations, and the geometric coefficient k;, >1 can be obtained from Equation (4.3).

(7)  When computing anchorage stresses at SLS, reference can be made to the stress correspond-
ing to the increased load following the application of FRP reinforcement.

4.2 FLEXURAL STRENGTHENING

4.2.1 Introduction

(1P  Flexural strengthening is necessary for structural members subjected to a bending moment
larger than the corresponding flexural capacity. Only the case of uniaxial bending (e.g., when the
moment axis coincides with a principal axis of inertia of the cross-section, in particular a symmetry
axis) is addressed here.

(2)P  Flexural strengthening with FRP materials may be carried out by applying one or more
laminates or one or more sheets to the tension side of the member to be strengthened.

4.2.2 Analysis at ultimate limit state
4.2.2.1 Introduction
(1)P  Flexural design at ULS of FRP strengthened members requires that both flexural capacity,

M Rq . and factored ultimate moment, Mgy, satisfy the following inequation:

M, <M (4.18)

Rd
(2)P  ULS analysis of RC members strengthened with FRP relies on the following fundamental
hypotheses:
e Cross-beam sections, perpendicular to the beam axis prior to deflection, remain still plane
and perpendicular to the beam axis after deflection.
e Perfect bond exists between FRP and concrete, and steel and concrete.
e Concrete does not react in tension.

e Constitutive laws for concrete and steel are accounted for according to the current building
code.

e FRP is considered a linear-elastic material up to failure.

3) FRP strengthening is effective for low steel reinforcement ratios (e.g., steel yielded at ulti-
mate); the rules hereafter reported refer exclusively to this situation.

(4)P  Itis assumed that flexural failure takes place when one of the following conditions is met:
e The maximum concrete compressive strain, &, as defined by the current building code is
reached.
e The maximum FRP tensile strain, ¢5q, is reached; ¢gq can be calculated as follows:
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&y =MIN {Ua -8i, efdd} (4.19)

f

where &5 IS the characteristic strain at failure of the adopted strengthening system; y¢ and
n, are the coefficients defined in Table 3-2 and in Table 3-4, respectively; &gqq is the

maximum strain due to intermediate debonding as defined in Section 4.1.4; and Es is the

FRP Young modulus of elasticity (generally the minimum value in Equation (4.19) corre-
sponds to &54q)-

(5)P  The shear capacity of the strengthened member shall be larger than the shear demand corre-
sponding to the examined case. If deemed necessary, shear capacity shall be increased according to
the provisions of Section 4.3.

(6)P  Because a member strengthened with FRP is generally loaded at the time of FRP applica-
tion, the existing strain in the structure before FRP strengthening takes place shall be taken into ac-
count.

4.2.2.2 Strain in the structure prior to FRP strengthening

(1)P  When FRP strengthening is applied to a member subjected to existing loads, the initial strain
shall be evaluated when the applied moment due to the existing loads, M,, is larger than the member
cracking moment. If this is not the case, initial strain can usually be neglected.

(2)P  Design is carried out assuming a linear elastic behavior for all materials of the member be-
ing analyzed.

(3)P  Strains to be taken into account are those on compression, &4, and tension side, ¢,, where

the FRP strengthening system is applied. They can be obtained on the basis of the linearity of the
strain diagram as a function of the mechanical and geometrical properties of the cross section.

4.2.2.3 Flexural capacity of FRP-strengthened members
(1)P  Member flexural capacity is carried out according to Section 4.2.2.1.

(2)  The flexural analysis of FRP strengthened members can be carried out by using strain com-
patibility and force equilibrium. The stress at any point in a member must correspond to the strain
at that point; the internal forces must balance the external load effects.

(3)  With reference to the simple situation shown in Figure 4-5, two types of failure can be ob-
served, depending on whether the ultimate FRP strain (region 1) or the ultimate concrete compres-
sive strain (region 2) is reached.

(4)  When design falls in region 1, failure is due to the rupture of the FRP system. Any strain
diagram corresponding to such a failure mode has its fixed point at the value of the FRP strain, &g,
as defined in Equation (4.19).

The distribution of strains over the depth of the member must be linear to satisfy the fundamental
hypotheses presented earlier in this chapter. They shall be calculated as follows:

- (FRP) & = &y
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. . X
- (concrete in compression) & =(eq+s,) m <&,
- X
: : X—d,
- (steel in compression) &, =(eq+¢,) T
—X
_ (steel in tension) £ = (e, +e) 4=
sl fd (0] (h _ X)

where all the symbols are shown in Figure 4-5, and &, represents the ultimate concrete compres-

sive strain. In particular, the position x of the neutral axis is identified by its distance from the ex-
treme compression fiber of the member cross-section.

452 &eo
- m & o
@ ‘, . T o
c=ed T

C@f —
h i // M
Asp @/v"
fyd

I e ,;',y"'//f%>5vd’f’
di It , o
= by |
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Figure 4-5 — Failure mode of a RC member Strengthened with FRP

Checking the value of the steel strain at ultimate is usually unnecessary because typical FRP sys-
tems present values of ultimate strain significantly smaller compared to that of steel. If the ultimate
strain for steel according to the current building code is exceeded, this shall be taken into account
when computing the position of the neutral axis and therefore the member flexural capacity.

5) When design falls in_region 2, failure is due to concrete crushing (strain equal to ¢.,) with

yielding of steel in traction, while FRP strain has not reached its ultimate value. The distribution of
strains over the depth of the member must be linear to satisfy the fundamental hypotheses presented
earlier in this chapter. They shall be calculated as follows:

&,
- (FRP) & ="2(h—x)—g <&,
X
- (concrete in compression) & =&,
. : Xx—d,
- (steel in compression) Eo =&y
X
. . d—x
- (steel in tension) Eq =&y
X

All symbols used have been previously shown in Figure 4-5.

(6) For both failure modes, the position x of the neutral axis is computed by means of the trans-
lational equilibrium equation along the beam axis as follows:
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O=y-b-x-f,+A,-0,-A-f,—A-0 (4.20)

where f_d is equal to the design concrete compressive strength, f
sary.

The flexural capacity, Mrq, Of the strengthened member can be calculated using the rotational
equilibrium equation as follows:

suitably reduced if it is neces-

cd !

o=y b T, @=20)+A, -0, -(d-d)+A -0, -d,] (4.21)

7 rd

M

where the partial factor, yrq, should be assumed equal to 1.00 (Table 3-3, Section 3.4.2).

In Equations (4.20) and (4.21), the non-dimensional coefficients y and A represent the resultant of
the compression stresses and its distance from the extreme compression fiber, respectively, divided

by b-x-f_, and by x, respectively.

@) If the steel is in its elastic phase, stresses may be obtained by multiplying the corresponding
strain by the Young modulus of elasticity; otherwise they can be assumed equal to the yielding
stress, fyq. In both regions 1 and 2, the strain exhibited by tension steel bars is always larger than

(8) Because FRP materials have a linear elastic behavior up to failure, their stress shall be taken
as the product of the Young modulus of elasticity times the calculated strain.

(99  To avoid the occurrence that existing steel reinforcing bars remain elastic at ultimate, the
non-dimensional coefficient & = x/d shall not exceed the limit value, &, provided as follows:

gCU

Sim = (4.22)

Ey T Eyg

4.2.2.4 Flexural capacity of FRP-strengthened members subjected to bending mo-
ment and axial force

(1)P  The principles introduced in Section 4.2.2.1, from (1)P through (5)P, still apply. However,

the presence of the axial force, Ngq, needs to be taken into account when determining the member

flexural capacity, Mgy .

(2)P  Strengthening effectiveness close to the beam-column intersections shall be ensured with
suitable construction details. In addition, longitudinal fibers subjected to combined axial load and
bending shall be properly anchored to avoid fiber delamination and spalling of concrete. When
evaluating the maximum strain using Equation (4.19), the value corresponding to the first term in
brackets shall be considered for design.

3 Items (2) to (9) of Section 4.2.2.3 still apply to this case; the left-hand side term of Equation
(4.20) is no longer equal to zero and shall be considered equal to the design factored axial load,

Ngq -
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(4)  Alternatively, it shall be possible to evaluate the member flexural capacity due to combined
axial load and bending according to the provisions of Appendix C.

4.2.2.5 Failure by laminate/sheet end debonding

(1)P  Laminate/sheet end debonding depends on a number of parameters such as location and type
of cracks (shear or flexural cracks), uneven concrete surface, as well as stress concentration close to
the anchorage zone.

(2)  The maximum distance a (Figure 4-6) to avoid debonding shall be computed by equating the
ultimate design strength from Equation (4.4), for l,, > 1., to the stress calculated at ULS in the FRP

system, at a distance a+ I, from the support. If the available bond length is I, <, Equation (4.4)
shall be replaced with Equation (4.5).

(3)  When the end of the FRP system is close to the member supports, where shear forces may

induce inclined cracking, the moment to be taken into account in item (2) shall be evaluated by in-
creasing the design moment as follows:

M=V, a (4.23)

where Vgq is the factored shear force, a; =0.9-d -(1-cota), « is the angle of existing transverse
steel reinforcement, and d is the member effective depth (Figure 4-6).

a Iy

I
(|

Figure 4-6 — Shifting of bending moment diagram.

(4)  When special anchoring devices used to avoid FRP debonding at the termination points are
employed, it shall be permitted to neglect provisions of 4.1.3. Such anchoring devices need to be
guaranteed based on proper experimental tests. Experimental tests need to be conducted for the ma-
terial intended for such application (adhesives and reinforcing fibers), for the specific system used
(transverse bars embedded in concrete, U-wrap with FRP sheets, etc.), for construction procedures
as recommended by the manufacturer, for surface preparation, and for the expected environmental
conditions.

4.2.3 Analysis at serviceability limit state

4.2.3.1 Design assumptions

(1)P  This section deals with the following serviceability limit states:
e Stress limitation (Section 4.2.3.2)
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e Deflection control (Section 4.2.3.3)
e Crack control (Section 4.2.3.4)

Other serviceability limit states may be relevant in particular situations, even though they are not
listed in this document.

(2)P At SLS the following items need to be checked:

e Stresses need to be controlled to avoid yielding of tensile steel and creep phenomena in both
concrete and FRP.

e Deflections should not attain excessive values such as to prevent the normal use of the struc-
ture, induce damage to non-structural members, and cause psychological disturbance to the
users.

e Excessive cracking could significantly reduce the durability of structures, their functionality,
their aspect, and decrease bond performance of the FRP-concrete interface.

(3)P  Design at SLS can be carried out considering all materials having a linear-elastic behavior
for both uncracked and cracked transformed section conditions. Existing strain at the time of FRP
installation shall be accounted for. The principle of superposition can be used for design. Design as-
sumptions are as follows:

e Linear-elastic behavior of all materials.

e Cross-beam sections, perpendicular to the beam axis prior to deflection, remain still plane

and perpendicular to the beam axis after deflection.
e Perfect bond exists between steel and concrete, and concrete and FRP.

(4)P  The first assumption allows one to assume a constant value for the Young modulus of elas-
ticity of each material. The second implies the linearity of the strain diagram. The third, along with
the first, allows the definition of the modular ratios n, =o,/o, =E,/E, and n, =0, /o, =E;/E,.
Such modular ratios are used to transform the actual beam into an all-concrete beam. The stesses in
the concrete can be deduced by the strains multiplying these ones by the Young modulus of elastic-
ity, Ec.The actual values of stresses in the steel and in the FRP are n, or n, times, respectively,
those evaluated in the concrete adjacent fibers.

The values of the modular ratios shall be set to account for creep as well as short and long-term
conditions.

(5)P  When designing at SLS it is necessary to evaluate the position of the neutral axis as well as
the value of the moment of inertia for both cracked and uncracked conditions prior to and after the
installation of the FRP strengthening system.

(6)P If deemed necessary, service stress due to thermal loads, creep, shrinkage, etc., shall be
added to the stress given by the applied loads.

4.2.3.2 Stress limitation
(1)P  Stress at service in the FRP system, computed for the quasi-permanent loading condition,
shall satisfy the limitation o <7 - fg, Where fg is the FRP characteristic strength at failure and #

is the conversion factor as suggested in Section 3.5. Service stress in concrete and steel shall be lim-
ited according to the current building code.

(2)  Assuming that M, is the bending moment acting on the member prior to FRP strengthening,
and assuming that M is the bending moment acting after FRP strengthening, the stress due to the
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combined moment M =M+ M, can be evaluated as follows:

e Stress in the concrete  oc= owot ou o= Mo/ Wo' o= M1/ Wi
e Stress in the steel: o= oot o1 0= Ns Mo/ Wos' o= ns M1/ Wy g
e Stress in the FRP: or = ng My / W ¢

where (see Figure 4-5):
- WOS ¢ = lo/Xo : modulus of resistance of RC members related to extreme concrete compression fi-

ber
-W{ s = 1g/(d —xo): modulus of resistance of RC members related to tension steel

- WlsC = 11/x%¢ : modulus of resistance of RC strengthened members related to extreme concrete

compression fiber
- Wll,s = 17/(d — % ): modulus of resistance of RC strengthened members related to tension steel

- Wli’f =11 /(H = x1): modulus of resistance of RC strengthened members related to FRP system

When the existing applied moment, M, is such to produce cracking in the concrete member, neu-
tral axis determination as well as values of the moment of inertia Iy and 1, shall be calculated with
reference to cracked transformed section for both unstrengthened and strengthened conditions.

Modular ratios used for design shall also take into account shrinkage and creep of concrete depend-
ing upon the performed short or long term analysis.

4.2.3.3 Deflection control

(1)P  Deflections exhibited by FRP strengthened structures shall comply with current building
code requirements.

(2)P  The adopted deflection model shall simulate the real behavior of the structure. If deemed
necessary, cracking shall be accounted for.

(3)P  The adopted deflection model should take into account the following:

Creep and shrinkage of concrete.

Concrete stiffening between cracks.

Existing cracks prior to FRP strengthening.

Thermal loads.

Static and/or dynamic loads.

Appropriate concrete Young modulus of elasticity depending upon aggregate type and con-
crete curing at the time of loading.

(4)P  The superposition principle shall not be applied if deflections are computed using non-linear
analysis.

(5) Deflections for FRP strengthened beams can be performed by integration of the curvature
diagrams. Such diagrams can be computed with non-linear analyses by taking into account tension
stiffening of concrete. Alternatively, simplified analyses are possible similarly to what used for tra-
ditional RC beams, provided that they are supported by suitable experimental basis.

(6)P  Existing strain prior to FRP strengthening can be accounted for by adding the deflections re-
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lated to different phases.

4.2.3.4 Crack control

(1)P At SLS, crack width shall be checked to guarantee a proper use of the structure and to pro-
tect steel internal reinforcement.

(2)P  Crack width limitations for FRP strengthened structures shall satisfy the requirements of the
current building code.

(3) At present no accurate and completely reliable models are available for crack width compu-
tation of FRP strengthened concrete structures. Several experiment-based formulations are available
in the literature. Such formulations modify the expressions used for traditional RC sections to take
into account the presence of the external strengthening. Experimental evidences show that members
strengthened with FRP have smaller but closer cracks.

(4)P  More refined and accurate models can be adopted when supported by ad-hoc experimental
results.

4.2.4 Ductility

(1)P  For flexural members, ductility is a measure of the member capability of evolving in the
plastic range; it depends on both section behavior and the actual failure modes of the overall struc-
tural member.

(2)P  For FRP strengthened members, greater ductility is ensured when failure takes place due to
crushing of concrete. Collapse due to FRP rupture leads to brittle failures.

(3)P  Regardless of the type of cross section, ductility is mainly controlled by the member failure
mode. It can be considered totally absent if debonding starts prior to any other failure mechanism.

4.3 SHEAR STRENGTHENING

4.3.1 Introduction

(1)P  Shear strengthening is deemed necessary when the applied factored shear force is greater
than the corresponding member shear capacity. The latter shall be determined considering the con-
tributions of both concrete and steel transverse reinforcing bars when available.

(2)P  Shear strengthening shall be verified at ULS only.

(3)P  In the following of this document some specific configurations of FRP shear strengthening
are considered. Other solutions are also possible, provided that their effectiveness is proven and
their contribution to the shear capacity is quantified.

4.3.2 Strengthening configurations

(1)  Shear strengthening is realized by applying one or more layers of FRP material externally
bonded to the surface of the member to be strengthened (Figure 4-7). External FRP reinforcement
can be applied in a discontinuous fashion, with gaps between following strips, or continuously, with
strips next to each other.
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Figure 4-7 — Lateral view of FRP shear strengthening.

2 Design of FRP strengthening depends on both geometry (FRP thickness, width, and spacing)
and the fiber’s angle with respect to the longitudinal axis of the member.

3) Figure 4-8 shows three FRP strengthening configurations: side bonding, U-wrapped, and
completely wrapped beams.

Side bonding U-wrapped Completely wrapped
Figure 4-8 — Cross section of FRP strengthened members.

4) For U-wrap strengthening of rectangular or T-section, delamination of the end portions of
FRP reinforcement can be avoided by using laminates/sheets and/or bars installed in the direction of
the member longitudinal axis. In such a case, the behavior of U-wrap strengthening can be consid-
ered equivalent to that of a completely wrapped member, provided that the effectiveness offered by
these devices is proven.

(5)  Shear strengthening may also be realized through the installation of FRP bars in dedicated
slots made on the outer surface of the member to be strengthened as near-surface mounted rein-

forcement. Such type of strengthening is not dealt with in this document. If used, its effectiveness
shall be supported by experimental evidence.

4.3.3 Shear capacity of FRP strengthened members

4.3.3.1 Shear capacity
(1)  Shear capacity of FRP strengthened members can be evaluated as follows:

VRd =min { VRd,ct +VRd,s +VRd,f ’VRd,max} (4'24)

where Vg ot and Vrq s represent concrete and steel contribution to the shear capacity according to
the current building code, and Vrq ¢ is the FRP contribution to the shear capacity to be evaluated as
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indicated in the following. Shear strength shall not be taken greater than Vrg max - This last value

denotes the ultimate strength of the concretet strut, to be evaluated according to the current building
code.

(2) In the case of a RC member with a rectangular cross-section and FRP side bonding configu-

ration, the FRP contribution to the shear capacity, Vrq ¢, shall be calculated as follows:

-1 min{09-d.h}-f, 2.t SN2 W (4.25)
7/Rd Slne pf

V,

Rd,f

where the partial factor yrq shall be assumed equal to 1.20 (Table 3-3, Section 3.4.2), d is the
member effective depth, h, is the stem depth, fgq is the effective FRP design strength to be

evaluated as indicated in Section 4.3.3.2, t; is the thickness of the adopted FRP system,  is the fi-
bers angle with respect to the member longitudinal axis, & represents the angle of shear cracks (to
be assumed equal to 45° unless a more detailed calculation is made), and ws and pg are FRP width
and spacing, respectively, measured orthogonally to the fiber direction (Figure 4-9). For FRP strips
installed one next to each other the ratio ws / ps shall be set equal to 1.0.

3) In the same case of a RC member with a rectangular cross-section and U-wrapped or com-
pletely wrapped configurations, the FRP contribution to the shear capacity shall be calculated ac-
cording to the Moersch truss mechanism as follows:

V., =—2.09.d-f,-2-t -(cotO+cot g)- (4.26)

Rd,f
7Rd pf

where all symbols have the meaning highlighted in item (2).

Figure 4-9 — Notation for shear strengthening using FRP strips.

(4)  For completely wrapped members having circular cross-sections of diameter D when fibers
are placed orthogonal to the axis of the member ( 8 =90°), the FRP contribution to the shear capac-

ity, VRd.f » shall be calculated as follows:

V., =—D-f

Rd.f fed
Vra

%tf -cotd (4.27)
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(5) In all Equations (4.25) to (4.27), it is allowed to replace the term ps with the term pf meas-
ured along the member longitudinal axis, where ps = p¢ Sin 5.

4.3.3.2 Effective FRP design strength

Q) Debonding of FRP may be caused by stress concentrations at the concrete-FRP interface
close to shear cracks. A simplified procedure to take into account such phenomenon requires the in-
troduction of the “effective FRP design strength” defined as the FRP tensile strength when debond-
ing starts.

(2)  For FRP side bonding on a rectangular cross section, the effective FRP design strength can

be calculated as follows:
foof . fwm |y g [k (4.28)
el min{0.9-d,hw} ' Z,4e0 '

where fgqq represents the ultimate design strength, to be evaluated according to Equation (4.4) and
item (5), d is the effective depth, and h,, is the beam stem depth. Moreover:

Lo = 2o+, 2, =min{0.9-d,h,} 1, -sing, I, = f S;E sin g8 (4.29)

fdd f

where |, is the effective bond length according to Equation (4.1), £ is the fibers angle with respect
to the member longitudinal axis, s¢ is the ultimate debonding slip assumed to be equal to 0.2 mm
(see Appendix B), and Es is the FRP Young modulus of elasticity.

3) For U-wrap configurations on a rectangular cross section, the effective FRP design strength
can be calculated as follows:

1 | -sin g
fo=f |1-=.— 4.30
fed fdd { 3 min{0.9-d,hw}} ( )

4 For completely wrapped members having rectangular cross sections, the effective FRP de-
sign strength can be calculated as follows:

1 I-sing 1 l,-sin B
P P P (B o= fg) | 1 —— 4.31
[ 6 min{0.9-d,hw}}2(¢R - ){ min{0-9-d’hw}} 3

where fgq is the FRP design strength to be evaluated as in Section 3. Moreover:

¢R:O.2+1.6-t:—°, 0<- <05 (4.32)

w w

where r; is the corner radius of the section to be wrapped, and by, is the width of the member. The
second term of Equation (4.31) shall be considered only when it is greater than zero.
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(5)  When calculating fggq from Equation (4.4), the k,, coefficient according to Equation (4.3)

shall be considered as follows: for discrete FRP strips application, by =w¢ and b = ps; for FRP
systems installed continuously along the span length of the member it shall be permitted to consider
bf =b=min{0.9-d,h,,}-sin(¢ + B)/sin @ where h,, is the beam stem depth.

(6)  When special devices used to anchor the end portions of U-wrapped FRP systems are
proven to be as effective as the completely wrapped strengthening configuration, the effective FRP
design strength can be computed from Equation (4.31). If this is not the case, the effective FRP de-
sign strength shall be calculated according to Equation (4.30).

@) For completely wrapped members having circular cross-section of diameter D, when fibers
are placed orthogonal to the axis of the member ( g =90°), the effective FRP design strength shall

be calculated as follows:

f =E -¢

fed f f,max

(4.33)

where E; is the FRP Young modulus of elasticity, and & nay represents FRP maximum allowable
strain to be set equal to 0.005, unless a more detailed calculation is made.

4.3.3.3 Limitations and construction details

(1) For U-wrapped and completely wrapped configurations, a minimum 20 mm radius shall be
provided when FRP sheets are installed around outside corners.

