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1 INTRODUCTION

1.1 INTRODUCTION TO THE CNR-DT 215/2018 DOCUMENT

The FRCM (Fibre-Reinforced Cementitious Matrix/Mortar) composites are nowadays used in struc-
tural rehabilitation interventions, more and more frequently, instead of classic FRP fibre reinforced
composites (Fibre Reinforced Polymer), made with long glass, carbon or aramid fibres immersed in
polymeric matrices (such as epoxy resins). In international literature the first are also called TRC
(Textile Reinforced Concrete), TRM (Textile Reinforced Mortars), FRM (Fabric Reinforced Mor-
tar) or even IMG (Inorganic Matrix-Grid Composites). In the following, since the acronym FRCM
has been adopted in already approved Italian ministerial documents, it is preferred to continue using
the same acronym.

FRCM composites are the result of coupling nets, made with the same fibres mentioned above, or
with others which have appeared more recently on the building materials market, with an inorganic
matrix based on lime or cement mortar. Innovative fibres include basalt, PBO (Polyparaphenylene
benzobisoxazole) and steel. In particular, this last material, very common in the construction field,
is proposed again for use in FRCMs, in a version with highly enhanced mechanical performance,
thanks to a particular processing process.

The inorganic matrix has numerous advantages over the organic FRP matrix, especially for applica-
tions to masonry structures, given its greater affinity with this type of substrate. At the moment
some guidelines are available in the international field for the qualification of FRCMs and for the
design of structural reinforcement interventions carried out with such materials. In this connection
the US acceptance criteria (ACI 434 eceptance Criteria for Masonry and Concrete Strengthen-

ing Using Fiber-Reinforced Cementitious Matrix (FRCM) Composite Sysissnged by ICC Eval-

uation Service, 2018) and the design guidelines (RILEM TC 250-CSM & ACI &ldde to De-

sign and Construction of Externally Bonded Fabric-Reinforced Cementitious Matrix (FRCM) and
Steel Reinforced Grout (SRG) Systems for Repair and Strengthening Masonry Strpenuotes)
approval) can be mentioned.

In recent years, the scientific interest in the innovative applications of FRCMs for structural rehabil-
itation, on the one hand, and the special nature of the widely varied Italian building heritage on the
other, have attracted the interest of numerous researchers operating in the fields of Structural Me-
chanics, Construction, Structural Rehabilitation and Seismic Engineering.

It is clear that the drafting of an Italian Guideline for the design and construction of strengthening
interventions with FRCMs could no longer be postponed; above all, the drafting of a wide ranging
document usable for the different types present in the national building heritage, from the masonry
to the concrete constructions, as well as for the many FRCM products currently present on the na-
tional market that are different in nature of the matrix and the net reinforcement.

The CNR, through itsAdvisory Committee on Technical Recommendations for Construction,
promptly felt this need and made efforts to satisfy it by setting up a Working Group in June 2016
with the task of drawing up @uideline for the design and construction of externally bonded fibre
reinforced inorganic matrix systems for strengthening existing structures

In July 2017, the CNR Advisory Committee approved a first draft of this Technical Document on a
proposal from the Working Group. Subsequently, the Working Group expanded to include all inter-
ested Italian researchers already scientifically committed to the topic, and benefited from the inval-
uable contribution of the FRCM manufacturers. It was thus possible to draw up the present version
of the Technical Document, broader than the initial draft and characterized by more advanced ap-
plications and more sophisticated approaches which are at the frontier of current international re-
search on the topic of structural reinforcement with FRCM.
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The first draft, mentioned above, is the basis of the Guideline prepared and recently approved (Jan-
uary 2019) by the Italian Ministry of Infrastructure and Transport (MIT) for the identification of
procedures for the qualification of FRCMs.

A valid contribution to the drafting of this Guideline was provided by the results of a round robin
promoted by the RILEM TC 250-CSM between the laboratories of different European Universities.

This Technical Document has been prepared by a Working Group whose members are:

AIELLO Prof. Maria Antonietta - Universita del Salento

ASCIONE Prof. Luigi - Universita di Salerno

ASSOCOMPOSITI - Politecnico di Milano

BARATTA Prof. Alessandro - Universita “Federico II”- Napoli
BILOTTA Ing. Antonio - Universita “Federico 11”- Napoli

CAMATA Prof. Guido - Universita “G. d’Annunzio” - Chieti-Pescara
BORRI Prof. Antonio - Universita di Perugia

CARLONI Prof. Christian - Universita di Bologna

CAROZZI Arch. Francesca Giulia - Politecnico di Milano

CASADEI Ing. Paolo - Kerakoll S.p.A. - Sassuolo (MO)
CLAURE Prof. Guillermo - Universita di Miami, Coral Gables, Florida - USA
CERSOSIMO Ing. Giuseppe - Interbau S.r.l.- Milano

COSENZA Prof. Edoardo - Universita “Federico I1”- Napoli

CORBI Geaol. lleana - Universita “Federico 11”- Napoli

CORSBI Prof. Ottavia - Universita “Federico II”- Napoli
D’ANTINO Ing. Tommaso - Politecnico di Milano

de FELICE Prof. Gianmarco - Universita Roma Tre - Roma

DE SANTIS Ing. Stefano - Universita Roma Tre - Roma

DI LUDOVICO Prof. Marco - Universita “Federico II”- Napoli

DI PRISCO Prof. Marco - Politecnico di Milano

FERRACUTI Prof. Barbara - Universita “Niccolo Cusano” - Roma
FOCACCI Prof. Francesco - Universita eCampus

FRASSINE Prof. Roberto - Politecnico di Milano

GIACOMIN Ing. Giorgio - G&P Intech S.r.l. - Altavilla Vicentina (V1)
GREPPI Ing. Roberto - T.C.S. S.r.l. - Montichiari (BS)

LA MENDOLA Prof. Lidia - Universita di Palermo

LIGNOLA Prof. Gian Piero - Universita “Federico I1”- Napoli
MANTEGAZZA Dott. Giovanni - Mahac S.r.l., Technical Manager &Co-Founder - Milano
MAZZOTTI Prof. Claudio - Universita di Bologna

MONTALBANO Ing. Antonino - Sika ltalia S.p.a. - Milano

MORANDINI Ing. Giulio - Mapei S.p.a. - Milano

NANNI Prof. Antonio - Universita di Miami, Miami, Florida
NERILLI Ing. Francesca - Universita “Niccolo Cusano” — Roma
NICOLETTI Ing. Andrea - BASF Construction Chemical Italia S.p.A., Treviso
NIGRO Prof. Emidio - Universita “Federico 11”- Napoli
OCCHIUZZI Prof. Antonio - CNR-ITC, San Giuliano Milanese
PECCE Prof. Maria Rosaria - Universita del Sannio - Benevento
PELLEGRINO Prof. Carlo - Universita di Padova

POGGI Prof. Carlo - Politecnico di Milano

PROTA Prof. Andrea - Universita “Federico I1”- Napoli
REALFONZO Prof. Roberto - Universita di Salerno

ROSATI Prof. Luciano - Universita “Federico 11”- Napoli
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SACCO Prof. Elio - Universita “Federico 11”- Napoli
SAVOIA Prof. Marco - Universita di Bologna
ZAMPA Ing. Andrea - Fibre Net S.r.l. - Udine

Coordinator:
ASCIONE Prof. Luigi

Technical Secretariat:
LIGNOLA Prof. Gian Piero

This Technical Document has been approved byAthesory Committee on Technical Recommen-
dation for Constructioras a draft version on 23/10/2018 and submitted for public hearing. At the
conclusion of the public hearing, with the resulting modifications, it was approved in a definitive
version on 06.02.2019 by thdvisory Committee on Technical Recommendations for Construc-
tion, composed as follows:

ANGOTTI Prof. Franco - Universita di Firenze

AURICCHIO Prof. Ferdinando - Universita di Pavia

ASCIONE Prof. Luigi - Universita di Salerno

BARATTA Prof. Alessandro - Universita “Federico 11" — Napoli
COSENZA Prof. Edoardo - Universita “Federico 11" — Napoli

DI PRISCO Prof. Marco - Politecnico di Milano
LAGOMARSINO Prof. Sergio - Universita di Genova

MACERI Prof. Franco, Presidente - Universita “Tor Vergata” — Roma
MANCINI Prof. Giuseppe - Politecnico di Torino

MAZZOLANI Prof. Federico Massimo - Universita “Federico II” — Napoli
OCCHIUZZI Prof. Antonio - Consiglio Nazionale delle Ricerche, ITC
PINTO Prof. Paolo Emilio - Universita “La Sapienza” — Roma
POGGI Prof. Carlo - Politecnico di Milano

PROTA Prof. Andrea - Universita “Federico II” — Napoli
ROYER CARFAGNI Prof. Gianni - Universita di Parma

SAVOIA Prof. Marco - Universita di Bologna

SCARPELLI Prof. Giuseppe - Universita Politecnica delle Marche
SOLARI Prof. Giovanni - Universita di Genova

URBANO Prof. Carlo - Politecnico di Milano

ZANON Prof. Paolo - Universita di Trento

The same Committee has approved the English version off tfé~6bruary 2020.

1.2 PURPOSE OF THE GUIDELINE

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 definition is not a binding regulation, but merely represents an aid for
practitioners interested in the field of the strengthening with FRCMs. Nevertheless, the responsibil-
ity remains with the user of this guide.

The following topics will be addressed:

- FRCM materials
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- Review of significant applications

- Basic concepts of reinforcement with FRCM and special problems
- Reinforcement of masonry structures

- Reinforcement of RC structures

- Construction details

- Maintenance and repair

- Control and monitoring

- Experimental tests on structural models

- Literature references

- Worked examples

The Guideline also contains the following Appendices:

- Appendix 1, Calculation of the ultimate resistant moment (combined axial and bending) in the
plane

- Appendix 2, Assessment of solidarity between reinforcement and structure in the case of curved
support

1.3 SYMBOLS
The meaning of the main symbols utilized in this Guideline are as follows.

General notations
(). Value of quantity (.) for concrete

(). Value of quantity (.) for confined concrete

(s Design value of quantity (.)

() Value of quantity (.) referred to the fibre (or grid) itself
().  Characteristic value of quantity (.)

(), Value of quantity (.) for masonry

()ma Value of quantity (.) referred to the matrix

(). Value of quantity (.) for confined masonry

(). Value of quantity (.) as resistance

(). Value of quantity (.) for steel

()s Value of quantity (.) as stress

Uppercase Roman letters
Cross-sectional area of confined masonry column

Cross-sectional area of confined concrete column, without steel reinforcement
Area of steel reinforcement

Area of dry fibre

Young’s modulus of elasticity of dry fibre

Young’s modulus of elasticity of uncracked FRCM

Young’s modulus of elasticity of masonry

Diameter of circular columns, or diagonal of rectangular/square cross sections
Length of masonry panel (height of cross section)

TOmMmm>» > > >

4
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—

3
D
3

Maximum anchoring length

Design flexural capacity of strengthened member
Factored moment

Design flexural capacity before strengthening
Design flexural capacity after strengthening

Design axial capacity of confined concrete member

Y
[=%

[
=%

o
[s%

[N
=%

Rcc,d

Design axial capacity of confined masonry member

Factored axial force

Axial force to assess simple- and double-curvature structures
Compressive force on masonry

Tensile force in strengthening system

Confidence factor
Resultant of compressive force on masonry, calculated with stress-block

Resultant of tensile force transferred by reinforcement
In-plane shear capacity of strengthened masonry
Shear capacity of concrete member

Shear capacity limited by compressed concrete
FRCM contribution to the shear capacity

Out-of-plane shear capacity of strengthened masonry

Rmc,d

© [
3 Q

2 2 2 2 2 Z2 < < < Z

T T
O—h

< < <
22‘17:”3

< <
2z

3

Steel contribution to the shear capacity

FRCM contribution to the shear capacity

Un-Reinforced masonry contribution to the shear capagity
Diagonal crushing threshold of masonry

<
2

»

< <

—-

<

I3}

X

Design value of generic property

X

Characteristic value of generic property

Lowercase Roman letters
t Thickness of masonry panel
Thickness of FRCM matrix

t; Equivalent thickness of FRCM provided by manufacturer

tor =20, when reinforcement is applied on both sides of member
tys Equivalent thickness of fibres parallel to shear force

n Total number of FRCM layers

b,h  Dimensions of confined member cross section
by Dimension of FRCM in the bending plane
b',h' Dimensions of confined member cross section, minus rounding corners

d Effective height of section
| Distance between the extreme compressed masonry and the extreme FRCM under tension

Design strength of confined concrete
Design concrete compressive strength

«  Effective design strength of reinforcement
f, Confining lateral pressure
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fl,eff

c,mat

—h =

mcd

Effective confining pressure

Characteristic compressive strength of the matrix

Design compressive strength of FRCM-confined masonry

Design compressive strength of unconfined masonry

Design shear strength of masonry

Design yield strength of steel reinforcement

Masonry density in kg/f(confinement)

Height of the beam web

Coefficient of efficiency in the horizontal direction (confinement)
Dimensionless coefficient to account for inorganic matrix (confinement)

Dimensionless coefficient for strength increment (confinement)
Spacing of connectors
Effective anchoring length

Length of connectors
Height of masonry panel
Design dimension of FRCM for shear

Distance from extreme compression fibre to neutral axis
Spacing of reinforcements
Stress limit for dry fibre to apply simplified method in Table 4.1

Corner rounding radius
Curvature radius for simple- and double-curvature structures

Lowercase Greek letters

I
Vi
Vrd

qim,conv

£

lim,conv
o
lim,conv
gu
JU
JO

Um ax
al’
Togd

Iy

Partial factor for materials and products

Partial factor to assess simple- and double-curvature structures

Partial factor for resistance models

Conventional strain limit (end condition)

Conventional stress limit (end condition)

Amplification coefficient for substrate debonding and/or fibre/matrix intermediate slip
Strength increment coefficient (confinement)

Strength increment coefficient (confinement)

Coefficient to account for reduced tensile strength of fibres when stressed in shear
Conventional strain limit (intermediate condition)

Conventional stress limit (intermediate condition)

Ultimate tensile strain of FRCM

Ultimate tensile stress of FRCM

Normal stress

Maximum interface stress to assess simple- and double-curvature structures
Stress orthogonal to interface to assess simple- and double-curvature structures
Design shear strength of masonry

Interface shear stress to assess simple- and double-curvature structures

6
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Debonding interface capacity to assess simple- and double-curvature structures
Minimum tensile capacity to assess simple- and double-curvature structures

Ultimate tensile strain of dry fibres
Ultimate tensile stress of dry fibres
Conversion factor

Environmental conversion factor

Shear crack angle with respect to longitudinal axis of members
Fibre angle with respect to longitudinal axis of members

Reductive coefficient to assess simple- and double-curvature structures
Design strength of FRCM

Design strain of FRCM

Reduced design strain of FRCM reinforcement for confined members
Ultimate compressive strain of masonry

Ultimate compressive strain of masonry with linear behaviour

Matrix reinforcement ratio (confinement)
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2 FRCM MATERIALS FOR STRUCTURAL STRENGTHENING

2.1 INTRODUCTION

FRCM materials — hereinafter also referred to as FRCM strengthening systems or, more simply,
FRCM systems or also FRCM reinforcements are obtained by using reinforcement grids made of
aramid, basalt, carbon, PBO and glass bundles/yarns or by using unidirectional high-strength steel
cords; in particular, steel yarns are used in the form of small strands in order to obtain corrugated
surfaces which promote bonding between the reinforcement and matrix. In the following, in order to
refer to the strengthening grids, the terms “fabrics” or “textiles”, which are commonly used, will al-
so be indifferently adopted.

