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1 INTRODUCTION TO THE PRESENT REVISION (DT 203 R1) OF
THE CNR DT 203 GUIDELINES

This document provides design provisions for the use of fiber-reinforced polymer (FRP) composite
bars as internal reinforcement in reinforced concrete (RC) elements intended for structural use.

The use of fiber-reinforced composites as a replacement for steel in the construction of concrete
structural elements is now a reality in many countries. These materials make it possible to combine
significantly greater durability of structures compared to similar structures with traditional steel rein-
forcement, greater sustainability in the sourcing and processing of raw materials, a much lower
weight, which facilitates transportation and installation operations. The use of non-metallic reinforce-
ment allows, in principle, the use of seawater in the concrete mix; however, this requires a carefully
designed mix to counteract the aggressive action of marine ions, which are potentially harmful not
only to traditional reinforcement but also to the cement matrix. This possibility is particularly im-
portant from the perspective of sustainability of RC construction.

In light of this growing interest, several international standards and Guidelines have been introduced
in recent years, and others have been updated. A list of the most recent Guidelines is provided at the
end of this Introduction. Even regulatory documents traditionally dedicated to RC with steel rein-
forcement, such as the Model Code and Eurocode 2 (EC2), now include sections on the use of non-
metallic reinforcement.

This document, in particular, is an update of the Guidelines published in 2006 by the CNR, which
issued a series of documents on the structural use of FRP materials, including DT 200/2004 (updated
in 2026, version R2) for the design of strengthening interventions on RC and masonry structures using
FRP materials, DT 201/2005 for the design of strengthening interventions on timber structures using
FRP materials, DT 202/2005 for the design of strengthening interventions on steel structures using
FRP materials.

These Guidelines have been prepared based on the current state of knowledge, incorporating the re-
sults and experience gained from theoretical and experimental studies carried out within several re-
search projects on composite materials, funded at both national and international levels. Italian re-
searchers have been involved in these projects since the early 2000s, and many of them are members
of the Working Group responsible for drafting these Guidelines.
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2 INTRODUCTION

21 CONTENTS AND PURPOSES OF THESE GUIDELINS

These Guidelines provide the principles and rules for design of new RC structures with FRP (Fiber
Reinforced Polymer) bars, as well as for strengthening existing structural elements in which the bars
are used as passive reinforcement within appropriate enlargements of the original concrete section.

Although research and the first applications date back more than twenty years, these are still innova-
tive materials and technologies. Therefore, this Document sets out design criteria and fields of appli-
cation that have been widely validated through theoretical and experimental studies. In this regard,
although studies in the field exist, the principles and application rules contained in this Document are
not directly applicable to prestressed concrete structures with prestressing tendons made of FRP ma-
terials. However, for this Document, FRP bars may be used in pre-stressed structural elements, but
only as secondary (passive) reinforcement.

Over the past 1015 years, technological development has consolidated pultrusion techniques for the
production of FRP bars. In particular, glass fiber-reinforced polymer (GFRP) is by far the most widely
used, both in terms of the number of manufacturers and the quantity of qualified products and volumes
produced. However, bars made of carbon fiber-reinforced polymer (CFRP), basalt fiber-reinforced
polymer (BFRP), and aramid fiber-reinforced polymer (AFRP) are also available on the market.

Although carbon fiber-reinforced polymer (CFRP) bars offer superior performance in both strength
and stiffness, their significantly higher cost limits their use to specific applications, such as strength-
ening existing structures in the form of circular or rectangular section bars. It should also be noted
that the available experimental studies mainly concern GFRP bars, although many tests on elements
reinforced with CFRP bars are already available. Finally, for basalt (BFRP) and aramid (AFRP) fiber
bars, no certified products are currently available (and thus it is not possible at present to compile
statistics on material properties), and experimental research is either absent or very limited.

It should further be noted that, in this field, technology is continuously evolving thanks to the devel-
opment of new materials and manufacturing techniques, which inevitably pose challenges for drafting
design Guidelines. On the one hand, limiting the Guidelines solely to bars for which all experimental
aspects have been fully explored could hinder the development of new materials and technologies.
On the other hand, it is impossible to predict the properties of materials still in development, as well
as the potential emergence of critical issues not yet encountered with the materials currently most in
use.

Representative examples, in addition to the types of FRP bars described above, include bidirectional
glass fiber meshes and FRP bars with thermoplastic resins. The latter would have the advantage of
allowing the bars to be bent in the factory after the production process (an operation that is certainly
not possible with thermosetting resin bars). However, at present, the costs of these materials are not
comparable to those of more common bars. As for FRP meshes, no European Assessment Document
(EAD) currently exists that would allow their qualification, nor are they included in the “Linea guida
per Uidentificazione, la qualificazione e [’accettazione di barre e staffe in composito fibrorinforzato
per uso strutturale” issued by the (Italian) Consiglio Superiore dei Lavori Pubblici (CSLLPP) in
December 2021.

Therefore, considering the above, these Guidelines provide design provisions exclusively for FRP
bars with circular cross-sections made of glass and carbon fibers that bear:

- the CE mark on the basis of a European Technical Assessment (ETA) issued in accordance
with EAD 260023-00-0301 and with the intended use therein declared (i.e., FRP bars as in-
ternal reinforcement of construction works and elements made of RC - beams, columns,
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panels, slabs, and other structural elements - and as post-re-bars) and referred to the mandatory
geometric and mechanical characteristics specified in this Document, or

- a CVT (Technical Assessment Certificate) in accordance with the Guideline issued by the
Consiglio Superiore dei Lavori Pubblici (CSLLPP) and above cited.

These Guidelines also specify the minimum required values for specific geometric and mechanical
characteristics deemed essential to the design. As noted earlier, FRP bars made of basalt and aramid
fibers are not included within the scope of these Guidelines, even though their qualification is pro-
vided for both by EAD 260023-00-0301 and for basalt fibers only by the CSLLPP Guidelines. This
exclusion applies at least until a statistically significant number of qualified products is available on
the market, along with adequate experimental research concerning concrete elements reinforced with
these types of bars.

From a theoretical point of view, the main difference compared to the traditional theory of RC with
steel bars concerns the mechanical behavior of FRP, which exhibits an essentially linear-elastic
stress—strain relationship up to failure and therefore lacks appreciable ductility reserves. Structural
analysis methods that assume plastic redistribution capacity in the element are therefore not applica-
ble. Consequently, particular attention is required for applications in seismic zones, where the almost
complete absence of ductility in structures reinforced with FRP bars shall be considered. For this
purpose, a specific chapter of these Guidelines is dedicated to the design criteria for elements in seis-
mic areas, which may vary depending on the type of structure and whether the system design is based
on the requirement of dissipative capacity. In this case, performance requirements in terms of ductility
necessarily call for the use of “hybrid” reinforcement — that is, reinforcement in which FRP bars are
coupled with steel reinforcement in critical regions where plastic hinges may form. If, on the contrary,
design does not require energy dissipation during the earthquake, only FRP reinforcement can be
used. A third case of great importance in many applications such as the structural elements of bridge
decks is where combinations of non-seismic actions are more significant than seismic ones; in this
case too, it is possible to envisage the use of only FRP reinforcement.

It should be emphasized that, in the behavior of RC members with FRP bars, serviceability limit-state
checks can also be of great importance, particularly for deformation and cracking. Serviceability limit
state checks are particularly relevant for structures reinforced with (GFRP) bars, due to their higher
tensile strength, but lower elastic modulus compared to steel bars.

Finally, regarding the bond between FRP bars and concrete, experimental tests evidenced that current
surface preparation techniques for the bars can, in some cases, provide bond properties comparable
or higher than those of steel bars. However, a careful assessment of bond quality is required, based
on the qualification tests prescribed by both EAD 260023-00-0301 and the CSLLPP Guideline.

The present Guidelines have considered and critically evaluated the criteria and rules contained in
international codes and guidelines. On certain aspects, specific research and in-depth studies have
been carried out, leading to innovative design criteria — for example: the definition of the partial
safety factor for the strength of GFRP bars, derived from an extensive experimental database; the
evaluation of strength reduction due to long-term loading effects (creep rupture); the definition of
bond classes; the criteria for assessing serviceability performance; and the design criteria for seismic
areas. Some of these studies are presented extensively in the Appendices.

The approach adopted in the Guidelines is the semi-probabilistic limit-state method, following a
framework similar to that of European normative documents (Eurocodes). However, most of the gen-
eral concepts can also be applied, with appropriate adjustments, in other regulatory contexts.

Finally, the last chapter of the Document provides an overview of emerging application areas in which
the use of FRP bars has proven particularly promising. In addition to their well-known durability,
lightweight characteristics open up interesting possibilities for the use of such bars — for example,

3
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in temporary works, tunnel linings, retaining walls in marine environments, temporary works in ex-
cavations, pavement reinforcement, and as soil-retaining anchors. Also of great interest is the use of
FRP bars for strengthening existing structures using the NSM (Near-Surface Mounted) technique,
both in masonry in seismic zones and in deteriorated RC structures (such as infrastructure). In the
latter case, the combined use with high-performance concretes or mortars could minimize cover thick-
ness, with clear benefits in terms of reduced impact of construction activities and control of added
weight. Finally, mention should also be made of the use of FRP bars to improve connections in ma-
sonry elements. It should be noted that even for these applications, the Document does not provide
specific design provisions. However, for these applications, the latest version of DT 200 (revision R2
of 2026) contains design indications for strengthening interventions in RC and masonry elements
made with FRP bars applied using the NSM technique.

The Codes and the Guidelines currently available at the international level include:

- ACI 440.1R (2015). Design and construction of structural concrete reinforced with FRP bars,
American Concrete Institute, Farmington Hills, MI, USA.

- ACI CODE-440.11-22 (2022). Building Code requirements for structural concrete reinforced
with Glass Fiber-Reinforced Polymer (GFRP) Bars—Code and commentary, American Concrete
Institute, Farmington Hills MI;

- AFGC (2023). Recommendations for the use of FRP (Fibre Reinforced Polymer) rebars for re-
inforced concrete structures, Association Francaise de Genie Civil;

- CEN (2023). Eurocode 2: Design of concrete structures - Part 1-1: General rules and rules for
buildings, Annex R, EN 1992-1-1:2004;

- fib Model Code 2020 (2024). fib Model Code for concrete structures 2020, federation interna-
tional du beton, Lausanne, Switzerland;

- fibbulletin n.40 (2007). FRP Reinforcement for RC structures, Task Group 9.3 (Fibre Reinforced
Polymer) Reinforcement for Concrete Structures, federation international du beton, Lausanne,
Switzerland;

- CAN/CSA S806-2017, (2021). Design and construction of building structures with fibre-rein-
forced polymers, Canadian Standard Association (CSA) International, Toronto, Ontario, Canada.

- CAN/CSA-S6-19, (2019). Canadian high bridge design code, Canadian Standard Association
(CSA) International, Toronto, Ontario, Canada.

- Japan Society of Civil Engineers (JSCE), 2023, Recommendation for design and construction of
concrete structures using continuous fiber reinforcing materials.

2.2 SYMBOLS
The meaning of the main symbols used in this Document is given below.

Roman upper-case Letters
Symbol Definition

Ap nominal area of the FRP bar

Abefr effective areca of the FRP bar

Ab,min minimum admissible area of the FRP bar with respect to the nominal area
Ab,max maximum admissible area of the FRP bar with respect to the nominal area
Ac area of the concrete section

Acef effective tensile area of concrete

4
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area of longitudinal FRP reinforcement

area of longitudinal FRP reinforcement in compression

area of FRP bars used as transverse reinforcement

width of the FRP stirrup arm

Maximum diameter of aggregates in concrete

instantaneous longitudinal modulus of elasticity of concrete

effective longitudinal modulus of elasticity of concrete

compressive longitudinal modulus of elasticity of the FRP bar

tensile longitudinal modulus of elasticity of the FRP bar

tensile longitudinal modulus of elasticity of steel

moment of inertia of the RC section reinforced with FRP bars in the uncracked state
moment of inertia of the RC section reinforced with FRP bars in the cracked state
length of the FRP stirrup beyond the bend

bending moment acting at the most stressed section of the member

cracking moment of the RC section with FRP bars

design value of the resistant bending moment

design value of bending moment in case of absence of fire protection and of espo-
sure on the tension side

design value of the applied internal bending moment

design value of the resistant axial force

design value of the applied axial force

fiber weight fraction

tensile capacity retention rate after 1000 hours under alkaline environment and sus-
tained loads

tensile capacity retention rate after 3000 hours under alkaline environment
melting temperature of FRP bar

glass transition temperature of FRP bar

maximum service temperature of the FRP bar

fiber volume fraction

design value of the applied shear force

design shear resistance of the reinforced concrete member

design shear resistance related to concrete mechanisms

design shear resistance of FRP transverse reinforcement

design shear resistance of the compressed concrete strut

design value of the applied shear force

relaxation rate at time ¢, with £ =10, 120, or 1000 hours

relaxation rate at 1 million hours

Lower-case Roman Letters

Symbol
b

bw

C

Cgeom

d
dv
dbs
dbs
deft

Definition

width of the concrete section

minimum width of the concrete section

distance from the centroid of FRP bars to the section edge (mechanical cover)
distance from the lower edge of FRP bars to the section edge (geometric cover)
distance from the centroid of FRP bars to the compressed edge (effective depth)
nominal diameter of the FRP bar

nominal diameter of the steel bar

nominal diameter of the FRP stirrup

effective diameter of the FRP bar
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2
Jem
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Sk
Jeud
ffatigue
Sre
ffck
frid
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fyd
e FRP
h
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distance from the centroid of the steel bars to the compressed edge

deflection of the structural element

deflection calculated assuming uncracked sections

deflection calculated assuming cracked sections

mean value of cylindrical compressive strength of concrete

design value of cylindrical compressive strength of concrete

characteristic value of cylindrical compressive strength of concrete

design value of tensile strength of concrete

tensile fatigue strength of the FRP bar

mean value of compressive strength of FRP bar

characteristic value of compressive strength of FRP bar

design value of tensile strength of the FRP bar

characteristic value of tensile strength of the FRP bar

characteristic value of tensile strength for long-term static fatigue (creep) at 100 years
characteristic value of tensile strength for long-term static fatigue (creep) at 100 years
under alkaline environment

characteristic value of tensile strength of the straight portion of the FRP stirrup arm
characteristic value of tensile strength of the bent portion of the FRP stirrup
characteristic value tensile strength of the bent portion of the FRP stirrup after expo-
sure under alkaline environment

design value of yield stress of steel bars

compressive value of strength of the FRP bar

height of the concrete section

effective concrete height in tension

geometric factor accounting for the effect of beam curvature on crack width

factor depending on the distribution of shear stresses along the bars

factor accounting for the effect of the position of FRP bars during casting

factor accounting for the distribution of stresses prior to cracking

coefficient depending on the duration and the nature of the applied load

anchorage length of FRP bars

design value of anchorage length of FRP bars
bonded length of FRP bars
anchorage length of FRP bars at time ¢ under fire conditions

length of the zone that must not be directly exposed to fire in order to ensure proper
anchorage of the bars

coefficient in the simplified tension-stiffening model for calculation of deflection
behavior factor of the structure

spacing between FRP stirrups

slip at FRP bar-concrete interface

maximum crack spacing

distance from neutral axis to compressed edge at ULS

distance from neutral axis to compressed edge in the uncracked state (State 1) at SLE
distance from neutral axis to compressed edge in cracked state (State 2) at SLE
bend radius of bent bars or FRP stirrups

characteristic value of crack width
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Lower-case Greek Letters

Symbol
of

Os

OR

Olsp,L
Olsp, T

B,
B
Bw

Ye

Y

Ym

YRd
YRd,geo
YRd,mod
o(t,t0)

Ecu
Ef

Eftd
Eftk

Efu,T

Eyd
Efm

Na
nr
MNe,l
MNe

pe(T)

p1
Plef

pe(T)

Ps
O¢
of
Of,qp
Os
Tb

Definition

homogenization coefficient for FRP bars—concrete

homogenization coefficient for steel bars—concrete

sensitivity factor (FORM)

longitudinal thermal expansion coefficient

transverse thermal expansion coefficient

target reliability index

dimensionless coefficient accounting for the quality of the bond of the bars

dimensionaless coefficient accounting for the duration of the loads

coefficient determining the maximum crack spacing starting from the mean value
tension-stiffening coefficient

partial factor for concrete

partial factor for FRP bars

partial factor for a material property

partial factor for the resistance model and geometric deviations

partial factor accounting for geometric deviations

partial factor accounting for resistance model

creep coefficient for concrete

current strain of concrete at the compressed edge

ultimate strain of concrete

current strain in FRP tensile bars

design value of the ultimate tensile strain of the FRP bar

characteristic value of the ultimate tensile strain of the FRP bar

current strain in steel tensile bars

design value of the ultimate strain of the FRP bar calculated as a function of the bar
temperature under fire conditions

design value of yield strain of steel bars

mean strain in FRP bars between two successive cracks

mean value of the tensile strain in concrete between two successive cracks
environmental conversion factor

conversion factor for temperature effects

conversion factor for long-term static fatigue effects

conversion factor for static fatigue effects at 100 years

conversion factor for static fatigue at 100 years, accounting for environmental ef-
fects

reduction factor of the tensile modulus of elasticity at the temperature T reached by
the FRP bar at time ¢

ratio of longitudinal tensile reinforcement to the concrete section area A

ratio of longitudinal tensile reinforcement to the effective concrete area in tension,
Ac,ef

reduction factor of the tensile strength of the FRP bar at the temperature T reached
by the bar at time ¢

percentage of FRP transverse reinforcement

current normal compressive stress in concrete

current normal tensile stress in FRP bars

normal tensile stress in FRP bars under the quasi-permanent load combination
current normal tensile stress in steel bars

bond strength at FRP bar—concrete interface (from pull-out tests on concrete



Tb,a

Tb,C50/60

Tb,cb

Tb,Tmax

CNR-DT 203/R1/2026

element class C20/25)

bond strength at FRP bar—concrete interface after alkaline exposure (from pull-out
tests on concrete element class C20/25)

bond strength at FRP bar—concrete interface in high-strength concrete (from pull-
out tests on concrete element class C50/60)

bond strength at FRP bar—concrete interface under eccentric load (from pull-out
tests on concrete element class C20/25 and cover cb)

bond strength at FRP bar—concrete interface at maximum service temperature (from
pull-out tests on concrete element class C20/25)

interlaminar shear strength of the FRP bar

mean bond strength at FRP-bar-concrete interface between two cracks at servicea-
bility loads (SLE)

transverse shear strength of the FRP bar

Reduction factor of the characteristic tensile strength of the bent portion compared
to the straight portion

Reduction factor of the characteristic tensile strength of the bent portion compared
to the straight portion after exposure to alkaline environment

23 ACRONYMS

Acronym
CPR
CVT
DoPC
CCPC
EAD
ETA
FPC
FRP
NSM
SLC
SLS
ULS
LSLS
RC

Definitions

Construction Product Regulation

Technical Assessment Certificate
Declaration of Performance and Conformity
Certificate of Constancy of Product Performance and Conformity
European Assessment Document

European Technical Assessment

Factory Production Control

Fiber Reinforced Polymer

Near-Surface Mounted bars

Collapse Limit State

Serviceability Limit State

Ultimate Limit State

Life Safety Limit State

Reinforced Concrete
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3 MATERIALS

3.1 INTRODUCTION

(1) The scope of these Guidelines includes straight bars, bent bars in the form of stirrups, and bars
with a 90° bend at one end, provided that they contain a fiber weight fraction not less than 70% or a
fiber volume fraction not less than 50%. These bars shall be made of continuous glass or carbon
fibers, produced with thermosetting or thermoplastic resins, and shall possess certain mandatory char-
acteristics, qualified and above threshold values as specified in this chapter, including with reference
to durability. Although FRP bars made with continuous basalt or aramid fibers are manufactured, the
experimental data currently available are insufficient to allow their use within the scope of this Doc-
ument.

(2) Carbon and glass FRP bars with non-circular cross-sections, as well as prefabricated meshes made
with FRP bars, are not included within the scope of these Guidelines. In the future, it will be possible
to extend the scope of application to bars with cross-sections different from the circular ones only
following adequate testing and updating of these Guidelines.

(3) All products shall be qualified by means of CE marking issued on the basis of a European Tech-
nical Assessment (ETA) according to the intended use specified in EAD 260023-00-0301 and subse-
quent revisions (FRP bars as internal reinforcement for beams, columns, walls, slabs, and other pos-
sible concrete structural elements, or as post-installed reinforcement for strengthening interventions),
hereinafter referred to as EAD-FRP bars. Alternatively, qualification tests may be provided through
Technical Assessment Certificates (CVT) issued in accordance with the Linea guida per I’identifica-
zione, la qualificazione e I’accettazione di barre e staffe in composito fibrorinforzato per uso strut-
turale published by the Consiglio Superiore dei Lavori Pubblici (CSLLPP) in December 2021 and
subsequent updates, hereinafter referred to as LG-FRP bars.

3.2 REQUIRED CHARACTERISTICS

(1) The minimum values of the geometric and mechanical characteristics, the determination of which
is mandatory for this document (hereinafter referred to as “mandatory characteristics™), are provided
in Table 3-1. In Appendix A other characteristics useful for the qualification of FRP bars are listed.

(2) Regarding the tests conducted to verify the durability of FRP bars, it is worth noting that the
minimum values indicated in Table 3-1 represent threshold levels of acceptability following acceler-
ated aging procedures and are not necessarily representative of the actual exposure conditions of FRP
bars.

(3) Products with CE marking are considered qualified under this document if accompanied by a
DoPC declaring the performance values corresponding to the characteristics listed in Table 3-1.
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Table 3-1 - Mandatory characteristics for FRP bars and acceptance limits

Mandatory characteristic S[):l l:llil;(])l Reference standard Acceptance limit
Effective area Avp et EAD-FRP bars §2.2.1 /
[mm?] | LG-FRP bars—Tab,1 | [201¢3-2
Effective diameter (circular bars) deft EAD-FRP bars §2.2.1 / Table 3-2
[mm] LG-FRP bars — Tab. 1
Fiber volume fraction Vi [%0] >70% (by volume),
Fiber weight fraction' P [%] LG-FRP bars —Tab. 1 > 50% (by weigth)
Characteristic tensile strength Siko EAD-FRP bars §2.2.2 / .
[MPal] LG-FRP bars — Tab. 2 Classes in Table 3-3
Mean longitudinal modulus of elasticity E¢ EAD-FRP bars §2.2.2 / .
[GPa] | LG-FRP bars—Tab,2 | Classes in Table 3-3
Glass transition temperature T, EAD-FRP bars §2.2.11 / > 100 °C
[°C] LG-FRP bars —Tab. 1 -
Maximum service temperature Tmax EAD-FRP bars §2.2.13 /
(°C] | LG-FRP bars—Tab. 1 | 5¢¢ () of §4.1.
Transverse shear strength? (characteris- Ts EAD-FRP bars §2.2.5 / ~115
tic value) [MPa] LG-FRP bars — Tab. 2 -
Interlaminar shear strength (mean T EAD-FRP bars §2.2.6 / - 38
value) [MPa] LG-FRP bars — Tab. 2 -
Mean pull-out strength from concrete Tom EAD-FRP bars §2.2.4 / ~70
support (centered bar, C20/25 concrete) [MPa] LG-FRP bars — Tab. 2 -
GFRP bars:
> 60%°
. . . _ 0/4
Remdud mean tensile strength in alka Ry 000 EAD-FRP bars §2.2.16 >80%
line environment after 3000 hours at (%] LG-FRP bars — Tab. 2
60 °C ° ' CFRP bars:
> 85%°
>95%"*
For shaped FRP bars (stirrups or bent
bars):
- Bend radius rifmm] | LG-FRP bars —Tab. 1 2re>7 dp
- Characteristic tensile strength of frws [MPa] EAD-FRP bars §2.2.15/ | Classes in Table 3-3 of
the straight portion st LG-FRP bars —Tab.2 | this document
- Characteristic tensile strength of EAD-FRP bars §2.2.15/ o
the bent portion® S IMPa] | o ppp bars — Tab. 2 | = 4070 /st
GFRP bars:
> 60%°
- Reduction factor of bent portion > 80%*
strength after 3000 hours at 60 °C Ya [%0]° EAD-FRP bars §2.2.15
in alkaline environment CFRP bars:
> 85%"
>95%*

! This characteristic is not declared in the DoPC, but the Manufacturer shall report its value in a signed decla-
ration.

Transverse shear strength is evaluated with reference to the effective diameter of the bar.

3 This acceptance threshold applies if the test is conducted according to the methods specified in the EAD-FRP
bars, adopting, as required by ISO 10406-1:2015, a solution with initial pH > 13 consisting of 8.0 g NaOH
and 22.4 g KOH per liter of deionized water.

10
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4 This acceptance threshold applies if the test is conducted according to the methods specified in the EAD-FRP
bars, adopting a solution with an initial pH between 12.6 and 13.0 consisting of 118.5 g Ca(OH)2, 0.9 g NaOH,
and 4.2 g KOH per liter of deionized water.