(2) For external FRP reinforcement in the form of discrete strips, strips width, wg (mm), and cen-
ter-to-center spacing between strips, ps (mm), shall not exceed the following limitations, respec-
tively: 50 mm < w; <250mm, and ws < ps <min{0.5-d,3- wg,ws + 200 mm}.

4.4 TORSIONAL STRENGTHENING

4.4.1 Introduction

(1)P  Strengthening for torsion is deemed necessary when the applied factored torsional moment
is greater than the corresponding torsional capacity. The latter shall be determined considering the
contributions of both concrete and steel transverse reinforcing bars when available.

(2)P  Torsional strengthening shall be verified at ULS only.

(3)P In the following of this document some specific configurations of FRP torsional strengthen-
ing are considered. Other solutions are also possible, provided that their effectiveness is proven and
their contribution to the shear capacity is quantified.

4.4.2 Strengthening configurations

Q) Strengthening for torsion is realized by applying one or more layers of FRP material exter-
nally bonded to the surface of the member to be strengthened (Figure 4-7). External FRP reinforce-
ment can be applied in a discontinuous fashion with gaps between following strips, or continuously
with strips next to each other.
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(2) Design of FRP reinforcement depends on FRP thickness, width, and spacing. Fibers shall be
arranged with an angle S = 90° with respect to the longitudinal axis of the member.

3 FRP shall be placed around the cross section as a completely wrapped system only (Figure
4-8).

(4)  Strengthening for torsion may also be realized through the installation of FRP bars in dedi-
cated slots made on the outer surface of the member to be strengthened as near-surface mounted re-
inforcement. Such type of strengthening is not dealt with in this document. If used, its effectiveness
shall be supported by experimental evidence.

4.4.3 Torsional capacity of FRP strengthened members

(1)P  The following applies to prismatic members where an ideal ring-shaped resisting area can be
identified.

4.4.3.1 Torsional capacity
(1)  Torsional capacity of FRP strengthened members can be evaluated as follows:

Teo =Min{ Ty + Top Taga ) (4.34)

Rd,s Rd,f ? * Rd,max

where Trqs Is the existing steel contribution to the torsional capacity according to the current
building code, and Trq ¢ is the FRP contribution to the torsional capacity, to be evaluated as indi-
cated in the following. Torsional strength shall not be taken greater than Trq max - This last value

denotes the ultimate strength of the concretet strut, to be evaluated according to the current building
code.

(2)  The existing steel contribution to the torsional capacity, Trq s, can be calculated as follows:

T = min{&-z- B,-f,,-cotd, A B,-f,-tan 9} (4.35)
, 0 U,
where Ay, Is a one-leg steel stirrup area, p is the stirrups spacing, B, is the area bounded by the
polygon whose edges are the centers of gravity of the longitudinal steel bars, fy,,q is the design
yield strength of transverse steel reinforcement, A is the total area of existing steel longitudinal re-
inforcement, U, is the perimeter of the above mentioned polygon, fyq is the design yield strength

of the existing steel longitudinal reinforcement, and 6 is the angle of the compressed struts with re-
spect to the member longitudinal axis (the value 8 = 45° can be assumed if a more accurate deter-
mination is not available).

(3)  Trd,max In Equation (4.34) shall be calculated as follows:
Tegma =0.50- - B, -h, (4.36)

where f.q is the design concrete compressive strength, and hg is set equal to 1/6 of the diameter of
the maximum circle enclosed in the polygon whose edges are the centers of gravity of the existing
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steel longitudinal reinforcement.

4) If Equation (4.35) shows that the minimum torsional capacity is due to the existing steel
transverse reinforcement, the FRP contribution expressed in Equation (4.34) shall be calculated as
follows:

Lot b M cote (4.37)

7/Rd pf

T

Rd.f

where the partial factor yrq shall be set equal to 1.20 (Table 3-3, Section 3.4.2); fsq is the FRP

design effective strength to be evaluated as in Section 4.3.3.2; t¢ is the thickness of the FRP strip or

sheet; b and h are section width and depth, respectively; @ is the angle of the compressed struts with
respect to the member longitudinal axis (the value & = 45° can be assumed if a more accurate de-
termination is not available); and wy and ps are width and center-to-center spacing of FRP strips
measured orthogonally to the fiber direction, respectively. For FRP strips applied one next to each
other the ratio wg /ps shall be set equal to 1.0.

5) If Equation (4.35) shows that the minimum torsional capacity is due to the existing steel lon-
gitudinal reinforcement, FRP strengthening shall not be performed.

(6)  Incase of combined torsion, Tgy, and shear, Vyq , the following limitation shall be met:

gl (4.38)

Rd,max

TRd,max

where Trg max and Vrg max are calculated according to Equations (4.36) and the requirements of

the current building code, respectively. Because strengthening for shear and torsion are calculated
separately, the overall strengthening area is given by the sum of the area deemed necessary for
shear and torsional FRP strengthening.

4.4.3.2 Limitations and construction details

(1) For U-wrapped and completely wrapped configurations, a minimum 20 mm radius shall be
provided when FRP sheets are installed around outside corners.

(2) For external FRP reinforcement in the form of discrete strips, strips width, wg (mm), and cen-
ter-to-center spacing between strips, ps (mm), shall not exceed the following limitations, respec-
tively: 50 mm < w;s <250mm, and ws < ps <min{0.5-d,3- wg, ws + 200 mm}.

4.5 CONFINEMENT

4.5.1 Introduction
(1)P  Appropriate confinement of reinforced concrete members may improve their structural per-
formance. In particular, it allows the increase of the following:
e Ultimate capacity and strain for members under concentric or slightly eccentric axial loads.
e Ductility and capacity under combined bending and axial load, when FRP reinforcements
are present with fibers lying along the longitudinal axis of the member (Section 4.2.2.4 and
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Appendix C).

(2P Confinement of RC members can be realized with FRP sheets disposed along the member
perimeter as both continuous or discontinuous external wrapping.

(3)P  The increase of axial capacity and ultimate strain of FRP-confined concrete depends on the
applied confinement pressure. The latter is a function of the member cross section and FRP stiff-
ness.

(4)P  The redistribution of vertical loads cannot rely upon the ductility of members under concen-
tric or slightly eccentric axial load.

(5)P  FRP-confined members (FRP is linear-elastic up to failure), unlike steel confined members
(steel has an elastic-plastic behavior), exert a lateral pressure that increases with the transversal ex-
pansion of the confined members.

(6)P A typical stress-strain (o/¢) diagram for compression tests carried out on FRP-confined
specimens is reported in Figure 4-10.

f 1

O

won linear

P
L

Figure 4-10 — Stress-strain relationship for FRP-confined concrete.

(7)P  For axial strain values, &, up to 0.2 %, the stress in the confined concrete is only slightly
greater than that exhibited by unconfined concrete.

(8)P  For axial strain values larger than 0.2 %, the stress-strain diagram is non linear and the slope
of the corresponding o/¢ curve gradually lowers up to a nearly constant value. In the linear branch
of the diagram, the confined concrete gradually loses its integrity due to widespread cracks.

(9P  Failure of RC confined member is attained by fiber rupture. However, beyond a critical
value of the axial strain, the FRP-confined member may be linked to a recipient with very flexible
walls filled with incoherent material. Beyond that threshold it loses its functionality since it can
only carry small or negligible transverse forces. As a result, failure of the FRP-confined RC mem-
ber is said to be reached when FRP strain equal to 0.4 % is attained.

4.5.2 Axial capacity of FRP-confined members under concentric or slightly eccen-
tric force

(1)P  Confinement of RC member with FRP is necessary for structural members subjected to con-

centric or slightly eccentric axial loads larger than the corresponding axial capacity.
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(2P  Good confinement can only be achieved by installing FRP fibers orthogonally to the mem-
ber axis.

(3)P  When FRP reinforcement is spirally arranged around the member perimeter, the confine-
ment effectiveness shall be properly evaluated.

(4)P If the adopted FRP system is not initially prestressed, it exerts a passive confinement on the
compressed member. The confinement action becomes significant only after cracking of the con-
crete and yielding of the internal steel reinforcement due to the increased lateral expansion exhib-
ited by the strengthened member. Prior to concrete cracking, FRP is practically unloaded.

(5)P  Design at ULS of FRP confined members requires that both factored design axial load, Nsg,
and factored axial capacity, Ngrec g, Satisfy the following inequation:

NSd < NRcc,d (439)

(6) For non-slender FRP confined members, the factored axial capacity can be calculated as fol-
lows:

1
NRcc,d = A\: ’ fccd + A ’ fyd (440)

Rd

where the partial factor yrq shall be taken equal to 1.10 (Table 3-3, Section 3.4.2); A; and f.q

represent member cross-sectional area and design strength of confined concrete as indicated in item
(7), respectively; and A; and fyq represent area and yield design strength of existing steel rein-

forcement, respectively.

(7)  The design strength, f..q, of confined concrete shall be evaluated as follows:

f f 2/3
—0—1+2.6 [ ]'c“j (4.41)

cd cd

where fq is the design strength of unconfined concrete as per the current building code, and f1 o

is the effective confinement lateral pressure as defined in the following section. The same relation-
ship shall be used also to attain the second objective mentioned in Section 4.5.1 (1)P.

(8) The confinement is effective if fy o /fcq > 0.05.

4.5.2.1 Confinement lateral pressure

(1)P  The effectiveness of FRP-confined members only depends on a fraction of the confinement
lateral pressure, f1, exerted by the system, namely effective confinement lateral pressure f; of .

(2)  The effective confinement lateral pressure, f of , is a function of member cross section and
FRP configuration as indicated in the following equation:

64



CNR-DT 200/2004

fl,eff = keff ) f| (4-42)

where ket is a coefficient of efficiency (<1), defined as the ratio between the volume, V ¢, of the

effectively confined concrete and the volume, V., of the concrete member neglecting the area of ex-
isting internal steel reinforcement.

) The confinement lateral pressure shall be evaluated as follows:
1
f| = E P Ef *Eidrid (4-43)

where p5 is the geometric strengthening ratio as a function of section shape (circular or rectangu-
lar) and FRP configuration (continuous or discontinuous wrapping), Es is Young modulus of elas-
ticity of the FRP in the direction of fibers, and &g (g is a reduced FRP design strain, defined in the
following item (9).

(4)  The coefficient of efficiency, kefs , shall be expressed as:

k. =k, -k, -k (4.44)

eff a

(5)  The coefficient of horizontal efficiency, ky, depends on cross-section shape (see Sections
45.2.1.1and 4.5.2.1.2).

(6)  The coefficient of vertical efficiency, ky/, depends on FRP configurations. For RC confined
members with continuous FRP wrapping, it is assumed ky, =1. For RC confined members with

discontinuous FRP wrapping (Figure 4-11), such as FRP strips installed with a center-to-center
spacing of ps and clear spacing of pf, reduction in the confinement effectiveness due to the diffu-
sion of stresses (approximately at 45°) between two subsequent wrappings shall be considered.

T A,
fJ'

bzl _T
_—_f o ,"’ T
;: /45 I_ Pf ps
unconfined | |

FRP—1 concrete

Vg sy
4 D_pﬂz l i
. D =

Figure 4-11 — Elevation view of circular member confined with FRP strips.

Regardless of the section shape, the coefficient of vertical efficiency, ky/, shall be assumed as fol-
lows:

2
= (1_%] (4.45)
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where dyj, is the minimum cross-section of the member.

@) In case of discontinuous wrapping the net distance between strips shall satisfy the limitation
pf = dmin/2 '

(8) Regardless of the section shape, the efficiency coefficient, k., to be used when fibers are

spirally installed with an angle «f with respect to the member cross-section, shall be expressed as
follows:

1

= 4.46
“ 1+ (tane,)’ (4.46)

(9)  The reduced FRP design strain, &gy rig, shall be computed as follows (see also Section 4.5.1,
item (9)P):

Eqgrig = min{n, -&, / y,; 0.004} (4.47)

where 7, and y¢ represent environmental conversion factor and partial factor as suggested in
Table 3-4 and Table 3-2, respectively.

45.2.1.1 Circular sections

(1)P  FRP-confinement is particularly effective for a circular cross section subjected to both con-
centric or slightly eccentric axial loads.

(2)P  Fibers installed transversely to the longitudinal axis of the strengthened member induce a
uniform pressure that opposes the radial expansion of the loaded member.

(3)  The geometric strengthening ratio, ps, to be used for the evaluation of the effective con-
finement pressure shall be expressed as follows:

4-t, -b,
D'pf

Ps = (4.48)

where (Figure 4-11) t¢, bf, and ps represent FRP thickness, width, and spacing, respectively, and
D is the diameter of the circular cross section. In case of continuous wrapping, of becomes
4.t /D.

()] For circular cross sections, the coefficient of horizontal efficiency, kg, is equal to 1.0.

5) For circular sections, the dimension d,;, introduced in Equation (4.45) for the computation
of the coefficient of vertical efficiency, is to be intended as the section diameter.

4.5.2.1.2 Square and rectangular sections

()P  FRP-confinement of members with square or rectangular cross sections produce marginal
increases of the member compressive strength. Therefore such applications shall be carefully vali-
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dated and analyzed.

(2)P  Prior to FRP application, the cross section edges shall be rounded to avoid stress concentra-
tions that could lead to a premature failure of the system.

(3)  The corner radius shall satisfy the following limitation:

r >20 mm (4.49)

(4)  The strengthening geometric ratio, ps, to be used for the evaluation of the effective con-
finement pressure shall be expressed as follows:

2:t,-(b+d)-b,
A= b

(4.50)

where t¢, bs, and pg represent FRP thickness, width, and spacing, respectively, while b and d are
cross section dimensions of the rectangular member. In case of continuous wrapping, pf becomes
2.t -(b+d)/(b—-d).

(5)P  For rectangular cross sections, the effectively confined concrete area may be considered to
be only a fraction of the overall concrete cross section (Figure 4-12). The reason for such a behav-
ior lies in the “arch effect” that forms within the concrete cross section. Such an effect depends on
the values of the corner radius r; .

unconfined
/concrete -
[ pint
o 45 s T
) .
/.-/-_ o = - l\'.
FRP— - oL
- J o
EJ =b-2 o i
- — +
it S, e

Figure 4-12 — Confinement of rectangular sections.

(6) For rectangular cross sections, the coefficient of horizontal efficiency, ky, that takes into
account the arch effect shall be expressed as follows:

b'2+d'?

T A, (4.51)

Ky =1-

where b" and d" are the dimensions indicated in Figure 4-12, and Ay is the cross section area.

(7)  The effect of FRP confinement shall not be considered for rectangular cross sections having
b/d >2, or max{b, d } > 900 mm unless otherwise proven by suitable experimental tests.
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4.5.3 Ductility of FRP-confined members under combined bending and axial load

(1)P  FRP-confinement may also be realized on concrete members under combined bending and
axial load; confinement will result in a ductility enhancement while the member axial capacity can
only be slightly increased.

(2)  Unless a more detailed analysis is performed, the evaluation of the ultimate curvature of a
FRP confined concrete member under combined bending and axial load may be accomplished by
assuming a parabolic-rectangular approach for the concrete stress-strain relationship, characterized
by a maximum strength equal to f.4 and ultimate strain, &..,, computed as follows:

f
£,, =0.0035+0,015. | =" (4.52)

cd

where f; o¢ Is the effective confinement pressure, and fey is the design strength of unconfined
concrete.

3) In Equation (4.52), the effective pressure is computed assuming a reduced FRP design strain
as follows:

Eigria = M i <0.6- S (453)

f

()] More accurate evaluation of ultimate curvature and flexural capacity of FRP strengthened
members may be obtained with suitable concrete-confined models (Appendix D) capable of captur-
ing the behavior described in 4.5.1 and Figure 4-10.

4.6 FLEXURAL STRENGTHENING OF PRESTRESSED CONCRETE MEMBERS

4.6.1 Use of FRP for prestressed concrete members

(1) P The methods and criteria hereafter apply to non-prestressed FRP systems used for strength-
ening prestressed concrete (PC) structures.

4.6.1.1 Design at ultimate limit state
(1)P  The evaluation of the flexural capacity of PC members subjected to a bending moment shall
be carried out in the following procedures similar to those described in 4.2.2 for RC members, with

the only changes specified in the following.
e The strain of prestressed reinforcement is equal to the algebraic sum of the strain of the con-
crete surrounding the tendon and the strain at the decompression limit, ;. The latter repre-

sents the strain exhibited by existing tendons for an appropriate combination of internal
forces such to produce zero stress in the concrete surrounding the tendons (Figure 4-13).
e The ultimate strain of prestressing tendons is equal to 0.01+ & .

e If the concrete age is such to considered to have exhausted all long-term phenomena, the ini-
tial concrete strain, &p, is equal to the strain at the time of FRP installation.
e If long-term phenomena in the concrete can not be considered exhausted, the value of g is

the algebraic sum of the previously computed value and the long-term strain developed in
the concrete substrate after FRP strengthening takes place. In the evaluation of such a long-
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term strain, as well as for any loss of prestress, the presence of the strengthening system can
be neglected.
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Figure 4-13 — Failure mode of PC member strengthened with FRP.

(2)P  The attainment of the ultimate limit state shall be preceded by yielding of existing steel
prestressing tendons.

3) For debonding-failure mechanisms, refer to Sections 4.1 and 4.2.

4.6.1.2 Design at serviceability limit state

(1)P  Service stress limitations for concrete and steel shall satisfy the requirements of the current
building code. Service stress limitations for FRP material shall comply with 4.2.3.2.

(2)P  FRP strengthening shall be neglected if temporarily compressed (e.g., due to creep of con-
crete).

4.7 DESIGN FOR SEISMIC APPLICATIONS

4.7.1 Introduction

4.7.1.1 Design objectives

(1)P It shall be permitted to strengthen RC and PC members with FRP composites when the
structure does not meet the seismic requirements specified in the current building code.

(2)P  This part of the document recognizes the provisions of the current building code as well as
the indications provided in the most updated literature related to seismic constructions; particular
importance is given to the following:
e Evaluation of seismic safety.
Safety requirements (verification of limit states).
Levels of seismic protection (magnitude of the associated seismic action).
Methods of analysis.
Verification criteria (distinction between ductile and brittle members).
Materials characteristics to be used for design.
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4.7.1.2 Selection criteria for FRP strengthening

)

Type and size of selected FRP systems as well as the urgency of FRP installation shall take

into account the following:

()P

4.7.2
(1)P

Common errors shall be eliminated.

Major building irregularities can not be eliminated using FRP as a strengthening technique.
A better resistance regularity can be obtained by strengthening a limited number of mem-
bers.

Enhancement of local ductility.

Localized strengthening shall not reduce the overall ductility of the structure.

FRP strengthening may be classified as follows:
Strengthening or total or partial reconstruction of members.

Design of FRP strengthening shall include the following:

Motivated choice of the intervention type.

Selection of appropriate technique and/or materials.

Preliminary design of the selected FRP strengthening system.

Structural analysis taking into account the characteristics of the structure after FRP strength-
ening.

FRP strengthening of RC members is mainly aimed at the following:

Increase the member flexural capacity by using FRP material with fibers running in the axis
direction of the strengthened member.

Increase the member shear capacity by using FRP material with fibers running orthogonal to
the direction of the axis of the strengthened member.

Increase the ductility of end sections of beams and/or columns by using FRP material
wrapped to the member cross section.

Improve the efficiency of lap splices by using FRP material wrapped to the member cross
section.

Prevent buckling of steel longitudinal bars by using FRP material wrapped to the member
Ccross section.

Increase tensile capacity of beam-column joints by using FRP material installed with fibers
located along the principal tensile stresses.

Design of FRP-strengthened members shall be in compliance with the following sections.

Strategies in FRP strengthening
When using FRP material for strengthening RC members, the following principles shall be

taken into account:

Removal of all brittle collapse mechanisms (Section 4.7.2.1).
Removal of all storey collapse mechanisms (“soft storey”) (Section 4.7.2.2).
Enhancement of the overall deformation capacity of the structure through one of the follow-
ing mechanisms (Section 4.7.2.3):
- Increasing the rotational capacity of the potential plastic hinges without changing their
position (Section 4.7.2.3.1).
- Relocating the potential plastic hinges following the capacity design criterion (hierar-
chy of resistance) (Section 4.7.2.3.2).
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4.7.2.1 Removal of all brittle collapse mechanisms

(1)P  Brittle collapse mechanisms to be removed as well as FRP strengthening methodologies are
as follows:

e Shear failures shall be avoided; all members that present shear deficiency shall be strength-
ened.

e Failure due to loss of bond in steel overlapping areas; the areas where overlapping length of
the longitudinal bars is not enough shall be confined with FRP wrapping.

e Failure due to buckling of steel longitudinal bars: areas where the formation of plastic
hinges is expected shall be confined with FRP wrapping when existing steel transverse rein-
forcement can not prevent the post-elastic buckling of compressed longitudinal bars.

e Failure due to tensile stresses on beam-column joint; FRP strengthening shall be applied.

4.7.2.2 Removal of all storey collapse mechanisms

(1)P  Storey collapse mechanisms usually start following the formation of plastic hinges at col-
umn top and bottom locations of structures with no vertical walls. In such a case, FRP strengthen-
ing can be performed to enhance the column flexural capacity with the intent of precluding the for-
mation of plastic hinges. In no case is the removal of the storey collapse mechanisms allowed with
the only intent of increasing storey displacements.

4.7.2.3 Enhancement of the overall deformation capacity of a structure

()P The ultimate deformation capacity of a structure is a measure of its capability to sustain
seismic forces.

2 The ultimate deformation capacity of a structure can be computed with non linear static
analysis methods (push-over analysis).

(3)P  The ultimate deformation capacity of a structure depends on the plastic deformation capacity
of each single resisting member (beams, columns, and walls).

4.7.2.3.1 Increasing of the local rotational capacity of RC members

(1)  The deformation capacity of beams and columns may be measured through the rotation 6 of
the end section with respect to the line joining the latter with the section of zero moment (chord ro-
tation) at a distance equal to the shear span: Ly, = M/V . Such a rotation is also equal to the ratio of

the relative displacement between the two above mentioned sections to the shear span.

(2)P  The deformation capacity of RC members in the plastic range is limited by the failure of
compressed concrete. FRP confinement increases the ultimate deformation of compressed concrete
and enhances the ductility of the strengthened member.

4.7.2.3.2 Capacity design criterion

(1)P  The application of the capacity design criterion (hierarchy of resistance) implies the adop-
tion of mechanisms such to prevent the formation of all potential plastic hinges in the columns. In
the “weak column-strong beam” situations, typical for structures designed for vertical loads only,
columns are under-designed due to lack of longitudinal reinforcement. In such a case, it is deemed
necessary to increase the column capacity under combined bending and axial load toward a “strong
column-weak beam” situation.

(2P When FRP reinforcement is used to increase the flexural capacity of a member, it is impor-
tant to verify that the member will be capable of resisting the shear forces associated with the in-
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creased flexural strength. If deemed necessary, shear strengthening shall be taken into account to
avoid premature brittle collapse mechanisms.