Grids and strands are combined with inorganic matrices, made for example with lime- or cement-
based binders, with the possible addition of additives. In the case of organic additives, it is recom-
mended that the organic component does not exceed 10% by weight of the inorganic binder. In fact,
it should be kept in mind that as the overall percentage of organic components increases the FRCM
system can undergo a degradation of permeability, durability and fire behaviour properties.

In general, FRCM strengthening systems, in the case of a single-ply fabric application, have a
thickness ranging between 5 and 15 mm, excluding the levelling of the substrate. In the case of mul-
tiple plies, thickness increases, but it is usually not greater than 30 mm. The net distance between
the lateral surfaces of the bundles/yarns or strands, along the directions in which they are devel-
oped, does not usually exceed 2 times the thickness of the mortar and in any case it cannot be great-
er than 30 mm.

The high strength-to-weight ratio of FRCM systems makes it possible to enhance the mechanical
performance of the strengthened structural element, essentially being able to withstand the tensile
stresses without increasing its mass or significantly changing its stiffness.

In general FRCM reinforcements demonstrate good chemical-physical compatibility with masonry
and concrete substrates and a certain degree of vapour permeability; moreover, they can be preparec
and applied in a simple way by using basically traditional procedures, even on wet surfaces. Due to
their mechanical properties, FRCM reinforcements are specifically indicated for applications requir-
ing limited deformations, as typically occurs for strengthening of masonry.

The following paragraphs explain the design rules related to the main structural applications for
which predictive models widely shared by the technical and scientific community, both nationally
and internationally, are available.

Further applications shall necessarily be supported by in-depth preliminary investigations per-
formed in laboratory on full scale structural elements and by numerical verifications.

For the aspects related to identification and qualification of the system, as well as for those related
to durability, transport, storage, handling, use, see the documentation produced for the CE marking
or the Technical Assessment Certificates (CVT) and the compulsory installation manuals for these
materials, according to the Guideline recently approved by the Italian Ministry of Infrastructures
and Transportation (MIT — January 2019) and entitlégea Guida per la identificazione, la quali-
ficazione ed il controllo di accettazione di compositi fibrorinforzati a matrice inorganica (FRCM)

da utilizzarsi per il consolidamento strutturale di costruzioni esistéintdieals with the same types

of strengthening systems covered by this document, and limits use, for glass fibre gridsAfe AR (
kali Resistantfibres only.

In the remainder of the document, the terms “dry fabric” or “dry textile” will refer to fabric/textile

not embedded inside the inorganic matrix, thus including coated or pre-impregnated fabrics or
grids, according to the MIT Guideline.

The unified approach proposed in the document makes it possible to apply the same rules to the
wide range of FRCM materials, differing in their types of strengthening grids and matrixes, availa-
ble in the Italian market together with the considerable variety of supports present in the national
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building heritage. The common design approach represents a particular aspect of the document and
the main difficulty encountered in its drafting, something which has already happened in the im-
plementation of the qualification guideline.

It will be responsibility of the technicians in charge of design and construction supervision to
choose, from the systems available in the market, the most suitable type of reinforcement for the
specific application, taking into account the matrix and grid properties.

Finally, for the aspects related to acceptance criteria at the construction site, the reader can refer to
the current technical regulations and to the previously introduced MIT Guideline.

2.2 REVIEW OF SIGNIFICANT APPLICATIONS

Some significant applications related to strengthening of masonry and RC structures with FRCM
systems are reported below (Figures 2.1 — 2.22). They introduce the reader to the wide range of pos-
sible effective applications that can be developed with this type of system.

2.2.1 Applications on masonry structures

2.2.1.1 Strengthening of masonry panels
The shear and combined axial and bending moment capacity of a masonry wall can be increased by
applying a FRCM strengthening system on wall surfaces and by adopting a continuous or discon-
tinuous layout.

Figure 2.1 — Strengthening of masonry walls with basalt fibre grids.

2.2.1.2 Strengthening of vaults and arches

Vaults and masonry arches can be strengthened by applying FRCMs to both their extrados and in-
trados. In both cases, the aim is to compensate the lack of tensile capacity of the masonry structure
preventing the opening of macro-cracks.

The layout of the reinforcement can be continuous or discontinuous and can be connected to the
surrounding walls and to the vault itself by adhesion and also with special connectors.

When possible, this type of reinforcement is generally combined with the construction of small
stiffening masonry walls at the extrados and with the insertion of steel ties.
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Figure 2.2 — Extradoxal strengthening of a single-leaf vault with extensive application of basalt fi-
bre grid and hydraulic lime mortar.

Figure 2.3 — Application of unidirectional galvanized steel fibre strips and mortar for the extradoxal
strengthening of masonry vaults.
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(b)

Figure 2.4 — (a) Intradoxal strengthening of a barrel vault trough application of ultra-high strength

unidirectional galvanized steel fibre strips together with natural hydraulic lime mortar; (b) Extra-

doxal strengthening of cross vaults by applying ultra-high strength unidirectional galvanized steel
fibre strips together with hydraulic lime mortar.

Figure 2.5 — Intradoxal strengthening of a masonry vault with AR glass fibre grid and mortar.

2.2.1.3Floor and roof ring beams

In order to increase the collapse multipliers associated with overturning mechanisms of wall macro-
elements an external ring element made of fabric sheets encircling the building can be built.

It is also possible to construct ring beams at the roof level made of masonry reinforced by compo-
site fabric inserted inside the bed mortar joints.

11
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Figure 2.8 — Roof ring beams built with AR glass fibre grids.
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2.2.1.4 Confinement of masonry columns
Wrapping of elements subjected to uniaxial compression or to compression and minimal bending
makes it possible to increase the ductility of the element and to increase its load-bearing capacity.
The layout of the wrapping can be continuous or discontinuous.

- .
—

NN NENN]
:

Figure 2.9 — Confinement of masonry column with AR glass fibre grid.
2.2.2 Applications on reinforced concrete structures

2.2.2.1Flexural strengthening of beams, columns and floor joists

Flexural strengthening is achieved by applying fabric strips to the side of the element subject to ten-
sile stresses. Using this method the deflection under service loads can be reduced, although often
not very substantially, and crack openings can be limited.

Figure 2.10 — Flexural strengthening of a beam and of a column with PBO fibre grid.

13
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Figure 2.11 — Beam flexural strengthening with ultra-high strength unidirectional galvanized steel
fibre strips and cementitious mortar.

2.2.2.2 Shear strengthening of beams and columns
Shear strengthening is achieved by applying fabric strips to the lateral surfaces of the element to be
strengthened. The reinforcement can be continuous, with the application of each fabric sheet adja-
cent to the previous one, or discontinuous, interspersing the strengthening strips with empty spaces.
Furthermore, the element can be reinforced by completely wrapping the cross-section or with U-
jacketing and possibly using connectors.

Figure 2.12 — Shear strengthening of a beam with PBO fibre grid.
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2.2.2.3Confinement of columns
As for masonry, wrapping of elements subjected to uniaxial compression or to compression and
small bending allows the ductility of the element and its load-bearing capacity to be increased.
Wrapping can have a continuous or a discontinuous layout.

Figure 2.13 — Confinement of a column by means of ultra-high strength unidirectional galvanized
steel fibre strips and cementitious mortar.

Figure 2.14 — Confinement of a column with unidirectional galvanized steel fibre strips and mortar.

15
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2.2.2.4 Strengthening of beam-column joints

The ductility of beam-columns joints can be increased by continuously wrapping the extremities of
the elements connected in the joint.

Figure 2.16 — Strengthening of beam-columns joints with unidirectional galvanized steel fibre strips
and mortar.

16



CNR-DT 215/2018

2.2.2.5Shear strengthening of reinforced concrete walls
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Figure 2.17 — Shear strengthening of reinforced concrete walls.

2.2.2.6 Slab strengthening (anti-detachment)

Figure 2.18 — Slab strengthening (anti-detachment).
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Figure 2.19 — Slab reinforcement (anti-detachment) with AR glass fibre grid and mortar.

2.2.2.7 Infill walls strengthened against overturning

Infill walls can be connected to the structural reinforced concrete frame by applying the strengthen-
ing grid to the infill wall and connecting it to the frame with anchors, or by applying textile sheets
between the frame and the infill wall.

Figure 2.20 — Strengthening of walls against overturning with a FRCM system made of glass grid,
mortar, adhesion promoter and glass fibre connectors.

18
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Figure 2.21 — Overturning protection of infill walls with different types of grids and anchors.

2.2.2.8Bridge strengthening

Figure 2.22 — Intradoxal strengthening of a concrete arch bridge with PBO grids.
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2.3 MECHANICAL PROPERTIES OF THE STRENGTHENING SYSTEM

The typical stress-strain behaviour of a FRCM system subject to uniaxial tensile force can be de-
scribed by considering three consecutive branches (Figure 2.23), corresponding, respectively, to the
uncracked phase (Stage A), to the crack development phase (Stage B) and to the fully cracked phase
(Stage C).
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Figure 2.23 — Typical constitutive law of a FRCM coupon subject to uniaxial tensilétasté of
dry fabric/textile).

This diagram is not sufficient to characterize the mechanical behaviour of an FRCM system because
a number of different failure modes may occur related to the reinforcement in a strengthened struc-
tural element as a result of substrate-strengthening system interaction; they are listed below and de-
scribed in Figure 2.24:

A. debonding with cohesive failure within the substrate of the reinforcement;
B. debonding at the matrix-to-support interface;
C. debonding at the matrix-to-textile interface;
D. slippage of the textile within the matrix;
E. slippage of the textile and cracking of the outer layer of mortar;
F. tensile failure of the textile.
Support Support Support Support Support Support
Mﬁ— Mﬁ—- | — e '\;IATRIX TEXTILE l\;iAT"-*lX TEXTILE M-“;“X ” TE)(TILE_
A. Debonding with cohesiv B. Debonding at the €. Debonding at the D. Slippage of the E. Slippage of the textile F. Tensile failure of the textile
failure within the support matrix-to-support interface matrix-to-textile interface textile within the matrix Iiar;de::)afc::ft::the outer

Figure 2.24 — Failure modes.
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For this reason, mechanical characterization shall also include, in addition to the tensile test of the
FRCM system and of the dry textile, the bond test and possibly any other appropriate tests depend-
ing on the specific characteristics of the system.

According to the present Guideline, FRCM strengthening systems have to be characterized such
that the following mechanical properties can be used:

a) conventional stress limi, ., (characteristic value), conventional strain lir§j,,.,, as defined

further below (both properties depend on the substrate);
b) tensile stiffness of the sample in the stage A, if detectabler(ean value);

c) ultimate tensile stress, (characteristic value) and ultimate tensile strgjn(mean value) of the

FRCM composite at failure;
d) ultimate tensile stress;, , (characteristic value) of the dry textile (failure);

e) elastic modulu€ of the dry textile (mean value);
f) ultimate tensile straing, ¢, of the dry textile €, =0 /E, );

g) compressive strength of the matrix/mortdy, .., intended as characteristic or nominal (the latter
assumed as characteristic).

The definition of the above qualification parameters represents an original contribution of the mem-
bers of two working groups, from CNR and MIT, achieved through a structured work of progres-
sive refinement and also making use of the results fr&toumd RobinTestactivity carried out by

the laboratories of different European Universities, promoted by RILEM TC 250-CSM.

Stresses are conventionally referred to the cross-sectional area of the dry rektilegardless of

the presence of the matrix/mortar.
The equivalent fibre thickness of the FRCM system,provided by the Manufacturer (technical

datasheet) is defined as follows: the equivalent fibre thickness of a composite grid along the direc-
tion of the weft (warp) is the ratio between the density of the yarns/strands only in the direction of
the weft (warp) and the specific weight of the fibres which constitute the weft (warp).

In the case of a grid having the same number and the same type of yarns/strands along the weft and
warp directions, the equivalent fibre thickness will be the same along those two directions. In other
cases, the equivalent thickness is different depending on whether the direction along the weft or the
warp is considered.
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3 BASIC CONCEPTS FOR THE DESIGN OF STRENGTHENING
INTERVENTIONS AND SPECIAL DESIGN PROBLEMS

3.1 MECHANICAL PROPERTIES OF THE STRENGTHENING SYSTEM IN
DESIGN AND VERIFICATION PROBLEMS

The conventional stress limd;, ., represents the bond strength of a specific FRCM system and is

evaluated by means of bond tests, performed on FRCM reinforcements applied to conventional sub-
strates. As such it then depends on the type of substrate and corresponds to the characteristic value
of the peaks of the applied tensile force registered during the tests (refer to the Italian Guideline for
the identification, qualification and acceptance control of FRCM strengthening systems, published
by the Italian Ministry of Infrastructure and Transport (MIT). The conventional strain limit is de-

ﬁned a'Sglim,conv = alim,conv/ Ef(Figure 31)

The use of the conventional strain limit and of the corresponding conventional stress limit makes it
possible to design strengthening interventions by means of FRCM systems without performing a
specific verification concerning the failure modes related to debonding or to slippage of the textile
within the matrix, typically at the end of the reinforcement. This verification is, however, necessary
when these failure modes can take place. This situation usually occurs when the maximum stress in
the FRCM system is located at its extremities, for instance in interventions involving the flexural
strengthening of beams or panels, especially when subjected to seismic action, or shear strengthen-
ing of reinforced concrete beams.

Failure due to the debonding or to slippage of the textile within the matrix, occurring at the extremi-
ties of the FRCM reinforcement, is prevented if the FRCM system can be extended up to a signifi-
cant distance from the cross-section with maximum tensile stress, for instance, in strengthening of
masonry walls subject to out-of-plane loads or when FRCM systems are applied at the intrados of
reinforced concrete beams to increase their flexural capacity with respect to dead loads.

That being said, for the purposes of this Guideline, the conventional limit vglues and g;,, ..,

represent the parameters to be adopted in the verifications of failure mechanisms located at the ex-
tremities of the FRCM system.
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Figure 3.1- Determination ofj

lim,conv

and glim,conv '

If the above mentioned failure modes due to the debonding or to the slippage of the textile within
the matrix, are located instead in intermediate zones, i.e., along the reinforced element (not at its ex-
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tremities), the tensile failure of the textile occurs for strain values significantly higher than the con-
ventional strain limit.

In this case, the values of the parameters to be adopted in the verifications governed by debonding
or slippage, but located in intermediate zonesggdte,, = a (& andol”  =E, &

lim,conv lim,conv lim,conv *

The amplification coefficienty can be taken as equal to 1.5 for all the FRCM strengthening sys-
tems, except for those in which the point corresponding to the conventional stress limifalls

within Stage A of the stress-strain diagram above. For these FRCM systems a value of 1.0 shall be
assumed for the amplification coefficiemt

Higher values of the coefficiemt, i.e. greater than 1.5 or 1.0 respectively, can be considered, but
they shall be supported by suitable experimental tests on structural members, as described in § 9.

In any case, the value af®__ shall be smaller thans, or at least equal to it. The partial safety

lim,conv
factors and conversion factors, mentioned in the following Section, shall be applied to the above
mentioned values.
In the situations governed by the tensile strength of the textile rather than by the debonding of the
FRCM system or by the slippage of the textile within the matrix, the values of the parameters to be
adopted in design problems are the ultimate strain of the dry textile and the corresponding ultimate
stress,e,, and g, . Partial safety factors and conversion factors, described in the following Sec-
tion, shall be applied to these values as well.
In some specific applications presented in the following chapters, such as the confinement, the pro-
posed predictive formula, obtained from test databases, have been calibrated on the basis of the ul-
timate strain of the dry textile, which is the qualification parameter often used by researchers to pre-
sent their results.