3 The failure mode observed in the test must not be pull-out, as this would indicate that the bend radius r, or
the length of bar beyond the bend, is inadequate. For stirrups, the length shall be at least equal to the stirrup
width, B, and the two straight segments beyond the bends shall overlap. For bent anchorage bars, the length
shall be at least 10 times the nominal bar diameter, do.

8 The reduction factor ya = fubka / fusk, Where fuok, is the characteristic tensile strength of the bent portion after
3000 hours of alkaline exposure at 60 °C, and f.uk is the characteristic tensile strength of the bent portion under
standard conditions.

(3) The standardized methods and procedures to be followed for the qualification of FRP bars, aimed
at determining the geometric and mechanical properties of the FRP bars mentioned above, are pro-
vided in Appendix A.

(4) The bond properties of FRP bars with concrete depend on the production process and the charac-
teristics of the surface treatment applied. Based on the results of bond tests and, in particular, on the
value of the essential characteristic, the bond strength ts, it is possible to define, for a specific type of
FRP bar, the quality of the bond according to the provisions of §5.3.

3.3 PROPERTIES OF FRP BARS

(1) The mechanical properties of FRP composite materials depend primarily on the type of resin and
the nature of the fibers, as well as on the fiber volume fraction or weight fraction.

(2) All mechanical properties, and in particular the strength and modulus of elasticity values, shall be
referred to the effective area of the bar.

(3) FRP bars shall be identified solely on the basis of their class, defined by the type of fiber, the
elastic modulus, and the tensile strength at failure (evaluated with respect to the effective area), and
by their size, defined by the nominal diameter. The dimensional tolerance of the bars is evaluated
based on cross-sectional area and is given in §3.3.1. In calculations, the strength and modulus values
corresponding to the class and the nominal area of the bar shall be used.

(4) For FRP bars shaped as stirrups or with a 90° bend at one end, produced using the same manufac-
turing process as straight bars of the same nominal diameter, classification may refer to the latter,
provided that the characteristics of the bent portion are also assessed. If shaped bars are produced
using a different process than that used for straight bars of the same nominal diameter, they shall be
considered a different product and therefore require their own qualification process. The characteris-
tics listed in Table 3-1 shall in this case refer to the mechanical properties of the straight portion of
the element. For bars made with thermoplastic resins, bending after the production process cannot be
performed on site; it shall be done under controlled conditions at the production facility by heating.

3.3.1 Definition of nominal diameter and area of FRP bars

(1) The procedures for evaluating the diameter and the effective area of FRP bars are provided in the
EAD-FRP bars and in the LG-FRP bars documents. Accordingly, the nominal diameter of circular
sections ranges from 5 mm to 32 mm, inclusive of the lower and upper limits.

(2) Given the considerable variety of bars available on the market, during the design stage, the calcu-
lation of the resisting area shall be based on the nominal diameter, db, of circular-section FRP bars. It
is possible to associate a given nominal diameter and its corresponding nominal area, Ay, with an
FRP bar if its effective area Apefr falls within the intervals reported in Table 3-2 (Apmin < Apetr <
Abmax), With the effective area measured according to the methods indicated in the current

11
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qualification documents. The tolerances reported in Table 3-2 were established based on a statistical
analysis of effective areas measured in an extensive sample of glass-fiber bars available on the mar-
ket. For carbon-fiber bars, in the absence of an equivalent statistical sample, the same tolerances are
assumed.

Table 3-2 - Minimum and maximum permissible tolerances in terms of cross-sectional area for bars
with nominal diameters ranging from 5 to 32 mm

Nominal diameter | Nominal area | Minimum area | Maximum area
d» [mm] Ap [mm?] Ab,min [mm?] Ab,max [mm?]

5 19.6 18 26

6 28.3 26 35

7 38.5 35 47

8 50.2 47 59

9 63.6 59 73

10 78.5 73 89

11 95.0 89 103
12 113.0 103 123
13 132.7 123 144
14 153.9 144 165
15 176.6 165 190
16 201.0 190 212
17 226.9 212 239
18 254.3 239 265
19 283.4 265 293
20 314.0 293 324
21 346.2 324 357
22 379.9 357 392
23 4153 392 429
24 452.2 429 467
25 490.6 467 506
26 530.7 506 547
27 572.3 547 590
28 6154 590 635
29 660.2 635 681
30 706.5 681 729
31 754.4 729 778
32 803.8 778 861

(3) The Manufacturer, once having defined the range of diameters to be placed on the market, may
group 2 or 3 of consecutive diameters and consider the union of the ranges indicated for these diam-
eters. In this case, the nominal diameter shall be taken as the smallest value among the chosen grouped
diameters. In the technical datasheet, however, the Manufacturer shall also report the mean effective
diameter, enabling an accurate evaluation of the reinforcement area, when necessary, such as when
applying capacity design criteria in seismic design.

3.3.2 Tensile strength and modulus of elasticity in the longitudinal direction

(1) In order to reliably evaluate the mechanical properties of an FRP bar, adequate testing shall be
carried out to obtain statistically significant values, also taking into account the consistency of

12
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mechanical properties ensured by the production technology. For testing methods and production
consistency control, reference should be made to the procedures specified in the EAD-FRP bar or in
the LG-FRP bars documents. In particular, the tensile strength and modulus of elasticity of the bars
shall be obtained from direct tensile tests. Further details are provided in Appendix A.

(2) FRP bars that may be used in accordance with these Guidelines are classified on the basis of the
following mechanical characteristics:

e mean value of the modulus of elasticity, Eg;
e characteristic tensile strength at failure, frxo, evaluated under standard environmental condi-
tions.

The Manufacturer shall assess these characteristics on the basis of the results of the qualification
procedures described in §3.2 and shall refer to the effective cross-sectional area of the bar.

(3) Table 3-3 lists the classes of FRP bars and the corresponding values of the above mechanical
characteristics. Belonging to a class requires that the determined mean modulus of elasticity and char-
acteristic tensile strength values of the bars are greater than or equal to those indicated in Table 3-3.

(4) For a specific product, all FRP bars with different nominal diameters shall fall within the same
class. If, within the same product, bars with different nominal diameters show, during the qualifica-
tion phase, modulus of elasticity and tensile strength values belonging to different classes, the product
classification shall be based on the class with the lower characteristics.

(5) If an FRP bar exhibits mechanical characteristics lower than those of the minimum class indicated
in Table 3-3, it may not be used in accordance with these Guidelines.

Table 3-3 - Classes of FRP bars made by glass and carbon fibers

Class . Mean elastic tensile Characteristic tensile
Et/fitxo Fiber type modulus, Ef|[GPa] strength, fio [MPa]
850
E45/850 Glass 4 750 for diameters dy > 24 mm
1000
E50/1000 Glass >0 900 for diameters dy > 24 mm
1100
E60/1100 Glass 60 1000 for diameters db > 24 mm
C130/1000 Carbon 130 1000

3.4 COEFFICIENTS OF THERMAL EXPANSION

(1) The coefficients of thermal expansion of FRP bars in the longitudinal direction, ai, and in the
transverse direction, o, are closely related to those of the individual phases (fibers and matrix) that
make up the composite material and to the volume fractions of the two phases: in general, the trans-
verse coefficient is governed by the resin acting as the matrix, whereas the fibers govern the longitu-
dinal coefficient. As the fiber volume fraction increases, the value of the coefficient a1 tends more
and more toward that of the fiber.

(2) Typical values of the longitudinal and transverse coefficients of thermal expansion, oy and a,
respectively, are given in Table 3-4 for composite bars with a fiber volume fraction between 50% and
70%. It is recommended to use bars with a transverse coefficient of thermal expansion o < 40.0 10
°C-!. Different transverse thermal expansion coefficients between FRP bars and concrete can, in fact,
cause splitting cracks in the concrete as temperature increases, if no adequate concrete cover is pro-
vided to ensure sufficient confinement.

13
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Table 3-4 - Coefficients of Thermal Expansion

. al a
Fiber type [10°6 °C-1] [10°6 ;C'l]

Carbon -9.0+0.0 74.0 + 104.0
Glass 6.0 +10.0 21.0+23.0

3.5 CREEP RUPTURE

(1) FRP bars are sensitive to the phenomenon of static fatigue (or “creep rupture”), which consists of
a progressive reduction of some mechanical properties (tensile strength, ultimate tensile strain, lon-
gitudinal elastic modulus) over time under sustained loads. This phenomenon, due to stress re-distri-
bution between fibers and resin caused by the viscous deformations in the resin, is also strongly in-
fluenced by environmental factors such as temperature and humidity. Generally, thermosetting ma-
trices (vinyl esters, epoxy and phenolic resins) are less viscous than thermoplastic ones (polypropyl-
enes, nylons, polycarbonates, etc.) Because fibres reduce the viscosity of the matrix, these phenomena
are more relevant when the FRP bars have a low volume percentage of fibres. FRP bars made of
carbon fibers are less subjected to creep rupture in comparison to the ones made of glass fibrers.

(2) To mitigate the effects of creep and prevent bar failure due to creep failure, the levels of tensile
stress under long-terms loads shall be appropriately limited. Provisions for this effect apply both to
checks at the ultimate limit states and at the serviceability limit states (§ 4.6.2).

3.6 FRP MESHES

(1) Within the scope of these Guidelines are FRP meshes made as assemblies of FRP bars with cir-
cular cross-section, in carbon or glass fibers, in both directions, provided that the assembly does not
alter any of the geometric or mechanical properties of the individual bars, which shall be qualified
according to the procedures specified in the current qualification documents (EAD-FRP bars and LG-
FRP bars).

(2) These Guidelines currently do not cover the use of other types of FRP meshes. With the availa-
bility of standardized qualification procedures and adequate experimental validation, the scope of
application may also be extended to other types of meshes, subject to an update of these Guidelines
and, if necessary, to the use of “Design by Testing” for the definition of specific capacity models.

3.7 FACTORY PRODUCTION CONTROL (FPC)

(1) FRP bars to be used as reinforcement in concrete structures shall be subject to a series of controls
that ensure an adequate level of consistency in their geometric, mechanical, and physical properties.
More specifically:

e The Factory Production Control (FPC) system shall include the evaluation of the geometric,
physical, and mechanical properties of the finished products.

e The Manufacturer of bars shall use base components (fibers and resins) certified by their sup-
pliers, which shall themselves be subject to regular production controls.

(2) For bars certified by means of a CVT, the sampling and testing of product specimens shall be
carried out regularly on production batches of predefined quantities. Mechanical and physical tests
shall be performed by qualified personnel with proven experience in characterizing composite mate-
rials, using appropriate and properly calibrated testing equipment. If the Manufacturer does not have
an internal laboratory, they shall rely on laboratories qualified in the characterization of composite
materials. The mechanical characteristics reported in the product technical datasheets shall be derived

14
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from statistical analysis of measurements and test results. Production control records shall report all
statistical data, such as the number of samples tested, mean values, standard deviations, and any other
significant information. More specific indications regarding the tests to be carried out for factory

production control are provided in the LG-FRP bars.

(3) For bars qualified through CE marking, Factory Production Control is regulated by §3.2 of the
European qualification document EAD-FRP bars.

3.8

SITE ACCEPTANCE PROCEDURES

(1) The procedures for site acceptance are detailed in the current LG-FRP bars Guidelines. In the case
of products qualified by means of a CVT, site acceptance inspections of the bars:

Are mandatory and under the responsibility of the Field Engineer;

Shall be carried out for each shipment batch when the production batch number differs among
the various shipment batches, and shall cover all types of products supplied; if the production
batch is the same for all shipment batches, it will be at the discretion of the Field Engineer to
carry out one or more samples for testing;

Shall consist of three samples taken on site, from each product (straight bars, stirrups, or bent
FRP bars), for each shipment batch, provided that the marking and accompanying documen-
tation prove that they originate from the same production facility. Otherwise, the controls shall
also be extended to batches coming from all facilities.

(2) For products qualified through a CVT, the samples taken according to the methods and quantities
indicated at point (1) in accordance with LG-FRP bars shall undergo the geometric and mechanical
tests listed in Table 3-5.

Table 3-5 - Geometric and mechanical characteristics to be verified on samples taken on site ac-
cording to the LG-FRP bars, and acceptance limits

Characteristic Sympol Acceptance Limit
[unit]
Within the tolerances given in Table 3-1 relative

i:) - Effective area of the bar Aperr [mm?] | to the nominal value declared by the Manufac-
g turer for that diameter
S L
® |- Raggio di sagomatura delle
© staffe ri[mm] 2re>17dp

Tensile strength! [l\ﬁ’a] > 95% of the certified characteristic value, fixo
= — - .
= Mean2 longitudinal elastic mo Ef[GPa] | >95% of the certified mean value, E¢
= dulus
2
3 Ultimate strain' en > 95% of the certified characteristic value, €ao
s [mm/mm]

Tensile strength of the straight st > 950 . .

portion of the stirrup! [MPa] > 95% of the certified characteristic value, fius

! The inequality shall be satisfied for the result of each specimen.

2 The inequality shall be satisfied for the mean value of the three specimens.

(3) The tests listed in Table 3-5 shall be carried out by a certified Laboratory referred to in Article 59
of (Italian) DPR 380/2001, with proven experience and equipped with suitable instrumentation for
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testing composite materials, within a timeframe deemed appropriate by the field engineer for verify-
ing the quality and compliance of the supplied products with the project specifications, and in any
case no later than 30 days from the delivery on site of the shipment batch to which said products
belong.

The Field Engineer shall sign the request for testing to the Laboratory and shall include at least:
e the unambiguous indication of the commercial name of the product;
¢ the identification of the construction site and the location of product installation;
o the batch of the supplied material and the date of installation;
e the reference CVT.

(4) It is not permitted to perform any processing on site aimed at modifying the preformed products
delivered by the Manufacturer, such as bending or other modifications that could affect the mechan-
ical or durability characteristics of the supplied product. The only operations permitted on site are the
cutting of bars, carried out with suitable tools under the Manufacturer’s guidance, and the assembly
of bars to create a bidirectional mesh, in both cases performed in such a way that the behavior of the
individual bars is not altered. For FRP bars made with thermoplastic resins, bending operations may
be performed only at the manufacturing plant after production.

(5) If the product is qualified through CE marking, the Field Engineer shall ensure that the corre-
sponding Certificate of Constancy of Performance and Product Conformity (CCPC), issued by a
qualified notified body, is valid and that the product arrives on site accompanied by the Declaration
of Performance and Conformity (DoPC). In this case, the procedures referred to in points (1)—(3) are
not required, and it remains at the discretion of the Field Engineer to decide whether to carry out
additional acceptance tests on site according to Table 3-5, also considering that improper storage
during the various phases of material supply could affect the mechanical characteristics of the bars.

(6) Appendix C details the duties and responsibilities of the different parties involved in design, real-
ization and check of structures reinforced with FRP bars.

16
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4 BASIC DESIGN CONCEPTS

4.1 INTRODUCTION

(1) The design of RC structures with FRP bars shall satisfy the checks at the Ultimate Limit States
(ULS, essentially strength requirements) and Serviceability Limit States (SLS, functionality require-
ments), as defined in current Standards. Specific guidance on performing these checks for RC ele-
ments with FRP reinforcement is provided in this document.

(2) In all checks, no reliance shall be placed on the strength and stiffness contributions provided by
FRP bars in compression or by the segments of bars subjected to compressive stresses. However, it
is permitted not to deduct the area of concrete corresponding to the bars in the compression zone.

(3) Particular attention is required in structural analysis, since the almost total absence of ductility in
RC structures with FRP bars must be duly considered. In particular, it is not permissible to adopt
either elasto-plastic structural analyses or elastic analyses with redistribution. Seismic design checks
must also duly account for the absence of ductility.

(4) These Guidelines also allow for the possible combined use of steel reinforcement and FRP rein-
forcement in the same structural element: in such cases, the sections are referred to as hybrid steel—
FRP reinforcement.

(5) The service temperature of the RC element with FRP bars, estimated in accordance with current
standards, shall be compatible with the service temperature of the FRP bars declared by the Manu-
facturer, Tmax, particularly for elements exposed to significant thermal variations.

(6) FRP bars exhibit significant vulnerability to high temperatures, a condition that limits their use in
structures where the risk of fire is considerable. Specific fire resistance checks of structural elements
reinforced with FRP bars shall be performed in accordance with current fire safety regulations. These
checks shall account for the glass transition temperature, T, of the FRP bars. Since concrete provides
intrinsic thermal protection for FRP bars, increasing the concrete cover thickness and using aggre-
gates with lower thermal conductivity can reduce bar temperatures and improve the fire resistance of
structural elements. Furthermore, if a passive protection system is specifically designed to ensure
that, under fire conditions, the bars do not exceed the value of Ty, the checks at the Ultimate Limit
State can be carried out under ordinary conditions. In any case, FRP bars in tension, if made of con-
tinuous filaments and properly anchored in end zones of structural elements not directly exposed to
thermal action, can prevent failure of the element and thus be accounted for in the calculation of
flexural resistance. Appendix F provides simplified design and verification methods applicable, under
certain conditions, to warrant the fire safety of structural elements.

4.2 BASIC REQUIREMENTS

(1) The fundamental requirements for the design of concrete structures reinforced with FRP bars can
be considered satisfied if the following are ensured:

o the selection of appropriate materials;
o careful detailing of design features;

e the definition of suitable procedures for control during production of materials, execution of
structures, and their use and maintenance.
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4.3 DESIGN SERVICE LIFE OF STRUCTURE AND DURABILITY

(1) For the purposes of verifying the safety of structural concrete elements reinforced with FRP bars,
reference should be made to the design service life of the structure and to the corresponding design
values of actions established in the current National Standards.

(2) The structure shall be designed with due consideration of both environmental conditions and the
maintenance program.

(3) To ensure the durability of the RC structure with FRP bars, the following factors shall be appro-
priately taken into account:

e the intended use;
e the expected environmental conditions;

e the composition, properties, and performance of the materials used.

(4) The reference service life of FRP bars qualified on the basis of a European Technical Assessment
(ETA), according to the intended use specified in EAD- FRP bars (where is defined as ‘working life’
of the product) and subsequent revisions, and properly installed, is considered to be 100 years, based
on the current state of the art, available knowledge, and experience.

(5) Special design issues (environmental actions, loading conditions, etc.) shall be identified at the
earliest stage so that their importance can be assessed appropriately with respect to the durability of
FRP reinforcement considering their effective terms of use.

4.4 GENERAL DESIGN PRINCIPLES

4.4.1 General Provisions

(1) Using the partial factor method, it shall be verified that, in all design situations and by adopting
the design values of actions and resistances, no limit state is violated, whether related to ultimate

(ULS) or serviceability (SLS) conditions. The following limitation must be set E; <R, where E,

and R, are, respectively, the design values of the generic effect of the applied actions (force, defor-

mation, etc.) under consideration and of the corresponding capacity (in terms of resistance or maxi-
mum deformation) for the relevant limit state.

(2) The design values are derived from the characteristic values by applying appropriate partial fac-
tors. For ordinary materials, these values are specified in the current standards; for FRP reinforce-
ment, they are provided in this document.

4.4.2 Design values of actions

(1) The design values of actions to be adopted in structural design are those prescribed by the appli-
cable standards.

4.4.3 Design values of strength

(1) With reference to the condition E, <R, for a generic action E; under a given limit state, the

design strength, R, can be expressed as:

X, .
Rd=R{Xd’i;ad’i}=R{n#;ad’i} (4.1a)
m Rd
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In Eq. (4.1a), R {} is an appropriate function corresponding to the specific strength model considered
(for example, for bending, shear, etc.); the arguments of the function R {} are generally mechanical
X; and geometrical parameters a, of which X, and aq; respectively, are the design values (EN

1992-1-1:2023). Moreover, in Equation (4.1a), ym is the partial factor related to the material properties
uncertainties, vy, is the partial factor related to strength model and geometry uncertainties, and 7 is

the conversion factor taking into account the reduction of the mechanical properties due to the expo-
sure to not standard environmental conditions, mainly related to humidity and temperature, and due
to aging, scale effects or whatever other relevant parameter.

Eq. (4.1a) can be written as:

X,
RdzR{n k";ad’i} (4.1b)

Ve

(2) In Eq. (4.1b), the simplified approach proposed in Eurocode 0 (EN 1990:2023), is assumed:
Ve =Vm Tra (4.2)

where the partial factors ym and yrd are combined in only one factor vy, indicated as partial factor of
the FRP bars.

(3) The factor yrd, and, thus, also yr, can be different depending on the type of actions applied to the
FRP bars (bending moment, shear, confinement). Details about assessment of factors y,,, ym and vy,

are reported in Appendix B.

4.4.4 Geometric and material properties

(1) The values of the geometric and mechanical characteristics of FRP bars shall be determined
through measurements and laboratory tests carried out according to standardized procedures, as indi-
cated in Appendix A. The design rules outlined in this document apply exclusively to products that
meet the characteristics listed in Table 3-1, with diameters and corresponding effective areas specified
in Table 3-2, and which fall within the classes defined in Table 3-3.

(2) The corresponding characteristic values shall quantify the mechanical properties related to the
strength and deformation of FRP bars. Only stiffness parameters (as example, the elastic moduli) are
to be evaluated by their corresponding mean values. In the absence of specific technical data for FRP
bars, the values of strength and modulus of elasticity corresponding to one of the classes listed in
Table 3-3 shall be used for the verifications in these Guidelines. Where the mandatory mechanical
characteristics listed in Table 3-1 are known for a given product, or where the chosen product has
mechanical characteristics exceeding the threshold values of the classes, and provided that the man-
datory characteristics have been obtained through qualification carried out in accordance with the
EAD-FRP bars or the LG-FRP bars, the actual strengths supplied by the Manufacturer may be used.

(3) The design value of the tensile strength or of the corresponding strain of the FRP bar (in all cases
denoted by the symbol X, ) can be expressed in general form by the following relation:

X
X, =0, M, N, — (4.3)
f

where:

e X, is the characteristic value of strength or strain parameter. If X, represents the tensile
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strength fiio, it corresponds to the value that defines the class as given in Table 3-3;

e v, is the partial factor for FRP bars defined by Eq. (4.2) and to be evaluated as described in
§4.5;

e 1), is a conversion factor accounting for temperature effects, to be evaluated as described in
§ 4.6.1 depending on the exposure conditions of the structure;

e 1, is an environmental conversion factor accounting for the durability of the bars as a func-

tion of the exposure conditions of the structure, to be evaluated as described in § 4.6.1;
* 1, is aconversion factor accounting for static fatigue effects (creep rupture) under long-

term loads, to be evaluated as described in § 4.6.2.

(4) In Eq. (4.3), it is possible to adopt =1, na=1, ne;= 1 under whatever exposure condition in
case of: 1) temporary structures having a design service life not exceeding 5 years (being the design
service life defined in accordance with the current Standard), 2) verification of structural elements
during the construction phases of the work, provided that such phases have a duration of less than 2
years.

4.5 PARTIAL FACTORS FOR MATERIALS

(1) For ultimate limit states (ULS), in case of flexural verifications, the value to be assigned to the
partial factor for FRP bars, v, is equal to 1.25 for permanent and variable actions and equal to 1.10

for accidental actions. Details on the procedure followed to define the value of the partial factor vy,
are provided in Appendix B.

(2) For ultimate limit states (ULS), in case of shear stress and for assessing the effect of confinement
induced by FRP stirrups on concrete elements under axial and bending forces or under mainly axial
stresses, the value to be assigned to the partial factor for FRP bars, vy,, is 1.40 for permanent and

variable actions and 1.25 for accidental actions. Details on the procedure followed to define the value
of the partial factor y, are provided in Appendix B.

(3) For all serviceability limit state (SLS) verifications, the value to be assigned to the partial factor
is vy, =1.

(4) For concrete and steel reinforcement (in the case of hybrid reinforcement structures), the partial
factors prescribed by the current Standards shall be adopted.

4.6 SPECIAL DESIGN ISSUES

4.6.1 Conversion factors for environmental and temperature actions

(1) The mechanical properties (for example, tensile strength, ultimate strain, and normal modulus of
elasticity) of FRP bars can degrade under certain environmental conditions, such as alkaline environ-
ments and moisture (water and saline solutions) or in case of exposure to solar radiation.

(2) About the effects of an alkaline environment, water in the concrete's pores can degrade the poly-
mer resin in the FRP bar. Damage to the resin from alkali attack is generally more severe than that
from moisture. The main effects of moisture (due to exposure to water and/or saline solutions) regard
the resin and include plasticization, a decrease in the glass transition temperature, a reduction in
strength and stiffness (the latter less pronounced). Moisture absorption depends on the type of poly-
mer resin, the fiber—matrix interface, and the composition and quality of the bars.
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(3) The overall effect of the environment on the strength of the material is accounted for through the
environmental conversion factor 1a.

(4) The effect of temperature on the tensile strength of the FRP bars is considered by means the
conversion factor nt. The effects of temperature can be significant in case of structural elements of
bridges and should be considered for elements directly exposure to solar radiation.