4.7.3 Safety requirements

4.7.3.1 Ductile members and mechanisms

4.7.3.1.1 Combined bending and axial load
@ Flexural capacity of ductile members may be increased with FRP material.

(2 FRP strengthening design of members subjected to bending or combined bending and axial
load shall be performed according to Sections 4.2 and 4.5.

(3)  When the member flexural capacity is increased, particular care shall be taken to properly
anchor the adopted FRP reinforcement.

4 Longitudinal fibers used for strengthening RC members subjected to combined bending and
axial load shall be properly confined to avoid fiber delamination and concrete spalling under cyclic
loads.

4.7.3.1.2 Chord rotation

(1)  The chord rotation of mono-dimensional members (mainly beams and columns) may be in-
creased with FRP-confinement.

2 For the evaluation of the ultimate chord rotation, 6, of members strengthened with FRP
confinement, the following relationship shall be used:

| ros 2]
0,=—0,+(d,~-4,)-L, 1—0.5-:p (4.54)

el

where yq is typically assumed equal to 1.5 or 1.0. Such values are only valid for *“secondary

members” (e.g., members whose stiffness and resistance may be neglected in the response analysis,
even though they should be able to carry the deformations of the structure under the design seismic
loads preserving their supporting capacity against vertical loads). The remaining terms of Equation
(4.54) have the following meaning:

- 6y represents the chord rotation exhibited by the end section when the steel is yielded:

L, h d, - fy
6 =¢ -—+0.0013-{1+1.5-— |+0.13- ¢ - 455
y ¢y 3 + + LV ¢y \/f_c ( )

where h is the section depth, dy, is the (average) diameter of the longitudinal bars, and f; and f,

are concrete compressive strength and steel yield longitudinal strength (in MPa), respectively, ob-
tained from in-situ tests of the existing materials and divided by a confidence factor to be set larger
than 1 when there is no adequate level of knowledge of the existing structure.

- ¢, represents the ultimate curvature of the end section, evaluated by assigning at the concrete ul-
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timate strain, & , the value defined in Section 4.5.3.
- ¢y represents the curvature exhibited by the end section when the steel is yielded.

- Lpy represents the magnitude of the plastic hinge evaluated as follows:

d, - f,
L, =0.1-L,+0.17-h+0.24. (4.56)

I

- Ly represents the shear span of the member (distance between the maximum moment point and
the point of zero moment).

4.7.3.2 Brittle members and mechanisms

4.7.3.2.1 Shear

(@) For shear design of RC members strengthened with FRP the criteria of Section 4.3 shall ap-
ply; further provisions as follows shall be taken into account:
e Only U-wrapped or completely wrapped configurations are allowed.
e FRP strengthening can only be installed with fibers orthogonal to the member longitudinal
axis (f =90°).

4.7.3.2.2 Lap splices

(1)  Slip of existing steel reinforcement in RC columns at the locations of lap splice may be
avoided by confining the member cross section with FRP.

2 For circular cross sections of diameter D, the thickness of the FRP confining the member
cross section shall be evaluated as follows:

t _ D'(fl_o-sw)

= 4.57
" 2.0.001-E, (4.57)

where:
- ogy represents the stirrup’s tensile stress corresponding to a 1 % strain or the mortar injection

pressure between the FRP reinforcement and the RC column, if present.
- f; represents the confinement pressure at the lap splice location extending for a length, L, equal

to:

fi= Al

[“e +2-(db+c)]LS
2-n

(4.58)

where u, is the perimeter of the cross section within the polygon circumscribing the longitudinal
bars having average diameter dy, n is the number of bars spliced along u,, and c is the concrete
cover.

3 For rectangular sections bxd, Equation (4.57) shall be used by replacing D with max{b,d};
the effectiveness of the FRP confinement shall be reduced by the factor ky defined in Section
4521.2.
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4.7.3.2.3 Buckling of longitudinal bars

(¢D)] Buckling of existing steel vertical reinforcement of RC columns may be avoided by confin-
ing the member cross section with FRP.

(2)  The thickness of such FRP confinement shall be evaluated as follows:

0.45-n-f?.d n-
{ - y le n-d (459)
4'Eds'Ef Ef

where:
- n represents the total number of existing steel longitudinal bars subjected to buckling.
- fy has been introduced in Section 4.7.3.1.2.

- d represents the size of the cross section parallel to the bending plane.

- E5 represents the Young modulus of elasticity of FRP reinforcement in the direction of existing
steel vertical bars.

- E4s represents a suitable “reduced modulus” defined as follows:

P S (4.60)

e+

where Eg and E; are the initial Young modulus and the tangent modulus of elasticity of existing
steel vertical bars after yielding, respectively.

4.7.3.2.4 Joints

(@) Beam-column joints of RC members can be effectively strengthened with FRP only when
FRP reinforcement is applied with the fibers running in the direction of principal tensile stresses
and provided that FRP reinforcement is properly anchored. In any case, the maximum tensile strain
for FRP reinforcement shall not be larger than 4 %. When FRP reinforcement is not properly an-
chored, FRP strengthening shall not be considered effective.

4.8 INSTALLATION, MONITORING, AND QUALITY CONTROL

(1)P  Several aspects influence the effectiveness of FRP material used as externally bonded sys-
tems for strengthening RC members. In addition to those discussed in previous chapters, surface
preparation and FRP installation will be dealt with in this section. The relative importance of each
of these aspects depends on whether reference is made to applications defined as “bond-critical”
(flexure or shear) or “contact-critical” (confinement). For example, some tests on the quality of the
substrate can be omitted for contact-critical applications (e.g., confinement by wrapping) or when
the FRP system is properly anchored provided that its effectiveness is tested by an independent
laboratory.

(2)P  Once FRP strengthening has been carried out, over time monitoring by non destructive or
semi-destructive tests as listed in the following sections shall be performed to ensure the effective-
ness of the proposed strengthening solution.

(3)P  This document describes the tests that can be carried out for quality control as well as over
time monitoring of the FRP system. The type and number of tests to be performed shall be linked to
the importance of the application by taking into account the following:
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e For strategic buildings or infrastructures, when their functionality during seismic events is of
fundamental importance for civil protection or when their roles becomes relevant due to the
consequences of a possible collapse.

e When FRP application concerns primary structural members (e.g., beams and columns) or
secondary elements (e.g., floors).

e The extent of FRP application compared to the size of the structure.

(4)P  The numerical values indicated in the following are to be understood as suggested values.

4.8.1 Quality control and substrate preparation

(1)P  Quality control of the support implies determination of concrete conditions, removal of any
deteriorated or loose concrete, cleaning as well as protection from corrosion of existing steel rein-
forcement, and finally substrate preparation for receiving the selected FRP reinforcement.

(2P When special devices are used to properly anchor the selected FRP system, testing of such
devices shall be conducted in compliance with available standardization documents. Anchoring de-
vices shall be installed according to the manufacturer/supplier specifications regarding both mate-
rial used as well as surface preparation, environmental conditions, and sequence of each phase. The
investigation shall also evaluate the effect of such parameters on the final result.

4.8.1.1 Evaluation of substrate deterioration
(¢D)] Prior to FRP application, soundness of the concrete substrate shall be checked. In any case,

concrete compressive strength shall not be less than 15 N/ mm?. FRP strengthening shall not be

considered effective for concrete compressive strength less than 15 N/ mm?.

(2) Itissuggested to carry quality control tests on the entire area to be strengthened.

4.8.1.2 Removal of defective concrete, restoring of concrete substrate and protec-
tion of existing steel reinforcement

(1) Concrete substrate may have undergone physical-chemical, physical-mechanical, or impact-
caused deterioration. Deteriorated concrete shall be removed from all damaged areas.

2 Removal of unsound concrete allows for assessment of existing steel reinforcing bars. Cor-
roded steel bars shall be protected against further corrosion so as to eliminate a possible source of
deterioration of the restored concrete.

(3)  Once all deteriorated concrete has been removed, and suitable measures have been taken to
prevent further corrosion of existing steel reinforcement as well as all other phenomena causing
concrete degradation (e.g., water leakage), concrete restoration using shrinkage-free cement grouts
shall be performed. Roughness of the concrete surface larger than 10 mm shall be leveled with
compatible epoxy paste; specific filling material shall be used for unevenness larger than 20 mm.
Also, cracks within solid concrete in the substrate wider than 0.5 mm shall be stabilized using ep-
oxy injection methods before FRP strengthening can take place.

4.8.1.3 Substrate preparation

(1)  Once the quality control of the substrate has been performed, the deteriorated concrete has
been removed, the concrete cross section restored, and the existing steel reinforcement has been
properly treated, sandblasting of the concrete surface to be strengthened shall be performed. Sand-
blasting shall provide a roughness degree of at least 0.3 mm; such level of roughness can be meas-
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ured by suitable instruments (e.g., a laser profilometer or an optical profile-measuring device).

(2)  Poor concrete surfaces that do not need remedial work before FRP application, should be
treated with a consolidating agent before primer application takes place.

(3)  Cleaning of the concrete surface shall remove any dust, laitance, oil, surface lubricants, for-
eign particles, or any other bond-inhibiting material.

(4)  Allinside and outside corners and sharp edges shall be rounded or chamfered to a minimum
radius of 20 mm.

4.8.2 Recommendations for the installation

(1) FRP strengthening of RC members is highly dependant upon environmental temperature and
humidity as well as the characteristics of the concrete substrate. In addition to the above mentioned
measure, and regardless of the strengthening type, further specific precautions to ensure quality of
FRP installation are highlighted in the next sections.

4.8.2.1 Humidity and temperature conditions in the environment and substrate

(@) It is suggested not to install FRP material when the environment is very moist; a high degree
of humidity may delay the curing of resin and affect the overall performance of the strengthening
system especially for wet lay-up applications.

2 FRP strengthening systems shall not be applied to substrates having a surface humidity level
greater than 10 %; such conditions could delay the penetration of the primer in the concrete pores
and generate air bubbles that could compromise bond between concrete and FRP system. Substrate
humidity may be evaluated with a hygrometer for mortar or simply by employing absorbent paper.

(€)) FRP material shall not be applied if both environment and surface temperature is too low,
because curing of the resins as well as fiber’s impregnation could be compromised. It is also rec-
ommended not to install FRP material when concrete surface is heavily exposed to sunlight. It is
suggested not to apply any FRP material if temperatures fall outside the range of 10° to 35°C. In
low temperature environments where the construction site schedule does not allow FRP installation
to be delayed, it is suggested to artificially heat the locations where FRP reinforcement is to be ap-
plied.

4 If curing of FRP reinforcement takes place under rainy conditions, heavy insulation, large
thermal gradients, or in the presence of dust, protective measures can be employed to ensure proper
curing.

4.8.2.2 Construction details

(1)  Anchorage length of at least 200 mm shall be provided for the end portion of FRP systems
used for strengthening RC members. Alternatively, mechanical connectors may be used.

2 Proper fibers alignment shall be provided for in-situ wet lay-up application; waving of FRP
reinforcement shall also be avoided during installation.

(3)  When carbon fibers reinforcement is to be used for strengthening RC members where there
is potential for direct contact between carbon and existing steel reinforcement, layers of insulating
material shall be installed to prevent the occurrence of galvanic corrosion.
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(4)  When semi-destructive tests are planned, it is suggested to provide additional strengthening
areas (“witness areas”) in properly selected parts of the structure having dimensions of at least

500x200 mm?, with a minimum extension of 0.1 m? nor less than 0.5 % of the overall area to be
strengthened. Witness areas shall be realized at the same time of the main FRP installation, using
the same materials and procedures in areas where removal of FRP strengthening system does not
imply alteration of the failure mechanisms. In addition, witness areas shall be exposed to the same
environmental conditions of the main FRP system and shall be uniformly distributed on the
strengthened structure.

4.8.2.3 Protection of the FRP system

(@) For outdoor FRP applications it is recommended to protect the FRP system from direct
sunlight, which may produce chemical-physical alterations in the epoxy matrix. This can be
achieved by using protective acrylic paint provided that cleaning of the composite surface with a
sponge soaked in soap is performed.

(2 Alternatively, a better protection can be achieved by applying plastering or mortar layer
(preferably concrete-based) to the installed strengthening system. The plaster, whose thickness is
recommended by the FRP manufacturers/suppliers, is to be laid on the strengthening system after
treating the surface by means of epoxy resin applications with subsequent quartz dusting green-on-
green. The final layer is particularly suitable to receive any kind of plastering.

(€)) For fire protection, two different solutions may be adopted: the use of intumescent panels or
the application of protective plasters. In both cases, manufacturers/suppliers shall indicate the de-
gree of fire protection as a function of the panel/plaster thickness. The panels -generally based on
calcium silicates -are applied directly on the FRP system provided that fibers will not be cut during
their installation. Protective plasters represent the most widely adopted solution for fire protection;
they shall be applied to the FRP system as indicated before. Protective coatings of adequate thick-
ness and consistency capable of keeping the composite temperature below 80°C for 90 minutes are
available.

4.8.3 Quality control during installation

(1)  Quality control during FRP installation should include at least one cycle of semi-destructive
tests for the mechanical characterization of the installation itself, and at least one non destructive
mapping to ensure its uniformity.

4.8.3.1 Semi-destructive tests

1) Both pull-off tests and shear tearing tests may be carried out. Semi-destructive tests shall be
carried out on witnesses and, where possible, in non-critical strengthened areas at the rate of one

test for every 5 m? of application, and in any case, not less than 2 per each type of test.

2 Pull-off test. The test is used for assessment of the properties of restored concrete substrate;
it is carried out by using a 20 mm thick circular steel plates with a diameter of at least 3 times the
characteristic size of the concrete aggregate nor less than 40 mm, adhered to the surface of the FRP
with an epoxy adhesive. After the steel plate is firmly attached to the FRP, it is isolated from the
surrounding FRP with a core drill rotating at a speed of at least 2500 rpm; particular care shall be
taken to avoid heating of the FRP system while a 1-2 mm incision of the concrete substrate is
achieved. FRP application may be considered acceptable if at least 80 % of the tests (both tests in
case of only two tests) return a pull-off stress not less than 0.9-1.2 MPa provided that failure occurs
in the concrete substrate.
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(3)  Shear tearing test. The test is particularly significant to assess the quality of bond between
FRP and concrete substrate. It may be carried out only when it is possible to pull a portion of the
FRP system in its plane located close to an edge detached from the concrete substrate. FRP applica-
tion may be considered acceptable if at least 80 % of the tests (both in the case of two tests) return a
peak tearing force not less than 24 kN.

4.8.3.2 Non destructive tests

(¢D)] Non destructive tests may be used to characterize the uniformity of FRP application starting
from adequate two-dimensional survey of the strengthened surface with a different spatial resolu-
tion as a function of the strengthening area (see Table 4-1).

(2)  Stimulated Acoustic testing. Similar to impact-echo testing, such tests rely on the different
oscillatory behavior of the composite layer depending on the bond between FRP layers and concrete
substrate. In its most basic version, such a test may be carried out by a technician hammering the
composite surface and listening to the sound from the impact. More objective results may be ob-
tained with automated systems.

3) High-frequency ultrasonic testing. They should be carried out using reflection methods with
frequencies no less than 1.5 MHz and probes with a diameter no greater than 25 mm, adopting the
technique based on the first peak amplitude variation to localize defects.

Table 4-1 — Minimum resolution for defects thickness to be identified with non destructive tests.

Shear stress Miniml_Jm
; Non destruc- Surface map-  resolution
transfer at inter- Example . . .
" tive test ping grid for defects
ace .
thickness
absent wrappings, W|_th the exception of _the_overlappmg area Optional 250 mm 3.0mm
in single-layer application
weak central area of very extensive plane reinforcement Optional 250 mm 3.0mm
moderate central area of longitudinal flexural strengthening Suggested 100 mm 0.5 mm
anchorage areas, overlapping areas between layers, stir-
critical rups for shear strengthening, interface areas with con- Required 50 mm 0.1 mm

nectors, areas with large roughness or cracks in the sub-
strate

(4)  Thermographic tests. They are effective only for FRP systems with low thermal conductivity
and can not be applied to carbon or metallic FRP strengthening systems unless special precautions
are taken. The heat developed during the test shall be smaller than the glass transition temperature
of the FRP system.

(5)  Acoustic emission tests. The technique is based on the acoustic emission (AE) method and
allows the assessment of a damage inside a structural member subjected to loading by listening to
and recording the sound generated by either formation of cracks or delamination phenomena that
propagates as elastic waves. Such a test is particularly suitable for detecting defects in the applica-
tion of FRP composites on RC structures as well as the occurrence of delamination from the con-
crete substrate.

4.8.4 Personnel qualification

(@) Personnel in charge of the tests shall have one of the three qualification levels specified in
Table 4-2, according to UNI EN 473 and UNI EN 45013.
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Table 4-2 — Qualification levels to perform semi and non-destructive tests.

Level 1

Proper knowledge of tests equipment; performing tests; recording and classifying test results
according to written criteria; writing a report on test results.

Level 2

Choosing the way of performing the test; defining the application limits of the test for which the
level 2 technician is certified; understanding test specifications and translating them into practical
test instructions suitable to the in-situ working conditions; adjusting and calibrating test
equipments; performing and controlling the test; interpreting and evaluating test results according
to the specifications to comply with; preparing written test instructions for level 1 personnel;
performing and supervising all level 1 functions; training personnel of level 1; organizing test
results and writing the final report.

Level 3

Be in charge of a laboratory facility; establishing and validating test techniques and procedures;
interpreting specifications and procedures; having the skill to evaluate and understand test results
according to existing specifications; having a sufficient practical knowledge of materials,
production methods and installation technology of the system to be tested to be able to choose
appropriate methods, establish techniques and collaborate in the definition of acceptance criteria
when they are not pre-established; be knowledgeable in different application fields; being able to
lead personnel of level 1 and 2.

4.8.5 Monitoring of the strengthening system

Due to the poor availability of data regarding long term behavior of FRP systems used for
strengthening RC structures, it is recommended to perform appropriate monitoring of the installed
FRP system by means of semi and non-destructive tests periodically conducted on the strengthened
structure. The aim of such a monitoring process is to keep the following parameters under control:
Temperature of the installed FRP system.

Environmental humidity.

Measure of displacements and deformations of the strengthened structure.

Potential damage of fibers.

Extensions of defects and delaminations in the installed FRP system.

1)

4.9 NUMERICAL EXAMPLES
Some numerical examples concerning FRP strengthening of RC structures are reported in Appendix

E.
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5 STRENGTHENING OF MASONRY STRUCTURES

5.1 INTRODUCTION

5.1.1 Scope

()P  This chapter specifies design recommendations for masonry structural members strength-
ened with FRP.

(2)P  The primary objective of FRP strengthening is to increase the capacity of each member as
well as the overall capacity of the masonry structure; whenever possible, enhancement of structural
displacement at failure is also recommended.

5.1.2 Strengthening of historical and monumental buildings

(1)P  Strengthening of historical and monumental buildings shall be justified only when inevita-
ble; the adopted strengthening technique shall be in compliance with the theory of restoration (see
Section 3.1 item (3)).

5.1.3 FRP strengthening design criteria

(1)  Strengthening methodologies addressed in this document consist of the application of FRP
materials in the form of laminates, sheets, grids, and bars, installed on the members by adhesion or
by means of mechanical anchorage devices. FRP reinforcement may be applied to the external sur-
faces of the masonry structure as well as in slots or grooves cut in the masonry itself.

2 FRP strengthening can be employed for the following reasons:

e Flexural and shear strengthening to carry tensile stresses within the structural member or be-
tween adjoining members.

e Connection between members (vault and wall ties, connections between orthogonal walls,
etc.).

e Floor stiffening to act as a stiff diaphragm.

e Crack width limitation.

e Columns confinement to increase the material strength.

(3)P  Design of FRP reinforcement shall ensure that the selected FRP system is always in tension.
In fact, compression FRP is unable to increase the performance of the strengthened masonry mem-
ber due to its small area compared to that of compressed masonry. Moreover, FRP in compression
may be subjected to debonding due to local instability.

(4)  For masonry structures strengthened with FRP and subjected to cyclic loads (e.g.,seismic,
thermal variations), bond between masonry and FRP may degrade remarkably during the structure’s
lifetime. In such a case, it could be necessary to properly anchor the FRP system to the masonry by
either inserting FRP reinforcement in suitable grooves to prevent local instability or applying me-
chanical anchoring devices.

5) For proper anchoring, FRP shall be extended up to the compressed masonry areas.
(6)P  FRP strengthening shall be applied to structural members having suitable mechanical prop-

erties. If the masonry is damaged, not uniform, or cracked, it shall first be repaired with appropriate
techniques to ensure a proper sharing of loads between support and FRP. The selection of the ap-
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propriate strengthening material (carbon, glass, or aramid FRP) shall also take into account physical
and chemical properties of the masonry.

(7P FRP reinforcement that completely encases the strengthened member may prevent migration
of moisture. Such FRP systems shall not be applied continuously on extended areas of the wall sur-
face to ensure migration of moisture.

5.1.4 Strengthening Rationale

(1)  For the appropriateness of a FRP system for a particular application, the engineer should
evaluate the existing structure to establish its existing load-carrying capacity, identify deficiencies
and their causes, and determine the condition of the masonry substrate. The overall evaluation
should include a thorough field inspection, review of existing design or as-built documents, as well
as a structural analysis. The load-carrying capacity of the existing structure should be based on the
information collected in the field investigation as well as the review of the existing documents and
determined by analytical or any other suitable methods. FRP strengthening may be aimed at the fol-
lowing:

¢ Increasing the capacity of panels, arches, or vault.

e Wrapping of columns to enhance their compressive strength and ductility.

e Reducing thrust forces in thrusting structures.

e Transforming non structural members into structural members by increasing their stiffness
and strength.
Strengthening and stiffening horizontal non-thrusting structures.
e Wrapping buildings at floors and roof locations.

5.2 SAFETY EVALUATION

5.2.1 Structural modelling

(1)P  Design of FRP reinforcement shall be based on a structural scheme representing the behav-
ior of the building for the expected future use.

(2)P Internal forces acting on the masonry shall be determined using the methods of structural
analysis. In particular, the structure can be modeled as either linear elastic or through proven non
linear models capable of simulating the inelastic behavior and the negligible tensile strength of the
masonry.

3 Simplified schemes can also be used to describe the behavior of the structure. For example,
provided that tensile stresses are directly taken by the FRP system, the stress level may be deter-
mined by adopting a simplified distribution of stresses that satisfies the equilibrium conditions but
not necessarily the compatibility of strain. The use of simplified stress distributions should be very
carefully chosen because a statically satisfactory stress level could have already caused the structure
to collapse due to the brittle nature of the FRP-masonry system. In case of structures with regular or
repetitive parts, partial structural schemes may be identified that allow for a rapid evaluation of the
overall behavior of the strengthened structure. Likewise, simplified models may be adopted for
verifications of local failure mechanisms, provided that their use is correctly motivated.