3.2 DESIGN VALUES

The design valueX,, of a generic strength or strain property of a FRCM strengthening system can
be expressed as follows:

X, =f75y&- (3.1)

where is a suitable conversion factor accounting for special design probkmss the charac-

teristic value of the property, ary, is the corresponding partial factor.

The latter is equal to 1.5 for Ultimate Limit States (ULS) and to 1.0 for Serviceability Limit States
(SLS). For the verifications concerning Ultimate Limit States, the effects of environmental factors

shall be taken into account. In the absence of more specific data, the vafuesveh in Table 3.1
shall be attributed to the conversion facgorindependently of the characteristics of the textile.

Exposure conditions n,
Internal 0.90
External 0.80
Aggressive environment 0.70

Table 3.1 — Environmental conversion factors.
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Higher values, up to 1.0, may be used if supported by specific laboratory tests performed by the
Manufacturer according to the general principles mentioned in 8§ 9, also taking account of the crack-
ing of the matrix.

As far as the verifications concerning Serviceability Limit States, to be carried out for interventions
on reinforced concrete structures, are concerned, the static fatigue phenomenon shall be taken into
account, as prescribed in 8 5.1.2.

3.2.1 Verification in the case of fire
In the event of a fire, the strengthened structure shall be verified without the reinforcing system.
The actions have to be determined with reference to the quasi-permanent combination, and the ca-
pacity of the structural members shall be evaluated with unitary partial factors for materials.
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4 STRENGTHENING OF MASONRY STRUCTURES

Strengthening of masonry structures is one of the most important applications for FRCM systems.
These systems can be extended to the entire surface of the walls or applied in strips, having enough
width to limit the tangential stress at the masonry - reinforcement interface.

Safety checks can be conducted at the ultimate limit state only, as indicated below.

Usually, the increase of design capacity of an element strengthened with FRCM should not be more
than 50% compared to the unreinforced counterpart. This limitation does not apply to seismic ac-
tions.

4.1 IN-PLANE STRENGTHENING OF WALLS

FRCM systems can be adopted to improve the in-plane load bearing capacity of walls. In the case of
masonry with poor mechanical properties, such as for example cavity walls, it is necessary to com-
bine the FRCM strengthening interventions with other types of operations in order to preserve the
structure of the wall and to allow for appropriate stress transfer to the FRCM.

The following paragraphs provide indications for the design and/or checks of strengthening inter-

ventions on walls loaded in their planes in shear or bending.

4.1.1 Shear Capacity

In order to increase the in-plane shear capacity of masonry walls, it is preferable to arrange FRCM
reinforcements symmetrically on both sides, and usually extended to the entire surface with the fi-
bres preferably in both the vertical and horizontal directions. For the design of the shear strengthen-
ing, the area of the fibres arranged parallel to the shear force only is considered; however, to ensure
the effectiveness of such interventions, also after cracking, it is advisable to apply fibres in the or-
thogonal direction.

The shear capacity of the strengthened wall)(is calculated as the sum of the contribution of un-

reinforced masonry\( ), evaluated according to building codes for unreinforced masonry failing
under tension, and the contribution of the reinforcemen).(
The latter contribution is evaluated according to:

1 (4.1a8)

Vig = Ch O, W, Lo, LEy L -

Rd
where:

Vrq 1S @ partial safety factor equal to 2, according to current knowledge;
- n, is the total number of reinforcement layers arranged on the sides of the wall;
t, IS the equivalent thickness of a layer of the fibres arranged in the direction parallel to the

shear force;
- ¢, is the design dimension of the reinforcement measured orthogonally to the shear force, and in

any case it cannot be assumed as longer than the dimension H of the wall (Figure 4.1).
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Figure 4.1 - FRCM in-plane strengthening of panels: (a) strengthening of pier panel; (b) strengthen-
ing of spandrel panel.

The productn; 4,; Z; represents the area of the equivalent cross section of reinforcement effec-

tive in shear, in the direction parallel to the shear force, which intersects a shear crack inclined at
45°. Hence the limit < H .

The value of&, is derived fromaﬁr‘;),com, through (3.1). The coefficien®, takes into account the

reduced tensile strength of the fibres when stressed in shear. Without experimental results, it can be
assumed equal to 0.80.

With a strengthening system applied on one side only of the wall, the shear contribution shall be re-
duced by at least 30% and connectors shall be applied to fix the reinforcement to the wall.
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If fibres orthogonal to the direction of shear are effectively anchored, it should be also checked that
the shear force does not exceed the following diagonal crushing value for masonry:

V,, = 0.250f, 0 ,, (4.1b)

t,c
where:

-t is the thickness of the wall;
- f,_, Is the design compressive strength of the masonry

- d, is the distance between the extreme compressed masonry and the extreme FRCM under ten-
sion (fibre direction orthogonal to the shear force - Figure 4.1).

In (4.1b) the properties of unreinforced masonry only are given since it is assumed that the FRCM

does not contribute to the compressive strength of masonry.

In a simplified way, the strengthened masonry capacity can be calculated by multiplying the aver-

age shear stress capacity of unreinforced masonry without normal stresses by appropriate multipli-
cative coefficients. Such coefficients can be used only in the case of masonry having thicknesses
lower than 400 mm, in the case of reinforcements arranged symmetrically over the entire surface of

the two sides of the walls and ensuring tbgit; =7, ; coefficients are given in Table 4.1.

Masonry Type Corrective coefficient ol

(N/mm)

Masonry in disorganized stones (pebbles, or efrat- 15 44.60

ic/irregular stones)

Masonry in rough-hewn stone, with faces of inhomo- 15 44.60

geneous thickness

Masonry in split stones, well laid 2.0 32.20

Masonry in soft stone (tuff, macco, etc.) 2.0 44.60

Masonry in squared stony blocks 1.2 44.60

Masonry in bricks and lime mortar 1.7 24.50

Masonry in half-full bricks with cement mortar 1.3 44.60

Table 4.1 - Corrective coefficients of the mechanical properties of strengthened masonry.

The values given in Table 4.1 have been taken from tests carried out in the laboratory, without tak-
ing into account the exposure conditions referred to in Table 3.1. Therefore the results obtained

from the tests shall be suitably reduced, by multiplying by the fagtor Table 3.1, corresponding

to the appropriate exposure condition.
When such reductions lead to corrective coefficients close to unity, higher increments can be
achieved with the use of (4.1a) or with the results of a suitable experimental programme, conducted

as specified in § 9.

4.1.2 Combined axial and bending moment capacity
In order to increase the in-plane flexural capacity of wall panels, FRCM strengthening is possible
with fibres applied along the direction of the axis of the structural element. The strengthening is
preferably applied on both sides of the panel, usually covering almost the entire surface (Figure
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4.1). This strengthening arrangement increases the flexural capacity of a wall section only if proper-
ly anchored. Strengthening that has been extended by at least 300 mm, starting from the verification
section or connected to the masonry by means of suitable devices, is considered properly anchored.
The flexural capacity associated with an assigned compression ®xja{N _,) , can be calculated as-

suming thefollowing:

- Plane sections remain plane;
- Perfect bonding exists between FRCM and concrete.

The masonry constitutive law—¢ for uniaxial stress state can be summarized as follows:

- tensile stress: negligible;
- compression: linear behaviour up to both the design strefigthnd design strai&,; design

strength equal td,, for strain betweeF, < £ < ¢,,and zero strength for strain larger than the
ultimate strengthg_ .

Unless experimental data are available, the masonry ultimate design strain, is equal to 3.5%.. The
strengthening constitutive law—¢ for tensile stresses is linear elastic up to the limit steginob-

tained from 3.1 from the conventional strain lingff ., in the case of failure mechanisms due to

conv

intermediate debonding or from the conventional strain ligpjt,,, in the case of end debonding.
The strengthening modulus of elasticityEs as defined in section 2 (dry fabric). The strengthening

does not exhibit any stiffness or compressive strength. Then, if the neutral axis cuts the strengthen-
ing section, this is subdivided by the neutral axis into two parts, one of which is tensile and one of
which is non-reactive.

The masonry panel flexural capacity is verified when the following relationship is satisfied:

Mgy <M gq. (4.2)

where M and M, are design moments and the flexural capacity of the strengthened member, re-
spectively.M, is evaluated considering the design axial force associated/\jth

The distance of the extreme section, where there is FRCM strengthening, from the edges of the
strengthening panel, shall be at least equal to the above indicated anchorage length (see also § 6),
unless suitable anchoring devices are provided.

Appendix 1 shows the equations for calculatig, (N,) for different failure mechanisms.

4.2 STRENGTHENING OF MASONRY PANELS FOR OUT-OF-PLANE LOADS

An FRCM strengthening system is often used to improve the out of plane of masonry panel capaci-
ty, typically in the case of seismic actions.

With reference to a unit strip of masonry panel, flexural safety of the strengthening masonry panel
is achieved, both in the (typical) vertical direction and in the horizontal direction, if Equation (4.2)
is satisfied, whereMg, and M, are the applied bending moment and the flexural capacity related

to the unit strip, respectively.
The design flexural capacityyi,,, of the strengthened masonry section may be determined as a

function of the mechanical characteristics of masonry and FRR#Mthicknesst, of the masonry
paneland the applied axial force correspondingMq,. The masonry panel subjected to out-of-

plane loads is generally characterized by a maximum bending moment at the centre of the panel and
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negligible forces at the end sections. Therefore, in this case there is no end debonding failure mech-
anism and the maximum strengthening strain is significantly higher.

The design flexural capacityyl,,, can be calculated assuming the hypotheses referred to in Section
4.1.2 with the following Equation:

1 4.3)
Mgy =Mgg+— [OMld _MOd) ,

Rd

where M ,is the design bending moment of the unstrengthened masonry sedtiprihe design
bending moment of the strengthened masonry sectiorygnid a partial factor for resistance mod-

els which, given the current state of knowledge, is assumed eggal to
It is necessary to check that the shear force design autipndoes not exceed the shear capacity:

VRd,m = 1Dyn vad’ (44)

where f , is the design shear strength of thestrengthenethasonry as per the building code, equal to

the ratio of the sum of the compressive forces and the area between extreme compression member anc
neutral axis,y, .

The flexural capacity of the strengthened section is calculated considering the desigregtrain,
obtained from 3.1 starting from the conventional strain ligfft., in the case of failure mecha-

nisms due to intermediate debonding or from the conventional straingjmj, in the case of end
debonding. This strain should be multiplied by the modulus of elastigity &4 [(Es = 0zq). The

contribution of the FRCM under compression should not be considered.

The distance of the extreme section, where the FRCM strengthening is required, from the edges of
the strengthening panel shall be at least equal to the above indicated anchorage length (see also § 6)
unless suitable anchoring devices are provided.

onv

4.3 CROWNING BEAMS IN FRCM-REINFORCED MASONRY

Crowning beams in FRCM-reinforced masonry are built to provide the structure with a box-type

behaviour and prevent, or delay, the onset of out-of-plane overturning collapse mechanisms.
Crowning beams are built with clay bricks or stone units and are reinforced by installing FRCM

systems in the horizontal joints of mortar (Figures 2.7 and 2.8). Fabric is installed in a number of
layers to provide the crowning beam with adequate tensile and bending strength, with negligible ef-
fects on the stiffness of the masonry. The width of the crowning beam should preferably be equal to
the thickness of the masonry wall and the FRCM reinforcement should have the same width as well.

The tensile strength of a FRCM-reinforced crowning beam, having Height widthb, can be es-
timated as follows:

Nirg = N¢ O Oy Loy Ly U (4.5)
where:

- n; :isthe number of FRCM layers;
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- b :is the width of the FRCM system installed in the horizontal joints of mortar, equal to the
width of the crowing beam;

- &g U =0y.

The product:n; [} Ty corresponds to the equivalent cross-sectional area of the FRCM reinforce-
ment installed in the crowing beam. The value of the design tensile gjjaia obtained from
£

lim,conv
apply.
The tensile strength of the crowning beam can be taken into account in the assessment of local col-
lapse mechanisms, provided that an overlap length equal to the width of the crowning beam, with a
minimum of 300mm, is ensured at the connections or at corners between orthogonal walls. When
possible, anchorage techniques that are proven to be effective by experimental evidence (8 9)
should be applied. Moreover, vertical connectors should ensure that the load is transferred between
the crowning beam and the underlying masonry.
The ultimate flexural strength of the FRCM-reinforced crowning beam under external loads, di-
rected either out of the plane or in the plane of the wall, can be estimated under the same assump-

tions of 84.2. For assessment purposes, failure takes place when either the FRCM desig, strain (

using Eqg. (3.1). The provisions on anchorage, already mentioned in the previous sections,

) or the ultimate compressive straif), () of masonry in the horizontal direction is reached. Once the

neutral axis depth is calculated through the translation equilibrium equation for the relevant failure
mode, the ultimate flexural strength of the crowning beam can be calculated on the basis of the
above-mentioned assumptions.

4.4 CONFINEMENT OF MASONRY COLUMNS UNDER AXIAL COMPRESSION

Masonry members subjected mainly to axial compression forces can be confined with FRCM by in-
stalling a continuous wrapping of composite with inorganic matrix in which the fibres are oriented
mainly orthogonally to the axis of the column. In this way, the external wrap limits the transversal
expansion inducing a favourable state of triaxial compression. It is recommended to overlap one
fourth of the circumferential length/perimeter of the section or 300 mm, whichever is greater, with
the fabric mesh. Reference can be made to § 6 when steel meshes are adopted.

Confinement techniques are feasible for both damaged or deteriorated members and intact members
with a view to the static or seismic enhancement of the structure. FRCM confinement shall cover
the entire external surface of the member to be reinforced.

Verification of the confined member subjected to centred axial compression consists of checking
the following limitation:

NSd <N Rmc,d (46)
where Ng, is the design value of the axial force (to be evaluated, for the different predictable load

combinations, as prescribed by the current Code)nand the design value of the axial capacity of

the confined member.
The design axial capacity ., . ,, is defined as follows:

NRmc,d = Amemcd2 Amemc (47)

where the symbol, represents the area of the cross section of the confined mefpbér,the

compressive strength of unconfined masonry dng, is the design value of the compressive
strength of confined masonry.
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The compressive strength of a confined memiigr,, can be obtained by defining the confinement

pressuref, which is limited by the mechanical performance of the matrix which if damaged affects

the efficacy of its interaction with the fibres. The compressive strength is therefore defined once a
reduced confinement pressurg , denoted as “effective confinement pressure”, is evaluated. Its

value depends also on the characteristics of the masonry column:

£\
fmcd:fmd[%ﬂk'[E%J ] (4.8)
md

where k' is a coefficient (dimensionless) of strength increase@nis an exponent, which can be

assumed equal to 0.5 in the absence of reliable experimental results.

The value of the coefficienk' can be established on the basis of experimental results obtained on
masonry specimens with characteristics similar to those of the member to be confined. Alternative-
ly, the following formula can be adopted:

Q.
o On )"
k'=a, =0 | | .
2 [éloooj (4.9)

where g,, is the masonry mass density expressed in %gimd a, and a, are coefficients which

can be assumed prudently equal to 1.0, if experimental results are not available to justify different
assumptions.