(5) Table 4-1 provides, for glass fiber bars (GFRP) and carbon fiber bars (CFRP), the values to be
assigned to the environmental conversion factor n, and the factor n, to be used in Eq. (4.2) for

different exposure conditions of RC elements with FRP bars. The exposure classes reported in Table
4-1 are defined in EN 1992-1-1 (2023). It should be noted that, in the second column of Table 4-1,
for completeness, the same nomenclature of exposure classes adopted for RC structures with steel
reinforcement has been used.

Table 4-1 - Values of the factors ;. and na under different exposure conditions of the structure

Exposure condition Exposure class” nr Na
. . GFRP: 0.85
1 (indoor dry environment) X0, XC1 dry 1.0 CFRP: 0.95

1.0: for elements not di-
rectly exposed to solar ra-

r2n gl)ll:)tdoor dry environ- XS1 diation SIISEI; 8 Sg
0.9: for elements directly o
exposed to solar radiation
XCI humid, XC2, 1.0: for elements not di-
XC3, XC4 rectly exposed to solar ra-
3 (permanently or cycli- XD1, XD2, XD3 diaﬁzn p GFRP: 0.70
cally humid environment) XF1, XF2, XF3, XF4 ) . CFRP: 0.85
X2, XS3 0.9: for elements directly
XAL XA2, XA3 exposed to solar radiation

*The exposure classes are defined in EN 1992-1-1 (2023). For completeness, the same nomencla-
ture used for RC structures with steel reinforcement has been adopted

4.6.2 Conversion factor for long-term effects nc,

(1) The effects of static fatigue (creep rupture) in FRP bars under long-term loads have to be consid-
ered both at SLE verifications, limiting the tensile stress in the bars under the quasi-permanent load
combination, and at the SLU, adopting a reduced value of the tensile strength in the FRP bars that
depends on the stresses in the bars under quasi-permanent load combination.

(2) For verifications at the Ultimate Limit State (ULS), the effects of static fatigue produced by long-
term loads are accounted for by defining the conversion factor for long-term loads n_,, reported in

Equation (4.3) and defined as follows:

o; 1 o,
N, =1-(1-n, -ﬂzl—(——lj-i 4.4)
! ( ) fftk,c M. Sio

where

® Orgp 1s the current stress acting in the FRP bar under the long-term loads, , calculated with
reference to the quasi-permanent combination of actions;
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® fikc is the characteristic value of the tensile strength of the FRP bar due to creep rupture at a
time corresponding to the reference service life of the bars, conventionally taken as 100 years
according to the definition given in EAD-FRP bars;

— fﬁk,c

e 1, =—" is the conversion factor for static fatigue (creep rupture) at 100 years, where fiko is
ftk0

the characteristic value of the tensile strength of the FRP bar in the absence of environmental,
temperature, or long-term load effects.

Equation (4.4) shows that, in the combination of actions at ULS, and in the case of relevant long-term
stresses, the tensile strength of FRP bars is reduced compared to the characteristic strength ffxo. In
particular, the conversion factor n, lies between nc and 1. It is generally greater than ne and coincides

with it only if the level of quasi-permanent stress orqp is precisely equal to the creep rupture strength
fike. For safety, it is possible to assume n_, = n¢ in the checks regarding ULS load combinations.

(3) The EAD-FRP bars indicates how to experimentally obtain the strength fi ¢ to be introduced in
equation (4.4). In the absence of specific experimental indications for the strength fi ¢, the conversion
factor for creep rupture at 100 years, 1., may be assumed as the values given in Table 4-2, and

consequently, fi, . =M. fuo-

Table 4-2 - Conversion factor for static fatigue (creep rupture) at 100 years, nc, for FRP bars

Loading mode Fiber type Ne

Glass 0.50
Carbon 0.80

Quasi-permanent

(4) It should be noted that equation (4.4) requires evaluating the level of quasi-permanent stress, orqp,
responsible for the reduction in strength of the FRP bar. This stress may be estimated using the meth-
odology reported in § 7.2, which concerns stress checks in service, or with simplified procedures
depending on the type of structural element being verified.

(5) For the stress limitation checks at SLS, in order to avoid nonlinear behavior of FRP bars and
reduce the effects of static fatigue, under quasi-permanent combination of actions, the stress in the
FRP bars shall be properly limited as a function of the static fatigue strength of the FRP bar, ffi, as
indicated in point (1) of § 7.2.

(6) With regard to the effect of repeated cyclic loads, which for number of cycles and amplitude of
the stress variation may cause fatigue phenomena in the materials, the performance of FRP bars is
generally excellent. Among the different types, glass fiber bars are the most susceptible to the effects
of cyclic loads. Lacking experimental data on the tensile strength of the FRP bars under fatigue loads
(i.e., the mechanical characteristic fuiee defined in EAD-barre FRP at §2.2.7 and in LG-barre FRP
in Tab. 3), it is possible to carry out the verifications at ULS under cyclic actions that produce fatigue
effects adopting the Eq. (4.3) for calculating the tensile strength in the FRP bars and assuming, on
safety side, that n_, is substituted by nc that have the value listed Table 4-2.

4.6.3 Behavior of FRP bars under high temperatures

(1) The vulnerability of organic polymers to high temperatures can represent an essential critical issue
for FRP bars when designing civil and industrial structures, where fire is an event that must be con-
sidered. The deterioration of the mechanical properties of FRP materials (especially strength and
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Young’s modulus) and of bond properties begins when temperatures approach the glass transition
temperature (Tg). The Ty of products supplied by major FRP manufacturers typically ranges from
100°C to 175°C, depending on the resin type.

(2) The deterioration of mechanical properties depends on the type of fiber, the type of surface treat-
ment of the bars, and, of course, the temperature reached in the material. Temperatures in FRP bars
embedded in concrete remain limited for a specific period due to the concrete's low thermal conduc-
tivity. Therefore, the performance of RC elements with FRP bars in the event of fire can be satisfac-
tory, even in the absence of specific fire protection systems (such as passive protection systems, con-
sisting of conventional coatings or special insulating materials, or active protection systems), pro-
vided that the concrete cover is sufficient. Moreover, the phenomenon of concrete spalling, i.e., the
detachment of the cover that protects the bar from direct fire exposure, is less likely in zones where
the bars are in tension, where the role of the FRP bar is crucial for the element’s strength.

(3) Fire resistance verification for RC elements (EN 1992-1-2, 2023) requires that the design effect
in fire conditions at time # of fire exposure, Es 4+, be calculated by combining mechanical actions for
accidental design situations, and that the design capacity under the same conditions, R 4y, be calcu-
lated by adopting y. = 1.0 for concrete and yr= 1.1 for the FPR bars.

(4) The development and distribution of temperature inside structural elements exposed to fire (i.e.,
the thermal field) may be evaluated by decoupling the thermal and mechanical response models in
accordance with recognized code provisions (EN 1992-1-2, 2023). The thermal field should be de-
termined by solving the heat transfer problem due to radiation and convection from combustion gases
to the external surface of the element, while accounting for the possible presence of protective mate-
rials. The thermal properties of concrete shall be evaluated in accordance with recognized code pro-
visions (EN 1992-1-2, 2023). However, the presence of FRP bars can be neglected in the thermal
model due to their small dimensions.

(5) The effect of high temperatures on the strength and stiffness of concrete may be evaluated in
accordance with recognized code provisions (EN 1992-1-2, 2023). Appendix F provides, as an ex-
ample, a simplified procedure for flexural verification of a concrete section reinforced with FRP bars
under fire conditions.

(6) Portions of concrete exceeding 500 °C shall not be considered. To account only for the effective
contribution of the concrete at temperatures below 500 °C, the values of b and d shall be appropriately
reduced based on the temperature field evaluated through a thermal analysis of the structural element.
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S BOND BEHAVIOR

5.1 BOND OF FRP BARS IN CONCRETE

(1) The bond between concrete and FRP bars is a fundamental aspect for the behavior of the rein-
forced section, both at ultimate and service limit states. The proper cooperation between the FRP bar
and the concrete is ensured by the bond mechanism that develops between them through shear stresses
along the FRP bar—concrete interface.

(2) For design purposes, bond quality influences, at the Ultimate Limit State, the value of the mini-
mum anchorage length that the FRP bar shall provide to ensure that it can develop a prescribed design
stress. At the same time, at the Serviceability Limit State, it affects the checks for cracking (control
of crack width) and deformability (control of maximum flexural displacements of the element)
through coefficients that account for bond quality.

(3) The bond behavior of bars embedded as reinforcement within concrete elements generally de-
pends on the geometry and mechanical properties of the bar, the physic-chemical properties of its
surface, the strength of the concrete, the thickness of the concrete cover, and, to a lesser extent, the
position of the bar relative to the casting direction. In the specific case of FRP bars, the bond behavior
is influenced mainly by their mechanical properties (elastic and shear moduli, Poisson’s ratio) and
geometric characteristics (shape, diameter, or dimensions), as well as by their surface treatment (sand
coating, presence of grooves, or surface deformations produced by different manufacturing technol-
ogies). Depending on the type of surface treatment, relevant factors include the geometric character-
istics of the surface (size and spacing of ribs or protrusions), the stiffness and shear strength of any
protrusions present, and the roughness of the sand coating.

(4) Bond failure, i.e., the slip of the FRP bar from the concrete, can occur either at the bar—concrete
interface or through the formation of compressed concrete struts around the bar, depending on the
surface finish of the bar. The compressive strength of concrete has less influence on the bond mech-
anism than that of steel bars. In fact, the action of the compressed concrete struts formed between the
ribs of the bars (“mechanical interlocking”) is effectively mobilized in the case of steel bars. In con-
trast, for FRP bars, it is activated only if they have a sufficiently stiff and strong surface indentation
capable of inducing circumferential cracking of the surrounding concrete. Experimental evidence has
nevertheless demonstrated good bond capacity of FRP bars, as a consequence of the physic-chemical
adhesion that develops at the bar—concrete interface and of a frictional mechanism. The latter typically
reaches its maximum resistance once significant damage occurs on the bar surface and limited dam-
age develops in the surrounding concrete. The frictional mechanism is influenced both by the surface
treatment and by the elastic modulus and Poisson’s ratio of the bars, which affect the bar’s contrac-
tion; this phenomenon is more pronounced in FRP bars than in steel bars due to their lower elastic
modulus and, therefore, greater longitudinal and transverse deformations. Since the elastic modulus
and Poisson’s ratio of FRP bars depend on the type and volumetric percentage of resin and fibers,
these parameters can also have a significant influence on the bond mechanism.

(5) The most common surface treatments of commercially available FRP bars can be classified into
the following categories:

1. Sand-coated bars: a thin layer of sand and/or fine abrasive particles is bonded to the bar sur-
face to increase roughness (Figure 5-1a) and improve physic-chemical adhesion.

2. Ribbed bars: ribs are present along the entire length of the bar, generally formed by resin
protrusions (Figure 5-1b). The purpose here is to enhance the interlocking mechanism by lo-
cally modifying the bar shape.
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3. Indented bars: the surface is indented along the entire length with a series of notches and
protrusions, generally formed by fibers and resin (Figure 5-1c), sometimes combined with
sand-coating (Figure 5-1d). The goal here is to improve the interlocking mechanism not only
by modifying the bar shape but also by increasing the adhesion area between the concrete and
the bar.

4. Helically wrapped bars: fibers of different types are helically wound around the bar (Figure
5-1e), sometimes combined with sand-coating (Figure 5-1f). In this case, the objective is to
increase surface roughness, improve interlocking, and enlarge the concrete—bar contact area.

d) e) f)

Figure 5-1 - Examples of the most common surface treatments of FRP bars: a) sand-coated bars; b)
ribbed bars; c) indented bars; d) indented bars with sand-coating; e) helically wrapped bars; f) heli-
cally wrapped bars with sand-coating.

It should be noted that there are also bars without any surface treatment (smooth bars). For these, the
level of adhesive and frictional mechanisms developing at the bar—concrete interface may render FRP
bars unsuitable for use under this document unless the minimum threshold of bond strength is
reached, to be verified by experimental bond tests (see §5.3). Therefore, it is strongly recommended
to use bars with a minimal surface treatment that ensures the adequate transfer of bond stresses be-
tween the FRP bar and the surrounding concrete.

5.2 MODELING OF THE BOND BEHAVIOR

(1) The bond mechanism can be modeled at different levels of detail. In general, for conducting struc-
tural analyses, a macro-level bond model is adopted, which establishes a relationship between shear
stresses and slips that develop at the FRP bar—concrete interface. This model can be obtained exper-
imentally, as indicated in §5.3.

(2) The bond model must reflect the physic-chemical-mechanical characteristics of the different types
of surface treatments applied to FRP bars, also considering the strength class of the surrounding con-
crete. The interlocking mechanism depends both on the strength and stiffness of the bar’s surface
protrusions (in ribbed or indented bars, for example) and on the tensile strength of the concrete. The
same FRP bar, capable of developing good interlocking, may or may not cause cracking and shearing

25



CNR-DT 203/R1/2026

of the concrete struts, depending on the concrete’s strength.

(3) The bond model can be experimentally evaluated for the specific type of bar under consideration
(see § 5.3), but, by way of example, two types of models can be considered depending on the prevail-
ing mechanism:

a)  abond model based mainly on the physical-chemical adhesion at the bar—concrete interface;

b)  abond model based both on physical-chemical adhesion and on mechanical interlocking at the
bar—concrete interface, which may be more or less significant depending on the type of surface
treatment.

In the case of a bond mechanism based primarily on physical-chemical adhesion, the bond model
typically follows the trend shown in Figure 5-2a: initially, shear stress increases with no slip until it
reaches a maximum. Beyond the peak, the curve shows a rapid drop in bond strength until the shear
stress vanishes or reaches a residual level, due to friction between the bar and the concrete, which
remains constant as slip increases.

In the case of a bond mechanism also based on mechanical interlocking, the bond model typically
follows the trend shown in Figure 5-2b. Here, the phase of chemical adhesion is followed by a second
ascending branch in which the interface stress increases with slip, dominated by the interlocking of
concrete aggregates into the bar’s ribs. Again, once peak shear stress is reached—higher than in the
adhesion-only case—a descending branch develops, characterized by a residual frictional mechanism
up to the pull-out of the bar.

(4) For FRP bars capable of activating significant mechanical interlocking, the bond model must also
account for the possibility of a “splitting” failure of the concrete, either complete or partial, occurring
before the pull-out of the bar when the concrete cover is insufficient. For more details on the definition
of minimum cover values, see §6.8.1.

oV
oV

a) b)

Figure 5-2 - Examples of bond—slip relationship for FRP bars: a) mechanism based on physical-
chemical adhesion; b) mechanism based on physical-chemical adhesion combined with mechanical
interlocking.

5.3 EXPERIMENTAL CHARACTERIZATION OF THE BOND BEHAVIOR

(1) Complete characterization of the bond model requires the execution of specific experimental tests.
The pull-out test (see Figure 5-3) is the most frequently used method to obtain an experimental rela-
tionship between the bond shear stress (assumed constant along the bonded length of the bar) and the
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slip between the concrete and the FRP bars (tv-s relationship). Since the bond shear stress varies along
the bar, the pull-out test is conducted with a limited bonded length between the bar and the concrete,
so that the assumption of constant shear stresses along the bar can be considered acceptable.

T APPLIED FORCE

_ FRPBAR
LVDT
j;[ ]ﬂ; METALLIC FRAME
PTFE OR SIMILAR === |l
5 .-:‘. b e 7’
UNBONDED s i 1y=5 d,
LENGTH e [
%LVDT

Lz—D—.?l

Figure 5-3 — Scheme of a pull-out test for the experimental characterization of the bond model of
FRP bars.

(2) The bond quality of FRP bars shall be verified through pull-out tests on at least 5 specimens. For
this purpose, pull-out tests shall be conducted on FRP bars embedded in concrete blocks of strength
class C20/25, with a bonded length, ¢,, equal to 5 times the effective diameter of the FRP bar, db e,

following the procedures set out in the current qualification guidelines (EAD-FRP bars or LG-FRP
bars).

Assuming a constant distribution of bond shear stresses over the bonded length, /¢, , the peak bond

shear stress, v, is calculated from the maximum load, F__, obtained in each pull-out test, provided

that failure occurs at the FRP bar—concrete interface, as follows:
F

T, =— with ¢, =5d, . 5.1
b Tl:db’eff ‘gb b b,eff

For qualification purposes, the mean peak value shall be calculated based on the results of at least 5
pull-out tests.
The bond quality of FRP bars in concrete can be classified into the following classes:

e Bondclass 1: 1, > 15.0 MPa
e Bondclass2: 7.0 MPa <1, <15.0 MPa

The design provisions given in these Guidelines are not valid for FRP bars for which bond tests show
T < 7.0 MPa.

5.4 ANCHORAGE LENGTH

(1) The typical design criterion for anchorage of metallic bars requires the anchorage length be suffi-
ciently long to assure yielding of the bar when subject to traction test. On the contrary, since FRP
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bars have particularly high tensile strength, it is often unnecessary to ensure that they can be anchored
up to their full tensile capacity. This is especially evident when bars are anchored in regions subjected
to low stress (such as the ends of simply supported beams). On the contrary, particular attention shall
be paid to the anchorage of bars in beams and columns of frame structures designed in seismic zones,
since maximum stresses often occur at the ends of structural members.

(2) For straight FRP bars in tension zones, indicating with o, the stress level in the bars under the

ULS load combination, the anchorage length may be calculated using the following expressions, de-
pending on the bond class defined in §5.3:

e For FRP bars in Bond class 1:

2 25 4/5 d 2/5 1 Sd 1/2
ga:kcp.kl.db. Ow | |22 %) | 12% k,=30 (5.2a)
500 S 20 ¢y
e For FRP bars in Bond class 2:
3/2 3/5 3/10 12
25 d 1.5d
gazkcp.kg.db. Ouw | | 2| |[% . b k,=65 (5.2b)
500 S 20 ¢,
where:

e p is a coefficient accounting for the position of the bar during casting and its effect on bond
(equal to 1.0 or 1.2 for good or poor bond conditions, respectively, as specified in EN 1992-
1-1:2023);

e ¢, =min(c 0.5¢,,3.75d,), where ¢ and ¢ are the geometrical cover

geom,x ? cgeom,y 4 geom,x geom,y

measured in the horizontal and vertical direction, respectively, c; is the spacing between adja-
cent FRP bars, and d, is the nominal diameter of the FRP bars.

172
1.5d
L J is considered in (5.2) only if it is greater than 1.

The term
G

The exponents and the coefficient &, of these expressions were obtained through statistical analyses

and regression of experimental results.

(3) To ensure that anchorage is provided for an FRP bar subjected to a tensile stress level o,,, the

anchorage length, given by (5.2a, b) and measured from the section beyond which the bar is no longer
considered effective but only anchored, shall not be less than the greater of 300 mm or 20 d, , regard-

less of bar diameter or bond quality class. Therefore, the design value of anchorage length, ¢_, shall
be taken as:

(, =max(/,,300mm,20d, ) (5.3a)

(4) For exposure condition 3, the design value of anchorage length, 7 ,, in Eq. (5.3a) shall be in-

creased considering the environmental reduction factor 1, from Table 4-1, as follows:
. =Lmax(€a,300mm,20db) (5.3b)
Na

(5) For the evaluation of o, in zones mainly subjected to shear stresses, the bending moment diagram
shall be appropriately shifted, as required by current Codes for RC elements with steel reinforcement.
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(6) If it is not possible to assure the design anchorage length /¢ , required by (5.3), anchorage of
straight bars may be achieved by overlapping with additional FRP bars of the same nominal diameter,
bent at 90° at their ends (Figure 5-4). The lap length of the straight portion of the additional bent bar
shall be:

0, =125-0,, (5.4)

This anchorage method, often used to simplify reinforcement detailing (since it allows the main rein-
forcement bars to remain straight), shall be carefully considered in heavily reinforced sections, as
significant reinforcement congestion may result. After bending at 90°, the hooked bar shall have a

straight extension at least equal to 10 times the nominal bar diameter d,: L, >10d, (Figure 5-4).

14

Figure 5-4 — Anchorage of FRP bars by overlapping with 90° bent bars

(7) Egs. (5.2) may also be used to calculate, at sections located at a distance ¢, </, from the end of
an FRP bar, the maximum design stress, o, , that can be developed in the bar, depending on the bond

quality class. Inverting (5.2) gives the following equations:

- For FRP bars in bond quality class 1:

’ 12 7 2/5 20 /5 1/4
o =k || fLa) [ L | <¢ k=92 5.5
fa (dbj (zsj [dbj (1.5de Jha (5.32)

- For FRP bars in bond quality class 2:

’ 2/3 f 2/5 20 1/5 1/3
o=k | L) S S ) < k=31 5.5b
& (dbj (25) [dbj {1.561]3) Jia (5-5b)

In equation (5.5), the term that is a function of [1 zdd j, it is considered only if it is less than 1.
: b
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6 ULTIMATE LIMIT STATES (ULS)
6.1  ULTIMATE MOMENT RESISTANCE WITHOUT AND WITH AXIAL FORCE

6.1.1 Basic assumptions

(1) The ultimate limit state design for flexural actions requires that the structural element be sized so
that the design moment resistance, Mrg, is greater than or equal to the design value of applied bending
moment, Mgg, resulting from the design loads acting on the structure:

M, <M, (6.1)

Ed —

In the case of combined axial force and bending, the design value of applied axial force, Ngg, shall be
considered in the evaluation of Mga.

(2) The fundamental assumptions underlying the calculation of the design flexural resistance Mgq at
the ultimate limit state for a RC section with FRP bars are as follows:

- sections remain plain up to failure, with a linear distribution of normal strains in both com-
pressed concrete and FRP tensile reinforcement;

- the tensile strength of concrete is neglected;

- the contribution of FRP bars in compression is neglected;

- the constitutive law for concrete is taken according to the current Code;

- the constitutive law for FRP bars is assumed to be linear-elastic up to failure.

Although the contribution of FRP bars in the compression zone is neglected, it is permitted not to
deduct the area of concrete corresponding to them.

(3) Flexural failure occurs when one of the following conditions is reached:

- the ultimate compressive strain in concrete, gy, is reached (concrete-side failure);

- the ultimate tensile strain in FRP bars, ef4, is reached (FRP-side failure), calculated as a
function of the design tensile strength:

f fid — f;‘tkO

€ =0 N My Moy

, (6.2)
f Y; - E;

where vr is the partial factor for FRP bars defined in § 4.5 and nrt, na, and nc; are the conversion
factors defined in §4.6.1 and §4.6.2 depending on the exposure conditions of the structure. In Equa-
tion (6.2), bars are assumed to be fully anchored.

6.1.2 Desigh moment resistance

(1) The design flexural resistance of the section is calculated in accordance with the assumptions
reported in § 6.1.1.

(2) Since FRP bars behave linear-elastic up to failure, the stresses in the FRP reinforcement are de-
termined as the product of the strains and the longitudinal elastic modulus.

(3) When failure of the section occurs due to reaching the ultimate compressive strain in the concrete,
€cu, @ simplified constant distribution of normal stresses in the concrete (so called “stress-block’) may
be adopted.

(4) In the case of pure bending, with reference to Figure 6-1, two failure regions can be identified
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depending on the position of the strain diagram at failure: 1) failure region 1: when the ultimate tensile
strain in the FRP reinforcement, €rq is reached; 2) failure region 2: when the ultimate compressive
strain in concrete, €y, is reached while the reinforcement remains in the elastic range. In Figure 6-1,
b, d and h are the section width, effective depth, and total depth of the concrete section, respectively;
x is the distance from the neutral axis to the compressed edge; Ar is the total area of the FRP tensile
reinforcement; c is the distance from the centroid of the FRP reinforcement to the tension face of the
section (mechanical cover). In Figure 6-1, the position of neutral axis x refers to a strain distribution
corresponding to failure region 1. The two failure regions are separated by the line that connect the
values of ultimate strains in the two materials, €.y, and egq.

Neutral axis

Figure 6-1 — Flexural failure modes of a concrete section reinforced with FRP bars under pure bend-
ing moment.

(5) In failure region 1, failure occurs when the FRP reinforcement reaches its ultimate strain; there-
fore, any strain diagram corresponding to this failure mode has as a fixed point the limiting strain
value of the reinforcement qq. For reinforcement arranged in multiple layers, this value refers to the
centroid of the outermost FRP bars.

The strains within the section can be determined based on the linear strain distribution using the
following relationships (see Figure 6-1):

X

- Strain at the compressed edge of concrete: €, =g, m <e,
-X

(6.3)

- Strain in the FRP bars: & =&y (6.4)

where x represents the distance from the neutral axis to the top (compressed) fiber.

The ultimate strain in the FRP bars, ¢, is defined by Eq. (6.2) if the section under verification is

located at a distance from the bar end greater than or equal to the anchorage length defined by Egs.
(5.3) and calculated assuming o, = f;, = &,, - E; or if 90° bent bars are provided for proper anchor-

age (see Figure 5-4). Otherwise (distance of the section under verification from the bar end smaller
than its anchorage length provided by (5.3)), the ultimate strain for the bar can be computed as
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o, o . . .
sﬂd=E—“‘< Ju» Where o, is given by Egs. (5.5) as a function of the distance ¢, between the section

.
under verification and the FRP bar end, and of the bond quality class of the FRP bars.