5.2.2 Verification criteria
(1)P  Possible failure modes of masonry walls strengthened with FRP systems can be summarized
as follows:

e Excessive cracking due to tensile stresses in the wall.
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Crushing of masonry.
Shear-slip of masonry.
FRP rupture.

FRP debonding.

Failure mode of FRP strengthened masonry structures usually involves a combination of the above
mentioned mechanisms.

5.2.3 Safety verifications

(¢D)] Masonry can be considered an anisotropic material exhibiting a non-linear behavior. The
stress-strain relationship may vary quite significantly depending whether the structure is built using
artificial or natural blocks as well as the type of mortar employed.

(2 Masonry exhibits a brittle behavior when subjected to tensile loading; the corresponding
tensile strength is negligible compared to its compressive strength. For design purposes, it is ac-
cepted to neglect tensile strength of masonry.

(3)P  Laboratory tests show that the stress-strain diagram of masonry blocks subjected to com-
pressive loads can be described as follows:

e Basically linear for low strain values.

e Non-linear as the load increases up to the ultimate value.

e Non-linear softening after the load at ultimate has been reached.

(4)  The masonry behavior for compressive load also depends on the availability of transverse
confinement. By increasing the transverse confinement, strength and ductility of the material is im-
proved.

(5)P  Masonry shear strength depends on the applied axial load because it usually relies upon co-
hesion and friction of the material.

(6)P  The characteristic values for strength are as follows:
o fk for vertical compression.
. frﬂk for horizontal compression.
o fy forshear.

Such values shall be determined in compliance with the current building code. A reference value for
f iy is50 % of fry.

@) Design values for mechanical properties of masonry are computed by dividing the character-
istics’ values by the partial factor of the material y,, = yp as well as by the partial factor for resis-

tance model, yrq, according to the current building code and the present document.

(8)P  For most engineering applications, the behavior of masonry under uniaxial loads may be
simplified as follows:
e tensile stress: neglected.
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e compression: linear behavior with slope equal to the secant modulus of elasticity up to both
design strength of f,4 and design strain of &, ; design strength equal to f,,, for strain be-

tween g, < & < gy ; and zero strength for strain larger than ¢, .

(9)P  Unless experimental data is available, the masonry ultimate design strain, &,,, may be as-
sumed equal to 0.35 %.

(10)  Alternatively, appropriate stress-strain diagrams embracing the behavior described in (3)P
may be used, provided that their performance is validated on the basis of experimental investiga-
tions.

(11)P FRP materials are characterized by an anisotropic behavior, as described in detail in Section
6.2. When stressed in the fiber direction, FRP exhibits a linear elastic behavior up to failure, whose
characteristic value is fy .

The maximum design strain allowed to the FRP system shall be expressed as follows:
—mindp -2k 5.1
&g =MINS 77, 1 €dd (5.1)
Vs

where ¢g represents the FRP characteristic strain at failure, and &gqq is the maximum FRP strain
once FRP debonding takes place (see next section). Unless more accurate data is available, egqgq

shall be taken from item (7) of Section 5.3.2. The values to be assigned to the conversion factor,
15, and the partial factor, y,, = y¢, are indicated in Table 3-4 and Table 3-2, respectively.

(12)P Design recommendations are based on limit-states-design principles. For ultimate limit
states analysis, two possible approaches may be recognized depending upon the type of structural
analysis performed. If non linear models are used, the member’s load carrying capacity shall be lar-
ger than the factored applied load. The latter is computed according to the current building code.
Care shall be taken to ensure that the proposed solution is not affected by the particular discretiza-
tion adopted for the computation. If linear elastic models or simplified schemes adopting a balanced
distribution of stresses that satisfy equilibrium conditions but not necessarily compatibility of strain
are used, the resulting stress on each structural member shall be verified. In particular, for bi-
dimensional members (slabs, shells), the unit stress shall be considered (e.g., those evaluated per
unit length of the member). Assuming that a plane section before loading remains plane after load-
ing, the design criteria is met when factored shear forces and bending moments due to the applied
loads are smaller than the corresponding design factored shear and flexural capacities. The latter
shall be evaluated as a function of the applied axial force, considering the non linear behavior of the
material represented by the simplified stress-strain diagram introduced in item (8)P.

(13)P Other limit states shall be verified according to the current building code requirements.

5.3 EVALUATION OF DEBONDING STRENGTH

(1)P  Bond between masonry and FRP is of great relevance because debonding yields to undesir-
able, brittle failure modes. When designing according to the capacity design criterion, FRP debond-
ing shall always follow the post-elastic behavior of compressed masonry. If special anchorage de-
vices for the FRP system are used, failure by FRP debonding is accepted, provided that the variation
of the resisting scheme is accounted for.
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2 Due to the wide variety of existing masonry structures (e.g., artificial clay, concrete masonry
blocks, squared or non-squared stones, etc.), debonding may occur at the interface between different
materials. Moreover, in masonry structures with irregular faces, a layer of mortar may be used to
create a suitable surface for FRP application. The same strengthening system may then be linked to
different materials characterized by different interface properties.

3 If the tensile strength of the adhesive used to install FRP reinforcement is larger than that of
the substrate, debonding between FRP and masonry takes place at the masonry face-level.

5.3.1 General considerations and failure modes

(1)P  Debonding between FRP reinforcement applied in isolated strips along straight lines and
masonry may occur according to the following failure modes: plate end debonding or intermediate
crack debonding. In masonry structures strengthened with FRP and loaded such to provide tensile
stresses in FRP reinforcement both at laminate ends as well as close to the locations of existing
cracks, the FRP-masonry interface undergoes high stresses localized within 50 to 200 mm from the
discontinuity section.

(2)  Combined stresses reduce the bond strength. In particular, when FRP strengthening is ap-
plied to curved surfaces or when high flexural stiffness FRP reinforcement is used, significant ten-
sile stresses perpendicular to the masonry-FRP interface (peeling stresses) arise, thus reducing the
force that may be transferred. In case of FRP laminates applied with fibers inclined with respect to
the orthogonal direction of the crack, stresses around cracks generated by relative movements pro-
duce a stress concentration at the masonry-FRP interface.

(3)  Shear debonding takes place close to FRP reinforcement ends (anchorage sections) and may
be followed by removal of a significant portion of brick (rip-off failure), specifically when shear
stresses at the FRP end are combined with normal tensile stresses. Such failure mode appears with

formation of cracks due to spreading of anchorage stresses that may be accompanied by tensile
stresses in the masonry responsible for its fracture (Figure 5-1).

J/ jé
-

\\)\\ /] /f
o o=
tf| End of laminate max

Figure 5-1 — Failure due to rip-off of the anchorage brick.

5.3.2 Bond strength at ultimate limit state

(1)P  Experimental bond tests show that the ultimate value of the force transferred from FRP rein-
forcement to the support prior to FRP debonding depends on the length, I, of the bonded area.

This value grows with I, up to a maximum corresponding to a length I ; further increase of the
bonded area does not increase the force that it is possible to transfer. The length I, is called optimal

bond length and corresponds to the minimal bond length able to carry the maximum anchorage
force.
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(2)  The optimal bond length, 1., may be estimated as follows:

|, = zEthf [lengths in mm] (5.2)

mtm

where:
- E; is the Young modulus of elasticity of FRP reinforcement

- tf represents FRP thickness

- fmim IS the masonry average tensile strength; and unless specific data is available, it may be as-
sumed equal to 0.10f_  (in particular, because bond between FRP and masonry is generally
granted, the value of f., to be considered in Equation (5.2) is the average tensile strength of the
masonry).

3) If debonding involves the first masonry layers, the characteristic value, I'gy, of the specific
fracture energy of the FRP strengthened masonry shall be given as follows:

Iyo=cf, - f [forces in N and lengths in mm] (5.3)

mk mtm

where ¢, is an experimentally determined coefficient. Unless specific data is available, the value of
c; may be assumed equal to 0.015.

(4)  When debonding involves the first masonry layers and the bond length is longer or equal to
the optimal bond length, the design bond strength, f;y4, shall be expressed as follows:

2'Ef'FFk

fo 1
fdd — :
Vid ‘Nwm t;

where y¢ g is the partial factor as per Table 3-2 (Section 3.4.1), and y), is the partial factor of the
masonry.

(5.4)

(5)  The maximum design strain, egqq, before FRP debonding takes place is given by the ratio
between the design bond strength, fsyq, and the FRP Young modulus of elasticity, Eg .

(6) For bond lengths, I,, smaller than I, the design bond strength shall be reduced as follows:

e

I I
fraania = Frag ‘_b‘(z__bJ (5.5)

@) If debonding mechanism between FRP and masonry takes place by rupture of a portion of
the masonry unit, it shall be assumed that each masonry unit can not concur for more than 80 % of
its length to the determination of the above mentioned lengths I, and .

(8)  When special anchorage devices (FRP transverse bars, FRP end wrapping) are used, the
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maximum bond force shall be evaluated with experimental investigations.

5.3.3 Bond strength with stresses perpendicular to the surface of bond

@ Experimental data carried out on FRP strengthened masonry structures should be used for
the determination of the bond strength in case of stresses perpendicular to the bonding surface.

2 Unless a more detailed analysis is carried out, bond strength of low curvature FRP strength-
ened masonry structures should be evaluated by reducing the value of the force transferred from the
FRP system to the support depending upon the magnitude of the stress perpendicular to the bonding
surface.

(3)  The design value of the bond strength with stresses perpendicular to the surface of bond can
be expressed as follows:
Osd

ffpd = ffdd ( _f_j (5.6)

mtd

where fsqq IS the design value of the bond strength given in Equation (5.4), fq IS the design
value of the tensile strength of the masonry, and ogy represents the magnitude of the stress perpen-
dicular to the bonding surface. If the bond length, Iy, is smaller than the optimal length, I, the
value ffyq rig shall be used in Equation (5.6).

(4)  The magnitude of the stress perpendicular to the bonding surface, ogq, for FRP strengthen-

ing of curved profile having bending radius r and subjected to a constant tensile stress oy, can be
calculated as follows:

1
Ogy = 0; -1 F (5.7)

5.4 SAFETY REQUIREMENTS
(¢D)] Principles as stated in Section 5.2 are hereafter referred to practical applications.

5.4.1 Strengthening of masonry panels

(@) Masonry panels may be strengthened with FRP to increase their load carrying capacities or
their ductilities for in-plane or out-of-plane loads. In the following, simple requirements to control
the degree of safety of the strengthened masonry panel are suggested. Such requirements are not
exhaustive and should be integrated with further analysis suitable to the complexity of the case
studied.

5.4.1.1 Strengthening for out-of-plane loads
(1) Out-of-plane collapse of masonry panels is one of the most frequent mechanism of local cri-
sis for masonry structural members. Such mechanism is primarily due to seismic actions and secon-
dary to horizontal forces originated by the presence of arches and vaults. Out-of-plane collapse can
appear as any of the following:

e Simple overturning.

e Vertical flexure failure.

e Horizontal flexure failure.

86



CNR-DT 200/2004

5.4.1.1.1 Simple overturning

(1)  The kinematic motion is represented by an overturning about a hinge at the bottom of the
masonry panel. Due to the small tensile strength of the masonry, the hinge is usually located on the
outer surface of the panel. Collapse by overturning may happen in the presence of walls not con-
nected to the orthogonal walls nor restrained at their top. Collapse by overturning may depend on
several factors, such as boundary conditions, slenderness of the wall, and geometry of masonry
member. A possible retrofitting technique may consist in the use of FRP applied to the top portion
of the masonry panel and properly anchored into the orthogonal walls. The optimal solution from a
performance point of view, would be embracing the entire perimeter of the building with the se-
lected FRP system. Particular care shall be taken in the rounding of masonry corners to avoid stress
concentration in the FRP,

As an example, a masonry panel subjected to the following loads (design values) is considered:

e Py panel self weight.

e Ny axial force acting on top of the panel.
e Qg horizontal load due to seismic effects.
o F4 force exerted on the masonry panel by the FRP system.

|

v

=

Figure 5-2 — Collapse mechanism by simple overturning.

Assuming that floors and walls perpendicular to the panel being studied provide negligible restraint
to the panel itself (Figure 5-2), tensile force in the FRP reinforcement can be calculated via moment
equilibrium as follows:

1
2-h*'(

F, = Qy -h—N, -t—P,-t) (5.8)

where h” is the distance between FRP and the bottom portion of the masonry panel. To prevent
simple overturning of the masonry panel, the two following conditions shall be met:
e FRP tensile strength
It shall be verified that

Fy <2 Fy (5.9)

where Frq = Af - frq, Ar represents the FRP reinforcement area, and fzq is the design tensile
strength of the FRP.
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e Rip-off of FRP from orthogonal walls
It shall be verified that

F,<2-F (5.10)
d pd

where Foq = As - fpg represents the maximum anchorage force of the FRP applied to one of
the two orthogonal walls.

Usually, rip-off is more demanding than tensile strength on FRP. In the case of a fully wrapped
structure with an appropriate overlapping length, the second condition becomes unnecessary. Addi-
tional requirements include determination of stresses due to combined axial load and bending mo-
ment as well as determination of shear force on panel horizontal sections according to Section
54.1.2.

5.4.1.1.2 Vertical flexural failure

(1)  For masonry panels restrained at both top and bottom regions and subjected to horizontal
loading, failure may occur due to flexure with formation of three hinges: one at the bottom of the
panel, one at the panel top and the last at a certain height of the panel itself. Failure occurs when
the force corresponding to the applied axial load and bending moment falls outside to the masonry
cross section. Flexural collapse may occur in very high masonry panels and/or panels restrained far
apart from orthogonal walls. In case of seismic loads, masonry panels loaded from opposite side by
floors located at different heights are particularly sensitive to flexural collapse mechanisms. Such
masonry panels may be strengthened with FRP having fibers running in the vertical direction. As an
example, a unit width strip of masonry panel strengthened with FRP and subject to the following
external loading (design values) is considered:

o Pd(s) weight of the upper side of the panel.

o P(}i) weight of the lower side of the panel.

o Qés) seismic force related to the upper side of the panel.
i)

. Qé seismic force related to the lower side of the panel.
e Ny axial force acting on the panel.
e Qg load due to a further horizontal loading condition.

By force equilibrium, the horizontal reaction in C may be calculated as follows (Figure 5-3):

h(2:Q+Q") +QY -(2-h—h)—t- (N, + P + PY)

Hey = 5.11
- (511)

The masonry panel at cross-section B where the FRP is applied to prevent formation of the hinge is
subjected to axial force and bending moment equal to the following:

Ng, =N, +P?,
5 h (5.12)
Mgy =Heghs _Qé) Es
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Figure 5-3 — Collapse mechanism by vertical flexure.

The masonry panel flexural capacity is verified when the following relationship is met:

Mg, <M, (5.13)

The flexural capacity of the strengthened masonry panel, M4, may be determined as a function of

the mechanical characteristics of masonry and FRP, the thickness t of the masonry panel, and the
value of the applied axial force (the partial factor for resistance models, yrq, can be taken from

Table 3-3 of Section 3.4.2; for this particular case it shall be assumed equal to 1.00). The compres-
sive stress-strain relationship for masonry can be assumed to be rectangular with a uniform com-
pressive stress of 0.85- f,4 distributed over an equivalent compression zone bounded by the edges

of the cross section and a straight line located parallel to the neutral axis, x, at a distance of 0.6+0.8
X. The maximum masonry and FRP strain shall be taken as indicated in Section 5.2.3.

FRP vertical reinforcements shall be placed at a center-to-center distance, ps, such that:
P, <3-t+b (5.14)

where b¢ is the FRP width. Larger center-to-center spacing can be used only if adequately justified.

5.4.1.1.3 Horizontal flexural failure

Q) For masonry panels restrained at the bottom as well as firmly connected with transversal
walls, the resistance to horizontal forces is ensured by arching effect of the top strip as illustrated in
Figure 5-4(a). The value of the maximum uniformly distributed horizontal load, g, that can be car-
ried out can be expressed as follows:

2t

o A (5.15)

q

where L is the panel width, and fnqd represents the design compressive strength of the masonry in

the horizontal direction. If the applied load is larger than the value of q given by Equation (5.15),
the panel would collapse due to crushing of the masonry. In such a case, the application of a FRP
strengthening system could be beneficial. For masonry panels restrained at the bottom, but not
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firmly connected with transversal walls, the masonry panel may collapse as illustrated in Figure
5-4(b). With reference to the unit strip located on top of the panel, failure occurs when the force
corresponding to the applied axial load and bending moment falls outside to the masonry cross sec-
tion.

(a) (b)
Figure 5-4 — Collapse by horizontal flexure.

The use of FRP prevents such mechanisms from failure providing flexural capacity to the men-
tioned unit strip can be considered a masonry beam strengthened with FRP. The applied bending
moment, Mgy, is due to earthquake loads, wind pressure, and other possible horizontal loads due to

the presence of other structural members. Flexural safety of the masonry panel is satisfied when
Equation (5.13) is met. The moment M4 may be determined as a function of the mechanical char-

acteristics of masonry and FRP and the thickness t of the masonry panel. Unless a more detailed
analysis is available, the horizontal force due to the presence of transversal walls may be considered
equal to zero when evaluating M .

An additional shear check shall be carried out on the connection joints between masonry panel and
transversal walls by taking into account the two-dimensional effect of the entire panel. Verification
of the magnitude of tensile loads on transversal walls close to the main masonry panel shall also be
performed.

5.4.1.2 Strengthening for in-plane loads

(1)  The following checks shall be carried out for masonry panels subjected to in-plane loads:
¢ In-plane combined bending and axial load.
e Shear force.

5.4.1.2.1 In-plane combined bending and axial load

@ FRP materials can effectively enhance the in-plane capacity with regard to combined bend-
ing and axial load of masonry panels when installed on both sides of the panel where tension loads
are expected. Such FRP reinforcements shall be adequately anchored to the end portions of the ma-
sonry panel.

(2)  Assuming that sections perpendicular to the axis of bending which are plane before bending
remain plane after bending, the compressive stress-strain relationship for masonry can be assumed
to be rectangular with a uniform compressive stress of 0.85- f,,q distributed over an equivalent
compression zone bounded by the edges of the cross section and a straight line located parallel to

the neutral axis, x, at a distance of 0.6+0.8 x. The maximum masonry and FRP strain shall be taken
as indicated in Section 5.2.3.
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5.4.1.2.2 Shear force

(1P)  The shear capacity of masonry panels strengthened with FRP applied on both sides of the
panel can be seen as the combination of two resisting mechanisms: (1) shear forces due to friction
in presence of compression loads, and (2) for elements capable of resisting tensile stress a truss
mechanism becomes active, and shear forces are carried out by equilibrium.

(2 Usually, shear strengthening with FRP of masonry panels is obtained by applying external
reinforcement to carry tensile loads due to flexure and shear force such to allow the formation of the
mentioned truss mechanism. When FRP reinforcement is not applied to carry flexural loads, shear
strengthening with FRP can be carried out by installing external reinforcement along the panel di-
agonals.

(3)  When formation of truss mechanism is ensured, the design shear capacity, Vgq, of the FRP
strengthened masonry panel is computed as the sum of the masonry contribution, Vgq 1y, and the
FRP contribution, Vg ¢, Up to the maximum value Vrq max inducing failure of the compressed
strut of the truss:

V,, =min{V,

+V VRd,max } (516)

Rd,m Rd,f?

If shear strengthening is placed parallel to the mortar joints, the above defined contributions may be
evaluated as follows:

Vo, = —d -t f,, (5.17)

Rd

1 06-d-A,-f,

Vear = (5.18)

Rd pf

where:
- ¥rd 1S the partial factor to be assumed equal to 1.20 (Table 3-3, Section 3.4.2).

- d is the distance between the compression side of the masonry and the centroid of FRP flexural
strengthening.

- tis the masonry panel thickness.

- fyq is the design shear strength of the masonry, equal to fy /7 -

- Agy is the area of FRP shear strengthening in the direction parallel to the shear force.

- ps is the center-to-center spacing of FRP reinforcement measured orthogonally to the direction of
the shear force.
- fgq Is the design strength of FRP reinforcement, defined as the lesser between FRP tensile failure

strength and debonding strength.

The value of the partial factor for masonry, ), shall be set according to the current building code;
the partial factor for resistance model, ygq, shall be obtained from Table 3-3 of 3.4.2; for shear it is
set equal to 1.20. If the angle of friction, ¢, of mortar joints is smaller than 45°, the value of Vg ¢

provided by Equation (5.18) shall be reduced by a multiplicative factor of cot(90°—¢).
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(4)  The design shear capacity, Vrg max. Of the masonry panel corresponding to failure of the
compressed strut of the truss can be calculated as follows:

Viggma =0.3- f - t-d (5.19)

where frﬂd is the design compressive strength of the masonry parallel to the mortar joints.

5) In case of FRP flexural strengthening of masonry panels, shear capacity enhancement due to
the increased compressive strength of the masonry can be calculated by computing the value of the
parameter f,) related to the average compressive strength (including the one due to flexure) acting

on the masonry panel.

(6) If shear strengthening is not placed parallel to the mortar joints, Equations (5.17) and (5.18)
valid for FRP strengthening placed parallel to the mortar joints, should be carefully evaluated with
suitable models.

5.4.2 Lintel and tie areas

(1)P  The areas connecting different wall bays within a masonry panel are named tie areas. Their
function is twofold: (1) restrain the adjoining wall to assume deformed shapes compatible with the
applied horizontal load, and (2) support the masonry wall located above openings. The former
mechanism generates shear and flexural stresses within the tie area itself and plays a significant role
in case of seismic loads; the latter is played by lintels located above any opening that are primary
subjected to vertical loads.

(2)P  Due to the presence of vertical loads, two effects in the areas above openings are displayed:
(1) the portion of masonry wall above the opening can not withstand its own weight and shall be
supported by lintel functioning as a beam; and (2) when the wall bays surrounding the openings are
slender so as not to withstand the horizontal load due to the presence of the opening itself, the lintel
shall be such to provide adequate strength to carry the tensile stresses to ensure the overall equilib-
rium of the wall.

(3) P In the next two sections, three methods for designing both lintels and tie areas subjected to
seismic loads are presented (see Figure 5-5).

SN L

Figure 5-5 — Lintels design subjected to combined bending and axial loads.

5.4.2.1 Design of lintels

Q) Lintels may be realized using structural elements having both axial and flexural capacity; al-
ternatively, lintels having only axial capacity can be employed. In the former case, lintels are capa-
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ble of functioning as a beam and carry tensile stresses to ensure the overall equilibrium of the wall,
in the latter, support to the wall above the opening shall be ensured by formation of a reinforced
masonry member located just above the opening where tensile stresses are carried out by the ap-
plied FRP strengthening system. In this case, equilibrium condition is probably reached with re-
markable displacements showed by the masonry wall above the strengthened member. Such FRP
strengthening system shall be applied on the bottom portion of the lintel; unless appropriate expla-
nation is given, the selected FRP system shall not be installed on the sides of the masonry wall.