4.4.1 Confinement of circular columns
For the case of circular columns with diametr, confined with R strengthening layers, with
equivalent thickness of the fibres in the direction orthogonal to the axis of the mdmizerd
f representing the characteristic compressive strength of the inorganic matrix, the effective con-

c,mat
finement pressureg can be calculated as:

leff ?

fler =kn Uy, (4.10)
f = 200y Of [E [£yq rig (4.11)
D

where f| is the confinement pressuré,; the horizontal efficiency coefficient, to be assumed
equal to 1 for circular columns with continuous wrapping, apgiq the design strain of the com-
posite FRCM which can be assumed equal to:

(4.12)
Evuns = min( k [, Gsyu—f;o.ooﬂ ,

with:
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f 2

kmat:a{pmatt-l?—ma‘} <1, (4.13)
md

411 4.14

pmat = Dmat ' ( )

wheret_ . is the overall thickness of the FRCM akg, the dimensionless coefficient of confine-
ment efficiency which takes account of the presence of the inorganic matrix.

In the absence of experimental results able to justify various assumptions, the coeffictamt be
assumed equal to 1.81.

4.4.2 Confinement of rectangular columns

Only moderate increases in axial compressive strength can be achieved with FRCM confinement of
elements with square or rectangular cross section. Applications of this type should be carefully ex-

amined and analysed.

In the absence of adequate experimental tests which prove the efficacy, the effect of external con-
finement is neglected for rectangular sections (Figure 4.2) with shapdovdtis 2 whereb is the

greater andh the lower size of the section.

Before applying the FRCM system the corners of the cross section should be smoothed in order to
prevent dangerous localized stress concentrations which could lead the system to a premature fail-
ure.

The corner radius shall respect the following condition:

r.=20mm (4.15)

Zona non
confinata 2

h'h
FRCM - ' v !

Figure 4.2 — Confinement of rectangular columns.

For the case of columns confined with steel meshes, the above expedient on the corner radius men-
tioned above can be neglected, as reported at 8§ 6. The folding device to be adopted shall be reported
on the installation manual provided by the Manufacturer.

The formulations already introduced for circular sections can be utilized, with the following chang-
es:
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2 1?2 (4.16)
=127 A —prh
30A,
D = diagonal length of the square or rectangular cross section (4.17)

4.5 SIMPLE- AND DOUBLE-CURVATURE STRUCTURES

The application of reinforcing FRCM systems is able to improve the behaviour of simple and dou-
ble curvature structures, counteracting the triggering of possible collapse mechanisms.

A principle that shall be kept in mind when reinforcing structural elements with FRCM technology

is that these materials, unlike other reinforcement systems, can have some significant tensile ductili-
ty properties related to the presence of the semi-ductile segment of the constitutive traction bond
(Figure 2.23, Stage B), provided that this segment has a non-negligible extension, as will be clari-
fied in the following. Therefore by coupling the ductile reinforcement to a material in which the
elongation is due to the detachment between two interfaces, the resulting element is endowed with
the same ductility characteristic as the reinforcement, provided that this is able to withstand the re-
lated effort without losing solidarity with the wall support. The opportunity of conferring a ductile
behaviour to the system at the structural level results in an increase in the resistant capacity and in
an overall qualitative improvement, bearing in mind the need for a reliable model for checking the
integrity of the reinforcement and the reinforcement-structure connection.

In order not to compromise the ductility of the structure, the solidarity of the reinforcement to the
wall support shall be verified with reference to the maximum tensile effort that can be applied to the
reinforcement and evaluated with reference to the value of the stress that determines the transition
from stage A to stage B (semi-ductile part) of the diagram in Figure 2.23.

This (characteristic) stress is not included among the qualification parameters listed in the Italian
Ministry Guideline. However, it can easily be obtained from the results of the qualification tests and
for preliminary evaluations it can be approximated by

g, =0,lpB (B=18+22, (4.18)

In order to assess the bond to the supporting material a force eqdl+ar, LA, should be con-

sidered applied on both sides of the reinforcement, wheras the total area of the dry net aag)
is the characteristic value of the above mentioned stress.
In the case of a curved surface, the curvature produces a debondingrstr@sgure 4.3) at the in-

terface between the reinforcement and the masonry, and between the net and the matrix, which shall
be smaller than the minimum tensile strengthbetween the strength of the matrix and of the sup-

port, whence it is necessary to check that:

o =&<ﬂ (4.19)

“ by,
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wheregd; is a characteristic value anglig a partial factor that is suitably assumed equal to 1.5.

Figure 4.3 - Reinforcement element applied to the intrados and radial debonding stress.

After expression 4.19 has been verified, the capacity of the reinforcement shall be checked in rela-
tion to the applied loads. With reference to the equilibrium of an arch element, for the interface be-
tween the reinforcement and the wall element, it shall be verified that the following expression
holds true (see Chapter 13, Appendix 2):

4.20
N (4.20
Oy = | T S8

Vi

where:
- T isthe active shear stress at the interface

r

- 0, is the active normal stress at the interface.

4.5.1 Single curvature structures

The static capacity of masonry structures can be analysed with equal efficacy both through the ex-
amination of possible collapse modes (kinematic approach) and through the search for admissible
equilibrium paths (static approach). It should be noted that, if the two procedures are implemented
with all the necessary accuracy, the results obtained are absolutely equivalent. The case is different
if one of the procedures or both are applied by an approximate or incomplete procedure, since, in
this case, the static method always produces a result on the safe side and therefore it is completely
reliable, while the kinematic method is more delicate because it produces results with some cost to
safety, unless the reference kinematics are very carefully selected.

4.5.1.1 Reinforcement identification and assessment through the kinematic ap-
proach

The collapse of single-curved structural systems can be traced to the formation of unilateral hinges
due to the limited tensile strength of the masonry, causing the trigger of a kinematic mechanism.
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Since the unilateral hinges do not produce energy dissipation in the absence of tensile strength, this
mechanism results in a collapse of the structure if the work developed by the acting loads is larger
than zero.

The collapse condition, which occurs when the work of the acting loads is larger than zero, can be
evaluated on the basis of the displacements inferred from diagrams constructed using the theory of
kinematic chains.

If the degree of safety with respect to kinematic collapse is not adequate, it is possible to counteract
the formation of the most dangerous kinematic mechanisms by arranging reinforcements of FRCM
material over the intrados or extrados in such a position as to prevent the free opening of the unilat-
eral hinges involved. In this way the possibility of forming the most dangerous kinematics remains
limited, with a consequent increase in the degree of safety.

Taking for granted the reliability of the bond between reinforcement and structure, if reinforcement
hinges are activated, for each hinge a work equal to the limit force ya|uemes the relative dis-

placement between the edges of the slot associated with the hinge will be considered, provided that
the semi-ductile part B has an extension such as to allow the FRCM reinforcement to undergo the
competent elongation remaining in stage B. The occurrence of this circumstance is a nhecessary con-
dition for the applicability of the kinematic approach.

4.5.1.2 Reinforcement identification and assessment through the static approach

An alternative to the method explained in the previous subsection consists of verifying the capacity
of the structure to balance the applied loads without violating the resistant properties of the material
of which it is made. For structures with a simple curvature, such as single- or multi-span arches, or
even vaults similar to a sequence of arches that are somehow collaborating with each other, such as
for example barrel vaults, reference can be made to an equivalent isostatic system in which the in-
ternal forces depend on a number of hyperstatic interactions appropriately chosen, according to the
established methods of the Theory of Structures.

Considering that the tensile strength of masonry has been assumed to be null, the structure can tol-
erate the applied loads without collapsing if it is possible to graduate the hyperstatic forces so that
the resultant of the stresses falls within the cross section of the structure (arch, piers, etc.), or if the
curve of the pressures, built as the funicular curve of active loads and reactive forces, is everywhere
inside the profile of the structure.

If by contrast the above mentioned stability test yields a negative result, then after identifying any
"non-admissible" line of pressures, the stability of the structure can be ensured by applying the rein-
forcement at the intrados and/or extrados in order to cover the entire extension of the arch along
which the pressure line runs out from the boundary of the structure.

After the reinforcement has been arranged and the admissibility of the pressure line is recovered, it
remains to be verified that the masonry and the reinforcement are able to safely tolerate the respec-
tive efforts.

For this purpose it is necessary to identify the most stressed sections, such as the one corresponding
to the position where the distance of the pressure line from the middle line of the structure is maxi-
mum; this cross section is stressed by eccentric compression and shear force as shown in Figure 4.4,

where A is the normal force in the checking pattern, d@nds the associated shear fore¥;, is the
result of compressions in the masonry while is the tensile stress in the reinforcement.

The relevant checks will be carried out according to the methods and criteria set out in paragraph
4.2 integrated with what is illustrated in Appendix 1, Chapter 12.
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Figure 4.4 — Test cross-section.

4. 5.2 Barrel vaults

Simple curvature structures, such as barrel vaults, can be regarded as consisting of a sequence o
parallel arches, and therefore can be reinforced and verified in the same way as described in the
previous paragraphs. In order to secure the compactness of the structural system it is appropriate al-
so to arrange longitudinal reinforcements along the direction of the generators of the vault. The den-
sity of the reinforcement shall be adequate to preserve the spread of the reinforcing effect over all
the masonry constituting the vault, and therefore it is appropriate to proportion the digtanee

tween the reinforcements to the dimensions of the vault, according to the following relationship:

p, <3t+h, (4.21)

where:

- tis the vault thickness,
b, is the width of the applied reinforcements.

4.5.3 Double curvature structures

The characterization of the collapse of double-curvature structures in general involves kinematic
mechanisms that cannot be identified in a simple manner; for this reason it is preferable to evaluate
the benefit of the reinforcement by checking the admissibility of equilibrium stress fields in terms

of stresses and/or of internal forces.

Masonry vault statics, for which it is always prudent to assume that the material cannot withstand
tension, can be studied by identifying a pressure membrane that plays the same role as the pressure
line in the case of single-curvature structures.
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5 STRENGTHENING OF REINFORCED CONCRETE
STRUCTURES

In this section, bending and shear strengthening of reinforced concrete (RC) members, as well as
confinement of mainly axially loaded RC members, are examined. The formulas provided, based on
current knowledge, will be used only to strengthen members against quasi-static vertical (gravita-
tional) loads. The structural members subjected to seismic actions should be verified without ac-
counting for the presence of the strengthening, according to the current building code; the member
capacity shall be computed assuming unit values of the material partial safety factors.

For applications where debonding failure is expected, the mean concrete compressive strength shall
not be lower than 15 N/nfm

The increase in the capacity of the strengthened member cannot be higher than 50% of the capacity
of the non-strengthened member.

5.1 FLEXURAL STRENGTHENING

Formulas to verify the flexural strengthening both at the serviceability and ultimate limit states are
provided in this section.

5.1.1 Ultimate limit state (ULS)
Flexural design at the ULS of FRCM strengthened members requires that:

Mg, <Mp, (5.1)

where M, and My, are the member flexural capacity and factored ultimate bending moment, re-
spectively.
The flexural capacityMg,, of the strengthened member can be expressed as a function of the me-

chanical properties of concrete, pre-existing steel reinforcing bars, and FRCM composite, assuming
the following hypotheses:

(i) plane sections remain plane;
(i) perfect bond between the FRCM composite and concrete.

The maximum compressive strain of concrete shall not exceed 0.0035.
The resisting bending moment is calculated considering it as the limiting &iraobtained by Eq.

(3.1). The contribution of the compressed FRCM can be ignored.

The FRCM strengthening shall also be verified with respect to end debonding failure or slippage of
the fibres within the matrix. The latter phenomenon is assumed to exist if, without the presence of
proper mechanical anchorages, the composite tensile stress in the cross-section where the strength.

ening is first needed to increase the resisting bending moment is lowe? ik L£, . This value

of g, is calculated using Eq. (3.1) without applying any amplifying coefficient tq ,. The dis-

tance between the FRCM end and the section where it is first needed shall be at least equal to the
anchorage length (see § 6). To evaluate the stress in the fibres, which shall be lowey, tthen
translation of the bending moment diagram could be taken into account.

5.1.2 Serviceability limit state (SLS)
Under the service loads, the stress in the tensile steel bars shall not exceed 80% of the associatec
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steel design tensile strength.

Furthermore, to account for the effect of long-term loads and unless further detailed analyses are
available, the maximum tensile stress in the FRCM should not exceed the values provided in Table
5.1 for the different types of fibre.

Type of fibre
UHTSS AR Glass Aramid Basalt Carbon PBO
OSSO-U,f OZOO-U,f 030 O-U,f OZOO-U,f O550-U,f OsOO-U,f

Table 5.1 — Upper bound limit of the FRCM tensile stress for long-term loads.

5.2 SHEAR STRENGTHENING
The shear strength of the FRCM strengthened member can be computed as:

Vra = min{VRd,s+VRd,f7VRd,} (5.2)

wherev,, , v,,,, andv,, are the concrete, steel, and FRCM contributions to the shear capacity,

respectively. Steel and concrete shear contributions shall be calculated according to the current
building code, whereas the FRCM contribution shall be computed as follows.

In the case of U- or fully-wrapped FRCM configuratiors, , can be estimated according to the
Morsch truss as:

Vi, = [.9HCE,, (20}, flcob+ cop) %Dsiﬁﬁ, (5.3)
Rd
where:

- d is the distance from the extreme compression fibre to the centroid of tension steel reinforce-
ment,

- @ is the inclination angle, with respect to the longitudinal axis of the element, of the main shear
crack. For the sake of simplicityy can be evaluated neglecting the presence of the FRCM

strengthening,
- [ is the inclination angle, with respect to the longitudinal axis of the element, of the FRCM fi-

bres,
- f is the effective design strength of the FRP shear reinforcement, computed as explained in the

following,
- 1 is the textile equivalent thickness,

- b and p are the width and the spacing of FRCM strips, measured orthogonal to the direction of
the fibres @ / p =1.0 when FRCM strips are placed adjacent to one another), respectively,
- Vrq IS @ model partial safety factor that can be assumed equal to 1.5.
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Figure 5.1 — Notation for the shear strengthening using FRP strips.

5.2.1 Effective design strength
Unless the FRCM stresses across the shear cracks are evaluated in detail, the following simplified
procedure can be adopted. This procedure is based on the definition of an “effective fsiriss”

the FRCM strengthening, which is the average tensile stress in the composite spanning the main
shear crack at shear failure of the strengthened member. If the shear failure of the FRCM strength-
ened member is associated with FRCM debonding or slippage of the fibres within the matrix, the

effective stressf, shall be evaluated according to the results of bond tests and, in particular, to
. Otherwise, the value of,, could be evaluated on the basis of the FRCM tensile strength

alim,conv

o, ; by proper experimental testing.

In the case of a U-wrapped FRCM strengthening on a rectangular of T cross-section, the effective
design strengtH, is:

de Lmax [1_:_]3- Lmax] SeLmax = Ied

Ied Ied

freq = (5.4)

de {1_%:&j SeI-max > Ied

max

where:

_min{0.90@ ,h,}
Tooma singB

T4 is the FRCM design tensile strength (obtained based©n.. or 9uy),

leq is the effective anchorage length, equal to 300 mm unless proper measurements are available;

h, is the cross-section web height, which shall be entirely covered by the U-wrapped FRCM, i.e.
the FRCM shall not have a height lower tHan

For some FRCM composites, the matrix-fibre interface material law shows the presence of a resid-
ual interface shear stress. This stress remains approximately constant for high values of matrix-
fibre slip and its contribution could be significant. Recent studies show how this contribution can
be taken into account (see 8§ 10, References).
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5.3 CONFINEMENT OF REINFORCED CONCRETE COLUMNS SUBJECTED TO
CENTRED COMPRESSION

Reinforced concrete columns under pure compression, both circular and rectangular or square, con-
fined with FRCM can be verified following the same rules already detailed for masonry columns,
except for the variants listed below.