(6) In failure region 2, failure occurs due to crushing of the concrete, while the strain in the FRP
reinforcement remains below its ultimate value. In this case, given the ultimate compressive strain in
concrete, €cu, the section strains can be computed assuming linear strain distribution as follows (see
Figure 6-1):

- Strain at the compressed edge of concrete: €, =¢ (6.5)

C cu
d—x

cu

Strain in FRP bars: € =€ <é€hy (6.6)

X

The evaluation of &, follows the same considerations described in point (5).

(7) In case of pure bending, for both failure types of failures (region 1 and 2), the distance x of the
neutral axis from the compressed edge is determined from the equilibrium of longitudinal forces:

y-b-x-f —A -E g =0 (6.7)

When an axial force is applied to the section, the first term of Eq. (6.7) is not equal to 0, but has to be
equal to the the design value of the applied axial force, Ng4, and the failure regions may be also
different from the two ones plotted in Figure 6-1 for pure bending. In case of combined bending and
axial load, an Nrq-Mrq interaction diagram could be constructed by means of Eq. (6.7) and (6.9)
introduced in the following. In Eq. (6.7), fcd is the design compressive strength of the concrete eval-
uated according to the current Standards, y is a dimensionless coefficient equal to 0.8095 for failure
region 2, and for failure region 1 is expressed by the following Eq. (6.8) where, for sake of simplicity,

it is assumed a_c =1000¢, :

g 0.5-2¢ perg£2.0
12
\lj =
) _ (6.8)
1—3—_ per2.0<g <3.5

C

In failure region 1, Eq. (6.7) must be solved iteratively since vy it is a function of the concrete com-
pressive strain & < gcu. It should be noted that, for failure region 2, the fixed values y = 0.8095 and A
=0.4160 correspond to the condition of reaching the ultimate compressive strain in concrete (¢ = &cu)
and are consistent with the simplified constant stress distribution (stress block).

The design bending moment, Mrgq, can finally be obtained from the equilibrium of moments respect
to the centroid of the concrete section:

M, =v-b-xf,-(0.5h—\-x)+A, -E, -¢, ~(0.5h—c) (6.9)

In (6.9), A is a dimensionless coefficient equal to 0.4160 for failure region 2 and, for failure region 1,
being & =1000¢,:
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8- = pergSZ.O
4(6-¢.)
"= 86(38_0—4)+2 _ (6.10)
— per2.0<g <3.5
280(380— )

6.2 PRINCIPLES OF FLEXURAL DESIGN UNDER FIRE CONDITIONS

(1) In fire design verifications of RC structures with FRP bars, for a given exposure time and under
specific environmental conditions, the thermal analysis provides the temperature field within the
cross-section of the structural element. Consequently, a temperature-dependent stress—strain relation-
ship of(g T;), must be considered for each material of the cross-section. The mechanical properties
required for fire verification (elastic modulus, ultimate strength, and ultimate strain) of FRP bars at
elevated temperatures shall be provided by the Manufacturer and evaluated in accordance with stand-
ardized national or international testing procedures. In the absence of a standardized procedure, these
properties may be determined using the same setup as for tensile tests at room temperature, employing
a climatic chamber capable of uniformly heating the specimen in the central region where the strain
field is measured (using well-established photogrammetric techniques for strain evaluation) and
where specimen failure occurs.

(2) For RC structures with FRP bars, it should be noted that:

a higher fire resistance can be achieved by increasing the thickness of the cover. The temper-
ature reached in the bars largely depends on the concrete cover, whereas the overall fire re-
sistance depends on the fibers' high-temperature strength and, therefore, on the fiber type;
the type of aggregate used in concrete affects fire performance, both because of differences in
thermal conductivity and varying susceptibility to spalling. For thermal conductivity, refer-
ence may be made to the conductivity curves provided in the current standards or in validated
references (EN 1992-1-2) for RC elements with steel reinforcement. The effect of spalling is
generally neglected in safety verifications;

due to resin softening, the bar loses its bond with concrete when the FRP bar temperature
exceeds its glass transition temperature (Tg). Therefore, the first possible flexural failure
mechanism is the loss of tensile load-carrying capacity of the bar due to bond failure. This
highly unfavorable mechanism can be avoided if the bar ends is able to maintain an adequate
bond strength. Under such conditions, the flexural failure mode to be verified corresponds to
the reduction in the tensile strength of the FRP bars as the temperature increases;

to ensure adequate anchorage of the bars, a “cold zone” shall be provided at the end of the
structural element, having a length at least equal to the anchorage length of the bar calculated
at room temperature according to Egs. (5.2). The evaluation of temperatures in the anchorage
zones may consider the use of specific passive fire protection systems (e.g., boards or coat-
ings), applied only over the length required to guarantee the cold zone. Alternatively, thermal
analyses and advanced bond-mechanics models may be employed to minimize or eliminate
the need for additional protective systems;

the use of spliced bars in the fire-exposed zone may lead to premature failure of the RC ele-
ment, as bond degradation in the exposed region may occur before the FRP bars' tensile
strength reduces. To prevent premature failure, continuous reinforcement should be used in
regions of the concrete element that may be exposed to fire.
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(3) Considering the parameters that play a key role in the behavior of FRP-reinforced elements, Ap-
pendix F presents a simplified method for design and verification under fire conditions.

6.3 SHEAR RESISTANCE

(1) Shear verifications of RC elements with FRP bars are to be performed only with respect to the
ultimate limit states (ULS); the cases of elements with and without transversal reinforcements specific
for shear made by FRP stirrups are treated separately.

6.3.1 Elements without transverse shear reinforcement

(1) The construction of slabs, plates, or other members with analogous structural behavior without
stirrups is permitted, provided that they are able to exhibit an adequate capacity for transverse load
redistribution.

(2) At the ultimate limit state (ULS), the design shear resistance of an element longitudinally rein-
forced with FRP bars and without transverse reinforcement may be evaluated using empirical expres-
sions, which account for the various shear-resisting mechanisms mobilized in concrete beams. Two
formulations are proposed: one based on the equation provided by the current national Code for con-
crete elements reinforced with steel bars (Approach 1), the second based on the equation provided by
the recent Eurocode 2 (EN 1992-1-1:2023).

Approach 1: the shear resistance of concrete elements provided of longitudinal FRP bars and without
shear reinforcement is given by:

k E 1/3
VRd,cs—s-k-(mOpl-z—lfonkj bd>V,

\%

(6.11a)

d,ct,min

where VRrd,ct,min 1S the minimum value of the shear resistance provided by strength mechanisms asso-
ciated to concrete and equal to:

V,

Rd,ct,min

=0.035-k"-\|f, b, -d (6.11b)

Eq. (6.11a), as the following Eq. (6.11c), is based on an alternative formulation to Eq. (4.1) since the
partial factor v,,, assumed equal to 1.5, is applied to whole resistance Vrd,ct and not to the material

strength; for this reason in Eq. (6.11a) and (6.11c¢) the characteristic value, and not the design value,
of compressive strength fck is used. Moreover, in the above expressions, the symbols have the follow-
ing meanings:
e [k isan experimentally calibrated coefficient, equal to 0.20 for longitudinal reinforcement
consisting of either glass or carbon FRP bars;

e by and d are the width and the effective depth of the concrete section, respectively; for non-
rectangular sections, b, is the minimum width of the concrete section;

e p,=A;/(b-d)<0.02is the longitudinal tensile reinforcement ratio, where Ar is the total area
of FRP bars properly anchored, meaning extending not less than ¢_, +d beyond the consid-

ered section, with ¢_, as the anchorage length defined in §5.3;

fex s the characteristic value of the compressive strength of concrete;
v, the partial factor for concrete, assessed based on the current Standards;

k=1+ @£2;
d
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e Eris the modulus of elasticity of the longitudinal FRP bars (in GPa).

Approach 2: the shear resistance of concrete elements provided of longitudinal FRP bars and without
shear reinforcement is given by:

k's Ef ddg "
VRd,cFy—- 100p, - ——-fo, - — | -b,-d=V, (6.11c)

. 2 1 0 d d,ct,min

where, in addition to the symbols already defined,

- v, = 1.4, is the partial factor for the shear resistance model in concrete elements without transversal
reinforcement as used in (EN 1992-1-1:2023),

- k', is an experimentally calibrated coefficient, equal to 0.82 for longitudinal reinforcement consist-
ing of either glass or carbon FRP bars,

- dyg 1s a size parameter depending on the concrete type and its aggregate properties, which may be
taken as:

e dig =16 mm + Dmin <40 mm for fck < 60 MPa;

2
® dy=16mm+ D . [QJ < 40 mm for fu > 60 MPa;

ck

where Dmin is the smallest diameter of the largest sieve size, which can be substituted by the maximum
aggregate diameter, Dmax.

In Eq. (6.11c¢), VRd,ctmin is given by Eq. (6.11b).

6.3.2 Elements with FRP transverse shear reinforcement

(1) With reference to concrete elements provided of transverse shear reinforcement fully made by
FRP stirrups or made by both FRP and steel stirrups, the design indications herein provided are valid
only for FRP and steel stirrups placed orthogonally to the element axis.

(2) At the Ultimate Limit State (ULS), the design shear resistance of a member reinforced with both
longitudinal and transverse FRP bars can be evaluated using a truss model. The resisting elements of
the ideal truss are: the FRP stirrups, the longitudinal FRP reinforcement, the concrete compression
chord, and the concrete compression struts in the web, inclined at an angle 6. Such an assumption

leads that the shear resistance of the element, V,,, can be expressed as:

Vi = min(Vig + Vigei; Vaae) (6.12)

d,ct ’
where:

Vi, 18 the resistance associated with the crushing of the concrete, (shear—compression failure of
the truss),

V... is the contribute to the shear—tension failure of the truss associated to the tensile failure of

Rd,f

the FRP stirrups;

-V is the contribute to the shear—tension failure of the truss associated to the concrete shear-

Rd,ct
resisting mechanisms, which activates also in absence of transversal reinforcement.
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(3) The contribution corresponding to the tensile failure of the FRP stirrups, to be introduced in Equa-
tion (6.12), is calculated as:

Vszoydfm]Mcme (6.13)
S

In the absence of more specific information—and given the limited experimental data currently avail-
able, it is recommended to assume 6 = 45° (cot0=1).

Moreover, in Equation (6.13), A#y is the total cross-sectional area of the FRP stirrups where s is their
spacing, fund is the design tensile strength of the bent portion of the FRP stirrup, evaluated as:

Suba =m'm'& (6.14)

Tt
where n; and n, are the conversion factors accounting for temperature and environmental conditions

(as defined in § 4.6), fuvk is the characteristic tensile strength of the bent portion of the FRP stirrup,
v, 1s the partial factor for FRP stirrups equal to 1.40, as specified in §4.5 for verifications at SLU

under shear stresses, and having the same meaning of the partial factor vy, previously introduced to

calculate the contribute Vi, .

It has to be noted that, according to Table 3-1 of this Document, the strength fuk is a mandatory
property for the FRP stirrups and shall be greater than 40 % of the characteristic tensile strength of
the straight portion of the stirrup, feust. Both values of strength, fubk and frk.st, shall be available from
the manufacturer’s qualification tests in accordance with EAD—FRP Bars or LG-FRP Bars; in par-
ticular, the value ffu st determines the class of the bar used for realizing the stirrup on the basis of the
limits listed in Table 3-3 (see point (4) of §3.3). If the manufacturing process for the bar used to
realize the stirrup is the same of the straight bar with equal diameter, the class of the stirrup is the
same of the straight bar, individuated by its tensile strength fixo, and the strength of the stirrup fubk
shall be higher than 40% of ffko. In the design phase, lacking information on fuk, in Eq. (6.14) it will
be possible to use the 40% of the characteristic value of tensile strength associated to the class of the
bar chosen for realizing the stirrup.

<0.005-E

For seismic design, the following limit also applies in the Eq. (6.14): f,, < .
(4) The contribution of the concrete shear-resisting mechanisms, Vi, , to be used in Equation (6.12),
is given by Equation (6.11a) or (6.11c).

(5) The design resistance associated with the crushing of the concrete web, V. is calculated as:

Vige =0.9b-d -0, -v- f, cotO

— 6.15
“ (1+cot 6%) (©6.15)

The selection of 6 follows the same assumptions as in item (3).

In Equation (6.15), v = 0.5 is a reduction coefficient, a. is a coefficient accounting for the effect of
axial compression in the section, function of the mean compressive stress acting in the element,

Ed

o =

. , being Ngq the design applied axial force and A. the cross-sectional area of the element, as

C

follows:
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o, =1 for o,=0
GC
o, =l+—= for 0<o,, <0.25f,
cd
6.16
o, =1.25 for 0.25 f, <o, <0.50 1, (6.16)

o
o, = 2.5(1—£j for 0.50 f,, <o, < f4

cd
where fcq is the design value of the compressive strength of concrete

(6) The longitudinal reinforcement shall be designed by shifting the bending moment diagram hori-
zontally by:

a = 0.9décot9 (6.17)

where 0 is set as indicated in item (3).

6.3.3 Shear design under fire conditions

(1) For verifications under fire conditions, the contribution of both longitudinal and transverse FRP
reinforcement shall be neglected when the temperature distribution within the structural element in-
dicates that the glass transition temperature T, has been exceeded. Therefore, in this case the shear
resistance shall be determined using Equation (6.11b) for elements both with and without shear rein-
forcement, neglecting the contribution due to the dowel effect of the longitudinal bars.

6.4 TORSIONAL RESISTANCE

(1) For the calculation of the torsional resistance of concrete elements reinforced with FRP longitu-
dinal bars and FRP stirrups, and in the absence of specific provisions, the formulations provided by
the applicable standards or by other validated references for concrete elements reinforced with steel
bars and stirrups may be adopted, under the following assumptions:

- the areas of steel longitudinal bars and stirrups are replaced by the nominal areas of the FRP
longitudinal bars and FRP stirrups;

- the yield strength of the steel longitudinal reinforcement is replaced by the design tensile
strength of the FRP bars, ffd;

- the yield strength of the steel stirrups is replaced by the design tensile strength of the bent
portion of the FRP stirrups, fund, Which shall also satisfy f, , <0.005-E, in the design of

elements for seismic actions.
- cotO=1;
- v=0.35.

6.5 CONFINEMENT

(1) Experimental research has shown that the compressive strength of FRP bars is significantly lower
than their tensile strength, primarily due to the occurrence of more pronounced instability phenomena
compared to those observed in steel bars. This behavior is related to the lower elastic modulus of FRP
materials. Therefore, although further research is still needed to confirm the available experimental
data, the contribution of FRP bars under compression shall be neglected. However, it is necessary to
prevent instability of FRP bars in compression, since it may influence the behavior of the whole
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section, by providing a suitable confinement of the bars. The confinement of compressed FRP bars
may be achieved by means of FRP stirrups, placed perpendicular to the element’s axis and spaced
according to the following requirement:

s <min(d,;,,16d,,48d,,) (6.18)

min >

where dmin 1S the minimum transverse dimension of the section, dp is the nominal diameter of the
longitudinal FRP bars, and dbs is the nominal diameter of the FRP stirrups.

(2) In addition to preventing instability of the FRP bars in compression, adequate confinement with
FRP stirrups of compressed concrete elements may also improve their overall performance, allowing
for:

e an increase in the ultimate strength of elements subjected to axial or slightly eccentric axial
load;

e an increase in the ultimate compressive strain of concrete in elements subjected to combined
compression and bending in case of high eccentricity.

In particular, to estimate the effect of confinement, lacking specific formulations for FRP stirrups,
validated expressions or those provided by the current Standards for elements confined with steel
stirrups may be used. In such cases, the contribution of the FRP stirrups may be considered analogous
to that of steel ones, replacing the steel yield strength with the design tensile strength funa of the FRP
stirrups, according to the following expression:

fue=min(n, -1, 220,004 E, ) (6.19)
Y
being vy, the partial factor of the FRP stirrups equal to 1.40, as specified in §4.5, n, and n, the

conversion factors taking into account the effect of temperature and environmental conditions de-
pending of the exposure conditions of the structure, as defined in §4.7, fubk the characteristic value of
the bent part of the FRP stirrup, and E, the elastic modulus of the FRP stirrup. In Eq. (6.19), the first
term is related to the linear-elastic behavior of FRP, which provides a confining pressure increasing
with the axial load: as the axial strain of the concrete increases, the confinement pressure continues
to rise with the concrete’s lateral expansion until the tension failure of the FRP stirrups occurs. The
second term takes into account that the stress level in the FRP stirrups should also be limited to main-
tain the integrity of the concrete.

6.6 RESISTANCE IN CASE OF HYBRID REINFORCEMENT

6.6.1 Ultimate moment resistance without and with axial force

(1) It is assumed that flexural failure, in case of pure bending moment or combined with axial force,
occurs when one of the following conditions is reached:

e the ultimate compressive strain of the concrete, &cu;
e the ultimate tensile strain of the FRP bars, esq, as defined in Equation (6.2).

(2) The constitutive laws of the materials are assumed to be the same as those given in §6.1.1 for
sections reinforced exclusively with FRP bars. For steel reinforcement, the constitutive law pre-
scribed by the current Standards shall be applied.

(3) The design resistant moment of the section shall be evaluated in accordance with the assumptions
stated in §6.1.1.
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Figure 6-2 - Failure modes of a concrete section reinforced with hybrid steel-FRP reinforcement
under pure bending moment or combined with axial force.

(4) For the rectangular section shown in Figure 6-2, Ar is the total area of the tensile FRP reinforce-
ment; Eris the modulus of elasticity of the FRP, A is the total area of the tensile steel reinforcement;
x is the neutral axis depth, measured from the most compressed fiber, ¢ and ¢s are the distances of the
centroids of the FRP and steel reinforcement from the tensioned edge of the section, respectively.
Three possible failure regions can be distinguished depending on which strain limit is reached:

- Failure region 1: the ultimate strain in the FRP bars, €4, is reached and the steel bars in tension
are yielded (&s > €yq);

- Failure region 2a: the ultimate compressive strain in the concrete, €cu, is reached and the steel bars
in tension are yielded (& > €yq);

- Failure region 2b: the ultimate compressive strain in the concrete, €cu, and the steel bars in tension
are in the elastic range (&s < &yq).

(5) In failure region 1, failure occurs when the ultimate strain in the tensile FRP reinforcement is
reached; the steel bars in tension are yielded, while the concrete does not reach its ultimate compres-

SIve strain: &; =€, & =&, & <&,

The strains ¢, and ¢ can be calculated from the linear strain distribution as:

. I . . X
- maximum strain in concrete in compression: g, = d—Sftd
- X

o . . d,—x
- strain in steel bars in tension: g = d‘ €aq
-Xx

where d is the distance from the compressed edge to the centroid of the FRP reinforcement and d; is
the distance from the compressed edge to the centroid of the steel reinforcement.

(6.20)

(6.21)

In this failure mode, the stress in the steel bars equals the design yield strength, fyq.
(6) In failure region 2a, failure always occurs by crushing of the concrete, while the tensile FRP bars
do not reach their ultimate strain, and the steel bars in tension are yielded: ¢, =¢,, &, <&y, & >¢&,

The strains g; and g, can therefore be calculated as a function of the concrete ultimate strain, assum-
ing linear strain distribution, as follows:
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- strain in the FRP bars in tension: ¢, =

c (6.22)

- strain in the steel bars in tension: X (6.23)
In this failure domain, the stress in the steel bars in tension equals the design yield strength, fq.

(7) In failure region 2b, failure also occurs by crushing of the concrete, while the FRP bars in tension
do not reach their ultimate strain and the steel bars in tension are in the elastic range:

€ =€y, & <Epy» & <Ey-

The strains &, and €, can therefore be calculated as a function of the concrete ultimate strain, assum-
ing linear strain distribution along the section, through the following relationships:

. . . d—
- strain the FRP bars in tension: g, = al

g (6.24)
X
. . . d,—x
- strain in the steel bars in tension: ¢ = —=——¢_ (6.25)
X

In this domain, the stress in the steel bars in tension shall be evaluated by multiplying the strain from
Eq. (6.25) by the elastic modulus of steel, Es.

(6) In case of pure bending moment, for all failure regions, the position of the neutral axis, x, meas-
ured from the compressed edge of the section, is determined from the equilibrium of axial forces:

v-box-f,—A B ~A 0, =0 (6.26)

In case of combined presence of axial force, the first term of Eq. (6.26) is not equal to 0, but to the
design value of the axial force, Neq. The design moment resistance, Mrq, is obtained from the equi-
librium of moments with respect to the centroid of the concrete section:

M,, =y-b-x f,-(0.5h=L-x)+A, E, & -(0.5h—c)+A, -0,-(0.5h—c,) (627)

The coefficients y and A shall be taken as defined in §6.1.2 for members reinforced with FRP rein-
forcement.

In Egs (6.26) and (6.27), o, is the stress in the steel bars in tension and may be taken as o, = f|,in
failure regions 1 and 2a, while in failure region 2b, since the steel remains elastic 6, = E_-¢_, where
g, is computed from Eq. (6.25).

6.6.2 Shear resistance

(1) For structural elements provided with hybrid shear reinforcement, consisting of a double arrange-
ment of stirrups (inner steel stirrups and outer GFRP stirrups), lacking experimental data and numer-
ical analyses capable of accurately defining the load-carrying capacity of this configuration, on safety
side, it is recommended to assume the contribution of the only steel or FRP stirrups. Thus, the shear
resistance at the ultimate limit state may be determined in accordance with Eq. (6.12), considering in
the calculation of Vy,, the contribution of only one type of stirrups present in the section, while

Viae 18 given by Eq. (6.11a) or Eq. (6.11c¢). The contribution of the concrete web, V., , may be
calculated using Equation (6.15).
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6.7 BEHAVIOR OF STATICALLY INDETERMINATE STRUCTURES

(1) In the case of statically determinate (isostatic) structures, the distribution of internal forces is
governed solely by the equilibrium equations.

(2) In the case of statically indeterminate (hyperstatic) structures, the internal stresses depend on the
stiffness characteristics of the cross-sections, which are determined by their moment—curvature rela-
tionships. FRP bars exhibit an elastic—brittle behavior so, if we exclude the stiffness contribution of
the concrete in tension, the moment—curvature diagram of a RC section with such reinforcement is
monotonically increasing and remains approximately linear up to failure. As a consequence, structural
members reinforced with FRP bars exhibit low ductility (limited to the concrete's nonlinear behavior),
which prevents significant redistribution of stress resultants, and, thus:

- alinear elastic structural analysis may be carried out;
- limit analysis theorems cannot be applied to hyperstatic structures;
- The corollaries of the fundamental limit analysis theorems are not valid, meaning that:
a. any distortions in the structure (for example, due to thermal variations) may influence its
load-carrying capacity;
b. the elastic properties of the structure affect its ultimate resistance;
c. the load-carrying capacity of a hyperstatic structure may decrease when the resistance of
some of its parts is increased.

6.8 CONSTRUCTION DETAILS

6.8.1 Concrete cover

(1) The relatively high values of transverse thermal expansion of FRP bars compared with concrete,
together with the Poisson effect in the case of compressed reinforcement, may induce significant
circumferential tensile stresses in the concrete around the bar, initiating radial cracking (Figure 6-3).
These cracks can damage the bond at the concrete-FRP bar interface, with adverse effects on the
structural behavior under both service and ultimate conditions, as well as on the structure's durability.
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Figure 6-3 - Cracking induced by FRP transverse expansion and consequent normal stresses in the
concrete surrounding the bar.

(2) To prevent the formation of radial cracks around the bars, it is recommended to adopt a sufficiently
large geometric concrete cover ¢, (i.e., the distance from the outer face of the bar to the element

geom

surface), whose minimum value is given by the following relationship:

Cocom = Coniny T ACy, (6.28)

geom min,b

where Ac,,, is the additional cover allowance accounting for construction tolerance, defined in
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accordance with Eurocode 2 (Table 6.7, EN 1992-1-1: 2023) and c,;,, is a minimum value related

to the bond shear stresses transferred by the bar to the surrounding concrete that shall be:
1.5d, <c,;,, <50mm, being d, the nominal diameter of the FRP bar.

When FRP stirrups are presents, c, . is the distance of the outer face of the stirrup to the element

geom
surface and shall be calculated according to Eq. (6.28), but adopting the following indication:
min(1.5d,;10mm) <c_; , <38mm.

It has to be noted that in concrete elements reinforced with FRP bars, in Eq. (6.28) there is no term
related to the durability, that on the contrary for steel bars is present and depends on the exposure

environmental conditions and on the design service life of the structure.

6.8.2 Requirements for longitudinal reinforcements

(1) The minimum nominal diameter that may be used for FRP bars as longitudinal reinforcement is
d, =8 mm.