(2)  To ensure proper functioning of lintels, FRP reinforcement shall be properly anchored into
the adjacent masonry walls.

(3)  The portion of the FRP strengthened lintel shall have a flexural capacity, Mrq, larger than
the applied moment, Mg, . The latter can be calculated as follows:

1
i =7G-§-g-t-L3 (5.20)

where g is the masonry weight per cubic meter, t is the thickness of the masonry, L is the net span
of the opening, and y¢ is the partial factor for self weight at ultimate limit state.

FRP shall also be capable to withstand the following force:

gy - L
N, :E(;-T (5.21)

where qgq is the design vertical load at ultimate limit state acting on the lintel (sum of factored dead

and live loads), and h™ is the internal lever arm, to be assumed not larger than the span L of the
opening nor the height h of the tie area.

5.4.2.2 Design of tie areas

Q) FRP strengthened tie areas shall be verified for bending moment, shear, and axial loads act-
ing at the connection with vertical masonry walls. Flexural and shear capacity shall be calculated
according to the rules given for the masonry wall panels by tacking into account the compressive

strength of the masonry fmhd parallel to the mortar joints.

2 FRP strengthening of tie areas may be carried out by installing reinforcement with fibers
running in the horizontal direction located at the level of the floor; alternatively, external FRP rein-
forcement may be located at the top or bottom region of tie areas itself. FRP reinforcement may be
continuous or discontinuous and applied to either the internal or external face of the masonry wall.
When FRP reinforcement is applied to the external face of the masonry wall, it also may function as
external wrapping of the building.

(3)  To ensure a satisfying behavior with respect to the applied shear force, FRP reinforcement
with fibers running in the diagonal direction could also be applied to tie areas. FRP reinforcement
should be installed symmetrically on both internal and external sides of the strengthened masonry
wall.
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5.5 STRENGTHENING OF STRUCTURAL MEMBERS WITH SINGLE OR DOUBLE
CURVATURE

(1)P  Structural members with single or double curvature generally lose their functionality due to
the formation of hinges that promote the mechanisms of collapse. Hinges form in such masonry
structures due to the negligible tensile strength of the masonry.

(2)P  Such hinges are located in regions of limited contact area, externally to the mid plane of the
structure. As first approximation, they can be located either at the intrados or extrados of the ma-
sonry panel. A masonry hinge can carry axial and shear forces. As a result, the hinged section can
only carry an axial force having an eccentricity equal to half of the structure thickness.

(3)P  FRP reinforcement delays both opening of cracks and formation of hinges within the ma-
sonry panel located on the opposite side with respect to the one where the FRP system is installed.
Therefore, a properly anchored FRP reinforcement applied to the extrados (intrados) prevent the
formation of hinges on the opposite side of the intrados (extrados). FRP reinforcement is not rec-
ommended when collapse is controlled by either crushing of the masonry or shear failure.

(4)P  FRP reinforcement used as external strengthening of masonry structures is such to prevent
the formation of certain hinges.

5.5.1 Arches

(1)P  Two structural schemes can be taken into consideration:
e Arch scheme, for arches resting on fixed and/or hinged supports.
e Arch-pier scheme, also known as frame scheme, for arches resting on piers.

(2)P  Both schemes generally tend to collapse due to the formation of at least four hinges. In par-
ticular, a possible mechanism may be due to the formation of three (real) hinges and a double pen-
dulum (pseudo-hinge) leading to a shear failure of a portion of the arch with respect to the other.

5.5.1.1 Arch scheme

(1)P  To prevent the mechanism characterized by the formation of four hinges, FRP reinforcement
may be bonded either to the extrados or the intrados of the masonry arch. Experimental evidence
shows that application of FRP reinforcement on the side surface of the arch does not provide sig-
nificant improvement of the structural behavior. In such a case, a premature debonding of the FRP
reinforcement from the masonry face takes place. Such debonding is localized in the arch com-
pressed region and it is due to local FRP instability, followed by a fast degradation of the bond be-
tween masonry and FRP.

(2) FRP strengthening is preferably carried out by applying FRP reinforcement on the extrados
of the masonry arch to prevent the formation of hinges on the intrados. Alternatively, FRP rein-
forcement may be applied on the arch intrados to prevent the formation of hinges on the extrados.
As a final remark, FRP reinforcement may also be applied to both extrados and intrados of the ma-
sonry arch to prevent the formation of first and second type-hinge. However, this application is not
common.

3) Unless the formation of hinges is prevented in the region of the masonry arch close to sup-
ports, when computing internal forces of the strengthened arch the formation of hinges at supports
shall always be considered.

(4) Partial FRP strengthening carried out on a portion of the extrados or intrados does not pre-
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vent the possibility of formation of hinges responsible for the activation of a kinematic mechanism
of the structure. However, when FRP strengthening is properly designed and realized, it may en-
hance the structure’s ultimate capacity. It shall be preferable to do the following:

e Carry out complete FRP strengthening on the extrados or intrados of the arch.

e Choose FRP fabric over laminate, because they better fit the geometry of the masonry arch.

e Apply FRP strengthening on the arch extrados; in this case the arch curvature is such to dis-
play compressive stress orthogonal to the FRP reinforcement. On the other hand, when FRP
is installed on the intrados, the curvature is such to display tensile stress orthogonal to the
FRP reinforcement that enhance debonding between FRP and masonry.

(5)  When computing internal forces of the FRP strengthened masonry arch, the formation of
hinges located on the opposite side with respect to the side of FRP installation shall be taken into
account. A more realistic approach should consider that the hinge will form at a certain distance to
the side located at the opposite face of FRP reinforcement. Such a distance depends on the masonry
compressive strength; it increases as the masonry compressive strength decreases.

(6)P  When masonry tensile stresses can be neglected, the following checks shall be performed for
FRP strengthened arches:
e Overall stability of the structure.
e Combined bending and axial force, when failure occurs by either crushing of the masonry
and/or FRP rupture.
e Shear.
e FRP debonding.

(7)  Combined bending and axial force as well as shear check shall be in compliance with the
procedure indicated for masonry panels. Check for FRP debonding shall be performed at a distance
I, from the end of FRP reinforcement; the moment corresponding to such section shall be evalu-

ated using the FRP design strength according toSection 5.3.3 item (3).

5.5.1.2 Arch-pier scheme

@ For arch-pier structures, application of FRP reinforcement to the arch intrados or extrados
may not be sufficient to prevent relative displacements of the pier-arch connections. In such a case,
it is preferable to either act on the piers or set a tie rod between the pier-arch connections.

(2)P  Checks to be carried out are the same as those considered for the arch scheme.

5.5.2 Single curvature vaults: barrel vaults

(1)P  In most situations, the study of barrel vaults is similar to that of a unit depth arch. Conse-
quently, barrel vaults may be strengthened with FRP applied both on the extrados and intrados. To
satisfy safety requirements, FRP strengthening shall be applied along the entire longitudinal length
of the vault. For this reason, FRP reinforcement shall be placed at a center-to-center distance, p¢,

calculated as follows:

p, <3-t+h, (5.22)

where t is the vault thickness and bs is the FRP width. A greater distance is allowed only if prop-
erly substantiated.
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(2) Longitudinal FRP strengthening has only the secondary importance of bridging the ideal
arches forming the barrel vault. Such mechanism is particularly important in cases of horizontal
loading.

(3)  Typically, it is suggested to install in the longitudinal direction at least 10 % of the FRP re-
inforcement applied in the transversal direction. It shall be increased to 25 % for FRP strengthening
in seismic area.

4) If vaults are used in cellular buildings with small-size rooms, FRP strengthening should be
performed on the building walls rather than the vault.

5.5.3 Double curvature vaults: domes
(1)P  Domes exhibit membrane-type and flexural-type stresses.

5.5.3.1 Membrane-type stresses

1) In a dome subjected to vertical loads, normal tensile stresses directed along the dome paral-
lels are displayed. The typical cracking pattern with cracks located along the meridians is primarily
due to the negligible tensile strength of the masonry. The mentioned crack pattern modifies the
equilibrium condition of the dome enhancing the horizontal forces where the dome connects with
the supporting structure. The use of FRP reinforcement applied in a circle around the lower portion
of the dome’s perimeter may help in preventing the opening of cracks as well as reducing the mag-
nitude of the horizontal force acting on the supporting structure.

(2P The degree of safety of a masonry dome shall be performed by checking the following:
e Tensile stress in FRP reinforcement.
e FRP debonding according to Section 5.3.3.

5.5.3.2 Flexural-type stresses

(1)  Flexural-type stress is typically localized where the dome meets the supporting structure or
at the edge of skylight, when available. In particular, flexural-type stress may cause collapse of por-
tions of the dome delimitated by meridian cracks. If the load carrying capacity of such portions is
controlled by failure of the region connecting the dome to the supporting structure, the dome may
be strengthened by applying FRP reinforcement in a circle around the lower portion of the dome pe-
rimeter. If the dome supporting structure does not show any displacement, the above mentioned
FRP circular strengthening is inactive. In such a case, FRP reinforcement shall be applied along the
dome meridians.

(2) P The degree of safety of a masonry dome shall be performed by checking the following:
e Combined bending and axial force.
e Shear.
e FRP debonding.

For combined bending and axial loads as well as shear check, internal forces shall be evaluated on a
unit dome element according to Sections 5.4.1.2.1 and 5.4.1.2.2. Possible strength reductions for the
loading carrying capacity of the strengthened dome shall be considered due to the complexity of the
internal forces associated to the analysis of dome structures. Precautions shall be taken in case of
combined bending and axial load when the tensile zone in one direction corresponds to a compres-
sion zone in the opposite direction. In such a case, unless a more rigorous analysis is performed, the
ratio of the absolute value of the design applied moment to the nominal moment calculated under
the applied axial load shall not be larger than 1. On the contrary, unless a more rigorous analysis is
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performed, the specific flexural capacity in each plane can be assumed equal to the one resulting
from a monoaxial loading condition.

Planar shear design can be performed according to the first of the two cases previously mentioned.
It is to be noted that flexural and shear capacity shall be calculated with reference to the design
compressive strength of the masonry by taking into account differences due to loading perpendicu-
lar or parallel to the masonry texture (Section 5.2.3 item (6)P). Othogonal shear design can not take
into account the presence of FRP reinforcement and shall be performed as in the case of unrein-
forced masonry considering the complexity of the existing internal forces. Checks for FRP debond-
ing shall consider tensile stresses acting perpendicular to the FRP reinforcement according to Sec-
tion 5.3.3.

(3)  To ensure proper behavior of the FRP system applied in a circle around the lower portion of
the dome perimeter, FRP reinforcement shall be accurately anchored to the dome supporting struc-
ture eventually by means of mechanical anchorage.

5.5.4 Double curvature vaults on a square plane

@ FRP strengthening of double curvature vaults resting on a square plane shall primarily be
performed on the masonry walls of the room that support the vault itself. For vertically loaded
structures, integrity and stiffness of the supporting masonry walls ensure that the vault is primarily
subjected to compression stresses. If this is not the case, FRP strengthening may be performed
within the corner region of the vaults where tensile stress is expected to exist in a direction orthogo-
nal to the room diagonals.

5.6 CONFINEMENT OF MASONRY COLUMNS

(1)P  FRP confinement of masonry columns subjected to axial loads increases both ultimate ca-
pacity and strain. It also may enhance the column performance under service limit state.

(2)P  FRP reinforcement is typically installed by wrapping of the member; such wrapping exerts a
beneficial effect on the lateral strain of the column by providing a tri-axial confinement. FRP
strengthening may be employed either in case of rehabilitation of deteriorated structures or for their
seismic upgrade.

(€)) Confinement with composites may be performed by using FRP sheets or bars. FRP sheets
are applied as external reinforcement along the perimeter of the member to be strengthened in form
of continuous or discontinuous wrap. Instead, FRP bars are inserted in spread holes drilled through
the member that requires upgrade.

4) FRP bars are inserted in holes drilled along two directions orthogonal to the member trans-
versal cross section. Each set of two bars inserted in one of the two directions represents a “layer of
bars” (Figure 5-6). Such reinforcement can effectively contrast the transversal strain of the ma-
sonry. To ensure continuity between FRP bars and surrounding masonry, each hole is filled with
epoxy paste or, alternatively, FRP bar ends are mechanically fastened to the masonry.

(5P When FRP sheets and bars are used in the same application for strengthening masonry col-
umns, it is recommended that such FRP materials exhibit similar mechanical characteristics.

(6)  Confinement with FRP of masonry structures shall be performed using design mechanical
parameters in compliance with the current building code.
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Layer of bars

N

T A
Figure 5-6 — Lateral view of a column with FRP bars arranged along two orthogonal directions.

5.6.1 Design of axially loaded confined members

(1)P  Design of FRP confined masonry columns is based upon the appropriateness of the FRP sys-
tem as a function of the member geometry.

(2)P It is recommended to install FRP reinforcement with fibers running in the orthogonal direc-
tion with respect to the vertical axis of the strengthened member. Effectiveness of spiral FRP rein-
forcement shall be adequately proven.

()P The axial capacity of FRP strengthened member, Ngpc 4, shall exceed the design axial
force due to applied loads calculated according to the current building code, Ngq, as follows:

NRmc,d 2 Ngg (5.23)
(4P Nrmc,q is given as follows:
1
Nrme,d :7/_' An - Tinea 2 An - fing (5.24)
Rd

where the partial factor, yrq, shall be set equal to 1.10 (Table 3-3, Section 3.4.2), A, represents
the cross sectional area of the FRP confined member, f,q represents the design compressive
strength of unconfined masonry, and f,.q IS the design compressive strength of FRP confined
member.

(5)  The design compressive strength, f.,cq, for members confined with FRP subjected to a lat-
eral confining pressure, f;, can be written as follows:

fmcd = fmd + k - fI,eﬁ‘ (525)
where k' is a non-dimensional coefficient, and f, . represents the effective confining pressure.

(6) Unless a more detailed analysis is performed, k' may be calculated as follows:
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k'=—Jn_ (5.26)
1000

where gy, is the masonry mass-density expressed as kg / m3.

(7)  The effective confining pressure, f; ¢, is @ function of cross section shape and the FRP
system. Defining Vy,, as the volume of the masonry member to be strengthened, and V¢ ¢¢ as the
portion of the effectively confined volume, the following coefficient of efficiency can be written:

V
Ky =2 5.27
eff vV ( )

m

The effective confining pressure may be defined as a function of the coefficient of efficiency. In
turn, this may be expressed as the product of a horizontal and vertical coefficient of efficiency, kg

and ky,, respectively:
fl,eff = keff ’ f| = kH 'kv ) 1:| (5.28)

(8) When spiral FRP sheets are used, the effectiveness of FRP confinement is penalized by fi-
bers’ inclinations. Indicating with o5 the FRP fiber inclination with respect to the horizontal plane

of the member cross section, the following coefficient can be defined:

1

k, = 2
1+1t9°e

o

(5.29)

Such coefficient shall multiply the lateral confining pressure, f,, reported in Equation (5.28). FRP
strengthening performed with FRP bars inserted in holes shall not be affected by such coefficient.

(9)  To restrict axial deformation and prevent damage at serviceability limit state, the increased
axial capacity due to FRP confinement shall not be larger than 50 % of the design compressive
strength, f.,q, of the unconfined member.

5.6.2 Confinement of circular columns

(1)  The geometric ratio of FRP confined members when both FRP sheets and bars are employed
can be defined as follows:

4'tf 'bf Ny Ab
= , = 5.30
Pr D-p, Po D-p, ( )

where:

- t¢ isthe FRP thickness.

- bf is the FRP strip width.

- D is the masonry cross-section diameter.

- ps is the center-to-center spacing of FRP strips.
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- np is the number of bars installed in the generic layer of bars (for circular cross section it is as-

sumed that all layers are realized with the same number of bars).
- A, is the cross sectional area of each FRP bar.

- pp is the center-to-center distance between two subsequent layers of bars along the same direc-
tion.

In case of continuous FRP wrapping, the ratio pf becomes equal to 4-t; /D.

(2)  Viaequilibrium, the confining pressure, f;, can be calculated as follows:

1
fi :E'(pf "Bt +2-py - By) - Erai (5.31)

where E¢ and Ej are the Young modulus of elasticity of FRP sheets and bars, respectively, and
&fd,rig represents the reduced design value of the FRP strain measured at column collapse.

(3)P  In case of combined use of FRP sheets and bars, the reduced design strain for FRP rein-
forcement can be written as follows:

gfd,rid = min {Ua 'gf(l? yf(r) ;77a .gf(lE)/yf(b)} (532)

where 77, is the environmental conversion factor (Table 3-4); glgli) and g]glk(’) represent ultimate
strain of FRP sheets and bars, respectively; and ;/f(r) and ;/]gb) are the partial factors of FRP sheets

and bars, respectively (Table 3-2; for FRP bars, not included in the table, a value of ;/f(b) =1.50 is
recommended).

4 For circular cross section strengthened with FRP sheets, the horizontal coefficient of effi-
ciency, ky, can be assumed equal to 1. For continuous vertical FRP wrapping, the coefficient of

vertical efficiency, ky/, is assumed equal to 1. For spiral FRP wrapping, the effectiveness of FRP
strengthening shall appropriately be reduced by means of the k, coefficient (Eq. (5.29)).

(5)  When discontinuous FRP reinforcement having a strip width bs and center-to-center spac-
ing ps is used, the coefficient of vertical efficiency, ky,/, can be assumed as follows (Figure 5-7):

. 2
ky = (1—2'?—ij (5.33)

where ps¢ is the net distance between FRP strips.

(6)  Confinement with FRP bars inserted in holes drilled through the member are less effective
than external wrapping with FRP sheets. Such applications shall therefore be carefully analyzed.
When FRP bars are used for strengthening masonry columns, staggering of bars along the vertical
direction is necessary; moreover, the center-to-center distance between different layers of bars shall
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not exceed D/5.

(7)  Similar to discontinuous wrapping with FRP sheets, the reduction of confinement effective-
ness of masonry columns strengthened with FRP bars is to be attributed to the stress diffusion phe-
nomenon, which may be described by a parabolic relationship with a starting slope of 45° located at
the termination point of the FRP reinforcement. Unless a more detailed analysis is available, the co-
efficient of efficiency defined by Equation (5.27) can be evaluated from Equation (5.33) with p¢

replaced by the center-to-center spacing between FRP bars, py .

b | —

FRP—1 area

Figure 5-7 — Front view of circular masonry member confined with discontinuous FRP strips.

5.6.3 Confinement of prismatic columns

(1)P  FRP confinement of non-circular cross sections shows only a slight increase in the load car-
rying capacity. Such applications shall therefore be carefully analyzed.

(2)P  Prior to FRP wrapping of the masonry member, a minimum 20 mm radius (rounding radius)
when the sheet is wrapped around outside corners shall be provided.

(3)  The confining pressure, f;, of a rectangular member having dimension bxd can be calcu-
lated as follows:

1 .
f, :E-mln{pf’X Ee+2-p0u Byl pry B+ 2, Eb}'gfd,rid (5.34)

where the non-dimensional parameters oy, pfy, Ppx. and pp y are defined as follows (Figure
5-8):

4.t -b, 4.1

= b, _ Mo A Moy A
] pf'y -
d-p,

v Pox = b,-d v Py = p,-b

f

b-p,

Py = (5.35)

and np  and ny y represent the number of bars in the x and y direction, respectively.

Only for the case of continuous FRP wrapping, the confining pressure can be calculated according
to Equation (5.31), assuming pf = 4-t; /max{b,d} and pp, =0.

(@) Figure 5-8 shows a rectangular cross section confined with a continuous FRP reinforcement.
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Due to the arch-effect displayed in the figure, the confined section is only a portion of the total area
of the masonry column. The extension of the confined area depends on the adopted rounding radius.

Unconfined
/area re
- 4
v 45° _/" .K?t" —+
P— ’ |
| dld
FRPA v g
i Y,
—
b’ = b -2 e !
o= e 4

b

i
A —— — —

Figure 5-8 — Confinement of rectangular sections externally wrapped with FRP.

5) The horizontal coefficient of efficiency is given by the ratio between the confined area and
the total area of the masonry column, Ay, as follows:

b?+d?
3-A,

Ky =1- (5.36)

where b" and d’ are dimensions indicated in Figure 5-8.

(6) Unless experimental testing is available, FRP confinement of rectangular member with as-
pect ratio (b/d) larger than 2 or when max{b,d }>900mm shall be neglected.

(7)P The combined use of external FRP wrapping and internal FRP bars inserted in holes drilled
through the member cross section may increase the area effectively confined for square, rectangu-
lar, or more complex cross sections (Figure 5-9).

Figure 5-9 — Confinement of masonry members with FRP sheets and bars.

(8)  When discontinuous FRP reinforcement has a strip width by and center-to-center spacing
ps is used, the coefficient of vertical efficiency, ky,/, can assumed as follows (Figure 5-7):

. 2
1 Pr
kv_(l 2-min{b,d}J (5.37)

For spiral FRP wrapping, the effectiveness of FRP strengthening shall appropriately be reduced by
means of the k, coefficient (Eqg. (5.29)).

(99  When FRP bars are used for strengthening masonry columns, staggering of bars along the
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vertical direction is necessary. With reference to Figure 5-10, it can be assumed that the area of the
effectively confined masonry is reduced with respect to the total member area due to the “arch ef-
fect” between different layers of FRP reinforcement.

(10)  The reduction of the effectively confined area between layers of different FRP reinforce-
ment is due to the stress diffusion phenomenon described by a parabolic relationship with a starting
slope of 45° (Figure 5-10).

— ¢, —i e .
[ o

L , ) ........

Figure 5-10 — Plan and lateral view of confinement with FRP bars.

> —

(11) Unless a more appropriate determination of the portion of the effective confined volume is
made, the coefficient of efficiency, kg , according to Equation (5.27) can be assumed as follows:

2
1 n., -1 d n, -1b 3 p
K, =k, -k, =|1-= 2.2 8 o Ty "2 0 Ji-—P | (538
o [ 6( n2, b n d nbx'nbyﬂ( 2~min{b,d}J (5.38)

by

In case of square cross sections, the coefficient of efficiency reduces to the following:
2
Koo =K, K, = (1_1.11"1_%_1].(1_&] (5.39)

where b is the member width and npy =npy, =ny.

(12) FRP bars inserted in holes drilled through the strengthened masonry member shall be an-
chored for a length at least equal to 10 times the FRP bar diameter. When such length is greater than
1/5 of the FRP bar length, the anchorage force should be adequately spread at the two bar ends.

(13) Horizontal and vertical FRP bar spacing shall not be greater than half of the width of the
strengthened member; similarly, the distance between the member edge and the FRP bar closer to
the edge itself shall not be larger than 1/4 of the member width.

5.7 DESIGN FOR SEISMIC APPLICATIONS

5.7.1 Design objectives

(1)P  FRP strengthening of masonry structures subjected to seismic loads can be performed when
the unstrengthened member does not satisfy one or more limit states according to the current build-
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ing code.