The design value of the axial capacily,,, ,, is defined as follows:

Nicoa = A Of oo+ ADf (5.5)

Rcc,d —

where A is the net area of concreté\ the steel reinforcement are,, the design compression
strength of the confined concrete,, the design yielding strength of the steel reinforcement.

The design compression strength of the confined concfgtecan be calculated as follows:

ﬁ:1+26 [ﬁﬁ

cd cd

jz/ 3 (5.6)

where:

- fis the design compression strength of the unconfined concrete,
f . is the effective confining pressure.

The coefficientk ., in case of reinforced concrete columns can be assumed as:

3/2
f
Kot :0.217[Epmatt-|‘;—matj <1. (5.7)

cd

5.3.1 Confinement of prismatic cross-section columns

Confinement by means of FRCM for square or rectangular reinforced concrete elements follows the
same rules provided for masonry columns, except for the variant listed below:

b'2 + h'2
3LA

ky =1- . A =bth. (5.8)
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6 DETAILING

The construction details for an FRCM strengthening system depend on the geometry of the struc-
ture, the nature and consistency of the support and the stress level that the structure is subjected to.
The worker shall carefully follow the instructions in the installation manual that the manufacturer is
required to provide together with the strengthening system.

Since FRCM systems are qualified in reference to conventional substrates, it is recommended, es-
pecially for structurally significant works, to perform bond tests on the specific substrate to be
strengthened. The tests can be conducted according to the MIT Guidelines.

In particular, the failure mechanisms of debonding from substrate and of extraction of the fibres
from the matrix can be prevented/delayed observing the following detailing rules:

In all cases where the FRCM strengthening system has to be applied around edges, such edges
shall be appropriately rounded and the radius of curvature of the rounding should be at least 20
mm. Such rounding may not be needed for steel fibres, also according to the manufacturer’'s dec-
laration, unless supported by specific laboratory tests. The bending device that shall be used to
make the bends should be indicated also in the installation manual.

- An adequate anchorage length shall be provided, beyond the end section in which the FRCM
system is required. Without more accurate investigations, it should be at least 300 mm.

- Adequate overlapping of reinforcement grids is required, following the instructions in the instal-
lation manual. Normally, in confinement interventions, the overlapping length of the fibres shall
be at least one quarter of the circumference/perimeter of the cross section and never less than
300 mm. Special indications, supported by adequate experiments, shall be provided in the instal-
lation manual for confinement interventions with steel fibres. Given the stiffness of such fibres,
overlapping should be able to prevent debonding phenomena.

- In the other types of interventions, though not recommended, overlapping lengths lower than 300
mm are possible, if qualified by the Manufacturer when the CVT is handed over.

- With multiple layers, the overlaps shall be appropriately offset. Offsets should not be less than
half the thickness of the system, with a minimum of 300 mm.

In confinement interventions, due to the axial stiffness of the FRCM jacket, in order to prevent
debonding from the support, it may be desirable to provide a joint/gap between the wrapping and
the structure.

The use of connectors can be useful or even mandatory, with the following detailing rules.

- If the FRCM system is applied on one side only of the panel, it is mandatory to use connectors of
such a length as to penetrate inside the outermost layer of the wall (Figure 6.1).
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/ Side without FRCM

/ Side without FRCM

Mortar matrix of Fiber grid of Connector of Mortar matrix of Fiber grid of Connector of
FRCM system FRCM system FRCM system FRCM system FRCM system FRCM system

Figure 6.1 - Connectors penetrating inside the first layer of the wall.

- In the case of applications on two sides of cavity walls or with disconnected leafs, it is mandato-
ry that the connectors pass through the leafs.

- In the case of panels having 400 mmwith FRCM and with the use of connectors, a distance
between the connectors 23 and never higher than 1600 mm is recommended; at the wall in-
tersections connectors with-3 are recommended.

- In the case of panels havitg400 mm, a distance between the connectors 2 and never
higher than 2000 mm is recommended; at the wall intersections staggered connectbrs3with
are recommended (Figure 6.2).

! Connector
1 of FRCM
! system

N

7 Connector
of FRCM

system

Front elevation

Plan section

Figure 6.2 — Layout of connectors at walls intersections.
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7 MAINTENANCE AND REPAIR

Repair intervention with FRCM should be monitored over time with periodic testing; the frequency
depends on the conditions of exposure and possibility of inspection. On such occasions any damage
shall be detected, along with the causes and possible remedies. Attention should be paid to detach-
ments, cracking, chromatic variations or other anomalies of the FRCM system. Besides the visual
inspections, acoustic tests can also be useful, as well as sonic investigations (recommended if the
system has a reduced thickness), and thermographic tests induced by artificial heat. These tests are
needed particularly in the case of interventions with FRCM with regularization of the substrate.
Repairs depend on the reason of the damage as well as the type of FRCM and the type and extent of
the damage. Potential repairs should be reported imstedlation, repair and maintenance manu-

al. If these indications are missing, it is advisable to agree with the manufacturer of the FRCM sys-
tem on the choice of repair intervention and the materials to be used. In addition to the interven-
tions, it is appropriate to provide suggestions to prevent the same phenomena from occurring in the
future.

In the case of rebuilding the protective surfaces (plasters), it is necessary to inspect the FRCM
strengthening system to check any structural damage following the removal of the protective sur-
face.
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8 CONTROL

The strengthening system shall be checked both for the acceptance of the products on site and to
verify the quality of the installation of the system. Once the strengthening interventions have been
completed it is necessary to carry out an assessment for the purposes of final inspection and subse-
guently for its possible monitoring over time. In both cases it is possible to use both destructive
tests and partially destructive tests. The tests shall be performed by qualified personnel.

If the specific strengthening configuration allows, as for example in the case of applications in
winding, or in the presence of suitable anchoring devices, some checks on the substrate may be
omitted.

8.1 CONSTRUCTION CHECKS ON SITE

FRCM strengthening systems shall be subjected to a series of on-site inspections to ensure an ade-
guate level of mechanical and physical characteristics and correspondence with requirements from
the design engineer.

On-site acceptance checks are carried out by destructive tests on specimens. For the number and ty-
pe of tests, reference can be made to the Italian Ministerial Guidelines, dntigadGuida per la
identificazione, la qualificazione ed il controllo di accettazione di compositi fibrorinforzati a matri-

ce inorganica (FRCM) da utilizzarsi per il consolidamento strutturale di costruzioni esistenti.

8.2 QUALITY CONTROL OF THE STRENGTHENING SYSTEM

The quality of the strengthening system can be checked by semi-destructive or non-destructive tests.
In particular, the semi-destructive tests are mainly considered as purely indicative for the mechani-
cal characterization of the strengthening system. Potential defects in the installation can be detected
by non-destructive tests.

The type and number of tests to be performed shall be commensurate with the significance of the
interventions, evaluating the incidence of the tested areas in relation to the size of the structure.

In particular, constructions with important public or strategic functions deserve greater attention, al-
so in regard to use by Civil Protection during an emergency.

While planning semi-destructive control tests, it is good practice to provide additional reinforce-
ment zones (“"trials") in selected parts of the structure. These areas should be selected with dimen-
sions larger than 500 x 200 rirThe trials shall be conducted at the same time as the interventions,
with the same materials and construction techniques, where their removal does not affect the failure
mechanisms, taking care that they are exposed to the same environmental conditions of the main re-
inforcement. If more than one trial is prepared, they shall be uniformly distributed throughout the
overall interventions.

8.2.1 Semi-destructive tests

Shear tearing tests can be conducted not only on trial specimens but also on non-critical areas of the
interventions, one every 3Gmf application for r.c. structures, and a test every®@mmasonry.
However, there shall be at least 3 per type of homogeneous test considered as significant when de-
termining the control programme.

Shear tearing tests. This test is useful for the assessment of the quality of the application and of the
preparation of the support. One method to perform the test is described below. The test takes place
at a free edge of the structure where the reinforcement is applied (Figure 8.1). The availability of an
appropriate free portion of composite material (i.e. not mortared) is required, in connection with the
installed FRCM material. It is advisable to impregnate the free part of the reinforcement with epoxy
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resin; after curing, a sliding action from the restraining the device at the edge of the substrate should
be applied.

FRCM Contrast Plate

—_— Anchor Plate
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Figure 8.1 — Shear tearing test on site.

The anchoring length of FRCM shall be not less than 300 mm.

The quality of application and surface preparation are considered acceptable if at least 80% of the
tests (at least two out of three in the case of three tests only) provide a traction force not lower than
85% of the value of the maximum design force, obtained from the conventional limit strain multi-
plied by the area of the tested dry fibre grid.

Pull-off tests (Figure 8.2) can be performed, but their interpretation may not be completely reliable
in terms of the quality and capacity of the reinforcement, due to the many possible combinations be-
tween the quality of the support and the mortar for the matrix.

Figure 8.2 — Pull-off test.

8.2.2 Non-destructive tests

The quality of the reinforcement installation can be controlled by semi-destructive tests; particular
attention or more in-depth investigations are necessary at the occurrence of any defects in the appli-
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cation with an equivalent diameter of 10 cm for widespread application or 5 cm in critical areas
(anchoring, overlapping, etc.). The interventions are not approved if there are defects in application
covering at least 20% of the surface in each structural element.

The most common non-destructive tests are described below:

Stimulated acoustic tests. They are based on the different oscillatory behaviour of the reinforcing
layer with or without adhesion to the substrate. In its most rudimentary version, the test may be per-
formed by a technician hammering the composite surface and listening to the sound of the impact.
More objective results may be obtained with automated systems. It should be noted that these tests
may not give significant results for detecting defects where the strengthening system is very thick.

Thermographic tests induced by artificial heat. These may be limited in their effectiveness with re-
inforcing materials characterized by high thermal conductivity (carbon or steel fibres). The heat de-
veloped during the test shall not damage the FRCM system. High mortar thicknesses could limit the
capacity.
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9 EXPERIMENTAL TESTS ON STRUCTURAL ELEMENTS

In the case of applications different from those indicated in paragraphs 3 and 4 of this document, the
design of the interventions shall be accompanied by tests to be conducted according to the provi-
sions in clause 4.5.1Design integrated by tests and verification by teststhe current Italian
Building Code and the procedures illustrated in the Appendix D of UNI EN 1990. Such tests can be
done in two ways:

- Experimentation of general nature carried out by the Manufacturer to allow applications beyond
the scope of the paragraphs mentioned and made available to design engineers. The experi-
mental/analytical document that comes from that programme shall be valid at least nationally,
and point out limits in terms of type and amount of reinforcement, mechanical/geometrical class
of structural elements that can be strengthened and the thresholds in terms of increase in load
bearing capacity or feasible deformation. It is the responsibility of the design engineer to verify
the correct interpretation of the tests conducted and applicability of the results obtained by the
manufacturer to the design case.

- One-offexperimentation required by the design engineer (or by the Works Director) for the ap-
proval of a specific project. The manufacturer is not necessarily involved. The testing pro-
gramme is reduced as the values of many of the parameters such as those encountered in the rea
specific application can be assumed.

As stated in paragraph 4.5.12 of the Italian Building Code, the strength and efficiency of the inter-
ventions shall be measured through tests on samples of adequate size. The results of the tests, car
ried out on appropriate samples, should be treated with the statistical analysis methods, so as to ob-
tain meaningful parameters such as mean and standard deviation and, when possible, an asymmetry
factor of the distribution, so as to characterize a probabilistic model descriptor of the quantities in-
vestigated (considered as aleatory variables).

Regarding the details and complete operating methods for design assisted by tests, which can be
found in Appendix D of UNI EN 1990, the following aspects are underlined (the variability of the
parameters should be explored in the case of experimentation of general nature conducted by the
manufacturer):

- Tests on structural elements strengthened with FRCM are to be considered according to the de-
tails in clause d) of Paragraph D3 (Types of tests), and in partitesss to reduce the uncer-
tainties in the parameters used in the strength models; for example, tests on structural elements
or assemblies of structural element3herefore, clause (2) of the aforementioned paragraph
states thatThe design values to be used in the tests should be derived, where possible, from the
test results by applying consolidated statistical techniques. See D5 to D8"

- Paragraph D4 (Test planning) indicates the method for setting and defining the purposes of the
experimental programme; in particular, the samples and the test method shall reproduce condi-
tions close to those of real-world applications as far as possible in terms of materials (of the
structural element and reinforcement), of the load application mode and size of the specimens in
order to reduce the onset of different failure modes due to scale effects as much as possible,. In
addition, the properties of the basic materials used in the tests shall be specified with adequate
details and be similar as far as possible to those of the materials in real applications.

- The procedure shall first of all lead to determining a capacity model for the application under
test, and refer to the type of structural element to be strengthened, it shall be able to reproduce
the results of the experimental tests with good reliability, possibly introducing assumptions err-
ing toward greater safety.

- The steps to follow in order to formulate and calibrate a capacity model based on a predeter-
mined number of variables (mechanical or geometrical parameters) that are statistically inde-
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pendent and defined by a Gaussian or log-normal function, based on a sufficient number of ex-
perimental test results, are explained in Paragraph D8 of the aforementioned UNI EN 1990. All
the most significant factors dependent on the variables shall be explored, and for each selected
combination of parameters at least two tests shall be carried out (or preferably three tests in order
to reduce the experimental uncertainties). In the calibration of the capacity model, the values ac-
tually measured on prototypes shall be used as input parameters. For each selected combination
of parameters, the average of the experimental results shall not be lower than the value predicted
by the model.

- The two potential methods for deriving the design values from the experimental results are de-
scribed in Paragraph D5 (Derivation of the design values) of the aforementioned UNI EN 1990.
Typically, in the usual situations, method (a) is applicdb&imating a characteristic value,
which is then divided by a partial factor and possibly multiplied, if necessary, by an explicit con-
version factor (see D7.2 and D8.2)"

The criteria for obtaining the characteristic values and partial factors related to the specific ca-
pacity model are illustrated in paragraph D6 (General principles for statistical evaluations) and
detailed in paragraph D8 (Statistical determination of capacity models).

In the case of comprehensive experimental programmes, it is possible to simplify the approach pro-
posed in the above paragraphs, by determining the coefficient of variation of the experimental re-
sults (required to derive characteristic values) for only one or more of the parameter combinations,
and applying this coefficient uniformly for any parameter combination. This procedure can be used
as long as the failure mode is similar throughout the variability range of the parameters considered.
The minimum number of tests required to estimate the coefficient of variation is 5.
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11 NUMERICAL EXAMPLES

Some numerical examples are provided with the aim of helping the reader apply the design provi-
sions offered in the previous paragraphs. Symbols have been already defined.

11.1 IN-PLANE STRENGTHENING OF MASONRY WALLS

11.1.1Shear capacity

Brick Masonry
A masonry pier panel is assumed under external environmental exposure, made of solid clay bricks,

having thicknesg¢ =250 mm, height / =2 m e lengthH =1 m loaded in-plane in shear. A glass
FRCM system is assumed having conventional limit stegss,,, [E;, =1000 MP¢ and dry equiva-

lent thickness of the griti =0.025 mn, balanced with fibres aligned with horizontal and vertical
directions of the panel, fully covering the wall sidés¥H ).

The minimum shear capacity of unreinforced masoNty, evaluated according to Italian Building
Code (NTC - Circolare n. 7 del 21 gennaio 2019 - 8.7.1.16) is:

v,z HadYe e % - jo0e2sad22% [ 95 _g46kn,
P 1.57,, 15 1.570.05

assuming a shear stress capacijty= 0.05MP¢ and a stresg/, = 0.5MP& due to gravity loads and
corrective coefficientp of stresses in the cross section is equal to its maximum value 1.5 in this
case.