(2) The area of the longitudinal tensile FRP reinforcement, A, shall not be less than a minimum

value, A capable of ensuring that:

f,min >

Mga> 1.5 - Mo (6.29)

where M. represents the cracking moment, to be determined in accordance with the applicable stand-
ards. Eq. (6.29) can be equivalently rewritten as:

_034.29 Jom (6.30)

ftd

Af,min
(3) The recommended minimum compression reinforcement, A, , shall be not lower than the
following value:

A, =0.001-A, (6.31)

fc,min

(4) For members without shear reinforcement, the area of tensile longitudinal FRP reinforcement, A,
shall be provided such that the corresponding percentage p, is not lower than the following minimum

value:

_ A _ 0.01 (6.32)
pl,min_ bd -V .

(5) The lap splicing of tensile FRP bars shall be carried out only in regions where the stress in the
bars is less than 80% of the design tensile strength evaluated at the Ultimate Limit State, f;,. The

minimum lap splice length, ¢, shall be taken as:
l.=125-7, (6.33)

where 7, is given by Equation (5.3).
6.8.2.1 Specific requirements for columns

(1) The area of the longitudinal reinforcement Arin columns subjected to combined compression and
bending shall be not lower than the following minimum value:
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A

f,min

=max(o.1-h;o.m-Ac) (6.34)

ftd

where NEgq is the design axial load, fiq is the design tensile strength of the FRP reinforcement, and A
is the area of the concrete section.

(2) The maximum value of the total longitudinal reinforcement for columns, Ag, shall be:

A, =0.04-A (6.35)

f,max

In case of lap slicing of the bars, the value ofc A shall be double the one provided by Eq. (6.35).

f,max

(3) The longitudinal reinforcement in columns shall also comply with the following additional re-
quirements:

- atleast one bar in each corner for polygonal sections and a minimum of six bars for circular
sections;

- the reinforcement shall be symmetrically arranged;

- in polygonal sections, all bars shall be restrained by stirrups or ties and placed at a maximum
spacing of 150 mm.

6.8.2.2 Specific requirements for slabs

(1) For concrete slabs reinforced with FRP bars, the total area of the longitudinal reinforcement in
tension, Ay, shall be, in both directions, non lower than the following minimum value is:

A, =0.0025-A, (6.36)

f,min

(2) When the analysis of slabs is performed using beam-type models—that is, without adopting a
two-dimensional plate model—only the reinforcement in the primary bending direction may be de-
termined from the analysis. In addition to this reinforcement, a secondary (distribution) reinforcement
shall be provided, placed orthogonally to the primary one. The specific area of secondary reinforce-
ment (per unit length) shall not be less than 20% of the primary reinforcement area, also referred to
per unit width.

6.8.3 Requirements for transverse reinforcement

(1) For beams and columns, the minimum diameter of stirrups, d,,, shall be the greater of 6 mm and
of one quarter of the nominal diameter d, of the longitudinal bars.

6.8.3.1 Specific requirements for beams
(1) For beams with transversal reinforcement, the minimum value of the percentage of transverse
reinforcement, p_, shall be:

0.08/f,

s,min

(6.37)
€qa  Er

In addition, at least three stirrups per meter shall be provided, and the stirrup spacing, s, shall satisfy
the following limitation:

$<0.75d (6.38)

where d is the effective depth of the section.
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(2) In support regions and in the presence of concentrated loads, over a length equal to the effective
depth d of the section, the stirrup spacing shall satisfy the following condition:

s <min [%;12 min(d, );150 mmj (6.39)

where min(d,) is the minimum diameter of the longitudinal bars present in the element.

6.8.3.2 Specific requirements for columns

(1) In columns, the stirrup spacing, s, shall satisfy the following limitation:
s < min (15-min(d, ); 250 mm ) (6.40)
where min(d,) is the minimum diameter of the longitudinal bars present in the element.

(2) The stirrup spacing shall be appropriately reduced at the end regions of columns, over a length
not less than the greater of:

- the larger side of the concrete cross-section;
- one-sixth of the clear height of the column (one-third for isostatic columns);
- 450 mm.

Within these regions, the stirrup spacing shall satisfy the following condition:

§< min(l‘:;“ ;100 mmJ (6.41)

where [ . is the smaller side of the cross-section.

6.8.4 Additional construction details

(1) For bent bars and stirrups, in order to prevent damage to the FRP fibers, the minimum bending
diameter to be used for bending operations in the manufacturing facility, shall be at least seven times
the nominal diameter of the bar, dy (Table 3-1). The Manufacturer shall specify the mandrel diameter
used for bending (see Appendix A).

(2) The design stress in bent FRP bars and in FRP stirrups shall be less than 25f.q, where fcq is the
design value of the compressive strength of the concrete, in order to prevent concrete damage in the
vicinity of the bend.

(3) The minimum anchorage lengths for FRP bars are given in § 5.4.

Essential References

1. EN 1992-1-1:2023 (2023) Eurocode 2: Design of concrete structures - Part 1-1: General rules
and rules for buildings, bridges and civil engineering structures, European Committee for Standard-
ization (CEN), Brussels, Belgium.
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7 SERVICEABILITY LIMIT STATES (SLS)

71 BASIC ASSUMPTIONS

(1) Structural elements shall also be verified with respect to the Serviceability Limit States (SLS), the
most relevant of which concern:

e limitation of stresses in the materials (concrete in compression and FRP reinforcement in ten-
sion);

e control of deformations (limitation of deflections);

e control of cracking (limitation of crack widths).

Because of the low elastic modulus of FRP reinforcement—particularly in the case of glass FRP
(GFRP)—these serviceability verifications may become governing criteria for the design of members
reinforced with FRP bars.

Other serviceability limit states may be relevant in specific situations, even though they are not ex-
plicitly listed in these Guidelines.

(2) The combinations of actions to be considered for serviceability verifications shall be those defined
by the applicable Standards.

In particular, the following load combinations are identified for SLS verifications:

- Rare (or characteristic) combination — generally used for irreversible SLS; it corresponds to a
load having a 5% probability of being exceeded during the design service life of the structure.

- Frequent combination — generally used for reversible SLS; it corresponds to a load that is
exceeded for 10% of the design service life.

- Quasi-permanent combination — generally used for long-term effects; it corresponds to a load
that is exceeded for 50% of the design service life.

(3) Under the various service load combinations, the following conditions shall be verified:

e Material stress limitations: stress levels in the materials shall be limited to avoid nonlinear
behavior of both the FRP bars and the concrete, for both the characteristic and quasi-perma-
nent combinations of actions. In particular, under quasi-permanent loads, stresses due to sus-
tained actions shall be limited to mitigate creep in the concrete and static fatigue in the FRP
bars, which could reduce the long-term strength of the reinforcement.

e Deformation control: the structural deformations, and particularly the deflections of members
under flexure, shall not reach excessive values that could impair the normal use of the struc-
ture, cause damage to non-structural elements, or produce psychological discomfort for occu-
pants. The limiting values of deflection-to-span ratios depend on the structural type and in-
tended use of the structure and may refer either to the total deflection or to that due to the
variable component of the load. Because of the relatively low modulus of elasticity of FRP
bars—especially those made of glass fibers—the deformation check may govern the mini-
mum amount of FRP reinforcement required to satisfy all serviceability conditions.

e Crack control: cracking shall be adequately limited, since excessive width or closely spaced
cracks could significantly reduce the durability, functionality, or appearance of the structure,
and could also impair the bond integrity at the FRP—concrete interface. Nevertheless, as FRP
reinforcement is less susceptible to corrosion than steel reinforcement, the allowable crack
widths may be less stringent than for conventional RC.
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(4) Serviceability verifications may be performed under linear elastic conditions, considering either
the uncracked or cracked section, depending on whether the tensile stress in the concrete under the
adopted load combination is below or above its tensile strength.

The assumptions underlying the analysis are:

- sections remain plain, resulting in a linear strain distribution in compressed concrete and in
the tensile FRP bars;

- linear-elastic compressive behavior of the concrete;

- limited tensile capacity of concrete, possibly accounting for tension-stiffening effects between
cracked sections;

- linear-elastic behavior of FRP bars in tension;

- negligible contribution of FRP bars in compression.

These assumptions make it possible to define a modular ratio, o, = E—f , representing the ratio between

the elastic moduli of the FRP and the concrete. In service conditions, this coefficient allows the use
of the transformed-section method for linear-elastic materials, introducing the equivalent FRP rein-
forcement area, appropriately homogenized through o, , in the calculation of the moment of inertia

and the neutral axis. In all cases, the contribution of FRP reinforcement in compression is neglected,
but it is permissible not to deduct the corresponding concrete area.

(5) For long-term load effects (i.e., under the quasi-permanent loading combinations), the value of
the modular ratio, o, shall take into account the time-dependent deformations of concrete. When
calculating stresses and deflections, it is necessary, where relevant, to consider not only the effects of
loads but also those of temperature variations, creep, shrinkage, and any other imposed deformations.

(6) For serviceability verification, it must be considered that the structural member may include por-
tions where the tensile stress in concrete is below its tensile strength (uncracked zones) and portions
where the tensile strength is exceeded, leading to the formation of transverse cracks at a specific
spacing. In the presence of cracked regions, appropriate tension-stiffening models may be adopted
(see § 7.3 and §7.4).

7.2 STRESS LIMITATIONS
(1) For the rare (characteristic) load combination, the stress in the FRP bars shall satisfy the following
limitation:
csfSnT-na-O.&@ (7.1)
Ve

where ffiko is the characteristic tensile strength of the FRP bars, n, and n, are the conversion factors
defined in § 4.6 and in Table 4-1), v, is the partial factor for the FRP material, which, for servicea-
bility limit-state verifications, shall be taken as 1.0.

The compressive stresses in the concrete shall be limited in accordance with the applicable standards.

(2) Under the quasi-permanent load combination, the stress in the FRP bars shall satisfy the following
condition:

f;‘tk,c

f

Gp <My M, (72)
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where the symbols have the same meaning introduced in point (1) and ffic is the characteristic static
fatigue strength (creep rupture) of the FRP bars at 100 years. If fix is not available, Eq. (7.2) be-

comes, since fﬁkC =M. fuo:

Gp STy M, oM, Juo (7.2b)

f

being 1. the conversion factor for static fatigue (creep rupture) at 100 years defined in § 4.6 and in
Table 4-2.

The compressive stresses in the concrete shall be limited in accordance with the applicable Standards.

(3) In the case of members subjected to simple bending, being M the bending moment due to the
applied loads corresponding to the SLS verification combination, the stresses in the materials may be
calculated for the cracked section as follows:

e Compressive stress in the concrete:

M
G, =—1xX, (7.3)
I2
e Tensile stress in the FRP reinforcement:
o, M
G, = fI (d—x,) (7.4)
2

where I, is the moment of inertia of the cracked RC section, neglecting the contribution of com-

pressed FRP bars and transforming the FRP bars in tension using the modular ratio o, ; x, is the
distance from the compressed edge to the neutral axis of the cracked section and d is the effective

depth of the section. In the calculation of the modular ratio o, = E—f, the elastic modulus of concrete,

E. shall be evaluated based on the load combination used for the serviceability verification. It may be

taken as an effective modulus to account for the development of time-dependent deformations, ac-
E

l + (P(ta tO)
in accordance with the applicable standards or other reliable sources.

This approach neglects potential linear creep effects in FRP bars, which are generally much smaller
than those in concrete. In the absence of specific information on conditions producing significant

creep effects, a simplified value @(¢,7,) =1 may be assumed for the calculation of I and x> and the

cordingto E_ ;= , where ¢(7,¢,) is the creep coefficient of concrete, to be determined

corresponding stresses.

7.3 DEFLECTIONS

(1) The deformations exhibited by structures reinforced with FRP bars shall comply with the limita-
tions established by the applicable standards for RC structures with steel bars of comparable type and
use.

(2) The analytical model adopted shall realistically simulate the actual behavior of the structure, with
a level of accuracy consistent with the design objectives. The increased deformability due to possible
cracking of the concrete in tension—caused by the exceedance of its tensile strength—shall be duly
considered. In particular, the mechanical model shall account for:
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- the different behavior of sections in uncracked and cracked stages;

- the stiffening effect of the tensile concrete between cracks (tension-stiffening effect) in the
regions where cracking occurs; if this contribution is neglected, the calculated deflection will
be greater, and the resulting assessment will therefore be safe;

- the influence of imposed deformations, such as thermal effects;

- the variation of the modulus of elasticity of concrete depending on its degree of curing at the
time of loading;

- the effects of creep and shrinkage in the concrete;

- the type of loading, whether static or cyclic.

(3) The deflection of FRP-RC flexural members may be calculated by integrating the curvature dia-
gram. Curvatures may be obtained from a nonlinear analysis that accounts for cracking and for the
tension-stiffening effect of the tensile concrete. In the case of nonlinear deflection analysis, the prin-
ciple of superposition of effects does not apply.

(4) Alternatively to point (3), for beams in flexure, simplified analytical procedures similar to those
used for conventional RC beams with steel bars may be adopted. Interpretation of experimental re-
sults confirms the validity—also for FRP-reinforced beams—of the simplified tension-stiffening
model, in which the deflection is expressed as a combination of the deflection in the uncracked stage
(stage 1) and that in the fully cracked stage (stage 2):

f=f-(=y)+fy-y
MY (7.5)
P

max
where:

e 1 isthe total deflection of the structural element;
e f, isthe deflection calculated for the uncracked beam, corresponding to the moment of inertia

I of the uncracked section, with the FRP tensile reinforcement transformed by the modular
ratio o, ;
e f, is the deflection calculated for the fully cracked beam, corresponding to the moment of

inertia I> of the cracked section, already defined in § 7.2;
e v is the tension-stiffening coefficient, where:

- Mmax is the bending moment at the most stressed section of the element, evaluated under
the characteristic load combination (representing the maximum moment acting during the
structure’s design service life);

- M is the cracking moment corresponding to the same section subjected to Mmax;

- m s a coefficient, to be taken as 2 in the absence of more specific information;

- B, is a dimensionless coefficient accounting for the bond quality of the bars, to be taken as

0.85 for Bond class 1 and 0.70 for Bond class 2, with bond classes defined in § 5.3; for
exposure condition 3, the coefficient B, shall be multiplied by the environmental conver-

sion coefficient n, (Table 4-1);
- B, is a dimensionless coefficient accounting for the duration of loading, equal to 1.0 for

short-term loads and 0.5 for long-term or cyclic loads. In the case of long-term loads, creep
effects in concrete shall be considered through the previously defined effective modulus,
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E

C

1+(P(t7t0) ‘

c,eff =

(5) The coefficients m and B, depend on the bond characteristics between the FRP bars and the con-

crete. To achieve a more accurate evaluation of the deflection behavior of beams, which may govern
the minimum required amount of FRP reinforcement to satisfy the serviceability criteria, one may
refer to the procedure described in Appendix D, which guides the specific calibration of these coef-
ficients.

7.4 CRACKING

(1) Although FRP bars possess significantly greater durability than conventional steel reinforcement,
it is nevertheless advisable to impose limitations on crack width under service conditions, to protect
the bars themselves, to enhance the durability of the concrete, and for aesthetic reasons.

(2) For the verification of crack width in concrete members reinforced with FRP bars, the character-
istic crack width, wx, shall not exceed the limiting values, Wmax, reported in Table 7-1.

Table 7-1 - Limiting values of crack width for FRP-reinforced elements under different exposure
conditions and load combinations

epe SLS Load Wmax
Exposure Condition Exposure Class Combination [mm]
Frequent 0.7

1-2 (dry internal or external environment) X0, XCI (dry), XSI
XC1 (humid), XC2,

Quasi-permanent 0.6

. . XC3, XC4, 0.5
3 (permanently or cyclically wet environ- Frequent
ment, or buried in natural soil or groundwa XD1, XD2, XD3,
tere) , or burie soil or groundwa- XS2. XS3,
XF3, XF4, XF1, XF2  Quasi-permanent 0.4
XAl, XA2, XA3

(3) For the calculation of crack width in FRP-RC members, the classical Model Code approach may
be adopted. This method removes the assumption of equal strains in tension between the FRP rein-
forcement and the adjacent concrete at the same depth from the neutral axis, and instead computes:

- the maximum crack spacing, s

- the difference between the mean strains developed in the FRP bars and in the tensile concrete
between two adjacent cracks (g, — ¢, )-

This approach simplifies computation of the tension-stiffening effect of tensile concrete around FRP
bars, arising from bond stresses at the bar—concrete interface. Accordingly, by analogy with formu-
lations for RC members reinforced with steel bars, the characteristic crack width of an FRP-RC ele-
ment can be calculated as follows:

Wk = kl/r ' Sr,max ' (Sfm - scm) (76)

where:
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k,, = %2 isa geometric factor accounting for the effect of beam curvature on crack width,
—x,

where 4 is the section height, d is the effective height, and x; is the distance from the com-
pressed edge to the neutral axis of the cracked section;
s is the maximum spacing between two consecutive cracks;

r,max

e;, and g__are the mean strains in the FRP reinforcement and in the tensile concrete between

two adjacent cracks, respectively.

In Equation (7.6), the maximum crack spacing s:max, can be calculated as:

where:

50

-d,
Sr,max = Bw (kc 'cgeom + k¢/r ’ kﬂ ’ kb MJ (77)

Tinf “Pler

Bw is a coefficient relating the maximum to the mean crack spacing, which may be taken as
1.7 under stabilized cracking conditions;

k. is an empirical coefficient, taken as 1.5 (EN 1992-1-1:2023);

cgeom 18 the concrete cover, defined as the greater of the clear distances from the FRP bars to
the bottom or side surfaces of the section, measured to the bar surface (i.c., excluding bar
diameter);

ko 1s a coefficient depending on the bond stress distribution along the bars; under the simpli-
fying assumption of constant bond stress between adjacent cracks; it may be taken as 0.25;
kn is a coefficient accounting for stress distribution prior to cracking. For rectangular sections

c,ef

in bending: k; = , Where /hcer 1s the height of the effective tensile concrete area, de-

fined below. For members in pure tension, kg =1.00;

kv is a coefficient accounting for the position of the FRP bars during casting, taken as 0.9
when bars are placed at the bottom (better bond — smaller crack spacing) and 1.2 when bars
are placed at the top (poorer bond — larger crack spacing);

feum 1s the mean tensile strength of concrete;

dp is the nominal diameter of FRP bars. If multiple bar diameters are used, an equivalent
diameter may be defined as:

2 2
_ndy +nydy,

d =
b,eq
nd,, +n,d,,

(7.8)

where 7 is the number of bars with diameter dy1, and 72 is the number of bars with diameter
db2.

Tmris the mean bond stress between the FRP bars and the concrete, under serviceability load-
ing conditions, equal to: Tmf = kbonda:fetm, Where, for stabilized cracking, kvond = 1.50 for Bond
class 1, and kvond = 1.25 for Bond class 2. For exposure condition 3, the value of tmr shall be
multiplied by the environmental conversion coefficient na. (Table 4-1). Alternative values of
kvond may be derived from experimental data following the “design by testing” procedures
described in Annex D of EN 1990.

pref is the effective reinforcement ratio defined as:
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A,
A

Prec™ (7.9)

c,ef

where A, is the effective tensile concrete area (Figure 7-1). For rectangular or T-shaped

sections with the web in tension:
Ac,cf = b : hc,cf (710)

where b is the width of the beam or of the web in tension, and Acer is the effective height,
calculated as follows:

. for a single layer of tensile bars (Figure 7.1a):
he =min{c+5d,;10d,; 3.5¢; h—x,; h/2} (7.11)
o for n layers of tensile bars, spaced vertically by d. (Figure 7.1b):
h.c = min{min(c+5d,;10d,;3.5¢)+(n—1)3.; h—x,; h/2} (7.12)

where c is the distance from the centroid of the FRP bars to the tensioned face of the section
(mechanical cover).

Acief c,ef
h fﬂ}* y h f‘"i ....'.‘. *_50
c,c . (o ) ::C c,C ' o000 tc

Figure 7.1: Definition of the effective tensile concrete area: (a) single layer of reinforcement; (b)
multiple layers of reinforcement.

(4) In Equation (7.6), the difference between the mean strains in the FRP reinforcement and in the
tensile concrete between two consecutive cracks may be calculated as:

€m —Em = &_kt fam +ktfcm Zi(l_kt) (7.13)
E; Ef'pl,ef E E;

C
where:

- or is the stress in the FRP bars under the service load combination, calculated for the cracked
section in accordance with § 7.2;

- Ecis the instantaneous modulus of elasticity of the concrete;

- ki is a coefficient depending on the duration and nature of the applied load, equal to:
= k= 0.6 for short-term or instantaneous loads;
= k= 0.4 for long-term or repeated loads;

- pler is the effective reinforcement ratio defined by Eq. (7.9).

(5) As an alternative to Egs. (7.6), (7.7), and (7.13), refined models may be employed, provided they
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are supported by adequate experimental evidence.

7.5 VERIFICATIONS SERVICEABILITY AT SLS FOR HYBRID REINFORCEMENT

(1) For stress verification of concrete members with hybrid reinforcement, the assumptions listed in
points (4) and (5) of § 7.1 shall be applied. For concrete and steel reinforcement, the stress limitations
established by the applicable Standards for conventional RC elements shall be adopted, while for FRP
reinforcement, the limitations defined in Egs. (7.1) and (7.2) shall be applied. In calculating the mo-
ment of inertia of the section and the corresponding neutral axis, the steel reinforcement—both in

S

tension and in compression—may be taken into account using the modular ratio a, = —, where Es

Cc

is the modulus of elasticity of steel. The tensile FRP reinforcement shall be considered using the
modular ratio a,, as previously defined in § 7.2.

(2) For deflection verification of concrete members with hybrid reinforcement, and in the absence of
specific validated provisions, it is acceptable—on the conservative side—to use Equation (7.5),
adopting for the coefficient B, the value corresponding to the bond class of the FRP bars. In this way,

the tension-stiffening behavior of the steel reinforcement is assumed to be analogous to that of the
FRP bars for deflection calculation.

(3) For crack width verification of concrete members with hybrid reinforcement, in order to take into
account the different bond stresses transferred by the two reinforcement typologies, lacking validated
alternative indications, the calculation of the maximum crack width can be done using Equation (7.6),
(7.7) and (7.13), where the effective tensile reinforcement ratio, p, ., comprising both steel and FRP

reinforcement, may be calculated as:

A, +EA 1.8 d
pra = SR Gt (7.14)

c.ef
where:

- dp and dpa are the nominal diameters of the FRP and steel bars, respectively;
- koond 1s the bond quality coefficient, defined previously as 1.50 for FRP bars of Bond class 1
and 1.25 for Bond class 2.

The value of crack width provided by Eq. (7.6) is always referred to the level of the reinforcement
more proximal to the tensile edge of the section (i.e., the level of both reinforcements if they are
placed at the same level, the level of the FRP bars if the steel bars are placed more internal in the
section). Moreover, if the FRP and steel bars are placed at the same level (d = ds, being d and ds the
distance of the FRP and the steel bars from the compressed edge of the section, see Figure 6-2), in

Eq. (7.13), the term % can be calculated as the strain at the reinforcement level (being d = ds) under
f

the usual assumptions of cracked section and plane section conservation. Conversely, if the steel bars
are placed at a distance from the tensile edge higher than that of the FPR bars (thus, d > ds), the strain

% in Eq. (7.13) and the distance d in Eq. (7.6) refer to the only FRP bars.

f
In case of FRP and steel bars having different diameters, Eq. (7.8) can be used for calculating the
equivalent diameter in Eq. (7.7), where the concrete cover refers to the reinforcement closest to the
tension edge of the concrete section.
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If the FRP and steel bars are placed at the same level (d = d;), the crack width calculated at the
reinforcement level according to Eq. (7.6) shall be limited by the same values provided by the current
Code for concrete elements reinforced with steel bars.

If the steel bars are placed at a distance from the tensile edge of the concrete section higher than the
FRP bars, i.e., ds < d, the crack width calculated at d, i.e. at the level of the FRP bars, according to
Eq. (7.6) shall be compliant with the limits provided for elements reinforced with FRP bars listed in
Table 7.1; moreover, the crack width calculated at the level ds of the steel bars shall be compliant
with the limits provided by the current Code for concrete elements reinforced with steel bars. Note
that, for the latter case, the crack width at the level of steel bars can be calculated multiplying the

d —
crack width at the level of the FRP bars according to Eq. (7.6) by the coefficient ds oz

, being x2 the
—x,
distance of the neutral axis from the compressed edge of the cracked concrete section (State 2), d and

ds the distances previously defined.
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8 DESIGN PROVISIONS IN SEISMIC AREAS

8.1 INTRODUCTION

(1) The lack of ductility and the limited energy dissipation capacity are inherent characteristics of
FRP bars and shall be carefully considered in situations where seismic actions may be significant.
Consequently, it is not possible to directly apply the seismic design criteria established for RC struc-
tures with steel reinforcement to structures reinforced with FRP bars. However, in many cases, it is
still possible to design such structures without requiring ductility from the reinforcement, at least for
some structural elements. Moreover, there are several potential applications of FRP-RC in which
static design requirements are more demanding than seismic ones; in these cases, the design approach
may follow the provisions described in Chapter 6 of these Guidelines. Additionally, in prefabricated
construction, certain elements that do not belong to the primary seismic-resisting system may also be
reinforced with FRP bars.