(2)p

This part of the document recognizes the provisions of the current building code as well as

the indications provided in the most updated literature related to seismic constructions; particular
importance is given to the following:

5.7.2
(1)P

(2)p

()P

(4)P

Evaluation of seismic safety.

Safety requirements (verification of limit states).

Levels of seismic protection (magnitude of the associated seismic action).
Methods of analysis.

Verification criteria (distinction between ductile and brittle members).
Materials characteristics to be used for design.

Selection criteria for FRP strengthening

Type and size of selected FRP systems shall take into account the following:

Masonry structure unable to withstand vertical and horizontal loads shall be strengthened or
replaced.

Walls ending on masonry T-junctions or masonry edges shall be appropriately connected.
Unsatisfactory connections between floors/roof and vertical walls shall be made effective.
Horizontal forces generated from roofs, arches, and vaults shall be taken by appropriate
structural members.

Floors effectively connected to vertical walls shall be properly stiffened in their plane to be
able to transfer horizontal forces to the vertical walls located in the earthquake direction.
They also shall provide restraint to the movement of vertical walls located in the earthquake
orthogonal direction.

Weak members for which strengthening is not appropriate shall be eliminated.

In case of strongly irregular buildings (in term of resistance and/or stiffness), FRP strength-
ening is usually unable to provide relief to the structure. It may be used for few structural
members to grant a minimum regularity to the structure.

FRP strengthened members where local ductility is enhanced are always recommended.
Local FRP strengthening shall never reduce the overall ductility of the structure.

FRP retrofitting is typically aimed at the following:

Total or partial strengthening, replacing, or rebuilding of structural members.

Modifying the overall structural behavior by means of connection of different structural
members.

Design of FRP reinforcement shall include the following:

Rational choice of the retrofitting technique.

Choice of the appropriate technique and/or material.

Preliminary dimensioning of FRP reinforcement.

Structural analysis, taking into account the FRP strengthened structure.

Safety checks of the strengthened structure performed on strengthened and newly added
members (for existing, repaired, or strengthened members safety checks shall be carried out
according to this Guideline; for newly added members, safety checks shall be in compliance
with the current building code).

FRP strengthening in a seismic area shall be aimed at the following:
Increase flexural and shear capacity of masonry panels ensuring transfer of tensile stresses
within single members or between adjacent members.

104



CNR-DT 200/2004

Eliminate horizontal forces applied orthogonally to the masonry walls.

Connect members resisting horizontal loads to achieve a box-like behavior of the structure.
In-plane floors stiffening to achieve a stiff diaphragm behavior.

Limiting crack width to improve energy dissipation.

Confining columns to increase material strength and ductility.

(5)P  The FRP-based retrofitting strategy shall follow the principle of increasing the capacity of
under-designed members, with the aim of achieving at the same time a greater structural regularity
and elimination of possible local collapse of masonry walls or structural components.

(6) Seismic efficiency of the designed retrofitting technique may be measured by the increase of
horizontal displacement of the strengthened member close to collapse.

(7)P  To avoid seismic vulnerability of masonry structures, care shall be taken to ensure that the
FRP system will not decrease the overall ductility of the structure. Particular care shall be taken to
remedial work aiming at joining vertical columns to avoid formation of hinges in arches and vaults.
It is preferable to increase hinges ductility of both masonry columns and vaults. Similarly, for brac-
ing walls of ordinary buildings, FRP reinforcement shall be placed such to increase the overall
structural ductility and to make sure that the collapse of tie areas will anticipate the rupture of col-
umns.

5.8 INSTALLATION, MONITORING, AND QUALITY CONTROL

(1)P  Several aspects influence the effectiveness of FRP material used as externally bonded sys-
tems for strengthening of masonry members. In addition to those discussed in previous chapters,
surface preparation and FRP installation will be dealt with in this section. The relative importance
of each of these aspects depends on whether reference is made to applications defined as “bond-
critical” (flexure or shear) or “contact-critical” (confinement). For example, some tests on the qual-
ity of the substrate can be omitted for contact-critical applications (e.g., confinement by wrapping)
or when the FRP system is properly anchored provided that its effectiveness is tested by an inde-
pendent laboratory.

(2P  Once FRP strengthening has been carried out, over time monitoring by non destructive or
semi-destructive tests as listed in the following sections shall be performed to ensure the effective-
ness of the proposed strengthening solution.

(3)P  This document describes the tests that can be carried out for quality control as well as over
time monitoring of the selected FRP system. The type and number of tests to be performed shall be
linked to the importance of the application by taking into account the following:
e For strategic buildings when their functionality during seismic events is of fundamental im-
portance for civil protection or when their roles become relevant due to the consequences of
a possible collapse.
e Historical and cultural value.
e Whether FRP application concerns primary structural members (e.g., vaults, domes, col-
umns, arches, walls) or secondary elements.
e The extent of FRP application compared to the size of the structure.

(4)P  The numerical values indicated in the following are to be understood as suggested values.

5.8.1 Quality control and substrate preparation
(1)P  Quality control of the support implies determination of the masonry conditions, removal,
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and reconstruction of any deteriorated or loose masonry block, cleaning, and removal of a portion
of masonry subjected to moisture, vegetation plants, or similar.

(2P When special devices are used to properly anchor the selected FRP system, testing of such
devices shall be conducted in compliance with available standardization documents. Anchoring de-
vices shall be installed according to the manufacturer/supplier specifications regarding both mate-
rial used as well as surface preparation, environmental conditions, and sequence of each phase. The
investigation shall also evaluate the effect of such parameters on the final result.

5.8.1.1 Evaluation of substrate deterioration

Q) Prior to FRP application, tests on the homogeneity of the portion of the structure to be
strengthened shall be performed to ensure proper quality of the masonry support.

(2) Mechanical characterization tests on masonry shall be at least 1 every 100 m? of area to be
strengthened, with a minimum of 2 tests for each homogeneous area. Tests shall be performed ac-
cording to at least of one of the following categories:

Compression test on a masonry specimen.

Shear test on a masonry specimen.

Flat jack test.

Shear test by jack.

Dilatometer test.

Ultrasonic test.

(3)  When homogeneity tests are performed on the entire area to be strengthened with the excep-
tion of critical areas, they shall be distributed according to a square mesh spaced 1 m apart for areas

smaller than 5 m?, and proportionally increased for larger areas. Tests shall be performed as fol-
lows:

Hand hammering of the interested area.

X-ray analysis.

Ultrasound speed in near-surface mode.

Recording speed of sonic pulse (with instrumented hammer and accelerometers).
Penetrometry.

Thermography.

Tomography.

5.8.1.2 Removal and reconstruction of defective masonry support

Q) Masonry substrate may have undergone physical-chemical, physical-mechanical or impact-
caused deterioration. Deteriorated masonry shall be removed from all damaged areas

(2) Removal of defective masonry allows examining characteristics of both natural or artificial
masonry as well as mortar. When exfoliation, pulverization, cracking, or chemical attack processes
are in place, it is necessary to remove all defective areas and protect them with appropriate inhibi-
tors.

(3)  Once all deteriorated masonry has been removed, and suitable measures have been taken to
prevent further deterioration of the existing substrate as well as all other phenomena causing ma-
sonry degradation (e.g., water leakage, vegetation), masonry restoration using masonry-compatible
materials shall be performed. Roughness of masonry between 10 and 20 mm shall be leveled with
compatible epoxy paste; specific filling material shall be used for unevenness larger than 20 mm.
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Crack widths wider than 0.5 mm shall be closed using epoxy injection methods before FRP
strengthening can take place.

(4)  To improve the bond between masonry support and FRP, sandblasting of the portion of ma-
sonry surface to be strengthened shall be performed. Sandblasting shall provide a roughness degree
of at least 0.3 mm; such level of roughness can be measured by suitable instruments, such as a laser
profilometer or an optical profile-measuring device.

5) Poor quality masonry surfaces that do not require remedial work before FRP application
should be treated with a reinforcing agent prior to primer installation.

(6)  Cleaning of the surface to be strengthened shall remove any dust, laitance, oil, surface lubri-
cants, foreign particles, or any other bond-inhibiting material.

(7)  All inside and outside corners and sharp edges that require FRP strengthening shall be
rounded or chamfered to a minimum radius of 20 mm.

5.8.2 Recommendations for the installation

(1) FRP strengthening of masonry structures is highly dependant upon environmental tempera-
ture and humidity as well as the characteristics of the substrate. In addition to the above mentioned
measure, and regardless of the strengthening type, further specific measures to ensure quality of
FRP installation are highlighted in the next sections.

5.8.2.1 Humidity and temperature conditions in the environment and substrate

Q) It is suggested not to install FRP material when the environment is very moist; a high degree
of humidity may delay curing of the resin and affect the overall performance of the FRP system es-
pecially for wet lay-up applications.

2 FRP systems shall not be applied to substrates having a surface humidity level greater than
10 %; such conditions could delay penetration of the primer in the concrete pores and generate air
bubbles that could compromise bond between concrete and FRP system. Substrate humidity may be
evaluated with a hygrometer for mortar or simply by employing absorbent paper.

3 FRP material shall not be applied if both environment and surface temperature is too low,
because curing of the resins as well as fibers impregnation could be compromised. It is also recom-
mended not to install FRP material when the masonry surface is heavily exposed to sunlight. It is
suggested not to apply any FRP material if temperatures fall outside the range of 10° to 35°C. In
low temperature environments where the construction site schedule does not allow FRP installation
to be delayed, it is suggested to artificially heat the locations where FRP reinforcement is to be ap-
plied.

4 If curing of FRP reinforcement takes place under rainy conditions, heavy insulation, large
thermal gradients, or in presence of dust, protective measures can be employed to ensure proper
curing.

5.8.2.2 Construction details

1) Anchorage lengths of at least 300 mm shall be provided for the end portion of FRP systems
used for strengthening masonry members. Alternatively, mechanical connectors may be used.

2 Proper fibers alignment shall be provided for in-situ wet lay-up application; waving of FRP
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reinforcement shall also be avoided during installation.

(3)  When semi-destructive tests are planned, it is suggested to provide additional strengthening
areas (“witness areas”) in properly selected portions of the structure having dimensions of at least

500x300 mm?, with a minimum extension of 0.15 m? nor less than 0.5 % of the overall area to be
strengthened. Witness areas shall be realized at the same time of the main FRP installation, using
the same materials and procedures in areas where removal of FRP strengthening system does not
imply alteration of the failure mechanisms. In addition, witness areas shall be exposed to the same
environmental conditions of the main selected FRP system and shall be uniformly distributed on the
strengthened structure.

5.8.2.3 Protection of FRP systems

(@) For outdoor FRP applications it is recommended to protect the FRP system from direct
sunlight, which may produce chemical-physical alterations in the epoxy matrix. This can be
achieved by using protective acrylic paint provided that cleaning of the composite surface with a
sponge soaked in soap is performed.

(2) Alternatively, a better protection can be achieved by applying plastering or mortar layer
(preferably concrete-based) to the installed strengthening system. The plaster, whose thickness is
recommended by the FRP manufacturers/suppliers, is to be laid on the strengthening system after
treating the surface by means of epoxy resin applications with subsequent quartz dusting green-on-
green. The final layer is particularly suitable to receive any kind of plastering.

3 For fire protection, two different solutions may be adopted: use of intumescent panels, or
application of protective plasters. In both cases, manufacturers/suppliers shall indicate the degree of
fire protection as a function of the panel/plaster thickness. The panels -generally based on calcium
silicates- are applied directly on the FRP strengthening system, provided that fibers will not be cut
during their installation. Protective plasters represent the most widely adopted solution for fire pro-
tection; they shall be applied to the FRP system as indicated before. Protective coatings of adequate
thickness and consistency capable of keeping the composite temperature below 80°C for 90 minutes
are available.

5.8.3 Quality control during installation

(1)  Quality control during FRP installation should include at least one cycle of semi-destructive
tests for the mechanical characterization of the installation itself, and at least one non destructive
mapping to ensure its uniformity.

5.8.3.1 Semi-destructive tests

1) Both pull-off tests and shear tearing tests may be carried out. Semi-destructive tests shall be
carried out on witnesses and, where possible, in non-critical strengthened areas at the rate of one

test for every 5 m? of application, and, in any case, not less than 2 per each type of test.

(2) Pull-off test. The test is used for assessment of the properties of the restored substrate; it is
carried out by using a 20 mm thick circular steel plates with a diameter of at least 40 mm. After the
steel plate is firmly attached to the FRP, such steel plate is isolated from the surrounding FRP with
a core drill rotating at a speed of at least 2500 rpm; particular care shall be taken to avoid heating of
the FRP system while a 1-2 mm incision of the masonry substrate is achieved.

FRP application may be considered acceptable if at least 80 % of the tests (both in case of only two
tests) return a pull-off stress not less than 10 % of the compressive strength of the support provided
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that failure occurs in the substrate itself.

(3)  Shear tearing test. The test is particularly significant to assess the quality of bond between
FRP and masonry substrate. It may be carried out only when it is possible to pull a portion of the
FRP system in its plane located close to an edge detached from the masonry substrate. FRP applica-
tion may be considered acceptable if at least 80 % of the tests (both in the case of two tests) return a
peak tearing force not less than 5 % of the compressive strength of the support.

5.8.3.2 Non destructive tests

(@D)] Non destructive tests may be used to characterize the uniformity of FRP application starting
from adequate two-dimensional survey of the strengthened surface with a different spatial resolu-
tion as a function of the strengthening area (see Table 5-1).

Table 5-1 — Minimum resolution for defects thickness to be identified with non destructive tests.

Shear stress Minimum
. Non destruc- Surface map-  resolution
transfer at inter- Example . . .
P tive test ping grid for defects
ace .
thickness
absent wrappings, W|_th the exception of _the_overlappmg area optional 250 mm 3mm
in single-layer application
weak central area of very extensive reinforcement optional 250 mm 3mm
moderate central area of longitudinal flexural strengthening suggested 100 mm 0.5 mm
anchorage areas, overlapping areas between layers, stir-
critical rups for shear strengthening, interface areas with con- required 50 mm 0.1 mm

nectors, areas with large roughness or cracks in the sub-
strate

(2)  Stimulated Acoustic testing. Similar to impact-echo testing, such tests rely on the different
oscillatory behavior of the composite layer depending on the bond between FRP layers and sub-
strate. In its most basic version, such a test may be carried out by a technician hammering the com-
posite surface and listening to the sound from the impact. More objective results may be obtained
with automated systems.

3) High-frequency ultrasonic testing. They should be carried out using reflection methods with
frequencies no less than 1.5 MHz and probes with a diameter no greater than 25 mm, adopting the
technique based on the first peak amplitude variation to localize defects.

(4)  Thermographic tests. They are effective only for FRP systems with low thermal conductivity
and can not be applied to carbon or metallic FRP strengthening systems unless special precautions
are taken. The heat developed during the test shall be smaller than the glass transition temperature
of the FRP system.

(5)  Acoustic emission tests. The technique is based on the acoustic emission (AE) method and
allows the assessment of a damage inside a structural member subjected to loading by listening to
and recording the sound generated by either formation of cracks or delamination phenomena that
propagates as elastic waves. Such a test is particularly suitable for detecting defects in the applica-
tion of FRP composites masonry structures as well as the occurrence of delamination from the sub-
strate.

5.8.4 Personnel qualification
(@) Personnel in charge of the tests shall have one of the three qualification levels specified in
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Table 5-2, according to UNI EN 473 and UNI EN 45013.

Table 5-2 — Qualification levels to perform semi and non-destructive tests.
Proper knowledge of tests equipment; performing tests; recording and classifying test results
according to written criteria; writing a report on test results.
Choosing the way of performing the test; defining the application limits of the test for which the
level 2 technician is certified; understanding test specifications and translating them into practical
test instructions suitable to the in-situ working conditions; adjusting and calibrating test
Level 2 equipments; performing and controlling the test; interpreting and evaluating test results according
to the specifications to comply with; preparing written test instructions for level 1 personnel;
performing and supervising all level 1 functions; training personnel of level 1; organizing test
results and writing the final report.
Be in charge of a laboratory facility; establishing and validating test techniques and procedures;
interpreting specifications and procedures; having the skill to evaluate and understand test results
according to existing specifications; having a sufficient practical knowledge of materials,
Level 3 production methods and installation technology of the system to be tested to be able to choose
appropriate methods, establish techniques and collaborate in the definition of acceptance criteria
when they are not pre-established; be knowledgeable in different application fields; being able to
lead personnel of level 1 and 2.

Level 1

5.8.5 Monitoring of the strengthening system
Q) Due to the poor availability of data regarding long term behavior of FRP systems used for
strengthening masonry structures, it is recommended to perform appropriate monitoring of the in-
stalled FRP system by means of semi and non-destructive tests periodically conducted on the
strengthened structure. The aim of such a monitoring process is to keep the following parameters
under control:

e Temperature of the installed FRP system.
Environmental humidity.
Measure of displacements and deformations of the strengthened structure.
Potential damage of fibers.
Extensions of defects and delaminations in the installed FRP system.
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6 APPENDIX A (MANUFACTURING TECHNIQUES AND
STRESS-STRAIN  RELATIONSHIP OF ORTHOTROPIC
LINEAR ELASTIC MATERIALS)

6.1 MANUFACTURING TECHNIQUES

6.1.1 Pultrusion

Pultrusion is a technology mainly used for production of fiber-reinforced laminates. Such products
are widely utilised in civil engineering field. This technology is based on a continuous manufactur-
ing process, consisting of three main phases:

e Forming.

e Impregnation.

e Hardening.

In the most common version designed for thermosetting resin, the components (resin and fibers) are
separately fed into a machine that catches and pulls the fibers through the different production
stages. A widespread version of the process includes impregnation with resin bath, as shown in
Figure 6-1.

Crutofl
Puller .su}n ¥

Preforming Heated die
Resin .
control —

Roving

Finished
product

Resin tank for
fmpregnation

Figure 6-1 — Pultrusion process with resin bath impregnation.

The fibers are taken directly from the rovings and conveyed to a resin bath where impregnation
takes place. Bundles of impregnated fibers enter the heating die where the material is formed and
crosslinked under high pressure. During this phase, gaps between fibers are eliminated to ensure
proper continuity in the transverse direction.

Heating is generally supplied by electrical resistances and the temperature is controlled by means of
thermocouples. The duration of the heating stage is regulated by production speed. Upon exiting
from the die, the matrix is cured and the composite it is pulled at a constant speed. At the end of the
process the material is cut to length. Fabric layers may be added to ensure strength of FRP in direc-
tions other than the longitudinal. Weaving, winding, and twisting may be carried out directly on the
production line with special equipment.

FRP pultruded material is light, corrosion-resistant, with constant cross section and thicknesses up
to few centimeters. Typically pultruded products include laminates, bars, structural shapes (C, dou-
ble T, etc.), panels and plates. They are used as internal and external reinforcement for existing and
new structures, structural components for transportation, supports for lighting and billposters, risers
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for oil industry, etc.

6.1.2 Lamination

Lamination is used nearly exclusively to produce innovative and high performance composites. It is
a discontinuous process that allows producing laminates of maximum thickness up to few centime-
ters by totally controlling fiber orientation and the complexity of the structure.

Compared to pultrusion, it allows a nearly complete freedom as to fiber orientation and curvature of
produced material is concern. The main limitation regards the speed of production, which is roughly
0.5 kg/h for simple components.

The following fundamental phases can be identified in the lamination process:
a) Material preparation.
b) Lamination (cut of material, stacking of plies and compaction).
¢) Vacuum bag preparation.
d) Material curing (at room temperature, oven, or autoclave).
e) Inspection (visual, by ultrasound and X-rays).
f) Finishing (cutting of edges with cutters or high pressure water jet).

Lamination may be carried out with dry fibers impregnated during field installation, or pre-
impregnated fibers running in either one or multiple directions.

The next phase in the lamination process requires preparation of vacuum bag (phase c) as it is
shown in Figure 6-2. The vacuum allows for a fast removal of solvents and entrapped air in the
laminates prior to complete curing of the resin.

vacuum bag
metallic viate (%)
e Y "o perspiring material

- detaching film {drilled)
cahsorbing meaterial %)
detaching fubric

LAMINATE
| detacling fobric (%)
demdmrg Jilm (%)

A,—-— MOLD
vacunm bag (%)

(") — eptional

double seal (%)

........
[
H
€

s

v
sealant tape ﬁanm

Figure 6-2 — Lamination system.

The main advantage of this technology is the extreme versatility that allows producing of complex
components using inexpensive molds. Main applications refer to the aeronautical and aerospace
fields, car racing, sailing, and transportation. FRP strengthening of columns or RC beams by means
of dry or pre-impregnated fibers represents one field of application where lamination can effectively
be used in the construction field.

6.2 MECHANICAL BEHAVIOR OF COMPOSITES

Fiber-reinforced composites are heterogeneous (e.g., made of different materials) and anisotropic
(e.g., exhibiting different properties when tested in different directions) materials. Because the ap-
plication related to fiber-reinforced composites for civil engineering is far greater than the material
micro-structure (see Table 2-2), the heterogeneity may be neglected, and the actual material may be
considered to behave homogeneously. If the stress and strain at a generic location of fiber-
reinforced composite may be represented by the components of the tensor of stress o (Figure 6-3)
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and straing, the mechanical behavior of a homogeneous, elastic, and anisotropic solid may be de-
fined by 21 independent elastic constants as follows:

Figure 6-3 — Representation of stresses for an infinitesimal element.

where [C] is the stiffness matrix.
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The complete characterization of the stiffness matrix would require the evaluation of the 21 con-
stants by means of combinations of tensile and shear tests. The number of tests to be performed can
significantly be reduced if the material has some degree of symmetry, a circumstance that occurs in
a majority of fiber-composite materials having engineering interest.

Many unidirectional composites may be considered transversely isotropic, as it is shown in Figure
6-4, where the 2-3 plane perpendicular to fibers is the isotropy plane. In this case, the independent
elastic constants reduce from 21 to 5 and the stiffness matrix becomes:
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0
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Ca
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0
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C23
C22

0

0
0

o O O o o

(6.2)
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plane (2-3)
1

Figure 6-4 — Unidirectional composite with a transverse isotropy plane.

It is often convenient to refer to the so-called engineering constants: E (Young modulus of elastic-
ity), v (Poisson ratio), and G (shear modulus) for which well-established procedures for their ex-
perimental evaluation exist. Such constants have generally different values in different directions.
The Young modulus of elasticity in the fiber direction, E;, may be expected to be greater compared

to the transverse direction, E,, which in turn can be different from that in the third direction, Ej3.
The same consideration is applied to the modules G5, Gy3, Gy3 (directions 1, 2, and 3 are defined
according to Figure 6-4).