The shear strength of reinforced wall.() is the sum of the unreinforced masonry contributigr) (

and FRCM contributiony(,, ):

V., = 0.5 ¥, I, @, [, [E = 05[2(D.0257100(0.80B0C= 16D kN,

where:

- N =2 is the total number of the reinforcing layers arranged at the sides of the wall (one on

each side);
- t, =0.025 mn is the equivalent thickness of a single layer of the FRCM systeshthe fi-

bres in horizontal direction.

£
lim,conv 0_81'5D00¢Ef - 800 is derived fromg(® .
v 15 E |

- & =1
The shear capacity of the strengthened wall is thus obtained:
V.z =34.6 KN+ 16.0 kN= 50.6 kN

Lastly the shear capacity is checked to ensure that it is lower than the shear force inducing the di-
agonal crushing of the masonry:
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V., = 0.250F , [1(#, = 0.2512.51 250 1000 156.25 k

where f_,=2.5MPa is the design compressive strength of brick masonry.
Note: using the corrective coefficients from Table 4.1 (0.8-1.7MtJds 41.3 kN.

Tuff Masonry
A masonry pier panel is assumed under internal environmental exposure, made of tuff stone, having

thicknesst =400 mm, height =2 m e lengthH =1 m loaded in-plane in shear. A glass FRCM
system is assumed having conventional limit stress,,, [E; =1000MP¢ and dry equivalent

thickness of the grid, =0.025 mn, balanced with fibres aligned with horizontal and vertical direc-
tions of the panel, fully covering the wall sides €H ).

The minimum shear capacity of unreinforced masoNty, evaluated according to Italian Building
Code (NTC - Circolare n. 7 del 21 gennaio 2019 - 8.7.1.16) is:

v= HodYw f1v % = 1000400E2292 [ 3 93 _o65kn,
P 1.57,, 15 1.500.02

assuming a shear stress capacijy=0.02 MPz¢ and a stresg, =0.3 MP¢ due to gravity load and
corrective coefficientp of stresses in the cross section is equal to its maximum value 1.5 in this

case.
The shear strength of the reinforced wall { is the sum of the unreinforced masonry contribution (

V;) and FRCM contributiony(,, ):

V, = 0.50h O, I, ir, (&, [E; = 0.5[2[0.02511000.8[P00= 180 kN,
where:

- N =2 is the total number of the reinforcing layers arranged at the sides of the wall (one on
each side);
- t, =0.025 mn is the equivalent thickness of a single layer of the FRCM systeshthe fi-
bres in horizontal direction.
£ 1.5C1000E, _ 900

— limconv _ A q
- &y =1 =0.9

Y, 1.5

derived frome(®

im,conv *
The shear capacity of the strengthened wall is thus obtained:
Vg =26.5 kN+ 18 kN= 44.5 kN

Lastly the shear capacity is checked to ensure that it is lower than the shear force inducing the diag-
onal crushing of the masonry:

V., = 0.250f , (8, = 0.2511.51400 1008 150 k

where f_, =1.5MP¢ is the design compressive strength of tuff masonry.
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Note: using the corrective coefficients from Table 4.1 (0.9-2.0MtJis 36.9 kN.

11.1.2In-plane combined axial and bending moment capacity

A masonry panel characterized by a transversal section havingHhigh500 mrmr and thickness
t =280 mm is considered (Figure 11.1).

+ £ =280 mm
g H =1500 mm
by=1200 mm
dy=1350 mm
Ir= 2f1f= 0.12 mm
c Masonry
H\a|, Jra fua=2.4 MPa
Em = 2%o0
& Bmu= 3.5%o0
= E,,= 1200 MPa
Em Eyu
hy -
i FRCM
LI ] fu = 1200 MPa
T 3 . em = 6%
- E  E,=200GPa

Figure 11.1 — Section geometry and strengthening characteristics.

A strengthening with an equivalent thickndss= 0.06 mir is applied on each side of the panel so
that the strengthening thickness for the in-plane bending actign=t, = 0.12 mn. Strengthen-
ing is characterized by the design strajn=6%. and the elastic modulug, =200 GPe. It is ex-
tended up to 150 mm by the edges of the panel, saltkat500- 150= 1350 mr (Figure 11.1).

The masonry is characterized by compressive strenigih=2.4 MP&a and elastic modulus
E, =1200 MPe. Therefore g, = f, ,/E, = 2%o. €,, =3.5%0 is assumed (Figure 11.1).

The design flexural capacity of the section associated to an axiaNleekb0 kN is to be calculat-

ed.
Considering the constitutive law of Figure 11.1 for the masonry under compression, the design
flexural capacity of the un-strengthened section is given by the following:
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MRdO(N):fmdt;([E (1 k yn 1_ ‘{— +— ﬂ:94.87 KNI,

wherek=¢_ /¢, =0.571and:

Z—NEli =312.5mn

Yo = if -z

md mu m

is the distance from extreme compression fibre to neutral axis.

It is assumed that flexural failure of the strengthened section initially occurs when the ultimate
strain of the masonry under compression is reached.

In line with this assumption, the distance from extreme compression fibre to neutral axis is calculat-
ed with the Equation (A1.2) as follows:

, NoEbda, r N+ B deu[(2- § W f-2N
” o (2-K) - Eityén,

The strengthening maximum strain is therefore the following:

£ :ﬁ(dr -, ) =6.%.
Y

This value is greater than the strengthening design strain. Therefore, the section failure occurs when
the strengthening design strain is reached. It is assumed that, in the failure condition, the maximum
masonry strain is greater thay . In line with this assumption, the distance from extreme compres-
sion fibre to neutral axis is calculated with the Equation (A1.6) as follows:

_ 2N +t<(fmddf + Ef th qgfd

tfmd (2+ <() + Ef tzfgfd

whereé =, /£, =0.33. The masonry maximum strain is:

=461.9 mm

Y, =465.5 mn,

g =5y =316k,
d -y,
and the value obtained confirms the assumption previously nzade £, ).
Finally, the design bending moment is calculated with (A1.3) as follows:

MRd(N)-”“"’[Zw §(26+9+3H[ y(2+8)-Eq]-2 (& +3+ %) -2 |+

ve Bt & y“(2yn+4q 3H) = 143.3 kNm.

Figure 11.2 shows the comparison between the strength ddmg,y(N) of the un-strengthened
section and the strength domait,,(N) of the strengthened section.
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M [kNm]
200 +

N=150kN 500 1000

MraN)
100
Mza(N)
/ NKN]
\ ‘ 7
100

=200 +

Figure 11.2 - Strength domains of the strengthened and un-strengthened sections. The domains are
calculated considering the masonry constitutive law of Figure 11.1.

If the compressive stress diagram is assumed to be rectangular with a uniform compressive stress of
a,f.,, distributed over an equivalent compression zone equ@yto where y, is the distance

m "md?
from extreme compression fibre to neutral axis afo=0.85 and 5 =0.8, the design flexural ca-
pacity of the un-strengthened section is:
N N
Meopo(N)=—| H- =92.8 KNm.
RdO( ) 2( ta, f J

m 'md
For the un-strengthened masonry, it is initially assumed that flexural failure occurs when the ulti-
mate strain of the masonry under compression is reached. In line with this assumption, the distance
from extreme compression fibre to neutral axis is calculated with the Equation (A1.8) as follows:

N_ Eftzfqgmu +\/ N2+2 E;f qgmu (amlBtLd q_ I\)
2a,mlgfmdt - Eftzfgmu
In this case, the strengthening maximum strain is the following:
&
g =5m (4 —y)=6.4%.
Y
This value is greater than the strengthening design strain. Therefore, the section failure occurs when

the strengthening design strain is reached. The distance from extreme compression fibre to neutral
axis is calculated with the Equation (A1.10) as follows:

fu Bl 2N _ 67 3 mn.
2amﬁ fmdt + gfd |:Efth
Finally, the design flexural capacity is calculated with Equation (A1.9) as follows:

M (N) = aﬁf Il Yo gy — ,Byn)+£deEft2fM(2yn+4d ~ 3H) = 139.7 kNn.

y, = =475.9 mm.

Yo =

Figure 11.3 shows the comparison between the strength domgyﬁN) of the un-strengthened
section and the strength domait,,(N) of the strengthened section.

60



CNR-DT 215/2018

M [kNm]
200 L

N[KN]

\ N=150kN 500 1000
=100

=200 +

Figure 11.3 - Strength domains of the strengthened and un-strengthened sections. The domains are
calculated according to a simplified approach with a uniform compressive strgsd qf, distrib-

uted over a distance equal Ry, , wherea,, =0.85 and 5 =0.8.

Finally, Figure 11.4 shows the comparison between the dongjr(N) obtained with the mason-

ry constitutive law of Figure 11.1 and the domain obtained with the application of the simplified
approach withr,, =0.85 and 5 =0.8.

M [kNm] 0= 0385

200 ~

MraNy 3
100 4
100

N[kN]

N=150kN

-200 +

Figure 11.4 - Comparison between the domiips(N) related to masonry constitutive law of
Figure 11.1 and application of the simplified approach with=0.85 and 5 =0.8.
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11.2 STRENGTHENING OF MASONRY PANELS FOR OUT-OF-PLANE LOADS

The safety of a masonry panel in an existing building subjected to out-of-plane loads is to be evalu-
ated. This calculation is performed both without and with the FRCM strengthening systtan (
operamand post-operanconditions respectively). The strengthening system includes a balanced
bi-directional carbon fabric applied on both sides of the panel with lime mortar. The combined axial
and bending load acting on the masonry panel and the corresponding design bending Mhigment

iIs compared with the corresponding design flexural capadity associated with a specified axial
load. The calculation is performed for two different values of axial Iddgs , equal to 110 kN/m

and 290 kN/m, respectively. They represent the loading conditions of the centre section of a panel
located at the top and the base of a building, respectively.
Furthermore, the shear check both at the top and the base of the building is performed, where the

shear load/y, is equal to 27 kN/m.
All the quantities, if not expressly specified, refer to a masonry strip having unitary depth.

Characteristics of the panel section

v

|
|
|
|
E t=40cm
I
|
:
;=
100 cm
Figure 11.5 — Wall cross section.
- Thicknesst =40 cm
- Level of knowledge LC2 +C =1.2
- Partial factor for the seismic design of masonry structuygs= 2
- Design compressive strain of the masoray; = 0.35%
- Masonry elastic modulu€,, =2000 MPa
- Average compressive strength of the masorfiry=4.8 MPa
- Design compressive strength of the masorffy:= fy 48 =2MPa
FC, 12

- Design axial load acting on the panel at the top of the building; =110 kN/m

- Design axial load acting on the panel at the base of the building;..= 290 kN/m

- Design bending moment acting on the panel at the top of the buiging;: = 23.2 kNm/m

- Design bending moment acting on the panel at the base of the buiding: .= 33.7 kNm/m

- Design shear on both panelg;, = 27 kN/m
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Symbols

In addition to the symbols used in the other sections of this document (see § 3.1), in the current ex-
ample further symbols are introduced to guarantee a more fluid reading and a greater compaction of
the formulas. They are listed below:

F the resultant of the masonry compression stresses (in the compressed section)

m

F the resultant of the tensile stresses in the strengthening system

Un-strengthened panel (ante-operam condition)

For the masonry, a constant distribution of the compressive stress,stess-block equal to
0.85f,, is assumed. The depth of this distributior®igy, , whgre  is the distance from extreme

compression fibre to neutral axis. In this way, can be calculated by setting the equilibrium at the
horizontal translationf,, = N, ), as follows:
I:m = 0851:md EB Eyn = NSd'

- At the top:0.85[210. 7y, = 11— y, =92 mm= 9 cn

- At the base0.85[210. 7y, = 29— y, =243 mm= 24 cn

After having calculated the position of the neutral axis, the flexural capacity of the non-
strengthened sectioM(g) is evaluated with respect to the horizontal axis passing through the geo-
metric centre of the masonry section:

t
Mgy = Nsa(z_lglznj-

- At the top: Mmp:no(o—z'“— 0.7%2] = 18.4 KN/ Mg, = 23.2 kNm/
- At the baseM,,,,..= 290[0—2'4 - o.70'—§4ﬂ = 33.3 KNM/M M= 33.7 kNm/

The verification is not satisfied for both panels at the top and the base of the building.

In order to increase the bending capacity of the panel, an FRCM strengthening system with carbon
fabric is applied. It entirely covers one of the two sides of the wall and consists of a balanced bi-
directional net with a pitch of 20mm x 10mm applied with a lime mortar.
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FRCM strengthening

t=40cm
FRCM

r

100 cm

Figure 11.6 — Strengthened section.

Strengthening system data declared in the manufacturer’s technical data sheet
- Equivalent thickness of the nd}:=0.047 mmr

- Elastic modulus: 240 GPa
- Fibre tensile strengthf,, = 4800 MPe

- Fibre ultimate strain: 1.8%
- Compressive strength of the mortdt; . > 20 MPa (2899

Strengthening configuration
- Number of layersn, =1

- Resistant arean, 0, =1[0.047= 47mm /n

CVT data (qualification procedure)
- E =242.2 GPé(elastic modulus of the dry fabric)

- 0, =1601.3 MP« (characteristic value of the ultimate stress of the dry fabric)

- &,; =0.66% (characteristic value of the ultimate strain of the dry fabric)

- 0, =2233 MPe (characteristic value of the ultimate stress of the FRCM strengthening)
- &,=0.91% (average value of the ultimate strain of the FRCM strengthening)

=1270 MPe (characteristic value of the debonding capacity)

= 0.52% (strain corresponding tor on the tensile curve of the dry fabric)

Jlim,conv

glim,conv lim,conv
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Figure 11.7 - Average stress-strain curve obtained from direct tensile tests on samples of FRCM
and dry fabric.

The flexural contribution of the FRCM strengthenisgaken into account multiplying the design
strain, &4 , by the elastic modulds, &,  is obtained amplifying the conventional strain of a factor
a.lIf aisequal to 1.5:

@ =alk

glim,conv

=1.5[D.52%= 0.789.

lim,conv

The maximum stress in the FRCM strengthening can be calculated by multiplying the design strain
for the elastic modulus, as follows:

o L =E &P < =E W&

lim,conv lim,conv

=1889 MPa< g, = 2233 MP.

lim,conv

The environmental conversion facteg, , in case db@a fibres with internal exposure is equal to
0.9 (Table 3.1) (see § 3). For Ultimate Limit States (U.L.S.) the partial fagtor, , is equal to 1.5:

F3 .0078_

a lim,conv
&, =n, ———=0.9 =047 %
ta —1Ta 15

Strengthened panel (post-operam condition)

In this example, the failure of the section for the combined axial and flexural loads is due to one of
the following behaviours:

1) Region 1: the failure of the section is due to masonry crushing under compressive loads (i.e.
deformation in the masonry layer farther from the neutral axis equa| to )); if this condi-

tion exists, the straig in the strengthening system shall not exceed the maximum design
strain capacity of the strengthening,( ).
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2) Region 2: the failure of the section is due to tensile stresses in the strengthening system (ac-
cording to the different types of strengthening, this can correspond to one of the six types of
failures indicated in Section § 2.3); if this condition exists, the strain of the masonry lay-

er farther from the neutral axis shall not exceggd

For both failure regions and in the case of both strengthened and un-strengthened pinesls, a
block is assumed, i.e. a constant distribution of the compressive stress edquabtq, with a

depth of0.7y, , wherey, is the distance from extreme compression fibre to neutral axis.