(2) In general, structural elements made of FRP-RC constituting the primary seismic-resisting system
shall not be used in high-seismicity zones, defined as those where, at the Life-Safety Limit State, the
anchoring acceleration of the design spectrum exceeds S ag> 0.375g (1). This limitation stems from
the current lack of sufficient experimental research on the behavior of FRP-RC structures subjected
to seismic actions that may induce large displacements. In this context, potential applications of con-
crete structures with non-metallic reinforcement can be grouped into the following three categories:

a) Structures in which seismic actions cause only limited variations in internal forces compared
with those evaluated under non-seismic load combinations, as well as structures not belonging
to the seismic-resisting system.

b) Structures forming part of the seismic-resisting system and designed as non-dissipative sys-
tems, with a behavior factor 1 <g < 1.5.

¢) Structures forming part of the seismic-resisting system and designed to exhibit dissipative
behavior in accordance with ductility-based design principles. In this case, it is necessary to
adopt hybrid reinforcement, i.e., to use both steel and FRP bars.

These categories, which, as noted, may apply either to the entire structure or to individual structural
elements, are described in detail in the following sections, together with the corresponding criteria
for evaluation of actions, internal forces, verification procedures, and the specific design provisions
to be applied in each case.

8.2 STRUCTURES FOR WHICH SEISMIC ACTION CAUSES LIMITED VARIATIONS
IN INTERNAL FORCES COMPARED WITH NON-SEISMIC COMBINATIONS

(1) This category of structures is applicable in areas of low to medium seismicity, where, at the Life-
Safety Limit State (LSLS), the anchoring acceleration of the spectrum satisfies the condition S ay <
0.375g (%). This category includes:

a) Structures in which seismic action produces only small or negligible increases in internal

(Y) The value of the anchoring acceleration of the spectrum S a, = 0.375g corresponds to the boundary between seismic
zone 2 (medium seismicity) and zone 1 (high seismicity) as defined by OPCM 3274 and OPCM 3519, in terms of the
peak ground acceleration with a 10% probability of exceedance in 50 years (az = 0.25g) referred to ground type A (rigid
soil), and assuming a soil coefficient S=1.5, which includes both stratigraphic and topographic amplification effects.

(%) Areas characterized by an anchoring acceleration of the spectrum S a, < 0.375g correspond to zones of medium to
very low seismicity, in accordance with the definitions provided in OPCM 3274 and OPCM 3519. See also Footnote 1.
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forces compared with those evaluated under non-seismic load combinations;
b) Structural elements that do not participate in the lateral load-resisting system.

To qualify under this category, it shall be verified - either for the entire structure or for individual
structural elements - that the Ultimate Limit State (ULS) verifications under non-seismic load com-
binations are more stringent than those under seismic load combinations (Life-Safety Limit State -
LSLS), taking into account the higher partial safety factors for loads applied in the non-seismic case.

Examples of structures belonging to this category include:
- Roof structures supported by vertical load-bearing elements, such as prefabricated roof panels;

Bridge decks (slabs);
- Pavements and secondary elements, such as curbs and embedded conduits.

(2) The non-relevance of seismic actions for the specific application shall be evaluated by general
considerations, through simplified assessments of the element’s behavior within the structural system,
or by means of a more detailed analysis of the overall structural behavior and of the corresponding
actions acting on the element of interest. A simplified and conservative evaluation of the seismic
action may be performed using the elastic response spectrum (with g=1) and, with regard to the vi-
bration period, by referring either to the plateau of the response spectrum or, for ground-supported
structures, to the anchoring acceleration of the spectrum. For this category of structures, design veri-
fications may be carried out in accordance with the criteria described in Chapter 6, without any addi-
tional requirements.

(3) If the primary structure is designed to resist seismic actions using steel reinforcement, the struc-
tural elements reinforced with FRP bars that do not form part of the lateral load-resisting system shall
nevertheless be capable of accommodating the deformations imposed by the displacements of the
main structure.

8.3 STRUCTURES DESIGNED AS NON-DISSIPATIVE

(1) This category of structures applies in areas of very low or low seismicity, where, at the Life-Safety
Limit State (LSLS), the anchoring acceleration of the design response spectrum satisfies the condition
S ag <0.225¢g (3).

(2) This category includes structures or structural elements in which, for the demand and capacity
assessment, all members and connections remain within the elastic or substantially elastic range. The
behavior factor may be selected within the range 1 < g < 1.5, adopting values greater than 1 when a
limited deviation from perfectly elastic behavior (e.g., due to concrete in compression or tension due
to cracking) can be assumed to provide some hysteretic energy dissipation in the force—deformation
response. Examples of structures belonging to this category include:

- Structures intended to remain substantially elastic even during an earthquake, in order to avoid
damage, such as:
o structures vulnerable to rocking;
o precast infill elements;
- Structures equipped with supplemental energy dissipation or isolation systems;

(%) Areas characterized by an anchoring acceleration of the spectrum S a, < 0.225g correspond to zones of low to very
low seismicity, in accordance with the definitions provided in OPCM 3274 and OPCM 3519, and consistent with the
explanation given in Footnote 1.
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- Shallow and deep foundation structures (see also § 8.5);
- Coastal protection structures and retaining walls.

For bridges, a non-dissipative design approach requires g = 1.

(3) Among the examples listed above, particular importance is given to structures designed to remain
elastic even during an earthquake. This design choice is recommended when the residual defor-
mations that may occur in dissipative structures after a seismic event could cause significant eco-
nomic losses, up to and including the need to demolish and reconstruct the works. In such cases, the
design criteria are similar to those for conventional non-dissipative RC structures, and, in general, no
additional detailing is required beyond that used for structures not specifically designed for seismic
actions. For beam—column joints, it shall be verified that the bars are anchored adequately within the
joint region. In particular, the seismic actions shall be calculated with reference to the design spectrum
reduced by the behavior factor ¢ (if the evaluation of ¢, as described in point (2), yields a value greater
than 1).

(4) For structural types that are particularly vulnerable to seismic action, it is recommended to assume
g = 1. For instance:

- Concrete structures: torsionally flexible structures, inverted pendulum structures, and single-story
inverted pendulum frame structures (the latter if irregular in height);

- Precast structures: monolithic cell-type structures, and structures with fixed-base columns and
hinged floor diaphragms (the latter if irregular in height).

(5) For the verification of structural elements, the design moment resistance shall be calculated as-
suming substantially elastic section behavior (see Chapter 6).

8.4 STRUCTURES DESIGNED WITH DISSIPATIVE BEHAVIOR

(1) This category of structures can be adopted in areas of very low to medium seismicity, for which,
at the Life-Safety Limit State (LSLS), the value of the spectral anchoring acceleration is S ag <
0.375g(%).

(2) This category includes structures for which, in the calculation of seismic actions and in the veri-
fication of structural elements, nonlinear and dissipative structural behavior is explicitly considered.

(3) Design in the dissipative range is recommended for building frame structures or bridges located
in areas of medium seismicity, unless supplemental seismic reduction systems are installed, such as
base isolation systems. For bridges designed with dissipative structural behavior, the bridge system
shall be conceived and proportioned so that, under the seismic action corresponding to the LSLS, a
stable dissipative mechanism develops in which energy dissipation is concentrated in the piers.

(4) Compliance with the rules for design in the dissipative range requires, at least in those portions of
the structure where plastic hinges are expected to form, the use of metallic reinforcement.

(5) In the design of dissipative structures, the ductility class requirements CD “A” or CD “B” estab-
lished by the applicable codes for conventional RC structures with steel reinforcement shall be satis-
fied — both in terms of detailing and verifications, including curvature ductility checks at the Col-
lapse Limit State (CLS). The behavior factor ¢ shall be determined in accordance with the applicable

(*) Zones characterized by a value of the spectral anchoring acceleration S<sub>ag</sub> < 0.375g correspond to areas
of very low to medium seismicity, in accordance with the definitions provided in Ordinance OPCM 3274 and Ordinance
OPCM 3519 (see also Footnote 1).
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Standards, with reference to the selected ductility class (CD “A” or CD “B”).

(6) Among the design provisions for ductility classes CD “A” and CD “B” (depending on the chosen
class), the most relevant are the capacity design criteria. For the correct application of these criteria
— particularly the requirement that columns have greater resistance than beams — it is necessary to
consider, in the evaluation of the beam moment resistance, the possible presence of FRP bars, which
may increase the flexural capacity if they are anchored within the joints. Accordingly, the over-
strength factors used in design shall be determined with reference to the actual FRP reinforcement
provided, and the standard overstrength factors applicable to RC sections cannot be used.

(7) Various design strategies can be adopted for a dissipative structure with hybrid reinforcement. A
common principle is to place the steel reinforcement in the inner layers—where it is better protected
from aggressive agents—and the FRP reinforcement in the outer layers. Some examples of deisgn
strategies are:

a) Approach No. 1 for design hybrid reinforcements
o Longitudinal reinforcement consists of inner steel bars and outer FRP bars.
o Transverse reinforcement consists of:
o Inner steel stirrups in the critical regions, confining the concrete together with the lon-
gitudinal steel bars;
o Outer FRP stirrups forming, together with the longitudinal FRP bars, the reinforce-
ment cage along the entire non-critical portion of the element, responsible for provid-
ing shear resistance.

b) Approach No. 2 for design hybrid reinforcements
o Longitudinal reinforcement consists of both steel and FRP bars, where:

o The steel reinforcement, placed mainly in the critical regions, ensures compliance with
all requirements specified by the current codes for ductility classes CD “A” or CD
“B”;

o The FRP reinforcement supplements the steel reinforcement for static loading condi-
tions (ULS checks) and in regions with reduced seismic demands. In these regions,
the ultimate moment shall be calculated assuming substantially elastic behavior.

o Transverse reinforcement consists of:

o Steel stirrups in the critical regions, to confine the concrete;

o FRP stirrups, together with the longitudinal FRP bars and the outer reinforcement cage
along the non-critical portions of the element, are responsible for providing shear re-
sistance.

(8) If a design approach different from those described in point (7) is adopted — and if GFRP stirrups
are used in the critical regions — it is essential to ensure that they remain within the elastic range.
Furthermore, the axial stiffness equivalence (EA) of the GFRP stirrups shall be ensured with respect
to that obtained using steel stirrups, in order to provide adequate concrete confinement, considering
that the elastic modulus of GFRP is lower than that of steel.

8.5 FOUNDATIONS

(1) For RC structures with steel bars, the applicable Standards prescribe that foundation structures
shall be designed based on the demand transmitted by the superstructure, assigning them a non-dis-
sipative structural behavior, regardless of the behavior attributed to the supported structure. For this
reason, foundations may be designed and constructed with FRP reinforcement, offering clear dura-
bility advantages.
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(2) The actions transmitted to the foundations derive from the analysis of the overall structural be-
havior, which is generally conducted by examining only the superstructure. The loads acting on the
foundations, transmitted by the superimposed elements, may be determined using one of the follow-
ing approaches:

o Performing the structural analysis assuming non-dissipative behavior;

o From the flexural strength capacity of the elements, together with the shear determined by
equilibrium considerations;

o From the actions transmitted by the superstructure under the assumption of dissipative behav-
ior, amplified by a factor equal to 1.30 for ductility class CD “A” and 1.10 for CD “B”.

(3) When FRP reinforcement is used in foundation structures, since no ductility reserve can be relied
upon, the first two approaches are recommended, as they ensure that the transmitted forces do not
exceed the calculated values. Consequently, the design of foundation elements in terms of resistance
shall always be based on the values of bending moment derived from one of the two first approaches.

(4) In the case of pile foundations located in seismic areas, the use of FRP reinforcement in the piles
is not recommended, due to the lack of ductility of FRP bars and the impossibility of verifying po-
tential post-earthquake damage.
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9 EXECUTION REQUIREMENTS

9.1 MATERIAL SHIPMENT TO THE CONSTRUCTION SITE

(1) Each bar shall be clearly identified with the following information:
e Dbatch number;
o name of the Manufacturer and of the certified commercial product;
« nominal bar diameter, in accordance with Table 3-2;
o class designation, in accordance with Table 3-3.

(2) If the Manufacturer is unable to mark this information directly on the bars, it is essential that all
bars shipped together include at least one identification tag per bundle, indicating the information
listed above.

Each bundle of bars, for each bar type, shall have its own identification tag.

(3) In the case of bent bars, in addition to the above information, the minimum certified bending
radius provided by the Manufacturer shall also be indicated.

9.2 STORAGE AT THE CONSTRUCTION SITE

(1) FRP bars shall be stored with care to prevent surface damage that could compromise their dura-
bility, load-bearing capacity, or bond strength with concrete.

(2) Although FRP bars are corrosion-resistant, they may degrade if exposed to UV radiation for ex-
tended periods or subjected to high temperatures. Therefore, bars should be stored on pallets to avoid
direct contact with the ground—particularly for long-term storage. When stored outdoors, and unless
otherwise specified by the Manufacturer, the bars shall be protected from UV exposure using opaque
coverings and shielded from chemical contaminants. For bars with enhanced bond properties obtained
by surface sand coating, direct contact with running water should be avoided to prevent loss of the
quartz coating, unless otherwise indicated by the Manufacturer.

(3) The Manufacturer shall clearly specify the recommended storage duration and conditions for the
bars. These Guidelines shall be strictly followed on site.

9.3 HANDLING AT THE CONSTRUCTION SITE

(1) FRP bars shall be handled with care to avoid surface damage, such as deep scratches or notches,
which could compromise the strength and durability of the material.

(2) Unless otherwise specified by the Manufacturer, personnel shall wear protective gloves during
handling to prevent splinters, cuts, or skin irritation that may result from contact with the fibers con-
tained in the bars.

(3) Cutting operations shall be performed using high-speed grinders with diamond blades or fine-
tooth saws. The use of clippers or bolt cutters is strictly prohibited, as these may cause cracks in the
resin matrix or fiber damage.

(4) Lifting operations shall employ multiple support points to distribute the load and avoid localized
stresses. This requirement is particularly critical when lifting reinforcement cages, due to the lower
shear strength of FRP reinforcement compared to steel.

(5) When the material is supplied in coils, special care shall be taken during uncoiling operations to
prevent damage to the bars and injury to personnel.
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9.4 INSTALLATION

(1) The installation of FRP bars shall be carried out strictly in accordance with the instructions of the
Field Engineer and any additional recommendations provided by the Manufacturer. The following
provisions, consistent with international Standards, ensure the structural integrity and durability of
FRP reinforcement used in concrete construction

(2) Any bar exhibiting surface damage or alteration during transport or handling shall be rejected or
subjected to verification, in consultation with the Manufacturer and the Field Engineer. Instructions
concerning bar placement and tolerances shall be defined prior to installation and approved by the
Engineer of Record.

(3) FRP bars shall not be bent on site. The Manufacturer must realize any bends or hooks during
fabrication. Bars bent shall not be accepted on site if the bending radius, 7, is smaller than the mini-
mum certified bending radius established by the Manufacturer during qualification testing.

(4) During concrete casting, the bars shall be securely tied to prevent movement or flotation. Tying
procedures are the same as for steel reinforcement; however, non-corrosive materials such as plastic
or nylon ties may also be used—yparticularly when carbon FRP bars are involved—to prevent galvanic
corrosion. For carbon FRP (CFRP) bars, direct contact between steel and carbon FRP shall be
avoided. For glass FRP (GFRP) bars, no contraindications exist regarding direct contact with steel
reinforcement.

(5) During concrete vibration, care shall be taken to avoid damaging the reinforcement.

9.5 QUALITY CONTROL AND INSPECTION

(1) All activities related to the installation of FRP reinforcement shall be subject to systematic inspec-
tion to verify compliance with the design documents, the Manufacturer’s specifications, and the re-
quirements of this Guideline.

(2) The Field Engineer shall ensure that the following checks are carried out before and during instal-
lation:

o verification of identification and traceability of each batch of FRP bars (Manufacturer, prod-
uct, diameter, and material class);

o confirmation that storage and handling have prevented surface deterioration, contamination,
or mechanical damage;

o verification that bar placement, concrete cover, alignment, and spacing comply with the ap-
proved drawings and tolerances;

« confirmation that bent bars or prefabricated cages meet the certified minimum bending radius
and are documented by the Manufacturer.

(3) Any bar showing cracks, delamination, discoloration, fiber exposure, or surface abrasion shall be
rejected and replaced unless the Manufacturer and the Field Engineer jointly approve its use after
evaluation.

(4) During concrete placement, the Field Engineer shall verify that the reinforcement remains cor-
rectly positioned and that vibration operations do not induce impact or stress on FRP bars or stirrups.

(5) After casting, a final report shall be prepared documenting:

o identification of the installed FRP reinforcement;

o reference to batch certificates and test reports;

o results of on-site inspections and any corrective measures taken;

o confirmation of compliance with the design and Manufacturer’s specifications.
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(6) All records, including delivery notes, certificates of conformity, and inspection reports, shall be
attached to the declaration of correct execution prepared by the Field Engineer for the duration of the
structure’s design service life or for the period specified by applicable regulations.
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10 OTHER APPLICATIONS

10.1 INTRODUCTION

FRP bars can be used in a wide range of applications, not only for the construction of new RC struc-
tures.

Although these Guidelines primarily provide design criteria for this type of construction, it is useful
to note several additional fields of application for FRP bars — both in the realization of other struc-
tural systems and in the strengthening of existing structures.

10.2 FRP BARS AS STRENGTHENING SYSTEMS FOR EXISTING STRUCTURES

10.2.1 External strengthening with NSM technique

(1) ) FRP bars can be used as external reinforcement for existing RC and masonry structures, by
inserting them into pre-cut surface grooves (NSM — Near Surface Mounted technique) filled with
resin or high-strength mortar (Figure 10-1a-b). These applications are now well established and show
great promise (De Lorenzis & Teng, 2007; Bilotta et al., 2016; Dias et al., 2018; Ferretti et al., 2024),
owing to the high durability and low weight of FRP bars, which facilitate both handling and installa-
tion.

(2) The use of FRP bars with the NSM technique can represent a highly efficient strengthening solu-
tion for reinforced and prestressed concrete infrastructure, thanks to their lightness, strength, and du-
rability (Figure 10-1c). Their use increases the load-carrying capacity of structural members without
significantly increasing their self-weight, making them particularly suitable for bridges, viaducts, and
tunnels. Furthermore, FRP bars' corrosion resistance makes them ideal for use in aggressive environ-
ments, where traditional steel reinforcement is prone to deterioration. Consequently, in the specific
case of infrastructures, FRP reinforcement improves durability, reduces maintenance costs, and ex-
tends the design service life of the structure.
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Figure 10-1 - Application of FRP bars using the NSM technique - a) bar placement in the surface
groove; b) strengthening of a RC slab at the soffit (fib Bulletin 90, 2019); c¢) strengthening of a
roadway structure at the top surface (courtesy of Sireg Geotech S.r.1.).

(3) Specific design recommendations for evaluating the increase in load-carrying capacity of elements
strengthened with FRP bars installed using the NSM technique are provided in CNR DT 200/R2-
2026. The geometric and mechanical properties of FRP bars used for NSM applications shall be eval-
uated according to the provisions contained in the present Guidelines.
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10.2.2 Repointing of mortar joints with FRP bars

(1) FRP bars can be used in structural repointing interventions of deteriorated mortar joints in ma-
sonry elements (structural repointing, Figure 10-2). This type of strengthening increases both the
strength and the stiffness of the masonry, depending on the wall thickness and the depth of repointing,
and is even more effective when the intervention is carried out on both faces of the wall. Connecting
the FRP bars inserted into the mortar joints with additional tensile elements that act as transverse
connectors between wall wythes creates a continuous three-dimensional reinforcement system, fur-
ther enhancing the overall effectiveness of the intervention.

(2) The evaluation of the increase in load-carrying capacity of masonry elements strengthened by
repointing with FRP bars inserted into mortar joints can be performed according to the design provi-
sions of CNR DT 200/R2-2026 for the NSM technique, adopting the mechanical properties of the
mortar used for the repointing as the substrate properties. The geometric and mechanical characteris-
tics of the FRP bars used for deep repointing of mortar joints shall be assessed in accordance with the
provisions of the present Guidelines.

Figure 10-2 - Application of FRP bars as reinforcement for the structural repointing of mortar joints
in masonry walls.

10.2.3 Improving of connections between masonry elements

(1) FRP bars can be used as connection systems between masonry elements at corners or intersections
of orthogonal walls, by inserting them into drilled holes subsequently filled with grout (grouted an-
chors, Figure 10-3a), in order to reduce the vulnerability of such elements to out-of-plane overturning
mechanisms. The increase in capacity of the masonry element due to the presence of FRP connec-
tions—expressed in terms of the activation acceleration of the overturning mechanism—can be esti-
mated through rigid-body mechanism analysis (Figure 10-3b), following the procedures specified in
the applicable Standards, taking into account the stabilizing contribution of the FRP bars (Maione et
al., 2023). The maximum contribution provided by a given FRP bar, when combined with a specific
injection mortar, shall be determined through experimental pull-out tests performed on the masonry
substrate involved in the intervention, or through reliable literature data (Ceroni and Di Ludovico,
2020). As an upper bound, the design tensile strength at the Ultimate Limit State (ULS) shall be taken
as defined by Equation (4.2). The geometric and mechanical characteristics of FRP bars used in
grouted-anchor applications shall be evaluated in accordance with the provisions of the present
Guidelines.
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(b)

Figure 10-3 - a) Use of FRP bars as grouted anchors in masonry elements; b) connection effect of
FRP bars on the shape and size of the macro-block involved in the out-of-plane mechanism, identi-
fied by the hinge height Ho and the crack inclination angle o. (Maione et al., 2023).

(2) FRP bars with circular or rectangular cross-sections can also be used as ties (chains) to provide a
connection between walls in existing masonry buildings, in order to improve the box-like behavior
of the entire structure (Figure 10-4a). The geometric and mechanical properties of FRP bars used as
ties shall be evaluated in accordance with the provisions of the present Guidelines. The design of the
bars may follow the same criteria used for steel ties, considering that the tensile strength of the FRP
bars at the Ultimate Limit State (ULS) is given by Equation (4.2). Special attention shall be paid to
the anchorage system of the FRP bars to ensure adequate resistance to out-of-plane displacements of
the connected walls (passive ties) or to achieve the desired pretension level in cases where a tensile
load is applied to the FRP bar (active ties). The anchorage system (see example in Figure 10-4b for
rectangular-section GFRP bars) shall be appropriately designed and proportioned to avoid both ex-
cessive stress concentration in the masonry and damage to the FRP bars in the anchorage region,
taking into account that the mechanical properties transverse to the fiber direction are much lower
than those along the fibers themselves.
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Figure 10-4 - a) Application of FRP bars as ties in masonry buildings; b) example of end-anchorage
system for rectangular-section GFRP bars (Ceroni and Prota, 2009).
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10.3 APPLICATIONS OF FRP BARS FOR SOIL RETENTION

(1) FRP bars can be used as post-tensioned anchors for maintaining excavation faces during digging

65



CNR-DT 203/R1/2026

operations or for the permanent stabilization of unstable slopes and artificial embankments — either
as post-tensioned tendons for RC retaining walls (Figure 10-5a) or inserted directly into pre-drilled
and grouted holes (soil nails, Figure 10-5b). FRP bars are particularly suitable for this type of appli-
cation because they are non-corrosive and can be used even in chemically aggressive soils. The design
of FRP bars for such applications may follow the same procedures used for steel anchors, considering
that the maximum strength of the FRP bars at the Ultimate Limit State (ULS) is given by Eq. (4.2).
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Figure 10-5 - a) Application of FRP bars as post-tensioned anchors (courtesy of ATP); b) applica-
tion of FRP bars as soil nails (courtesy of Sireg Geotech S.r.1.).

(2) FRP bars can also be effectively used as reinforcement for concrete pile walls forming coastal
flood-protection barriers (sea dikes or sea walls, Figure 10-6; Steputat et al., 2022). The corrosion
resistance of FRP bars extends the design service life of coastal structures and allows for a significant
reduction in maintenance and repair costs compared to traditional steel reinforcement—particularly
since these structures are generally subjected to moderate stress levels.

Figure 10-6 - Examples of application of FRP bars as reinforcement of seawalls.
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10.4 APPLICATIONS OF FRP BARS FOR TEMPORARY STRUCTURES

(1) FRP bars can be used as soft-eyes (Mohameda et al., 2020) for the construction of underground
excavations, such as metro tunnels. The easiness of cutting the FRP bars—particularly those made of
glass fiber (GFRP)—makes them especially suitable for temporary diaphragm walls that must later
be partially cut through by a full-face Tunnel Boring Machine (TBM). A soft-eye consists of a rein-
forcement cage made of GFRP bars and stirrups (Figure 10-7a-b), which the TBM can easily cut
during excavation (Figure 10-7c). The lightweight of FRP bars also facilitates transportation and on-
site assembly of the reinforcement cage. This technique enables a significant reduction in the time
required for diaphragm wall construction.