The deformability matrix [S] defined as the matrix inverse of the stiffness matrix [C] (Eq. (6.2)),
can be expressed as a function of the engineering constants as follows:

1o 0 0 0
El El El
_ V12 i _ V23 O 0 0
El E2 EZ
_V12 _V23 i O 0 0
E E E
sl-| " L4 6.3)
(1+
o o o 2w oo
EZ
0 0 0 0 1 0
GlZ
0 0 0 0 0 Gi
L 12 ]
The independent engineering constants are as follows:
By By Vip Vo G2

For unidirectional thin laminate subjected to plane stresses, the deformability matrix becomes:
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1wy
& E1 ]l-El o,
e, |=-22 = 0 |0, (6.4)
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0 0o —
L GlZ i

The mechanical behavior of unidirectional laminates can therefore be characterized by four inde-
pendent elastic constants. For their determination, uniaxial tensile tests are typically carried out with
fibers inclined with an angle & with respect to the direction of the applied load. By setting
6 =0° (e.g., fibers parallel to the load direction), E; and vy, may be obtained, while with 8 =90°
(fibers perpendicular to the direction of load), E, may be determined. Gy, can be determined de-

pending upon the choice of the angle & as a function of the selected strengthening geometry. Ap-
proximate values of the mentioned elastic constants can also be determined with simple “micro-
mechanical” models based on properties of each components (fibers and matrix) and their volumet-
ric fraction. For unidirectional laminate, longitudinal properties may be evaluated by using a rela-
tionships known as the “rule of mixtures.” It derives from the application of a simple micro-
mechanical model where fibers and matrix work in parallel. The model provides good results for the
value E; of the Young modulus of the elasticity in the fibers direction and the Poisson ratio vy, :

E1 :Vﬁb ’ Efib + (l_vfib) ) Em’

(6.5)
Vis = Vi Viip + (L=Viip) *Vin

where Vyp is the fiber volumetric fraction (ratio between the volume of fibers and the overall vol-
ume of composite); Eg, and E, are the Young modulus of elasticity of fibers and matrix, respec-
tively; and v and vy, are the corresponding Poisson ratios.

Instead of the volumetric fraction, the weight fraction of fibers and matrix, Pg, and P, respec-
tively, are more often known. If pgp and py, represent the density of fibers and matrix, respec-
tively, the following relationships apply:

V,, = P/ P
Pfib/pfib +P, /pm (6.6)
Pﬁb + Pm =1.

As an example, the computation of the volumetric fraction of fibers in a glass-fiber reinforced com-
posite having weight fraction equal to 60 %, is presented. The characteristics of each of the compo-
nents are reported in Table 6-1.

Table 6-1
Weight fraction ~ Density [g/cm®]
Fiber 0.60 2.5
Matrix 0.40 1.2

By applying Eg. (6.6), a volumetric fraction of glass fibers equal to 42 % is obtained. Considering
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the values of both fibers (E¢, =80GPa, vfip =0.3) and matrix (E,, =3GPa, v, =0.34) me-
chanical properties, the following values of the elastic constants can be obtained.

E: =35.2 GPa
Vip = 0.32

For more details on micro-mechanical modes the reader should refer to specialized literature.

6.2.1 Effect of loading acting on directions other than that of material symmetry

Once the elastic constants of the material are known, the behavior of fiber-reinforced material is
completely determined for any loading direction irrespectively of the axes of symmetry of the mate-
rial. For example, Figure 6-5 relates to a laminate with continuous unidirectional fibers; the equiva-
lent elastic constants Ey, Ey,Gyy and vyy, referred to the reference axes x and y of the load system

may be determined as a function of the angle # and the elastic constants of the material
E1,E2,G12.v12.

11

Ox
Figure 6-5 — Definition of the reference systems x, y and 1, 2.

In Figure 6-6 and Figure 6-7, the values of both Young modulus of elasticity, E,, and shear

modulus, Gy, , are plotted as a function of the angle, 6, between fibers and applied load, for differ-

ent values of the modulus E; .
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Figure 6-6 — Young modulus of elasticity E, as a function of & for fiber-reinforced composites
for several values of the Young modulus of elasticity E;
(Eo =5GPa ;G =3GPa; vy, =0.35).

The significant variations of the modules Ey and G,y with the angle 6 are apparent.

In case of fabrics, fibers are distributed along two or more directions (multi-axial fabrics). If one
were to neglect the crimping due to weaving of fibers and assuming the fabric made out of two
separated unidirectional layer of fibers running at 0° and 90° direction, the modulus of elasticity,
E, can be evaluated with simplify methods neglecting the slip between layers. For the particular
case on fabric having the same percentage of fibers in the two considered directions (balanced fab-
ric), Figure 6-8 plots the relationship between E, and 6.

[
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Figure 6-7 — Shear modulus G,y as a function of 6 for fiber-reinforced composites for several

values of the Young modulus of elasticity E;
( E2 =5GPa ;G]_z =3GPa; V1o = 035)
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Figure 6-8 — Modulus of elasticity, Ey, as a function of & for balanced fabric
depending upon the modulus of elasticity, E;
(Ez =E;:Gp=3GPa; v = 035)

6.2.2 Failure criteria

The micro-mechanic collapse mechanism of fiber-reinforced materials is a complex phenomenon
that depends on a multitude of parameters that include type of loading, and fiber and resin type. For
such a reason, failure criteria for composites usually refer to the macro-mechanical level assuming
that the composite itself can be regarded as a homogeneous material exhibiting a linear elastic be-
haviour up to collapse. In the case of laminates subjected to a planar stresses, one of the simplest

failure criteria is that of the maximum stress. If O'lu,t(o'lu,c) and O'zu’t(qu'C) represent the tensile
(compressive) failure stress in the symmetry directions, and z;5,, is the corresponding shear stress
at failure, this criterion can be represented as follows:

<oy, pero, >0,
o, '
>0, per o, < 0,

<o er o, >0,
o { 2t PEr 0, 6.7)

> 0,,, Per o, < 0,

|712 | < Ty

The criterion does not depend on the sign of the shear stress nor does it consider the interactions be-
tween different failure modes. Different failure modes can occur irrespectively one from another.
The maximum stress that the laminate can withstand is given by the lowest among the following
values (Figure 6-5):

G (6.8)

T1oy
sin@-cos @

Xu
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Figure 6-9 shows the variation of oy, as a function of 6.
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Figure 6-9 — Criterion of maximum stress: Tensile failure stress as a function of 4 for
unidirectional laminates (o, =1600 MPa, o5, =40 MPa , 715, =70 MPa).

The criterion of the maximum stress is usually in good agreement with experimental data only for
tensile test with @ smaller than 15° and larger than 45°. Otherwise, the measured values for com-
pression are quite higher. Another widely used criterion to estimate the failure of a laminate is due

to Tsai-Hill, which may be expressed as follows:
2 2 2
(&J {GJ ”[j <1 69)
Ow Oy O Tiu

The stress at failure as function of & can be written as follows (Figure 6-5):

4T
4 4
o, {COS 9+[i-i2jcosz 0-sin? 0+ 9} (6.10)

2 2
Oy Tioy Oy Oy

and it is plotted in Figure 6-10.
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Figure 6-10 — Tsai-Hill criterion: tensile failure stress as a function of 6 for
unidirectional laminates (o, =1600 MPa, o5, =40 MPa , 715, =70 MPa).

As it is previously shown, the great variability of elastic and strength properties of fiber-reinforced
materials depends upon the direction of the fibers compared to the direction of applied load.

6.3 MECHANICAL CHARACTERIZATION TESTS FOR FIBER-REINFORCED
MATERIALS

The mechanical characterization of composite materials is generally more complex than for any
other materials due to their significant anisotropy. This has led to either modification of existing test
methods related to isotropic material as well as the definition of new tests suitable for anisotropic
material. The great variety of existing test methods for the characterization of physical and me-
chanical properties of fiber-reinforced composites makes their detailed description too long to be
addressed in this document. For information the reader is referred to specific tests as well as inter-
national standards such as the International Organization for Standardization (ISO) and the Ameri-
can Society for Testing and Materials (ASTM) which have been referenced in the technical data
sheet of chapter 2 of this document.

Specific test methods are also available in a number of guidelines, design recommendations and
technical documents, including:

- ACI 440.3R 04 “Guide Test Methods for Fiber-reinforced Polymers for Reinforcing or Strength-
ening Concrete Structures™;

- JSCE (1995) ““Test methods for continuous fiber reinforcing materials™;

- JSCE (2000) ““Test methods for continuous fiber sheets™;

- ISO (TC71/SC6N) ““Non-conventional strengthening of concrete - Test methods-Part 1: Fiber
strengthened polymer (FRP)bars and grids™;

- ISO (TC71/SC6N) ““Non-conventional strengthening of concrete - Test methods-Part 2: Fiber
strengthened polymer (FRP) sheets™.

The phase of specimen preparation is of fundamental importance because the quality of the samples
has a great impact on the mechanical properties. The specimen subjected to testing shall be identical
as much as possible to that realized during the in-situ installation in compliance to Section 2.4. The
technique adopted for specimen preparation changes depending upon the preparation site (field site
or laboratory), the nature of materials (fiber and resin type), and the adopted strengthening system
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(unidirectional or multi-directional dry fabrics, pre-impregnated fabrics, pultruded laminates).
Specimen laboratory preparation allows for a better control of sampling; conversely, on-site prepa-
ration is more significant for the specific application.

There are many important issues related to specimen preparation. Some of the most relevant irregu-
larities may be caused by the following factors:

Misalignments of fibers during lamination.

Presence of undesired contaminating agents (entrapped during the lamination process).

High residual fraction of gaps (poor debulking).

Misalignments during the final cut of the laminate (imperfect parallelism between the cut
line and the main direction of the specimen).

Figure 6-11 describes each phase starting from specimen preparation to the performance of the final
experimental test.

Lay-up
* Pultruded
laminae
Hardening

\ Cut of

gpecimens/sample

Possible
conditioning
Possible
mstrmmentation

!

Experimental test

Figure 6-11 — Phases of specimen preparation.

In the following, recommendations are given for specimens’ preparation. Such recommendations
are of a general nature and do not take into account a number of specific factors related to type of
material and type of application. Reference shall be made to specific guidelines such as 1SO
1268(E) and ASTM D5687/D5687M-95.

Surface parallelism and regularity: for specimen preparation, an aluminium-type plate func-
tion as support is usually used to lay out the composite material. After the lamination phase
is concluded, a second aluminium plate to ensure uniformity of thickness is placed on top
the specimen. Both aluminium plate surfaces in contact with the specimen shall be treated
with a detaching layer, either in spray or film form (typically PTFE), to allow easy removal
of the sample after the hardening phase.

Plies orientation: layers are to be laid following pre-defined lamination sequence.

Removal of gaps within the laminate: it is carried out using vacuum or simply through a
spatula or a roller. This operation can be carried out both at high or room temperature.
Sample contamination: during lamination, samples shall be protected from dust and any
other possible contaminating agents.
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e Laminate hardening: the pressure and temperature to be applied for hardening of samples
shall be clearly specified by the system manufacturer. Hardening of samples may also be
improved by vacuum.

e Surface protection: the laminate may be coated with a protective film to prevent surface con-
tamination. Using protective films may be useful for multiple layer of reinforcement.

e Cutting of samples: it may be carried out with several cutting tools (diamond blades, water
jet, etc.). The choice shall be made according to the material properties and the sample di-
mensions (thickness). When further surface finishing is needed, abrasive paper or suitable
tools can be adopted.

e Conditioning: when required, conditioning shall be carried out prior to testing, according to
the available literature guideline.

Depending upon the selected test method, tabs may be required for proper anchoring to avoid local-
ized damage of the specimen. Tabs shall have a larger deformability compared to the specimen and
a suitable length to ensure transfer of loading from the testing apparatus to the sample.

Depending upon the mechanical property to be determined, different readings shall be taken while
performing the test. The most common measurements are referred to the applied load, displace-
ments, strain (by means of Linear Variable Differential Transducers, LVDTSs, or strain gages) as a
function of time. When needed, temperature and relative humidity can also be recorded.
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7 APPENDIX B (DEBONDING)

7.1 FAILURE DUE TO DEBONDING

The main failure modes of FRP-strengthened structural members due to debonding are summarized
as follows:

e Mode 1 (plate end debonding) (Figure 7-1). The end portions of the FRP system are sub-
jected to high interfacial shear stresses for a length of approximately 100-200 mm.

RC beam

/ direction of delamination
= — laminate ‘\f/

delamination at laminate end

Figure 7-1 — Plate end debonding.

e When strengthening is carried out with FRP laminates, tensile stress perpendicular to the in-
terface between FRP and support (normal stress) may arise due to the significant stiffness of
FRP laminate (Figure 7-2(a)). Such a normal stress may reduce the value of interfacial shear
stress as shown in Figure 7-2(b). Failure mode by end debonding is characterized by brittle
behavior.

1,00

FRP cut-off section

1/ fem

Interfacial shear stress

X

Normal stress

Distance along FRP™>

(a) (b)
Figure 7-2 — (a) Interfacial shear and normal stress
along the length of a bonded FRP laminate (linear-elastic analysis);
(b) Strength domain represented by interfacial shear and normal stresses.

e Mode 2 (Debonding by flexural cracks in the beam) (Figure 7-3). Flexural cracking gener-
ates discontinuity within the support that enhances interfacial shear stress responsible for
FRP debonding. Cracking may be oriented perpendicular to the beam axis when flexural
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loads are predominant; inclined when there is a combination of flexure and shear.

Drrection of delammation
propagation Intermediate crack

‘Feinforced concrete
o beam

Mormal stresses

P

Delammation starting
from intermediate cracks

Figure 7-3 - Debonding starting from vertical cracks in concrete.

Mode 3 (Debonding by diagonal shear cracks) (Figure 7-4). For members where shear

stresses are predominant compared to flexural stresses, a relative displacement between the
edges of the crack is displayed. Such displacement increases normal stress perpendicular to
the FRP laminate responsible for FRP debonding. Such a debonding mechanism is active
irrespectively of the presence of stirrups. Collapse due to debonding by diagonal shear
cracks is peculiar of four-point-bending laboratory tests; it is not common for field applica-
tion where the applied load is distributed over the beam’s length. For heavily strengthened
beams with low transverse reinforcement, debonding usually generates at the end plate sec-
tion due to peeling.

AV VAV A

a
a
<

pal

Figure 7-4 — Debonding by diagonal shear crack.

Mode 4 (Debonding by irregularities and roughness of the concrete surface). Localized
debonding due to surface irregularities of the concrete substrate may propagate and cause
full debonding of the FRP system. This failure mode can be avoided if the concrete surface
is treated in such a way to avoid excessive roughness.

7.2 BOND BETWEEN FRP AND CONCRETE

In the following, additional recommendations related to bond between FRP and concrete support
are given. Reference is made to Figure 7-5; symbols are those introduced in Section 4.1.
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b

Figure 7-5 — Maximum force allowed to FRP reinforcement.

7.2.1 Specific fracture energy

When the stiffness of the concrete support is much greater compared to the stiffness of the FRP sys-
tem, the following relationship applies:

FmaX:bf'1[2'Ef'tf'rF (7.1)

between the maximum force, Fy,x, allowed to the FRP reinforcement considered of infinite length
and the fracture energy, 7', assuming:

Fmax=bfj r,(X)dx, Ig=|z,(s)ds (7.2)
0 0

where t;, be, Ef represent FRP thickness, width, and Young modulus of elasticity in the direction
of the applied force, respectively.

The fracture energy depends on the strength properties of both concrete and adhesive, as well as on
the characteristics of the concrete surface. For properly installed FRP systems, failure by debonding
takes place on the concrete support and the specific fracture energy may be written in a similar fash-
ion to that used for failure mode 1 of the concrete:

I'e =Kg Kp -+ fok - form [force in N, length in mm] (7.3)

where the coefficient kg shall be experimentally adjusted. The value of such coefficient has been

computed over a large population of experimental results available in the literature. The statistical
analysis of the results has provided an average value equal to 0.064, a standard deviation equal to
0.023, and a 5th percentile of the statistical distribution equal to 0.026. When the latter value is used
in Eq. (7.3), the characteristic value, I'gy, of the specific fracture energy is obtained. On the basis

of this consideration, this Guideline suggest adopting the value of 0.03 for kg .

7.2.2 Bond-slip law

Bond between FRP and concrete is typically expressed with a relationship between interfacial shear
stress and the corresponding slip (“z, —s* relationship). Both FRP and concrete mechanical char-

acteristics as well as geometry of the FRP system and concrete support shall be considered in the
analysis.

125



CNR-DT 200/2004

The 7, —s relationship is typically non linear with a descending branch; for design purposes, it may
be treated as a bi-linear relationship as shown in Figure 7-6. The first ascending branch is defined
by taking into account the deformability of adhesive layer and concrete support for an appropriate
depth. Unless a more detailed analysis is performed, the average mechanical parameters defining
the 7}, —s relationship, can be evaluated as follows:

45
40 - fy
35
3.0
25

2.0 4

Tn [N/mm?

15 |
104/ arctgK;
054 T

0.0 T T T T T T T T T T T T T T T T T T T
0.00 0.05 0.10 0.15 0.20

s [mm]

Figure 7-6 — Bi-linear “ 7y, —s* relationship ( fox =20 MPa, kp =1).

- Maximum bond strength, fp:
The maximum experimental average bond strength can be expressed as follows:

fp =0.064-kp -/ fok - foem  [force in N, length in mm] (7.4)

where fy and fqy represent the concrete characteristic compressive strength and the average con-
crete tensile strength, respectively; and the geometrical factor k, can be written as follows:

[length in mm] (7.5)

where b and br represent beam and FRP width, respectively. Equation (7.5) is valid when
b /b>0.33 (when bs /b <0.33 the value corresponding to bs /b =0.33 shall be adopted for kp ).

- Slope, K;,_of the ascending branch:

C
K=— 1 7.6
LG LG, (70)

where G,, G; represent shear modules of adhesive and concrete, respectively; t, is the nominal
thickness of the adhesive; and t; is the effective depth of concrete (suggested values for t; and c;
are 20-30 mm and 0.5-0.7, respectively).
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- Interface slip corresponding to full debonding, ss :

s, =0.2mm (7.7)

This value of s, ensures the specific fracture energy, ¢, (represented by the area subtended the
“1 —s“ relationship) is equal to the value reported in Equation (7.3). At SLS, the “zrp —s* rela-
tionship reduces to the ascending branch only and K; is given by Equation (7.6) for ¢; =1.

7.3 SIMPLIFIED METHOD FOR DEBONDING DUE TO FLEXURAL CRACKS (MODE
2) AT ULTIMATE LIMIT STATE

As an alternative to the general method reported at item 1(P) of Section 4.1.4, this simplified
method is based on the definition of the maximum design strain, ¢gqq, for FRP reinforcement to be

evaluated with Equation (4.7), hereafter reported for the sake of completeness:

ffdd —k_ - 1 . Z'FFk
E yf,d'\/Z Eq -t

(7.8)

Erag = Keg -

This relationship is similar to that proposed for maximum stress or strain in FRP reinforcement
when mode 1 FRP debonding controls. However, for a constant applied force, the maximum inter-
facial shear stresses are significantly smaller compared to that achieved close to the end of the FRP
itself due to the reduced distance between cracks. This implies that the value of maximum FRP
strain related to failure mode 2 is greater than that pertaining to failure mode 1. These considera-
tions have suggested adopting a magnifying coefficient k., >1 for Equation (4.7).

The calibration of k¢ has been carried out on reinforced concrete beams strengthened with FRP
laminates or fabrics failed by FRP intermediate debonding (mode 2). The statistical analysis of the
results has provided an average value equal to 4.289, a standard deviation of 0.743, and a 5" per-
centile value equal to 3.070. Given the limited scattering exhibited by the application of Equation
(4.6) and considering the lower brittleness of FRP intermediate debonding compared to FRP end
debonding, it is suggested to use Equation (4.6) for the evaluation of the design strain, assuming
ker equal to 3.0 that corresponds to the 5™ percentile of the statistical distribution.
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8 APPENDIX C (STRENGTHENING FOR COMBINED BENDING
AND AXIAL LOAD OF REINFORCED CONCRETE MEMBERS)

8.1 FLEXURAL CAPACITY OF FRP STRENGTHENEND MEMBERS SUBJECTED TO
COMBINED BENDING AND AXIAL LOAD

FRP strengthened members subjected to combined bending and axial load shall be designed as fol-
lows:

Mgy < Mpgy(Ngy) (8.1)

where Mgy is the design applied moment and M4 represents the flexural capacity of the strength-
ened member considering the design axial force Ngg.

A possible design procedure is hereafter described. The mechanical ratio g, and g, related to ten-
sion steel reinforcement and FRP system, respectively, can be calculated as follows:

A%l' fyd
= 8.2
A b (8.2)
bf 'tf i ffd
—t f fd 8.3
Hi f b-d (8.3)

ced

where Ag; and fyq represent area and design yield strength of existing steel reinforcement, respec-

tively; f_d is equal to the design strength of confined concrete, f_,, suitably reduced if it is neces-
sary; b and d are width and effective depth of the FRP strengthened member, respectively; bs and
t are FRP width and thickness, respectively; and fgy is FRP ultimate design strength calculated

according to Section 4.2.2.4, item (2)P. Material design strengths for non-seismic applications shall
be in compliance with Section 3.3.3, item (7); for seismic applications, such values shall be ob-
tained from in-situ experimental tests. For seismic applications, unless a more detailed analysis re-
garding structural details and material properties is available, mechanical properties of existing ma-
terials shall be divided by an appropriate coefficient greater than 1.

The following non-dimensional equations reflecting applied loads are introduced:

N, = 8.4

=T (8.4)
M

de _f_;ddg (85)

When FRP width and mechanical properties are known, a trial and error procedure can be initiated
to evaluate the thickness of FRP reinforcement as follows.
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Step 1
n is computed as follows:

n=Ngy + 4t - (L=U) + 14 (8.6)

Step 2
The following parameters 7; (i =0, 1, 2, 3) are defined:

2_ r 1.75-r

—uu, == -0 =T
770 ILIS 771 772 1.75-|"+1

, =051+ -(A-r 8.7
3 r+1 75 Hs ( ) (8.7)

where:
- u is the ratio of steel existing compression, Agy, and tension, Aq; area.

- r=2/1000¢,.

Step 3
From Table 8-1, failure mode (Figure 4-5, 4.2.2.3) and the corresponding value of the parameter

m(mr)(n) can be determined as a function of » when compared with the limits presented in Step 2.