Let
- F,, be the resultant of the masonry compression stresses, calculated with a stress-block

- K, be the resultant of the tensile stresses in the strengthening system

After having hypothesized the failure region, theitred axis position and the flexural capacity of
the strengthened section are determined. The neutral axis and the flexural capacity are calculated by

setting the equilibrium at horizontal translatiok (—F = Ng,) and the equilibrium at rotation
around the horizontal axis through the geometric centre of the masonry section, respectively.

For both failure regions, the formulas for the calculation of the neutral axis pogjtion , the result-
ant of the masonry compression stresSgs  , the resultant of the tensile stresses in the strengthening
systemF, , the design flexural capacity of the strengthening systgm and the design flexural ca-
pacity of the strengthened sectibfy, are listed below:

a) Region 1:
y. = ~(E; @y O O = Nog) +/(E By O Of = N,,)* +40.850F ,, 00.7E, [%,, Oy [0, O
" 2[D.85Cf,,00.7
F,=0.851,,[0D.%,

£
F =g )”2” t-y)ng
M, = Fm(L_ojynj-FFf !
2 2 2
MRd = M0d+0'5(Mld _MOd)

b) Region 2:

_NiE& N,
0.85f ,[0.7

F.,=0.851, ,[0.%,
F=ntE&

M, :Fm(l_ojynj-H:fl
2 2 2

MRd = M0d+0'5(Mld _MOd)

Y
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- At the top:

if the section failure is due to the tensile stresses in the strengthening system (region 2) it is:

_ 4711138+ 110000 137 mme 14 cn

Yo = 0.85020.772000
F_=0.850200.7J137J1008 163030 N/m 163 kv

F =47[24220010.004% 53486N/m 53 ki

My =16 0_;‘—0.7G()'714j+ 533%4= 35 kNm/r

M py =18.4+ 0.5 35-18.3= 26.7 kNm/mMg, = 23.2kNm

The condition for verification of the panel located at the top of the building is therefore satisfied

- At the base:

If the section failure is due to masonry crushing under compressive loads (region 1):

_ —(24220030.0038] 47 29000@)\/ (242200 0.00B5-47 (@AY + 400.851210.711000 242200 0.0035 (47 40
! 2[0.850270.711000
=261 mm= 26 cm

F,=0.85[20.7J26011008 310590 N/= 311kN

F = 242200(%3( 406- 261 4% 21218 N/m 21kN/

0_2'4-%? +21%4: 38kNm/m

M. =33.3+ 0. 38 33.3= 35.7kNm/mMg,,...= 33.7kNm

M, =31

The condition for verification of the panel located at the base of the building is therefore satisfied

Finally, the validity of the hypotheses performed regarding the region of failure shall be verified as
follows:

- At the top:

Yo =0.0047—=3_=0.24%<e_ = 0.35%

t-y 400- 137

n

En =&y

The hypothesis for the panel at the top of the building is verified

- At the base:

g =g, I = 0.0035%% 0.19%< &, = 0.479
Yo

mu

The hypothesis for the panel at the base of the building is verified
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Strain Profile

0 00024 0,0035
400 b 4 d X

350

E ~110kN/m
Eﬂ _____ =290kN/m
o
-0,0019
Strain
Figure 11.8 — Diagram of the strains in the two fmne
Furthermore, the design shear lo&g, , in the simultaneous loading condition, shall not exceed the

shear capacity:
VRd,m = yn vad’
where f,, is the shear capacity of the un-strengthened masonry, evaluated according to current

standards as a function of the average normal stress |, calculated as the ratio of the resultant of the
masonry compression stress€g, , and the area between the extreme fibre and the neutral axis.

According to the Italian code, the design shear capalgijty is calculate as follows:
=2l v04m)
vd ym FC n

where the average shear capacity of the maspniyequal to 0.08 MPa.
Therefore it is:

- At the top:
o, =163_, 18 mPe
137
i =1q098, 04m.18F 0.27MP
2 1.2
Vi =13700.2701006 36990 N/m 37 kNV,,= 27 kN
- Atthe base:

(o) =£'=1.19 MPe
261

n
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1_0.08
f . ==_[—
v 2E61_2

Vegm = 26100.2701006: 70470 N/m 70 kN, = 27 kN

+0.4[1.19)= 0.27MP

The end debonding of the strengthening system salsl be verified. This verification is consid-
ered satisfied if, in the absence of suitable mechanical devices, the tensile stress of the strengthening
system at a distance from the edges equal to the anchorage, is not greakefdjan . This value is

calculated without amplifying,,..., , in any way and from whigf is derived through the Equa-

tion (3.1) (See § 3).

In this example, this check is performed verifying that the flexural capacity of the panel for end
debonding failure is greater than the design bending moment acting at a distance from the panel
edges equal to the anchorage length which is assumed to be equal to 30 cm. The hypotheses of enc
debonding failure is verified by checking that the compressed masonry strain is smalley than

glim,conv - 0 000052
v, 15

=0.312 %

Eq =14

- At the top:

If the section failure occurs for tensile stress in the strengthening system (end debonding) it is:
_47(242200]0.00312 110000

Y, =122 mm= 12 cn,
0.85[210.711000
E, = Ey Yo - 0.00312£ =0.14%< ¢, = 0.359.
- 400-122

n

The hypothesis performed for the panel at the top of the building is verified. Therefore, the end
debonding failure of the strengthening system shall be verified checkiniyithatM _, , Where

M, is equal to 7 KNm/m

F,=0.85[20.7712211008 145180 N/m 145 kN
F =47[24220010.00312 35532N/m 35 kN

=168 %4 07202 352 20k

Mg, =18.4+ 0.5 30-18 %= 24,2 kNm/@Mg, = 7 kNm.

The verification of the panel for end debonding is therefore satisfied

- At the base:

If the section failure occurs for tensile stress in the strengthening system (end debonding) it is:
_47[24220010.00312 290000,

Y, =274 mm= 27 cir
0.8520. 771000
e =g, =000312—2"% _-067%>¢ = 0.35%
t-y, 400- 274
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The hypothesis made for the panel at the top of the building is verified. Therefore, the end
debonding failure is avoided.

11.3 CONFINEMENT OF MASONRY COLUMNS

11.3.1Example 1

In the example, it is required to verify the axial capacity of a column that is part of a clay brick ma-
sonry building (mass density equal to about 1800 Rg#ith the following geometric and mechan-
ical characteristics:

b= 250 mmr width of the cross-section
h= 250 mnr height of the cross-section
D =+/b?+h* =353.55 mn diagonal of the cross-section
H = 3000 mn height of the column
A, =bCh=6.2500 mn? area of the cross-section
f.q=2.67 MPe design compression strength of the masonry
O :1800k—g3 mass density of the masonry

m
N,, =180 kN axial load

Nsd =180 kN

H
gd\\o/‘%f\ SRR RN

Figure 11.9 - Column subjected to normal centred load.
The safety verification of the unreinforced column is not satisfied, in fact:

N..,= A,Of ,=166.67 kN iS the design capacity value of the column

Rm,d

Nsd < NRm,d'
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Therefore, the axial capacity is improved by confining the column with a FRCM system consisting
of a glass fibre open grid and a lime-based matrix. The edges are rounded and the FRCM rein-
forcement has the following characteristics:

r. =30 mmr corner rounding radius

E =95000 MP: longitudinal elastic modulus of the open grid

t. =0.03 mn equivalent thickness of the open grid

&, =0.016¢ open grid ultimate deformation

¥, =15 partial safety factor of the open grid

n,=0.8 environmental conversion factor (outdoor)

t =10 mm matrix thickness of the single layer of FRCM

foma =10 MPa design compression strength of the FRCM matrix
n =1 number of FRCM layers

Calculation of the effective confining pressure

Prat = 4nth'“a‘ =0.11 geometric percentage of FRCM matrix
b-2r)*+(h-2r)’
kK, =1- ( )+ 3 =0.61 horizontal efficiency factor
H 3A.n
2
Kot :1.81(,0mat f;’matj =0.33 efficiency coefficient of the FRCM matrix
md

Eria = min( Knaﬁai ; 0.004} = 2.85]10 design strain of the FRCM
' Iz

m

| =0.05 MPe¢ confining pressure

.I: - antf Efgud,rid
D
f.os =k, Of =0.03 MPa effective confining pressure

calculation of the compressive strength of the confined masonry

K=In -138 coefficient of strength increase
1000
f 0.5
f 4= f{l+k'[%j }:3.16 MPs¢ design strength of the column confined with
md

FRCM

calculation of the axial capacity of the confined column

N A, Of, . ,=197.55 kN from which

Rmec,d

N, < N0 thus the safety verification is satisfied
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11.3.2Example 2

The purpose of the example is to calculate the increase in the load bearing capacity of a circular
cross-section column made of natural stone masonry, by about 30% with FRCM confinement while
minimizing the thickness of the reinforcement.

Geometric and mechanical data of the column to be confined

O :1700% mass density of the masonry

D =400 mmr diagonal of the cross-section

A = HELDZ =125663.7mm area of the cross-section

f.q=4.17 MPe masonry compression design strength

Calculation of the axial capacity of the unconfined column

Nerg = A, Of 4 =523.6 kN actual axial capacity
in=1.30 increase in capacity
Ngmed = Ngmgdn =654.5 kN design capacity target

In order to increase the compressive strength of the column, it is decided to confine it with a FRCM
system made of basalt fibre net and lime-based matrix.

Reinforcement characteristics

foma =13 MPa characteristic compressive strength of the FRCM composite matrix
n=1 number of net layer

t. =0.089 mm equivalent thickness of the net

E =85 GP¢ mean longitudinal elastic modulus of the net

&, =0.02 ultimate tensile strain of the net

Design of the thickness

In order to minimize the thickness of the composite, the minimum percentage of reinforcement is
determined so that the final design deformation of the net is equal to 0.004.

n,=0.8C environmental conversion factor (outdoor)
¥, =15 partial safety factor of the net
K natmin = OOOOA =0.375 minimum value of K
a uf

f d kmat min . .
Pratmin = 4| o =0.146 minimum percentage of FRCM matrix

o V 1.81

pmatminED ini H H

tatmin = T =14.6 mm minimum thickness of the FRCM matrix
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t =15 mm design thickness of the FRCM matrix

Calculation of the effective confining pressure

k, =1 horizontal efficiency coefficient
_ (4l _ | |
Prat = 5 =0.15 geometric percentage of FRCM matrix
f 2
Knat :1.81[%,0,“&[@;—“]} =0.396 efficiency coefficient of the FRCM matrix
md

m

Eppn = min(o.oo4kmatm;aiJ =0.004 design deformation of the FRCM
| Y,

2 L&, -
f, = o EE' udid =0.1513 MPe confining pressure

fr =k, [F =0.1513 MP: effective confining pressure

calculation of the compressive strength of the confined masonry

k=—3In__-17 coefficient of strength increase
kg
100%
f 0.5
frcd = fm{1+ k(%} ]:5.52 MPe design compressive strength of the column con-
md

fined with FRCM

Calculation of the axial capacity of the confined column

Names: = AnOf g = 693.22 kN

Thus, an increase of 32% is obtained, as required.

11.4 STRENGTHENING OF AN RC BEAM
11.4.1Design of the flexural strengthening

A shallow beam supported by three square columns with edge 30 cm is considered. The beam and
steel reinforcement geometry are depicted in Figure 11.10.

73



CNR-DT 215/2018

; 300 i 500 i
T T T
130, 270 e\ 470 130,
T T 7 T 17 T T T
| | |
| | |
= T 7177
| | |
| | A |
| I |
| [ |
I I I
| [ : |
| | A |
bl =k ks
| 1 60 a 150 L 60 1 | n 110 1 250 n 110 1 |
| T T T T | aF T T T |
| St@10/20 st @10/30 St@10/15 | st@10/10 st @10/25 st @10/10 |
| | |
| | |
: I 60318 L=700 I'10
| 2 150 I 500 | ‘g
| | |
10 | 4014 L.=860 o
g‘ i 300 i 500 i ‘8
| | |
| | |
E‘ ! ! 4014 1.=860 &
10) 300 | 500 iy
| [ |
[ | & 3@18 L=450 &
| I 0
| | |
Section A-A'
A014+6018
o = 8
W @ |8 (¥ & & W o
st @1025
AG14+3@18 = > 8 32 e
L=128
» 3% BN =
32
* 60 4
T T

Figure 11.10 - Steel bars location for the beam considered.

The (measured) material properties are:

- Concrete mean cylindrical compressive strendth:= 20 MPa
- Steel mean tensile strengtlﬂy:m =380 MPa

Applying a confidence factoFC =1.35, the design values of the material properties are:

- Concrete design cylindrical compressive strendth= f ./ (FCLy,) =14.8 MP¢
- Steel design tensile strength;, = f_ /(FC ;) = 281 MPa

fy and f,, were obtained by assuming partial safety coefficientg,af1.0 and ), =1.0, respec-

tively, associated with ductile members. The distances between the centroid of the lower and upper
steel bars and the cross-section compressed edge=az20mm andd'= 30mm, respectively.
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At the ultimate limit state, the following uniformly distributed load is applied to the beam:

- structural permanent loadg, =20.00 KN/rv
- variable load: 0, =25.00 kN/ir

The maximum values of the acting bending moment along the bhm, which were obtained
neglecting the flexural stiffness of the central column, and the corresponding values of the resisting
bending momentM,, are reported in Table 11.1. The following relationship shall be verified:

IVIEd < M Rd
Span [m] Section [kI\IQEr% | Ac[mn?] A [mn7] [kl\l/\lﬁg] Moy <M g
3.0 Left support -30.2 616 616 -45.1 OK
3.0 Mid-span 31.0 616 616 45.1 OK
3.0-5.0 Central support -115.6 616 2143 -141.8 OK
5.0 Mid-span 91.7 1379 2143 96.1 OK
5.0 Right support -113.1 1379 2143 -141.8 OK

Table 11.1 — Values d¥_, and M, for the beam considered.

whereAs andA’s are the lower and upper steel bar areas. The resisting bending milpeng-

ported in Table 11.1 was conservatively computed neglecting the contribution of the compressed
steel.

Due to a change in the use of the building, the variable load applied to the beam has increased by
20%:

- structural permanent loadsy = 20.00kN/rr
- variable load: g, =30.00kN/nr

Under these loads, the maximum applied bending moment increases:

Span [m] Section [kl\l@i?]] A [mn?] A< [mnd] [kl\l/\llF;:]] Moy <M g
3.0 Left support -34.9 616 616 -45.1 OK
3.0 Mid-span 35.7 616 616 45.1 OK

3.0-5.0 Central support -129.2 616 2143 -141.8 OK
5.0 Mid-span 102.7 1379 2143 96.1 NO
5.0 Right support -126.8 1379 2143 -141.8 OK

Table 11.2 — Values o, and M, after the applied load increase.

The resisting bending mome, reported in Table 11.2, which was conservatively calculated
neglecting the contribution of the compressed steel, is lower than the maximum acting bending
moment for the 5 m span portion of the bedvt, =102.7kNm> M, = 96.1kNn.