(©)

Figure 10-7 - Examples of FRP bar applications for the construction of temporary diaphragm walls
(soft-eyes) in tunnel excavation - a) fib Bulletin 40; b) Rome Metro (courtesy of ATP); ¢)
https://www.dextragroup.com/ground-engineering/tunneling/astec-soft-eyes/.

Essential References

1. Mohameda H.M., Alia A.H., Hadhooda A., Mousab S., Abdelazima W., Benmokrane B. (2020)
Testing, design, and field implementation of GFRP RC soft-eyes for tunnel construction, Tunnelling
and Underground Space Technology, 106, 103626.

2. fib Bulletin 40 (2007) FRP Reinforcement in RC Structures, Technical Report, ISBN 978-2-88394-
080-2.
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10.5 FRP BARS AS REINFORCEMENT IN NON-STRUCTURAL ELEMENTS

(1) FRP bars, including FRP meshes, can be used as reinforcement for non-structural concrete ele-
ments, such as floor pavements or non-load-bearing precast elements (Roghani et al., 2022). The
advantages of using FRP bars are particularly evident in aggressive environments where steel rein-
forcement is susceptible to corrosion (e.g., coastal or marine areas). The use of FRP reinforcement in
such elements primarily aims to control cracking caused by temperature variations and shrinkage. For
this purpose, the same detailing rules used for steel reinforcement (e.g., minimum bar spacing as a
function of slab thickness and bar diameter, minimum concrete cover) may be adopted; however,
more extensive experimental studies could justify a reduction in concrete cover, mainly when the
cover is prescribed solely for corrosion protection of the reinforcement.

(2) FRP bars are also used as reinforcement for concrete boat-launch ramps (Figure 10-8), as they are
resistant to chloride-induced corrosion and other aggressive agents, thereby preventing or signifi-
cantly reducing degradation due to marine exposure.

Figure 10-8 - Application of FRP bars as reinforcement in concrete boat-launch ramps (courtesy of
Sireg Geotech).

Essential References

1. Roghani H., De Caso F., Nanni A. (2022) Constructability of slabs-on-ground with FRP meshes
as secondary reinforcement, 15™ International Conference on Fibre-Reinforced Polymers for Rein-
forced Concrete Structures (FRPRCS-15) and 8th Asia-Pacific Conference on FRP in Structures
(APFIS-2022), 10—14 December 2022, Shenzhen, China.

10.6 APPLICATIONS OF FRP BARS AS INTERNAL REINFORCEMENT FOR
ELEMENTS EXPOSED TO ELECTROMAGNETIC INTERFERENCES

(1) In transportation infrastructures, various electrical systems may be sensitive to electromagnetic
interference (EMI) — such as train detection systems, railway and tramway switching equipment,
automated metro control systems, and highway toll detection systems, among others. Traditional steel
reinforcement can interfere with the electromagnetic waves of these systems, potentially compromis-
ing their proper operation. Conversely, GFRP bars allow the construction of reinforcement cages
made of non-conductive materials (Figure 10-9), which are transparent to electromagnetic waves,
thus eliminating the risk of interference and ensuring the safe and reliable operation of these infra-
structures.
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Figure 10-9 - Example of an FRP bar application as reinforcement for elements exposed to electro-
magnetic interference (courtesy of Sireg Geotech S.r.1.).
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11 APPENDIX A: QUALIFICATION AND ON-SITE ACCEPTANCE
OF MATERIALS AND PRODUCTS

11.1  QUALIFICATION OF FRP BARS

According to the current regulations (D.M. 17 January 2018, hereinafter NTC 2018), the qualification
of construction materials and products intended for structural use is mandatory and regulated by
Chapter 11, which defines the following three cases:

A. Products falling within the scope of a harmonized European Standard (hEN). In this case, the
product shall be CE marked (in accordance with EU Regulation 2024/3110). For such prod-
ucts, CE marking represents the only recognized qualification pathway.

B. Products not covered by a hEN but whose qualification requirements are explicitly defined by
the technical Standards.

C. Products not falling within either case A or case B.

For products belonging to Case C, qualification may be obtained alternatively through one of the
following procedures:

- CE marking based on a European Technical Assessment (ETA), issued in accordance with a
specific European Assessment Document (EAD);

- a Technical Evaluation Certificate (Certificato di Valutazione Tecnica — CVT) issued by the
President of the Italian Superior Council of Public Works, following the assessment carried
out by the Central Technical Service, and, where applicable, based on a dedicated qualifica-
tion guideline issued by the same Council.

As indicated in Case A, CE marking for construction products is governed by EU Regulation
2024/3110 (Construction Products Regulation - CPR), which establishes harmonized procedures for
the marketing of construction products within the European Union (EU). CE marking certifies that
the information accompanying the product, summarized in the Declaration of Performance and Con-
formity (DoPC), has been obtained in accordance with the Regulation UE 2024/3110. Such infor-
mation shall be therefore considered accurate and reliable. The manufacturer prepares the DoPC when
placing the product on the market, assuming full responsibility for the product's conformity with the
declared performance. For additional information on the meaning of CE marking and Technical Eval-
uation Certificates (CVT), reference may be made to CNR DT 200/R2-2025. At present, no harmo-
nized European Standards (hEN) are available for FRP bars.

For the qualification of FRP bars, the following reference documents are available:

o FEuropean Assessment Document EAD 260023-00-0301, Carbon, glass, basalt and aramid
fibre reinforced polymer bars as reinforcement of structural elements, published in the Offi-
cial Journal of the European Union by Decision (EU) 2024/1944 (herein referred to as EAD—
FRP Bars. Based on this document, CE marking may be obtained through the issuance of a
European Technical Assessment (ETA).

o Guideline for the Identification, Qualification and Acceptance of Fibre-Reinforced Composite
Bars and Stirrups for Structural Use, issued by the Italian Superior Council of Public Works
in December 2021 (herein referred to as LG—FRP Bars), which supports the issuance of Tech-
nical Evaluation Certificates (CVT).

European Assessment Documents (EADs) are available on the EOTA website (eota.eu/eads); Tech-
nical Documents issued by the National Research Council of Italy (CNR) are also accessible via the
CNR website (https://www.cnr.it/it/norme-tecniche-costruzioni).
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11.2 PROPERTIES OF FRP BARS

Compliance with the strength classes defined in Table 3-3, as well as the authorization for use of a
given product, shall be verified through the achievement, during the qualification process, of mechan-
ical properties equal to or greater than those specified in Table 3-1. These properties shall be deter-
mined in accordance with the procedures set out in the EAD—FRP Bars or LG-FRP Bars. In addition
to the characteristics reported in Table 3-1, further physical and mechanical properties of FRP bars
may be qualified, particularly those listed in Table 11-1. For the test methods and evaluation proce-
dures of these properties, reference may be made to the EAD—FRP Bars or the LG—FRP Bars docu-
ments.

Essential References

1. EAD 260023-00-0301 (2024) Carbon, glass, basalt and aramid fibre reinforced polymer bars as
reinforcement of structural elements, Adopted on January 2019, EOTA, OJ Publication: Decision
(EU) 2024/1944.

2. LG-barre FRP (2021) Linea guida per l’identificazione, la qualificazione e [’accettazione di barre
e staffe in composito fibrorinforzato per uso strutturale, Consiglio Superiore dei Lavori Pubblici,
Dicembre 2021.
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Table 11-1 - Additional physical and mechanical properties of FRP bars through experimental test-

ing

N° | Property S[%nlll:)t(])l Reference Document

1 Compressive strength (mean and characteristic) {;’[g:i fég;gﬁgf}iri %,2%1,5 z

2 Longitudinal modulus in compression (mean) Et [GPa] fég;gﬁgf}iri %,2%1,5 z

3 Tensile strain at failure (mean and characteristic) [rifﬁ; /if;l;;] fég;gﬁgf}iri %,2%1,5 22
Bond strength (pull-out) from concrete substrate
(mean values):

- C20/25 concrete, centered position (alka- T2 [MPa]
line conditions) ba
4 - C20/25 concrete, eccentric position T [MPa] EAD-FRP Bars §2.2.4
(standard conditions) D.cb LG-FRP Bars — Tab. 2
- C20/.25 concreFe, centered position (at T 1max [MPa]
maximum service temperature) ’
- C50/60 concrete, centered position Tb,C50/60
(standard conditions) [MPa]

5 Tensile fatigue (2 x 10° cycles, stress ratio R = fraiaue [MPa] EAD-FRP Bars §2.2.7
0.1, frequency 1-10 Hz) fatigue LG-FRP Bars — Tab. 3
Static fatigue (characteristic values):

- Creep rupture strength at one million hours

6 (= 100 years) — standard conditions Jue [MPa] fé%gﬁgf}iri %,235 2

- Creep rupture strength at one million hours freca [MPa] '
(= 100 years) — alkaline exposure at 60 °C fik.ca

7 Longitudinal coefficient of thermal expansion asp.L [°C7'] fég;gﬁgf}iri %,2%1,5 91

8 Transverse coefficient of thermal expansion 0sp.r [°C7'] fégrggﬁglf "l%bzll 0
Melting temperature (for thermoplastic or semi- o

9 crystalline FRP bars) Tom [°C] | EAD-FRP Bars §2.2.11
Relaxation:

- Relaxation rate after 10, 120 and 1000 Y10, Y120, EAD-FRP Bars §2.2.12

10 hours Yoo %] |/ & FRP Bars — Tab. 3

- Relaxation rate after one million hours (= Ymition [%] ’
100 years) million | /0
Alkali resistance:
- Mass-loss rate (at 1000 h and 3000 h) Ram [%]
- Residual mean tensile strength after 1000 R0 [9%]
1 h under sustained load et *1 | EAD-FRP Bars §2.2.16
- Residual mean interlaminar shear Rets 1900 [%4] LG-FRP Bars — Tab. 2
strength after 1000 h el °
- Residual mean interlaminar shear Reci 3000 [%]
strength after 3000 h el ’
13 | Reaction to fire (class rating) Fire Class fég;gﬁgf}iri %,2%113 ' 127
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12 APPENDIX B - CALIBRATION OF PARTIAL MATERIAL
FACTORS

121 INTRODUCTION

This Appendix provides information on the procedure for the calibration of the partial factors for FRP
bars referred to in Chapter 4. The concept of safety adopted herein is consistent with EN 1990 Basis
of Structural Design (EN 1990, 2023). In defining the design value of a generic resistance property
R4 of a material, it is possible to distinguish the partial factor yrq, which accounts for uncertainties

related to the resistance model and the geometry, and the partial factor v, which accounts for uncer-
tainties in the material properties:

in
My (12.1)

R,=R {Xd,i;ad,i} =R {n
Ym Tra

where (as also suggested by EN 1990 §8.3.5.1(2)) the factors ym and yrd can be combined into a single
partial factor for material properties yf (EN 1990, § C.4.3):

Y =Ym Vra (12.2)

In Eq. (12.1) R {} is a function depending on a specific resistance model of the mechanical X, and
geometrical a; parameters, represented by X; and aq,i in terms of design values (EN 1992-1-1:2023).

1 is a conversion factor that takes into account the reduction of the mechanical properties due to
exposure to non-standard environmental conditions, as humidity and temperature, aging, scale effects
and other relevant parameters.

In the following sections, for the FRP bars, based on statistical analysis of experimental results and
on literature models, these partial factors will be evaluated:

- the partial factor, v, , which takes into account only uncertainties in the material property,
considering possible unfavorable deviations of the property from its characteristic value, and
which will be assessed in §12.2;

- the partial factor yg,, which is associated with uncertainties in the resistance model and geo-
metric deviations, unless explicitly accounted for within the resistance model itself, and which
will be assessed in §12.3.1 for the flexural resistance model and in §12.4 for the resistance
models associated to shear and confinement;

- the partial factor of the FRP bar, v,, according to Eq. (12.2) for evaluating the design strength

of the FRP bars, which will be evaluated in §12.3.2 and §12.3.3 for flexural verifications and
in §12.5 for the shear and confinement.

12.2 DERIVATION OF THE MATERIAL PARTIAL FACTOR, v,

To determine the partial material factor, a statistical analysis was conducted on tensile-strength test
results from the qualification of eight different GFRP bars, with diameters ranging from 6 mm to 25
mm, produced by both domestic and international manufacturers. Testing was conducted in five differ-
ent university laboratories in Europe, following the same test procedure (EAD 260023-00-0301,
§2.2.2).
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The experimental results were grouped in datasets of equal diameter and it was observed that the
statistical distribution of strengths can be well approximated by a three-parameter log-normal distri-
bution, satisfying the Kolmogorov—Smirnov log-normality criterion (Massey, 1959). By adopting this
distribution for interpolation of the experimental data, the design and characteristic values defined in
Eurocode 0 (EN 1990, 2023) for the three-parameter log-normal case can be expressed as follows:

lln[H of( 2]+xign(y)»aR~B hl[l+ Gg‘ 2]
2 (IJ'X_S) (PX_S)

1 o3 _ o%
—In| 1+ X —sign(y)®"' (p) ln[H X ]
2 [ (PX‘S)ZJ (PX‘S)Z

e ux, oxand 9 are the parameters of the three-parameter log-normal distribution (mean,
standard deviation, and threshold, respectively), v is the skewness,

e or is the sensitivity factor according to the First Order Reliability Method (FORM),

e [ is the target reliability index, which depends on the consequence class of the structure and
the reference period (EN 1990, 2023),

e @ is the cumulative probability function of the standard normal distribution, and ®'(p) is

the corresponding quantile function (for p = 5%, ®'(0.05) = —1.645).

Design strength: Xy = 9+(Mx —8)~e { (12.3)

Characteristic strength: X, =9+ (Hx - 9) ‘e { (12.4)

where:

The partial material factor v, is therefore given by:

X=n2x 5 oy =X (12.5)

m

where the design and characteristic values are determined from Egs. (12.3) and (12.4) for each tested
bar diameter. In Eq. (12.5) the conversion factor n is not considered, since the tensile tests were
carried out under standard environmental conditions. The values of 1; listed in Tables 4-1 and 4-2
were fixed based on literature information.

In Eq. (12.3), the following parameters were adopted:

o ar=0.8, since it is supposed that the variable X related to the strength of the material is dominant
in comparison with the other variables (uncertainties of resistance model and of geometry) that
influence the yr according to Eq. (12.2) (EN 1990, 2023), and

e [3=3.8 (corresponding to Consequence Class CC2, reference period 50 years, EN 1990, Table C.3).

Equation (12.5) gives v,, values ranging from 1.02 to 1.07, depending on bar diameter (Franco et al.,

2025). When values were grouped in the strength classes defined in Table 3-3, v, ranges between

1.04 and 1.07. For safety, a partial material factor v, =1.07 is therefore recommended. In this case,

the coefficient of variation of the tensile strength is V=06 /p, 0.07.

12.3 DERIVATION OF THE PARTIAL FACTOR FOR FRP BARS 7, FOR FLEXURAL
VERIFICATIONS

12.3.1 Assessment of the partial factor related to uncertainties of the flexural

74



CNR-DT 203/R1/2026

resistance model and of geometry, v,

The partial factor yrq related to the uncertainties related to the flexural behavior of the bar embedded
in concrete and subject to normal stresses (such as those related to bending) can be expressed as the
product of two terms: one accounting for the uncertainty in the resistance model (yrda,mod) and the
other for geometric deviations (Yrd,geo):

YRd = ’YRd,mod ' y}{d,geo (12’6)

Assuming a normal distribution for both uncertainties, the partial coefficients can be defined as fol-
lows (fib Bulletin 80, 2016):

Hor mod 1 1
YRamod =5 = = (12.7)
fdmod 6Rd,mod 1 - G’R : B ' VGR,mod 1 - 04 : 08 : B ' VGR,mod
l"l'eR geo 1 1
YRigo =~ = = (12.8)
e eRd,geo 1_O(‘R 'B'VGR,geo 1_0'4'0'8.B'VQR,geo

where Hog noas Vormod @10 Hog geos Vor geo 1€, TESPectively, the mean values and coefficients of varia-
Ramog and 0

model and geometry. In Eq. (12.7) and (12.8), a reduced value of the factor ar = 0.4:0.8 = 0.32, as
suggested in fib bulletin 80 (§ 4.1.3, eq. 4.1-20), since the uncertainties of the resistance model and
of geometry are assumed as not dominant variables, but the variable X, associated to the material
strength is assumed dominant (see also §12.2).

tion of the random variables 0 which describe the uncertainties related to the resistance

R,geo?

For RC members with steel reinforcement, statistical evaluations from experimental pure bending
tests, EN 1992-1-1 (EN 1992-1-1, 2023, Appendix A) suggests adopting a model coefficient of vari-
ation equal to Vi, .., = 0.045. In the absence of analogous statistical evaluations for RC elements

with FRP bars and in consideration of the brittle behavior of the FRP bars, a conservative value for
the coefficient of variation of Vg, ., =0.06 is adopted here.

The geometric uncertainties associated with the reinforcement area are implicitly accounted for in the
resistance variability, since the latter is defined in terms of the effective cross-sectional area. There-
fore, for pure tension members, geometric uncertainty can be neglected. For bending, however, where
resistance also depends on the section dimensions and the position of the bars (through the effective
depth and, consequently, the concrete cover), geometric uncertainties may have a non-negligible in-
fluence. It can be assumed that this factor does not depend on the material, and that it is taken the
same used for steel, which in EN 1992-1-1 (EN 1992-1-1, 2023, Appendix A) is defined as a function
of the effective depth d (in mm):

N

OR,geo

=0.05[200/d]*" (12.9)

Such a coefficient of variation is usually calculated for concrete element reinforced with steel bars
adopting in Eq. (12.9) d = 200 mm, that provides V, = 0.05. Using for concrete elements rein-

R,geo
forced with FRP bars the value for V; ., and introducing, thus, Vi, ., =0.06 and V.= 0.05 in
Egs. (12.7) and (12.8), the following result is obtained:
Viamod = 1-08 5 Yrggeo =1.06 (12.10)

These values are lower or comparable with the partial factor estimated for the material in §12.2 (y,,
=1.08) and, thus, justify the assumption of considering the material strength as dominant variable,
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also in consideration of the safe choice adopted for the uncertainty related to the resistance model.

Using for Yrd,mod and Yrdgeo the values given by Eq. (12.10), the global partial factor for model and
geometry uncertainties, yrd, for FRP bars under flexural stresses, is therefore equal to:

Vra = VRamod " Vrageo — 1-08 - 1.06=1.15 (12.11)
For comparison, it should be noted that the partial factor for model uncertainty for FRP bars is taken

in the fib Model Code 2020 §17.8.1.1 (fib MC 2020, 2024) as Yy g = 1.10, while in the fib Model

Code 2010 (fib Bulletin 65, 2012) the factor for geometric uncertainty used for steel was assumed as
Yrageo = 1.05. The combined use of these two values in Eq. (12.11) provides Yy, =1.16, in agreement

with the calculated values.

12.3.2 Assessment of the partial factor of the FRP bars y, according to EN 1990

Considering the values reported in §12.3.1 for the partial factors related to uncertainties of the geom-
etry and of the resistance model (ygy,,,= 1.08 and v, ,=1.06, that provided

VRa = VRdmod " Vrageo = 1-15) and adopting the highest value of the partial factor of the material (
Y., =1.08) calculated in §12.2, the overall partial factor for FRP bars can therefore be determined as:

Ve =Yeq ¥, =1.15-1.0821.24 (12.12)

12.3.3 Assessment of the partial factor of the FRP bars vy, according to EN 1992-1-1

As an alternative to the approach described in § 12.4 and to the corresponding procedures developed
in §12.2 and §12.3, according to Annex A of EN 1992-1-1 (EN 1992-1-1, 2023), the overall partial
factor for the material, v, can be calculated using the following expression, assuming a log-normal
distribution of the material strength:

exp(a, -B-V.
Ve = (0P Ver) (12.13)
Mre

where:

- or is the sensitivity factor of the resistance, equal to 0.8;

- P is the reliability index, equal to 3.8 (for consequence class CC2 and a 50-year reference
period);

- Vrris the coefficient of variation of the resistance, calculated as:

Ve :\/ v, +V62R,mod +Vy

OR,geo

(12.14)

The individual terms under the square root represent the coefficients of variation associated with the
uncertainties of the material, Vi, of the model, Vor mod, and of the geometry, Vor geo, as reported in
Table 12-1. In particular:

- Vn is taken from the statistical analysis of the available experimental database assuming a
three-parameter log-normal distribution (0.07, as defined in §12.2);
- Vorgeo = 0.05 as adopted in §12.3.1 for =200 mm in Eq. (12.9);

- Vor,mod = 0.06, as discussed in § 12.3.1, as a safe assumption.

The bias factor of the resistance, prs, can be computed as:

76



CNR-DT 203/R1/2026

lJ’Rf = l’tm : l’l’eR,mod : HGR,geo (1215)

where each term represents the bias factor associated with the material, the model, and the geometry,
respectively, as indicated in Table 12-1.

Using Equation (12.13) together with the values in Table 12-1, the following value of the overall
partial factor is obtained:

exp(oy -B-Vi;)  exp(0.8-3.8-0.105)
Te = =
m 1.16

=1.18 (12.16)

Table 12-1: Statistical parameters adopted for the calculation of the partial factor y¢

Variable Coefficient of variation Bias factor

Tensile strength V., =0.07 p, =exp(1.645V,_ )
Geometrical uncertainty _ 2/3 _1_ 2/3
(effective depth d in mm) Virzeo =0-05[200 /d] o, =1-0.05 [200/d]

Model uncertainty Vor.mea = 0.06 Hogmoa =109

Resistance i _ _

(for d — 200 mm) VRf = V,i+V92R,mod+VezR’geo = 0105 uRf - ”’m ' H’OR,mad : uOR,geo - 116

12.3.4 Partial factor for FRP bars y, adopted in this document for flexural verifica-
tions

In this document, it is assumed that the flexural verifications at SLU in concrete elements reinforced
with FRP bars shall be carried out by adopting in the calculation of the design tensile strength of the
FRP bars, the partial factor yr= 1.25, slightly safer in comparison with the value (1.24) provided by
Eq. (12.12) according to the procedure suggested in (EN 1990:2023) and described in §12.3.1 and in
§12.3.2. Such a value is comprehensive of all the previously described uncertainties (uncertainties of
the resistance model and of the geometry in case of bending moment, uncertainty of the tensile
strength of the FRP bars) and, thus, can be used without any further reduction factor in order to cal-
culate, starting from the characteristic value of the tensile strength associated with a given class of
the FRP bars, the design value to be used in the evaluation of the resistant bending moment of concrete
sections reinforced with these bars. Depending on the exposure conditions of the structure, the design
value of the tensile strength of FRP bars shall take into account also the conversion factors indicated
in Eq. (4.4).

12.4 DERIVATION OF THE PARTIAL FACTOR FOR FRP BARS v; IN CASE OF
SHEAR STRESS AND FOR CONFINAMENT

In order to assess the partial factor yr to be used for the calculation of the shear resistance of concrete
elements reinforced with FRP stirrups, considering the approach described in §12.1, it is necessary to
estimate the partial factors ¥,,, Yy mea @04 Yy geo -

For straight FRP bars, in §12.2 the partial factor associated to the uncertainty of the tensile strength
is estimated (y,, =1.08) based on detailed statistical analyses carried out on a wide database of ex-

perimental results of tensile tests. Since for the tensile strength of the FRP stirrups, individuated by
the strength of the bent part, fu,, an analogous number of experimental results is not available at the

moment, on the safe side, an higher value of the partial factor is assumed, y,_ =1.15, obtained

77



CNR-DT 203/R1/2026

assuming a lognormal distribution of the strength with coefficient of variation V_= 0.10 under the
hypothesis that the strength fu, is more scattered than the tensile strength of the straight FRP bars.

The partial factor Yp; = Yggmod * Yrageo ShOUld be estimated on the basis of the comparisons between

experimental data and predictions provided by shear resistance models, but, lacking these compari-
sons, it is possible to follow the same methodology used for flexural verifications. In particular, for
the uncertainty related to geometry, the same value of the coefficient of variation used for flexural

verification, Vi ., =0.05, is adopted, while for the uncertainty related to the shear resistance model a
higher coefficient of variation, Vi .., = 0.10, is adopted, as suggested in literature. Therefore, based

on these assumptions, the two procedures described in §12.3.2 and §12.3.3 provide:

- EN 1990: Ve =Vpg Yoy =1.39 (12.17)
exp(a, -B-V,
- EN 1992-1-1: Y, = p(ax P Rf)=1.29 (12.18)
Uge

On the safe side, in this Document, the verifications at SLU for shear stresses in concrete elements
reinforced with FRP stirrups shall be carried out adopting in the calculation of the design tensile
strength of the FRP stirrups the partial factor yr= 1.40, slightly safer in comparison with the value
provided by Eq. (12.17). Because of the linear dependence of the shear resistance related to the FRP
stirrup contribution on the tensile strength of the stirrups (see Eq. 6.13), this partial factor can be
intended also as partial factor related to the whole shear resistance, similarly to the partial factor yv
used to calculate the contribute of the shear resistant mechanisms of concrete, V., in elements

without specific shear reinforcement (see Eq. (6.11a) and (6.11c)).
The same value of the partial factor y, = 1.4 is suggested for calculating the design tensile strength

of the FRP stirrups when the effect of confinement induced by FRP stirrups has to be evaluated in
concrete elements under axial loads or combined flexural and axial loads.