Table 8-1
Failure mode n Moy (17)
1 A=n)—
la Mp=<n=mn m(la)(ﬂ):E'{ﬂo"'w'(n_%)}
=1
1
1b mEn<, m(lb)(n)=E'{771'772+[1_(771+772)]'77}
1 0.75-n,)-n,-(1-
2 1, <11 <17, m<z>(77)=§-{772-(1—772)+( ”;)_ZZ ( 772)-(77—772)}
3 2

Step 4
The non-dimensional flexural capacity, mgq(nsg ), of the strengthened member is evaluated as fol-

lows:
Meq (Nsy) =M (77)+%'[ﬂs '(1+U)+/Uf] (8.8)

Step 5
The following relationship shall be met:

de (nSd) 2 de (89)

If this is not the case, the thickness, t;, of the strengthening system is increased as well as its me-

129



CNR-DT 200/2004

chanical ratio, g4, and the iterative procedure is repeated from Step 1.
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9 APPENDIX D (CONFINED CONCRETE)

9.1 CONSTITUTIVE LAW OF CONFINED CONCRETE

Modeling the mechanical behavior of FRP-confined concrete members calls for the preliminary
definition of a suitable constitutive law o(s) related to the mechanical behavior of members sub-

jected to uni-axial compression (o and ¢ are considered positive in compression).

In this context, as an alternative method to the parabolic-rectangular model proposed in 4.5.3, a
non-linear relationship can be adopted similar to that shown in Figure 9-1, where a parabolic branch
is followed by a linear ascending branch. At the intersection point between the two branches, the

first derivative of the function o(s) shall be assumed continuous.

ot

j:'.‘:d

arcte £

PR

Ecd

Figure 9-1 — Stress-strain model of FRP-confined concrete.

The mathematical expression of such relationship can be written as follows:

- (parabolic branch) f° =a-g—¢&° for0<e<1
cd

- (linear branch) E —1+b.-2 for 1<z <o

de €0

where:
- £ is a non-dimensional coefficient defined as follows:

(9.1)

(9.2)

(9.3)

- feg and & are the design strength of unconfined concrete and the concrete strain at peak (typically

assumed equal to 0.2%), respectively.

- &ccu 1S the design ultimate strain of confined concrete corresponding to the design strength .4

(chapter 4).
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- the coefficients a and b are taken as follows:

a=1+y, b=y-1 (9.4)
where (see Figure 9-1):
fq +E;-
y= cd f t %0 (95)
cd
E, ZM (9.6)
&

ccu
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10APPENDIX E (EXAMPLES OF FRP STRENGTHENING
DESIGN)

In this Appendix, numerical examples of non-seismic FRP strengthening of RC members are pro-
vided. It is assumed that FRP strengthening is necessary due to increase of applied loads. Design is
only performed at ultimate limit state. Serviceability limit state design is not carried out because
similar to traditional RC members theory.

10.1 GEOMETRICAL, MECHANICAL, AND LOADING DATA

The building considered for design is shown in Figure 10-1. Structural elements are defined as fol-
lows:
e Main rectangular beams with cross-section of 30 cm x 50 cm (concrete cover d;=d>=3 cm).
e Secondary rectangular beams with cross-section of 30 cm x 40 cm (concrete cover d;=d,=3
cm).
e Rectangular columns with cross-section of 20 cm x 30 cm (concrete cover d;=d,=3 cm).

03
~ 7 8 9
S A S A A A S S A A A A A A ¢ 8
2 = (0.3x05) & (03x05 | (level2
o o o
o & & &
] o o o
4 5 6 R | A A A A A A A o
(0.3x0.5) (0.3x0.5) (level 1)
o ) ) ()
o < < R R
o) N N N
o o o
w VA w
1 2 3 4.0 5.5

4.0 55

Figure 10-1 — Building geometry (dimensions in m).

Material mechanical properties are as follows:
e Concrete: Ry = 20 N/mm?,
e Steel: FeB32k (f,,=31.5 N/mm?).

Loading conditions are defined as follows:
e Liveload at level 1: a; =2.00 kN/m2 :

e Liveload at level 2: a, =0.50 kN/m2 :

e Snow (zone Ill, height ag <200m): b=0.75 kN/m2 .

e Dead load due to flooring (for each level): g =6.00 kN/m2 .
Factored loads acting at ULS can be evaluated as follows:

e Level 1: q;=62.25 kN/m.
e Level 2: g;=55.00 kN/m.
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Figure 10-2 shows existing steel bar arrangement for beams and columns.

METALLIC REINFORCEMENT
LEVEL 2

stirrups $8/20 stirrups $8/30 stirrups $8/15 stirrups $8/10
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stirrups $8/15

L=120 cm

b L

6¢$20 L=340 cm
o 300 IS

2¢16 L=1014 cm

3¢20 L=270 cm
230

‘o 974

I] 3016 L=1014 cm

974

] 316 + 1918 L=725 cm

METALLIC REINFORCEMENT
LEVEL 1

stirrups $8/20 stirrups $8/30 stirrups ¢8/15 stirrups $8/10
L=100 cm L=150 cm L=120cm L=100 cm

stirrups ¢8/15

L=120 cm
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6¢20 L=340 cm
IS 300 <]

2$16 L=1014 cm

3¢20 L=270 cm
230

‘o 974

I] 3016 L=1014 cm

974

] 3916 + 1918 L=725 cm

METALLIC REINFORCEMENT
COLUMNS AT LEVEL 1 AND 2

30

o A stirrups ¢ 8/20 cm

\ 4918

Figure 10-2 — Steel bars location for beams and columns.

10.2 INCREASE OF APPLIED LOADS

New loads are defined as follows:
e Level 1: a; = 6.00 KN/m?.
e Level 2: a, = 4.00 KN/m?.

New factored loads acting at ULS can be evaluated as follows:
e Level 1: g =92.25 kN/m.
e Level 2: g, =81.20 kN/m.

10.3 DESIGN OF FLEXURAL REINFORCEMENT
Design material properties are determined as follows:

e Concrete (f, =16.60 N/mm? %=1.60, f,=10.38 N/mm?

f,=07-f, /7, =085 N/mm?

o =1.95

N/mm?,
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o Steel (f,x = 315.00 N/mm?, % = 1.15, fyg = 274.00 N/mm?)

The following relationship shall be met:
Msg < MRgg (10.1)

As indicated in Table 10-1, Equation (10.7) is not met at mid-span of both levels for 5.5 m long
beams.

Table 10-1
Level Span Section Msgq Ast As Mgg Eq. (10.7)

[m] [kKNm]  [cm? [cm?] [KNm] satisfied
4.0 left support -49 4.02 6.03 -49.3 Yes
4.0 mid-span 69 6.03 4.02 73.2 Yes

1 4.0 right support -195 22.90 14.60 -272.4 Yes
55 left support -242 22.90 14.00 -272.4 Yes
55 mid-span 182 14.60 4.02 168.4 No
55 right support -99 13.40 14.60 -162.1 Yes
4.0 left support -35 4.02 6.03 -49.3 Yes
4.0 mid-span 65 6.03 4,02 73.2 Yes

5 4.0 right support -175 22.90 14.60 -272.4 Yes
55 left support -207 22.90 14.00 -272.4 Yes
55 mid-span 173 14.60 4.02 168.4 No
55 right support -67 13.40 14.60 -162.1 Yes

FRP flexural strengthening is performed by installing carbon fiber reinforcement using the wet-lay-
up method with the following geometrical and mechanical characteristics (mode 1, Section
2.3.3.22afE:aff=0.9)1

e CFRP thickness: tf1=0.167 mm.

e CFRP width: bs = 240.0 mm.

e CFRP Young modulus of elasticity in fibers direction (beam axis):

Et = are-Esip = 0.9-300000 N/mm? = 270000 N/mm?,
e CFRP characteristic strength: fq = asr-frip = 0.9-3000 N/mm? = 2700 N/mm?.

For Type A application, the partial factors js and 4 are 1.10 and 1.20, respectively (Table 3-2, Sec-
tion 3.4.1). The environmental conversion factor, 7,, is set equal to 0.95 (Table 3-4, Section 3.5.1).

A trial and error procedure is initiated for the determination of the number of CFRP plies, ny,
needed to satisfy Equation (10.7). Therefore, assuming ns=1, the maximum CFRP design strain, &,
can be calculated as follows (Equation (4.19):

£, = MiN {m -%,gfdd} = £,,, =0.0054 (10.2)
f
where:
£y = %: 0.01 (10.3)
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f
£y = % = 0.0054 (10.4)

f

CFRP design strength, f,,, when failure mode 2 (debonding) controls and when ke from Equation
(4.6) is set equal to 3.0, can be calculated as follows (Equations (4.3), (4.2), and (4.6)):

Kk, = (10.5)

I, =0.03-k, -/f, - f,, =0.17 N/mm? (10.6)

fraa = Ko . 2B Toc _469 Nimm? (10.7)
Vid "\ e N -ty

CFRP flexural failure mechanism may be of two types, depending whether CFRP maximum tensile
strain, &q, Or concrete maximum compressive strain, &, is reached (Figure 10-3).

_—

Ld

‘ &id &

Figure 10-3 — Failure regions of RC members strengthened with FRP.

To identify the failure mode for this particular case, the CFRP mechanical ratio, 4, is computed:

e (g -t;y)- f
L = f (f_f,l) fdd,2 (108)
f,-b-d

and compared with the balanced mechanical ratio, z4;-,, defined as follows:

iy =y (1-u) (10.9)
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In Equation (10.8) f_cd is equal to the design concrete compressive strength, f_, suitably reduced if
it is necessary; in Equation (10.9), . is defined in Equation (8.2), u represents the ratio between

steel compression, Asy, and tension, Aq, area; &, is the initial strain of the tension side of concrete,
evaluated as:

My
“709.d-E
9-d-E;- A,

(10.10)

where Mg is the moment due to dead loads at SLS.

If w <p, ,, failure takes place in region 1; if u, > u,, ,, failure takes place in region 2 (Figure
10-3). Once the failure mode is known, the position, x, of the neutral axis can be identified from
Equation (4.20). The flexural capacity, Mgrq, can be calculated from Equation (4.21), assuming that
the partial factor, yrq, is set equal to 1.00 (Table 3-3, Section 3.4.2). The calculated flexural capac-
ity, Mgg, for a single layer CFRP reinforcement (Table 10-2) is greater than the applied moment,
MSd-

Table 10-2
Level Span Section  Msg Ny & 1 k1o Region X Mg le
[m] [kN m] [m] [kNm] [m]
1 5.5 mid-span 182 1 0.0054 0.047 0.099 1 014 195 0.11
2 5.5 mid-span 173 1 0.0054 0.047 0.099 1 014 195 011

If Equation (10.1) is not satisfied, the number, ns, of CFRP plies shall be progressively increased,
iterating the design procedure. CFRP strengthening shall be installed along the beam axis until
Equation (10.1) is not met. Proper anchorage length shall be provided to CFRP reinforcement ac-
cording to Section 4.2.2.5. Table 10-2 also summarizes the value of the optimal bond length, I,
calculated according to Equation (4.1):

. E:-n, -t
I = /Efftf _ = ff fL (10.11)
2 ctm 2 ctm

10.4 DESIGN OF SHEAR REINFORCEMENT
The following relationship shall be met:

Vsg < Vrg (10.12)

where Vgq is the design applied shear force, and Vg represent the shear capacity to be calculated as
follows:

V,, =min{V

Rd,ct

+V

Rd,;s?

devmax} (10.13)

where Vi, and Vg, represent concrete and steel existing contribution to the shear capacity, re-

137



CNR-DT 200/2004

spectively; and V,
compressed strut.

is the maximum shear capacity representing the resistance of the concrete

Rd,max

According to the current building code, the above mentioned quantities may be expressed as fol-
lows:

Vigmax = 0.3 g -b-d (10.14)
VRd,Ct = 06 . fCtd . b . d . 5 (1015)
A

where:
- §=1 when axial force is negligible, 5§ = 0 for tension axial force, § =1+ M,/Mg, for compres-

sion axial force (Mg is the decompression moment referred to the extreme fiber of the cross section
evaluated along the beam axis where Msgq acts);
- Asw, S, and fywg represent area, spacing, and steel stirrups yield strength, respectively.

According to the current building code, steel contribution to the shear capacity shall be as follows:
Vigs = VTS“ (10.17)

Table 10-3 summarizes the as-built shear capacity. As it can be seen, all members require shear
strengthening.

Table 10-3
Level Span Section Vsg VeRamax  Asw S VRis Vract Vre EQ. (10.18)

[m] [KN] [kN] [cm®] [cm] [KN] [kN] [kN] satisfied
4.0 left support 148 438 1.00 20 582 736 1318 NO

1 4.0 right support 221 438 1.00 15 776 736 1512 NO
5.5 left support 280 438 1.00 10 1165 73.6 190.1 NO
5.5 right support 228 438 1.00 15 776 736 151.3 NO
4.0 left support 127 438 1.00 20 582 736 1318 NO

2 4.0 right support 198 438 1.00 15 776 736 1512 NO
5.5 left support 248 438 1.00 10 1165 73.6 190.1 NO
5.5 right support 197 438 1.00 15 776 736 1513 NO

FRP shear strengthening is performed by installing U-wrap carbon fiber reinforcement having the
following geometrical and mechanical characteristics (mode 1, Section 2.3.3.2: asg=0=0.9):

CFRP thickness: tf1= 0.167 mm.

CFRP width: ws = 150.0 mm.

CFRP Young modulus of elasticity: Es= ase-Esip = 0.9-300000 N/mm? = 270000 N/mm?.
CFRP characteristic strength: fq = osr-frip = 0.9-3000 N/mm? = 2700 N/mm?.

For Type-A application, the partial factors y and j4 are 1.10 and 1.20, respectively (Table 3-2, Sec-
tion 3.4.1).

The following fiber orientations with respect the axis of the beam are considered:
o Level 1: p=45°.
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o Level 2: p=90°.

The design shear capacity of the strengthened member may be evaluated from Equation (4.24):

+Vegs TV,

Vea = min { VRd,ct R f ’VRd,max} (10.18)
where:
- VRract IS the concrete contribution to the shear capacity taken from Equation (10.15).

- Vg, I8 the steel contribution to the shear capacity taken from Equation (10.16).
- Vqr I8 the CFRP contribution to the shear capacity taken from Equation (4.26) as follows:

Vi ~ 1 094 frog - 2-1; -(cot¢9+cotﬂ)-%

VRd Ps

(10.19)

with jrgset€qual to 1.2 (Table 3-3, Section 3.4.2), and €=45°.
- Veamax 1S the maximum shear capacity representing the resistance of the concrete compressed strut

taken from Equation (10.14).

For CFRP U-wrap reinforcement, the effective design strength, frq4, can be evaluated from Equation
(4.30) as follows:

1 l,-sin g3
fog = frog [ 1- 5 —— 10.20
" f"“{ 3 min{0.9-d,hw}} (10.20)

where:
- h,, 1s the beam depth.

- l¢ is the effective bond length from Equation (10.11).
- fraq 1s the bond strength for mode 1 from Equation (4.4):

1 . 2-E - T
Vid "N N -t

(10.21)

ffdd =

Assuming the CFRP strip width, wg, equal to 150 mm, both center-to-center spacing, ps, and number
of CFRP plies, ns, can be determined with a trial and error procedure until Equation (10.12) is satis-
fied.

Table 10-4 and Table 10-5 as well as Table 10-6 and Table 10-7 summarize the performed shear
design of CFRP U-wrapped strengthened member for both level 1 and 2, respectively.
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Table 10-4
Span Section Ny Ps T frda le fted VRd
[m] [mm] [N/mm?] [N/mm?°] [mm] [N/mm?°]  [KN]
4.0 left support 1 200 0.17 492 106 463 82
4.0 right support 2 200 0.17 348 150 319 112
5.5 left support 2 150 0.17 348 150 319 150
5.5 right support 1 150 0.17 492 106 463 109
Table 10-5
Span [m] Section VRdct  Vrds VrRdmax  VRd Vg
[kN] [kN]  [kN] [kN]  [kN]
4.0 left support 73.6 58.0 4388 214 148
4.0 right support 73.6 780 4388 264 220
5.5 left support 736 116.0 438.8 340 280
5.5 right support 73.6 780 438.8 261 227
Table 10-6
Span Section Ny Ps T frda le fted VRd
[m] [mm] [N/mm?] [N/mm?®] [mm] [N/mm?°]  [KN]
4.0 left support 1 150 0.17 492 106 450 53
4.0 right support 2 150 0.17 348 150 307 72
5.5 left support 3 150 0.17 284 184 243 86
5.5 right support 3 150 0.17 284 184 243 86
Table 10-7
Span Section Vrdet  VRds  VRdmax VRd Vsq
[m] [kN]  [kN]  [kN]  [kN]  [kN]
4.0 left support 73.6 58 438.86 185 127
4.0 right support 73.6 78 438.86 224 198
55 left support 73.6 116 438.86 276 248
5.5 right support 73.6 78  438.86 238 197

10.5 CONFINEMENT OF COLUMNS SUBJECTED TO COMBINED BENDING AND
SLIGHTLY ECCENTRIC AXIAL FORCE

A P-M diagram according to the current building code is built based on the specified material me-
chanical properties. As summarized in Table 10-8, there are two cases for each level where columns
require strengthening.
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Table 10-8
Level Column Section Nsq Msq Neg Msg us  Strengthening
[KN] [kN m] required
left side bottom -290 -10 061 0.08 0.29 NO
left side top -282 16 059 012 0.29 NO
1 central bottom -962 -9 202 0.07 0.29 YES
central top -954 15 200 012 0.29 YES
right side bottom -441 16 093 012 0.29 NO
right side top -432  -34 091 026 0.29 NO
left side bottom -134 -34 028 026 0.29 NO
left side top -128 35 027 027 0.29 NO
2 central bottom -453  -32 095 025 0.29 NO
central top -447 33 094 026 0.29 NO
right side bottom -204 66 043 051 0.29 YES
right side top -198  -67 042 052 0.29 YES

Because the central column of level 1 is subjected to a slightly eccentric axial force, FRP confine-
ment is performed to ensure that the following equation is met:

NSd —<NRcc,d (10-22)

A continuous CFRP wrapping of the column is carried out assuming the following parameters (Sec-
tion 2.3.3.2: ase=04=0.9):

e CFRP thickness: tf1=0.167 mm.

e CFRP Young modulus of elasticity: E = 0.9-300000 N/mm? = 270000 N/mm?.

e CFRP characteristic strength: f = 0.9-3000 N/mm? = 2700 N/mm?.

For Type-A application, the partial factors »# and 4 are set equal to 1.10 (Table 3-2, Section 3.4.1)
and 1.20 (Table 3-3, Section 3.4.2), respectively. The environmental conversion factor, 7, is set
equal to 0.95 (Table 3-4, Section 3.5.1). A trial and error procedure is initiated for the determination
of the number of CFRP plies, ns, needed to satisfy Equation (10.29). Therefore, assuming ns=1, the
design axial capacity, Nrec 4 can be written as follows (Equation (4.40)):

1
NRcc,d = A: ’ fccd + A% ’ fyd (1023)

Rd

where:

- JRd IS the partial factor for the resistance model, equal to 1.10 (Table 3-3, Section 3.4.2).

- A. is the concrete cross section area.

- feea IS the design strength of confined concrete.

- As is the area of steel existing reinforcement.

- fya is the design strength of steel existing reinforcement, calculated according to the current build-
ing code.

The design strength, f..q, for confined concrete may be evaluated according to Equation (4.41):

f f 2/3
—ed —14 2.6-[ﬂj (10.24)

cd cd
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where f.q is the design strength of unconfined concrete according to the current building code, and
fierf IS the effective confinement pressure, depending upon member cross section shape and type of
FRP application. The latter is given by Equation (4.42) as follows:

1
frer = Kerr - fi = Kegr '(E'pf g= 'gfd,ridj (10.25)

where:
- ke (< 1) is the coefficient of efficiency defined by Equation (4.44):

k, =k

=k, ok, -k (10.26)

H \% a

- p¢ is the CFRP geometric ratio; for rectangular cross section confined with continuous FRP rein-
forcement it may be written as follows:

2.t -(b+d)

10.27
P b4 (10.27)
where b and d are dimensions of the column cross-section.
- Ef represents CFRP Young modulus of elasticity in the fibers direction.
- &dyrig 1S the CFRP reduced design strain, taken from Equation (4.47):
Ene = Min{n, - &, 1 7,; 0.004}=0.004 (10.28)

The coefficient of vertical efficiency, kv, as well as the k, coefficient can be set equal to 1 when
continuous wrapping with fiber running perpendicular to the member axis is performed. The coeffi-
cient of horizontal efficiency, ky, for rectangular cross sections can be written as follows (Equation
(4.52)):

(10.29)

where b’ and d’ are the dimensions shown in Figure 4-12 of Section 4.5.2.1.2, and Aq is the member
cross sectional area.

The calculated axial capacity, Nrec g, Of the CFRP confined column is summarized in Table 10-9.

Table 10-9
Section Nt KH keff V%i fl,eff fccd NRcc,d
[N/mm?]  [N/mm?]  [kN]
bottom 1 048 0.48 0.0029 0.75 15.10 1102
top 1 048 0.48 0.0029 0.75 15.10 1102

Before CFRP wrapping takes place, cross section edges shall be rounded to 20 mm according to
Equation (4.49).
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10.6 CONFINEMENT AND FLEXURAL STRENGTHENING OF COLUMNS SUBJECTED
TO COMBINED BENDING AND AXIAL FORCE WITH LARGE ECCENTRICITY

In this paragraph, design of CFRP strengthening for level 2 of the right side column subjected to
combined bending and axial force is performed. Flexural CFRP reinforcement is carried out assum-
ing the following geometrical and mechanical parameters (mode 1, Section 2.3.3.2: ae=a4=0.9):

e CFRP thickness: t;1=0.167 mm.

e CFRP Young modulus of elasticity: Es= ase-Esip = 0.9-300000 N/mm? = 270000 N/mm?.

e CFRP characteristic strength: = ext-frip = 0.9-3000 N/mm? = 2700 N/mm?.

In addition, in the regions of the column close to the beams, the same CFRP material is applied as
column wrapping as suggested in Appendix C. For Type A application, the partial factors s is set
equal to 1.10 (Table 3-2, Section 3.4.1). The environmental conversion factor, 7,, is set equal to
0.95 (Table 3-4, Section 3.5.1).

Due to confinement, the concrete design compressive strength can be written as follows:

f 2/3
f ="t -{1+ 2.6-["—6”j }15.43 N/mm? (10.30)

cd

A trial and error procedure is initiated according to Appendix C by calculating the non-dimensional
coefficients:

N

n. — sd 10.31

s (1031
M

Mgy :f.—;d.dz (1032)

ccd

where b and d are the dimensions of the column cross-section; E is equal to the design strength of

confined concrete, f_, suitably reduced if it is necessary.

ccd !

Design is satisfied when the number, n;, of CFRP plies is equal to 3 (Table 10-10, Table 10-11).

Table 10-10
Section Nsg  Msa i u Ng u T &d ftq L
[N/mm?] [N/mm?]
bottom 029 035 02 1 3 1 0.2 0.0086 2590.9 0.29
top 028 035 02 1 3 1 0.2 0.0086 2590.9 0.29
Table 10-11
Section n m B n  Failure m msq  Checked
mode
bottom -0.19 0.12 0.23 0.73 0.72 2 0.009 043 YES
top -0.19 0.12 0.23 0.73 0.70 2 0.011 0.43 YES
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