Therefore, a carbon FRCM composite is applied along the deficient beam portion across the entire
cross-section width. The carbon FRCM has the following properties:
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- Width of the carbon FRCNy =600 mn
- Equivalent thicknes$ =0.055 mn

- Textile elastic modulug; =220 GP«
- Characteristic conventional limit stregg = =1214 MPa

- Textile characteristic ultimate tensile strength =2005 MP¢

The design value of the conventional limit stress . and of the textile ultimate tensile strength
o, are obtained with Eq. (3.1) considering internal exposure for carbon fibres:

.
O-Iim conv,d :OM = 090&14: 728 MP«¢
conv. 2 15
Oy =t = 0.90299°- 1203 MP:
V. 15

The design values of the corresponding conventional limit sgrain ., and textile ultimate tensile
straing,, , are:

£ — O-Iim,conv,d - 728
lim,conv,d Ef 220000
g
Eufd = ufd = 1203 = 00055
, E 220000

=0.003¢

The design values of the conventional limit stréﬁcom,‘d and strain«ﬂfﬂwwd for intermediate fail-

ure can be obtained multiplying, ..., ande, . for a =1.5, respectively:

ot

lim,conv,d

=aldr =1.5728= 1092 MP

lim,conv,d
‘9I§|:1),conv,d =a |-_‘i.Iim,conv,d = 15[00033: OOOE

The maximum composite strain is then:
&g ~ min{glggn),conv,d’guf.d} = 0.005(

Before applying the FRCM strengthening, all non-structural loads are removed from the beam.
Therefore, the structural permanent logd=20.00kN/ir induces a maximum bending moment

along the 5 m span ®l,=36.3 kNm. The strairg, of the tension side of concrete induced My
can be approximated as:

go=09mM° = 30.3 =0.000&
9@ [E.0A 0.900.27021011379
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where E, =210GPt is the steel elastic modulus. The actual valug,ofvhich can be obtained en-
forcing the cross-section rotational equilibrium gjs= 0.000¢.

As a first attempt, debonding failure is assumed. The strains in the comfositehe compressed
concrete&,, in the upper steel ba&, and in the lower steel bags, are:

& = &y

gc = (gf,d -'-""?0)L = gcu

d-x
h —x
x—d’
h — X

&= (Ef,d +‘90)

£ = (gf,d +50)

where x is the distance between the neutral axis and the compressed edge=at#mir is the

distance between the centroid of the composite and the compressed edge, which was calculated ac-
counting for the FRCM thickness recommended by the manufacturer, equal to 8 mm.

Imposing the translational and rotational cross-section equilibrium, the dista@cel the corre-
sponding resisting bending moment of the strengthened sewtion can be obtained, respectively:

X = Aéwls_p%ws_tfl:bf‘:Efg‘f,d
f 0k b
Mgar = feg Dle(D)(d_ '&D>9+ éws( d- d)"' A0bO ELE ( e 9’

where the coefficient& and k, express the resultant of the compressive stresses and its distance
from the compressed edge with respecfjdX[b and x, respectively.

Therefore, considering, =0.000€ and enforcing the cross-section equilibrium (the contribution of
the compressed steel is conservatively neglected), the resisting bending moment is:

& =&,4=0.0050
£, =0.0018¢,, = 0.003

&, =0.004¢
£.=0.0012
X=75mm

M gq; =104.0 KNm

Since the strain at the concrete compressed edge obeys the inequdl&y,, the hypothesis of
debonding failure is verified. Furthermore, singge,,, > M ., =102.7 kNm, the beam is verified

with respect to intermediate failure under the increased applied loads.

In order to prevent the end debonding failure, the stress in the composite at a distance equal to the
composite anchorage length from the end of the composite shall be lower than the design conven-
tional limit stressg, ... .- The carbon FRCM, which has an anchorage length equal to 300 mm, is

applied for a length of 470 cm. The FRCM is subjected to compressive stresses at a distance of 300
mm from the composite ends. Therefore, end debonding failure is verified.
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11.4.2Design of the shear strengthening
According to current regulations the acting shear fofgg shall be lower than the beam shear
strengthVy, along the entire length of the beam:

Vea S Vrg = min{VRd,s7VRd,c}

wherev, andv,, . are the steel and concrete contributions to the shear capacity, respectively
Voyo = 0.908 2w f e (cOta + cotd) siny
' S

Vpa = 0.90d [bl#r, [0.50f,,( cowr + coB) [ & ctd)

where A, and s are the area and spacing of the steel stirrups, whereas
fona= f,m ! (FCTy,) = 245 MPa and f,=f  /(FCL})=9.9 MPa are the stirrup design tensile

Y

strength and concrete design compressive strength, respectively, calculated agswitidg and

y. =1.5 for brittle members.

Conservatively, an inclination angke= 45° of the concrete compressed strut is assumed, whereas
the inclination of the steel stirrups 4s= 90° . Due to the change in the use of the building, the act-

ing shear forcé/, at the edge of the columns and the corresponding beam shear s¥gnatie
(Table 11.3):

Spaniml - SECON v, gy e SRR RS VoG (KN Ve Ve
3.0 Left support 88.9 314 200 93.4 360.0 93.4 OK
3.0 Right suppor 135.6 314 150 124.6 360.0 124.6 NO
5.0 Left support  168.7 314 100 186.9 360.0 186.9 OK

5.0 Right support  169.9 314 100 186.9 360.0 186.9 OK

Table 11.3 - Values o¥, andVy, after the applied load increase.

Table 11.3 shows that the shear force acting on the right support of the 3 m span beam portion is
higher than the corresponding shear strength.

Therefore, a U-wrapped carbon FRCM composite is applied to the 3 m span portion. The FRCM
has the following properties:

- Equivalent thicknes$ =0.070 mn
- Textile elastic moduluds; =220 GPs
- Characteristic conventional limit stregg, = =1150 MPa

- Design conventional limit stress =690 MPa

im,conv,d

- Anchorage length, =300 mir

Unless further investigations are performed, the design value of the FRCM composite effective
stress, f, is obtained from bond tests and, in particular, from, .., . The strengthening is ap-

plied continuously with the fibres inclined ¢f =45° with respect to the beam longitudinal axis.
The maximum bond lengthyaxis:
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miny{ 0.90d ,
Lax = in{ _ h’“}=344mm
sing
Sincel, <L, the effective tensile streds, is:

11
f =0, |1-=—¢
fed d[ 3|_

j =489.2 MPe¢

The FRCM composite contribution to the shear capacity is:

Vigr = L 09w O eq (22, [{ cot9 + coB) Osih B= 11.10 kI

Rd
where the partial safety factor for shear strengthening, s 1.5.

The shear strength of the strengthened portion of the beam is:

Vea = Min{Vag* Vegs Vagd =135.8 kN

SinceVg, >V, =135.6 kN, the cross-section is verified.

11.5 CONFINEMENT OF A REINFORCED CONCRETE COLUMN

The axial capacity is to be verified for a circular cross-section column, subjected to pure compres-
sion, that is part of a reinforced concrete building with geometrical and mechanical characteristics
as follows:

D =300 mmr diameter of the cross-section
H = 2700 mn height of the column

2
A= n(%j =7.07C10 mm area of the cross-section
FC=1.2 confidence factor (LC2)
f.,=20 MPe mean compression strength of the unconfined concrete
¥.=15 safety factor of the concrete
fq= FCf:CB/ =11.11 MPe¢ design compression strength of the concrete
@=14 mm diameter of the steel longitudinal reinforcement
n=4 number of steel bars

2
A= nn(gj =615.75 mm total area of the steel reinforcement
f,, =232 MPa design yielding strength of the steel reinforcement
N, =1000 kN design axial load

The safety verification of the unreinforced column is not satisfied, in fact:
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Npeo = A Of o+ ADf ,=928.25kN is the design capacity of the column

Nsd < NRm,d

It was decided to confine the column by means of FRCM system consisting of carbon fibre net and
cement-based matrix. The FRCM reinforcement has the following characteristics:

E =245000 MP: longitudinal elastic modulus of the net

t. =0.047 mn equivalent thickness of the net

&, =0.0081] ultimate tensile strain of the net

¥, =15 safety factor of the net

n,=0.9 environmental conversion factor (indoor)

t . =10 mm matrix thickness of the single layer of FRCM

foma =30 MPa design compression strength of the FRCM-matrix
n=2 number of FRCM-layers

Calculation of the effective confinement pressure

Orat = 4nthmat =0.27 geometric percentage of FRCM matrix

k, =1 horizontal efficiency coefficient
3

f o)
Koot = O.Zl{pmat%a‘j =0.16 efficiency coefficient of the FRCM matrix

cd

Epgnig = min[ Kna/]ai : 0.004] = 7.6110' design strain of the FRCM composite
, v
2 , -
f :m =0.12 MPa confining pressure
foq =k, Of =0.12 MPa effective confining pressure

calculation of the compressive strength of confined masonry

f 3
foog = fcd+2.6fcd(ﬂ] =12.5 MPe design compression strength of the confined column
cd

calculation of the axial capacity of the confined masonry

= A,Of,,=1.0310 W, thus N_ < N

NRmc,d - Rmc,d
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12 APPENDIX 1: ON THE IN-PLANE AXIAL-MOMENT
RESISTANCE CALCULATION

Following the assumptions of paragraph 4.2 and Figure 4.1, the different situations that can arise are
specified below.

In the case of failure for reaching the maximum strain in compresgipn(&,, =&, in Figure

Al.1), and with the neutral axis within the section, the resistance moment can be calculated as fol-
lows:

r
MRd(NSd):fmd%{H(l K)-y, (1- K »{_— ¥+_ ﬂ

( ) (Al.1)
+m . B (2y, +4d - 3H),
wherek=¢ /€., t, =20 andy, the neutral axis depth, given by:
NSd_Efthdfgmu-l-\/Ngd-l- E b dfgmu[(z_ @ td f—2 N‘«;' (A1.2)

y” ) tf ( ) Eftzf mu

In the case of failure of the strengthening for reaching the maximum sjyafd =&, in Figure
Al1.1) and with the neutral axis within the section, if the maximum s#giof the masonry satis-
fies £, <&, <&, the design moment resistance is:

M d(NSd)_thn;[de% (24z+3)+3'|[yn(2+5)_5d1]_2y§(52+3+35)_?fzdfz}r (A1.3)
5deft2f (Zyn 4dr_3H)! |

where{ =, /&, and y, the neutral axis depth, given by:

— 2N, +16Fdi + Bty Ay
" tfmd(2+<t)+Eft2fgfd

(A1.4)

In the case of failure of the strengthening due to reaching the maximum&grém =&, in Fig-
ure Al.1) and with the neutral axis within the section, if the maximum sfyaf the masonry sat-
isfies £, <&, the design moment resistance is:
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“h(2y +4d -3H), (A1.5)

tE &
Mea(Nog) = E;Z“’Gdf—"taaH 20,)+ EuErty

where E, = f /€, elastic modulus of the masony the neutral axis depth, given by

, - Nog + Erty & =y Ng+ Ego d T E 4 glg, +2 ) (AL6)
" & (Efth _tEm)
Rc - - i -
—— -
- %
M [
N T d; ~Va
% H d: b T 2 2 =
Re / =
= t / —
di —, ,"
— =
- I [ g
Figure Al.1 - Diagram for assessing the design moment resistance

of a section reinforced with FRCM.

In a simplified way, the design moment resistance can be evaluated by assuming a constant com-

pression diagram of the stresses equal tf,,,, extended to a depth equal &y, , with y, the neu-
tral axis deptha,, =0,8 and0,6< B < 0,8are assumed. Using this approach, with reference to the

diagram of Figure Al.2, the cases that may occur are as follows

In the case of failure for reaching the maximum strain in compres§ipr(&,, =&, in Figure
Al.2) and with the neutral axis within the section, the design moment resistance is:

2
Mo (o) = B g py )+ £l oy cag-an), e

where Y, the neutral axis depth is given by:
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, <N Etade, + N+ 2B, de,, (a8t 9= N,) (AL.8)
" 2a'mlgfmdt - Eftzfgmu .

In the case of failure of the strengthening for reaching the maximum sjyafd =&, in Figure
A1l.2) and with the neutral axis within the section, the design moment resistance is:

a,.pBf. -
MRd(NSd) :%QH _ﬁyn)"'gfd [ %(2% +4dy; - BH)’ (A1.9)

where Yy, the neutral axis depth is given by:

y - gfdl:Efthdf-FZI\gd (AllO)
n ) .
26rmﬁfmdt + gfd [Efth
Em
R - - - I # Ey
————— " b — t 2
Myy(N) i
N i di — ya
é H| g xur = 3
b
R =
— + ==
H d; -y,
= 3
- A r £ [
i
St

Figure Al.2 - Diagram for assessing the design moment resistance
of a section reinforced with FRCM with constant compression stresses in the masonry.

The other symbols used in (A1l.1 — A1.10) are defined in Figure Al.1 and Figure Al.2. In particu-
lar:

H is the length of the wall (height of the section);
t is the thickness of the wall (section width);

t, is the total equivalent thickness of the fibres applied on the two faces;

d. is the distance between the extreme fibre in compression and the most distant strengthening
fibre;
- Ng, is the applied axial load (it can be assumed equal to zero in the case of spandrels).

In the case of strengthening arranged in stripes, the design moment resistance can be evaluated in &
similar way, neglecting the strips arranged in the compressed area.

If the spacingp. of the strips of widthy (Figure A1.3) is sufficiently small with respect to the

height of the section, the design moment resistance can be determined with the formulas reported
above replacing the thickness with the equivalent thickness:
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Figure A1.3 — In-plane panel strengthening with FRCM strips.

(A1.11)
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13 APPENDIX 2: ASSESSMENT OF SOLIDARITY BETWEEN
REINFORCEMENT AND STRUCTURE IN THE CASE OF
CURVED SUPPORT

The capacity assessment of the reinforcement under the applied loads, when the reinforcement is
applied to a concave structural element (Figure A2.1.a), is based on the equilibrium of an arch rein-
forcement element (Figure A2.1.b).

(@) (b)

Figure A2.1- (a) Intrados reinforcement; (b) Equilibrium pattern of reinforcement.

With reference to a curved surface, it is noted that, due to the curvature, in addition to a longitudinal
interaction between reinforcement and support, a radial tension is also created orthogonal to the
connection surfacébpnd surfaceand therefore it results in a (variable) traction at the interface be-
tween the curvilinear reinforcement and the support deriving from the combined effect of normal
and shear stress.

Therefore, the mechanism associated to the rupture (debonding) due to the combined effect of the
normal stress with curvature and of the variable normal stress in the curvilinear FRCM reinforce-
ment has to be verified.

With reference to Figure A2.1b, for the generic curvilinear elementary segment of length ds, the
conditions of radial equilibrium are expressed, along the secant direstigratallel to the chord
subtended by the mean line):

d d¢/ _
~Ncos %—rds+( N+ dN)cos % =G,
and along the directiom” orthogonal (to the chord subtended by the mean line):
—Nsend%+a ds-( N+ dl se(ii%:o.

Considering the infinitesimal size of the curvature angle relevant to the eletger& (), it is:
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-N cosd%—rds+( N+ dl\bcosd% =0
rds= dN

d -
—Nsen %+st—( N+ dN se‘WA—O
—Ndg-dN dp/2+0 ds=0
—-Nd¢ +ods=0

Finally, the interface between the reinforcement ls@dmasonry element will be subject to a longi-
tudinal shear action) and to an orthogonal release actmn

1. dg¢ N
o =="N—“~t=——"F
" b 'ds br (A2.1)
1dN
I, =——
b ds

whereb is the width of the reinforcement,represents the radius of curvature aidis the force

applied on the filaments of the reinforcement under the considered load condition, inferred from the
overall equilibrium of the structural system.
Combining normal and shear stresses (Figure A2.2):

itis:

o |0t
o-max:?r-'- 7+Z’ (A22)
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and it shall be verified that:

Q

Jmax = — !
V. (A2.3)

where g, represents the minimum tensile strength between the corresponding characteristic values
of the matrix and of the support, apfl is the partial factor defined in paragraph 4.5.
If by contrast the reinforcement is applied to the extrados (convex arch element), the coraponent

(which in this case would result in compression and therefore not destabilizing) can be neglected,
and therefore the verification can be performed in the following terms:

Q

r,s——.
v, (A2.4)
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