For both types of verification, the value y; = 1.4 is comprehensive of all the previously described

uncertainties (uncertainties of the resistance model and of the geometry in case of shear, uncertainty
of the tensile strength of the FRP stirrups) and, thus, it can be used without any further reduction
factor in order to calculate the design value of the tensile strength of FRP stirrups, starting from the
characteristic value of the tensile strength associated with a given strength class. Depending on the
exposure conditions of the structure, the design value of the tensile strength of FRP stirrups shall take
into account also the conversion factors indicated in Eq. (4.4).
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APPENDIX C: Duties and responsibilities of stakeholders in the se-
lection and quality control of FRP bars

Manufacturer

The production of FRP bars, as well as that of their individual components (fibres and matri-
ces), shall be subject to continuous quality control programs.

For products qualified through CE marking, Manufacturer shall provide the Declaration of
Performance and Conformity (DoPC) in accordance with EU Regulation 2024/3110, or other
available certifications, to ensure that each production batch complies with the declared spec-
ifications.

For products qualified through a Technical Evaluation Certificate (CVT), Manufacturer shall
provide the CVT and accompanying technical documentation, such as data sheets, with the
product delivery.

Whenever possible, products shall bear a permanent marking ensuring complete traceability.
Otherwise, marking shall be supplied with labels or tags indicating all the information re-
quired for the traceability of the materials.

Designer

Shall clearly specify in the design documents the quality and characteristics (geometric, me-
chanical, and physical) of the FRP bars, as indicated in Table 3-1, and shall define the class
in accordance with Table 3-3.

Shall recommend to the Field Engineer, depending on the importance and scale of the appli-
cation, the execution of tests to be performed to verify some or all of the geometric, mechan-
ical, or physical properties provided by the manufacturer in the technical data sheets.

Contractor

Shall select and use FRP bars with the properties specified by the Designer, purchased from
Manufacturers that have completed the qualification process described in §11.1.

Shall verify that the products are accompanied by comprehensive technical data sheets that
specify the values of their mechanical and physical properties.

Shall confirm, together with the Field Engineer, that the products comply with the Designer’s
specifications. If materials with the specified properties are unavailable, possible alternatives
shall be agreed upon with both the Designer and/or the Field Engineer.

Field Engineer
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Plays a decisive role in product acceptance.

Shall verify, both during the procurement phase and upon delivery, that the supplied material
complies with the designer’s specifications.

Shall confirm the origin of the supplied material. FRP bars may bear the Manufacturer’s mark
or be supplied in bundles provided with labels or tags containing all necessary traceability
information.

Shall verify the geometric, mechanical, and physical properties of the products by reviewing
the Declaration of Performance and Conformity (DoPC) under EU Regulation 2024/3110 in
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the case of CE-marked products (also checking that the Certificate of Constancy of Perfor-
mance and Conformity (CCPC) issued by a notified body is valid), or the equivalent certifi-
cations in other cases.

Shall perform, for products qualified through CVT, acceptance checks in accordance with the
procedures specified in LG- FRP bars.

May, for CE-marked products, decide to perform additional on-site acceptance tests as indi-
cated in Table 3-5, since the acceptance procedures of the LG-FRP bars are not mandatory.

Testing Laboratories

Shall have proven experience in the experimental characterization of fibre-reinforced materi-
als.

Shall be equipped with appropriate testing and measurement facilities.

Shall perform experimental tests in accordance with specific Standards for fibre-reinforced
materials and, in particular, for FRP bars.

Shall issue detailed test reports including all relevant information about the testing equipment
and measured results.

Shall operate in compliance with UNI CEI EN ISO/IEC 17025, “Requisiti generali per la
competenza dei laboratori di prova e di taratura” (General requirements for the competence
of testing and calibration laboratories).

Compliance and Safety Inspector
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Shall verify the quality of the materials used by checking the Declaration of Performance and
Conformity (DoPC) under EU Regulation 2024/3110 for CE-marked products, or through
accompanying certificates for supplied materials.

Shall verify the Field Engineer's acceptance of materials.

Shall review the results of any acceptance tests required by the Field Engineer.
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13 APPENDIX D — Experimental calibration of the deflection formula
for FRP-reinforced concrete flexural members

The following procedure may be used to experimentally determine, with greater accuracy, the influ-
ence of the bond characteristics of specific FRP bars on the calculation of deflections in FRP-RC
flexural members.

For the evaluation of deflections, the following expression can be adopted:
f=h-0=-v)+firy
MY (14.1)
M

YZI_BfBz(

max

The parameters introduced above are defined in §7.3.

Based on a test population consisting of at least five concrete elements reinforced with FRP bars and
tested in four-point bending, the midspan deflections shall be measured at specified load levels, en-
suring that no less than 5 measurements are recorded for each test within the load range of 20% to
60% of the ultimate load.

Using the experimental data and the analytical formulation in Equation (14.1), the coefficients 3: and
m may be calibrated using an appropriate statistical analysis, such as the maximum likelihood method.

In accordance with §7.3, the coefficient 32 shall be taken equal to 1.0, since the applied loads during
the experimental tests may be considered short-term loads, unless the loading is cyclic, in which case
B2 = 0.5 shall be used.
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14 APPENDIX E — The bond-slip relationship between FRP bars and
concrete

141 INTRODUCTION

As described in Chapter 5, the proper composite action between an FRP bar and concrete is ensured
by the bond mechanism that develops between the two through tangential stresses along their inter-
face. The transfer of tangential stresses at the FRP bar—concrete interface can be analytically repre-
sented by an interface law t(s) (the bond—slip relationship), which associates the slip s (relative dis-
placement between bar and concrete) with the corresponding shear stress T acting along the interface
surface. This law mainly depends on: the mechanical properties of the materials (normal and shear
elastic moduli, Poisson’s ratio), the geometrical characteristics of the bars (shape, diameter, or equiv-
alent dimension), the surface treatment of the bars (sand coating, grooves, ribs, indentations, or pro-
trusions produced through various manufacturing techniques). Figure 14-1 shows examples of differ-
ent types of FRP bars currently available on the market.

T Y A
o ]

Figure 14-1 - Examples of various types of FRP bars available commercially.

The bond-slip relationship may be obtained experimentally through specific tests, as described in §
5.3. Depending on the surface treatment of the bars, the bar shape can vary and is characterized by
different values of the bond strength 1. Bond failure of FRP bars may occur either: at the bar—con-
crete interface (where adhesion is governed primarily by chemical-physical bonding), or within the
surrounding concrete, due to the formation of compressed struts (bond governed by both adhesion
and mechanical interlocking), depending on the surface configuration. These mechanisms, in turn,
influence the analytical formulations to be used to represent the experimental laws.

Although the FRP bar—concrete bond behavior may strongly depend on the specific geometrical and
mechanical properties of the bar—and should ideally be characterized individually for each product—
the following sections present analytical formulations that guide modeling the FRP bar—concrete bond
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both in terms of the t(s) relationship and the maximum bond stress To.

14.2 THEORETICAL FORMULATIONS FOR THE FRP BAR-CONCRETE BOND
RELATIONSHIP

The analytical model proposed by (Eligehausen et al., 1983, known as the BEP model), initially de-
veloped for deformed steel bars, was subsequently modified and recalibrated by Cosenza et al. (1996)
(the so called modified BEP model) to represent better the bond mechanism of FRP bars (Figure 15-
2a) and later simplified by (Pecce et al., 2001) by removing the residual stress branch (Figure 15-2b).
Unlike steel bars with mechanical interlock, FRP bars often do not exhibit an apparent horizontal
plateau after reaching the maximum bond stress. Consequently, in both formulations shown in Figure
14-2, the descending branch is modeled as a linear softening segment after the peak stress.

For the bond model with residual strength (Figure 15-2a), the three branches are defined as follows:

S o
t(s)zrb-(—] s<s, (15.1)
Sh
T(s)=1:b—p(s—sb) s, <88, (15.2)
(s) =1, s>, (15.3)
being p =0 s (15.4)
Sr _Sb

For the bond model without residual strength (Figure 15-2b), the first branch is given by Eq. (15.1),
while the second branch is defined as:

T(s)=1:b—p(s—sb) S, <S8, (15.5)
being p = LS, t(s)=0 per s>s,.
Su _Sb
T T
Tp
P
tr
S s
Sp Ky S, Su

E 2) Sb b)

Figure 14-2 - Bond-slip laws for FRP bars: (a) modified BEP model with residual strength; (b)
modified BEP model without residual strength

The number of parameters to be identified for the modified BEP model is five for the three-branch
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formulation: 7,,7,,5,,S,,0. or T,,S,,0, p and s, (or t,). For the two-branches model, the parameters

are only four: t,, s,,0 and p. The following section guides the determination of the maximum bond
stress Tb, in relation to the concrete strength and the bond class defined in § 5.3.

Referring to the model shown in Figure 14-2b (Egs. 15.1 and 15.5), and based on literature data, two
parameter ranges are suggested. For bond governed mainly by chemical-physical adhesion (Figure

14-3a): s, =0.10 +0.35 mm; o.=0.45+0.50, p=0.01 +0.05 N/mm?>. For bond involving mechanical
interlocking (Figure 14-3b): s, = 1.5+ 1.75 mm; o= 0.30 + 0.45, p = 0.10 + 0.20 N/mm°.

It is noted that, since a < 1, the initial branch tends to exhibit a vertical slope as s — 0.

3.0
2.5 A

2.0 -

- o
Z15 215
e &
1.0 1.0
0.5 1 0.5
0.0 T T T T T T T T T . 0.0
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
Slip [mm] Slip [mm]
(a) (b)

Figure 14-3 - Experimental and analytical bond—slip relationships from Eqgs. (15.1) and (15.5): (a)
bond law based on chemical-physical adhesion; (b) bond law based on mechanical interlocking.

A slightly different formulation for the ascending branch was proposed by (Cosenza et al., 1997) and
later discussed by (Focacci et al., 2020; 2024). In this model, the ascending portion of the bond-slip
curve (Figure 14- 4a) is defined as:

B
r(s):rb(l—exp(—i)J T<t, (15.6)

Sy,

This formulation, characterized by a vertical initial slope at s = 0, accurately describes the early-stage
bond mechanism governed by chemical adhesion at the FRP—concrete interface. The three parameters
required to define the law fully are: t,,s,, 3. While the assessment of t, is discussed in the next

section, the following typical ranges are suggested for the other parameters: s, =1.70 +5.70 mm; 3
=0.37+1.17.

Figure 14- 4b, compares the experimental ascending branches of the bond-slip curves obtained in
experimental bond tests on CFRP bars and the analytical trend given by Eq. (15.6) where t,= 16.6
MPa, s,=4.14 mm, 3= 0.7 (Leone, 2005).
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% 18 ( e 1, = 16.6 MPa
B 16 - - >
14 g PS
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0 2 4 6 s 10 1
2) $ (mm) b)
Figure 14- 4 - (a) Exponential ascending branch according to Eq. (15.6); (b) comparison between
experimental and analytical bond—slip laws for the ascending branch given by Eq. (15.6) (Leone,
2005).
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14.3 EVALUATION OF THE MAXIMUM BOND STRESS

The peak stress of the bond-—slip relationship, t», can be obtained from experimental bond tests per-
formed on embedment lengths equal to five times the effective bar diameter, as described in §5.3.

In the literature and design Guidelines, various formulations are provided to estimate 1, primarily as
a function of the bar diameter and the concrete compressive strength (Tighiouart et al., 1998; Okelo
et al., 2005; Lee et al., 2008; fib Model Code 2020).

For this document, an extensive experimental database (622 tests) of bond (pull-out) tests on FRP
bars of different types (in terms of surface treatment, fiber type, and diameter), embedded in concrete
with compressive strength fem ranging from 22 MPa to 80 MPa and with bonded lengths equal to five
times the bar diameter, was analyzed. The experimental results were examined in terms of peak shear

stress, assuming it to be constant along the bonded length ¢, =5d, ., hence, t, = ﬁ .
‘ Ty, o * Ly

86



CNR-DT 203/R1/2026

The experimental data were divided into two subgroups based on classification within the two bond
quality classes defined in §5.3. Since these classes refer to a bond test carried out with concrete of a
strength fck = 20 MPa (fem = 28 MPa), the assignment of each data point to one of the two classes was

: . . . 28
made by correcting the experimental value of the maximum bond shear stress, 1, , by the ratio  |[—

cm

where fcm is the mean compressive strength of the concrete used in the test.

For each subgroup, the following correlation laws were obtained:

Bond class 1: 1, =3.3-/f.., (15.7a)

Bond class 2: t, =2.2-\/f.., (15.7b)

: . : f 2 .
Figure 14-5 shows the comparison between the experimental (not corrected by 28 ) and theoretical
values of the peak bond stress, v, predicted by Eqs. (15.7) for the two bond classes. The comparison
shows that Egs. (15.7) predict in average quite well the experimental values of 1, for the two bond
classes and can be used to study the local bond behavior by means of numerical or analytical models,
when specific experimental information about 1y is not available.

Figure 14-5 - Comparison between experimental and theoretical values given by Egs. (15-7) for the
peak bond stress, 1, : (a) Bond class 1; (b) Bond class 2.

In some formulas reported in the literature and in design codes, the bond shear stress also depends on
the bonded length of the bar, ¢, (Xue et al., 2016; Basaran et al., 2020; Sun-Jae Yoo et al., 2022;

Wang et al., 2024; ACI 440.11-22). These formulations were calibrated based on bond-test results
from bars with different bonded lengths, 7, , also higher than 5db and assuming the shear stress com-

puted at the experimental peak load constant along ¢, . Thus, these values are not comparable with

T, , but they should be interpreted as predictive expressions of the average bond shear stress, E,

acting along the bar, under the simplified assumption of a uniform stress distribution. This average
stress may be used to estimate the anchorage length required to reach a given normal stress, o, , in
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the bar through the following expression:

g:Ab;Gf_

a

(15.8)

Ty o5 * T

The methods for calculating the anchorage length in this Document are discussed in detail in §15.4.
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144 ANCHORAGE LENGTH

The evaluation of the anchorage length for FRP bars was carried out following the procedure pro-
posed in the explanatory document (CEN/TC 250/SC 2 N2087) of Eurocode 2 (EN 1992-1-1, 2023)
for steel reinforcement. For concrete elements reinforced with steel bars, the design value of the an-
chorage length, ¢_, for straight bars, is given by the following expression:

3/2 25 112 d 173 1.5d 172
l, =k, -k, .¢.(&J == (ij | = ba >10d,, (15.9)
P " 435 S 20 c,

where:

- dbpa 1S the diameter of the steel bar;

- 0.4 is the design stress in the steel bar under the ULS combination of actions;

- fek is the characteristic cylindrical compressive strength of concrete;

-k, is a statistically calibrated coefficient: equal to 50 for design conditions under permanent
and variable loads, or 35 for accidental load conditions;

- kep accounts for the effect of the position of the bar during the concrete casting on the bond
behavior: in (EN 1992-1-1, 2023) it is taken as 1.0 or 1.2 for good or poor bond conditions,
respectively;

- ¢, =min(c,,c,,0.5¢,,3.75d,)) where cx, ¢y e ¢s are defined in Figure 14-6;
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Figure 14-6 - Geometric quantities for the definition of ¢, .

Eq. (15.9) was derived (CEN/TC 250/SC 2 N2087) by inverting the following regression formula for
the stress in the bar as a function of the bonded length ¢, and of the dimensionless terms

(&j’ 25 , o , as follows:
25)\d,, ) \d,
11/20 14 1/5 1/4
csd:54.(§a] (%) [E_SJ (;_dJ (15.10)
ba ba ba

For this document, based on an extensive database of experimental pull-out tests (851 specimens)
performed on FRP bars of different types (surface treatment, fiber type, diameter) embedded in con-
crete with compressive strength fcx ranging from 15 MPa to 90 MPa, Eq. (15.10) was recalibrated for
the two bond-quality classes defined in § 5.3. Specifically, 283 data points corresponded to Bond
class 1 FRP bars, and 568 to Bond class 2; the tests covered bonded lengths ranging from 2.5dp efr to
40db cfr, Where db efr is the effective bar diameter.

. . . . o 1.5d
Since these were pull-out tests, it was not possible to estimate the contribution of the term (J]
€4

in (15.9). Therefore, to determine the new exponents of the terms (fd‘ J,( 20 J,[g—a], a multi-
25 db,cff db,cff

variate regression analysis was carried out based on the comparison between the experimental values
of the tensile stress acting in the FRP bar, o, , corresponding to a bond failure for a fixed bond

length 7, and the theoretical values o, . (see Figures 15-7) predicted by the following expressions:

- For bond quality Class 1: 1, > 15 MPa:

1/2 2/5 1/5
oo = k| (Qj |20 (15.11)
o db,eff 25 db,eff ‘

- For bond quality Class 2: 7 MPa < 1, < 15 MPa:

2/3 2/5 1/5
- (&j |2 (15.12)
“ db,cff 25 db,cff ‘

In Egs. (15.11) and (15.12), the symbols retain their previous meanings, except for the coefficient £,
which was calibrated using the comparisons with experimental data, and the stress o, , which repre-

sents the mean, the characteristic or the design value of the tensile stress acting in the FRP bar in case
of bond failure for a fixed /_, in function of the value of £. The best fitting on the experimental values

of o, allowed, indeed, estimating the mean value of &, while the ‘design by testing’ procedure in
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agreement with (EN 1990:2023) allowed estimating the fractile values 5% (characteristic value) and
0.1% (design value), as listed in Table 15-1 for the two datasets (FRP bars in Bond class 1 or 2). In
Table 15-1, also the coefficient of variation (CoV) associated to the variable o, /o6, ., the number

of collected experimental data, and the range of variation of the mean compressive strength of con-
crete, fem, are listed.

Finally, by inverting Eq. (15.11) and (15.12), the following expressions for the anchorage length are
obtained in order to warrant that the FRP bar can sustain the design tensile stress o,:

- For bond quality Class 1: t, > 15 MPa:

5 )5 4/5 d 2/5 500 2
0 =k, -d,- S | | 22| | Soerr k,=| — (15.13)
500 S 20 k
- For bond quality Class 2: 7 MPa < 1, < 15 MPa:
3/2 3/5 3/10 3/2
d
(. =k, -d, - Su | [2] [ eer k, = 500 (15.14)
500 Sfu 20 k

Also Eq. (15.13) and (15.14) may have the meaning of mean, characteristic or design value depend-
ing on the adopted values of £, listed in Table 15-1.

Table 14-1 - Mean, characteristic, and design values of the coefficients k£ and k,

Bond k, k Database

class mean 5% design | mean | 5% |design| CoV data | fem [MPa]
1 12.0 19.0 30.0 144 115 92 0.13 283 22-80
2 19.3 34.0 65.0 69.5 48 31 0.24 568 26-77

Figure 14-7a and Figure 14-7b show the comparisons between the experimental, o, , and the mean
predicted values, o, ., of the tensile stresses in FRP bars in case of bond failure, according to Eq.
(15.11) for Class 1 and Eq. (15.12) for Class 2. In Figures 15-7, also the lines corresponding to the
characteristic and deign values of the theoretical tensile stress are plotted.

For design purposes, the nominal diameter dy of the bar shall be used in place of the effective diameter
dv etf employed during calibration.

The Eqgs. (15.13) and (15.14) are plotted in Figure 14-8a and Figure 14-8b for FRP bars falling in
Bond class 1 and 2, respectively, in terms of the dimensionless anchorage length, /¢, /dy and with

reference to mean (m), characteristic (k), and design (d) values. The formulas were applied assuming

fek =25 MPa and cta = 490 MPa (for example: G, = &m My Ney = %0.9 -0.85-0.8=490 MPa).
Te .

Figure 14.9 presents the same curves assuming fcc = 30 MPa and ot = 490 MPa.
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Figure 14-7 - Comparison between experimental and predicted tensile stresses in FRP bars from
bond tests: (a) Class 1, Eq. (15.11); (b) Class 2, Eq. (15.12)
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Figure 14-8 - Variation of /,/dy, with bar diameter for fox =25 MPa and o =490 MPa: a) Bond
class 1, Eq. (15.13); b) Bond class 2, Eq. (15.14).
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Figure 14.9 - Variation of /,/d, with bar diameter for fcx =30 MPa e o5g = 490 MPa: a) Bond class 1,
Eq. (15.13); b) Bond class 2, Eq. (15.14).

Egs. (5.13) and (15.14) are illustrated in Figure 14-10 for FRP bars falling in Bond class 1 and 2, as
well as for conventional steel bars, assuming fck =30 MPa and the same applied stress for both FRP

and steel bars equal to 383 MPa = 440/1.15 MPa. The plot shows that the ,/dy ratio for FRP bars

falling in Bond class 2 is only slightly higher than that required for steel bars, while FRP bars falling
in Bond class 1 exhibit considerably shorter values of required anchorage lengths.

In applications, a minimum anchorage length not lower than 300 mm and 20 d,, for any diameter or
Bond class is required. In Figure 15-10, dotted lines represent these limitations in function fo the bar
diameter.

gad /db —A—FRP - Bond class 1 - design
60 —&—FRP - Bond class 2 - design
steel bars
-==20 4,
----300 mm
40
20
0

Figure 14-10 - Variation of /,/dy with bar diameter for FRP bars falling in Bond class 1 (Eq. 15.13),
Bond class 2 (Eq. 15.14), and steel bars (Eq. 15.9) for fek =30 MPa and ¢ = 383 MPa.

Egs. (15.13) and (15.14) do not account for the influence of concrete cover thickness, as they were
calibrated on pull-out tests where bond failure always occurred thanks to high values of the concrete
cover. Thus, for design purposes, the effect of cover thickness may be included by adding the
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1/2
multiplicative factor (%j to Egs. (15.13) and (15.14), by analogy with the provisions for steel
Cq

bars in (EN 1992-1-1, 2023), provided it is greater than 1.

Finally, the term related to bar position during casting may also be introduced in Egs. (15.13) and
(15.14) via the coefficient kc,, which accounts for the effect of bar position on the bond mechanism,
as indicated in (EN 1992-1-1; 2023) for steel reinforcement (1.0 or 1.2 for good or poor bond condi-
tions).
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15 APPENDIX F: Simplified verification method under fire conditions

15.1 GENERAL CONCEPTS

The incremental—iterative procedure typically used to construct a moment—curvature relationship for
nonlinear analysis of RC sections can be readily implemented in computational software, but it is less
straightforward for manual calculations. Moreover, during fire exposure, the axial load Ng4, may vary
due to restraint effects. When adopting the member analysis approach in EN 1992-1-2, for flexural
elements, it is reasonable to assume Ngg=0.

A simplified method can therefore be used to evaluate the fire-resisting bending moment capacity of
unprotected FRP-RC members exposed to fire on the tension-fiber side, Mrad s, consistent with the
500 °C isotherm method of EN 1992-1-2 originally developed for steel-RC members. The tempera-
ture field is obtained through thermal analysis, and Mraq.fis, is determined by considering a “reduced
section” composed of:

(a)concrete at temperatures below 500 °C (with mechanical properties equal to those at 20 °C)
(b)FRP reinforcement with temperature-dependent mechanical properties, as specified in §6.2 (1).

It should be noted that the stress—strain relationship for concrete recommended by EN 1992-1-2—
and applicable also at 20 °C for fire design—differs from the usual room-temperature law, as it in-
cludes a pronounced softening branch. For FRP bars, an elastic—brittle behavior can be assumed.

15.2 THERMAL ANALYSIS

The temperature field within a structural element can be evaluated using conventional thermal anal-
yses under the design fire curve. Following approaches proposed in the literature and in international
standards, simplified methods can also be adopted to estimate, with reasonable accuracy, the temper-
ature of FRP bars in concrete elements exposed to fire from below. These methods refer to the ISO
834 standard temperature—time fire curve (EN 1363-1:2020) and to the thermal properties of concrete
recommended by the Eurocodes.

For example, the temperature of the FRP bar, T(z,c), may be evaluated as follows:
t<30min:T(¢,c)=A,(c)-t+20 [°C]

(16.1)
¢>30min:T(1,¢) = A, (c)-t+Ay(c)- 14 [°C]

where ¢ is the exposure time to fire [min], ¢ is the concrete cover [mm], and Aj(c) are temperature-
dependent coefficients listed in Table 15-1.

Table 15-1: Coefficients Ai(c)

¢ [mm] A1 Az A3 Aq
20 11.538 -4586.1 4221.2 0.0470
30 8.032  -2326.8 1935.7 0.0854
40 5.685 -892.3 5922 0.1774
50 3.997 -5094  271.7 0.2561
60 2792  -312.0 130.8  0.3400
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15.3 MECHANICAL ANALYSIS

After determining the temperature distribution within the section and reducing the mechanical prop-
erties of the materials according to their temperature-dependent behavior, the fire design bending
resistance, Mra, i, can be calculated using the same assumptions as under normal temperature condi-
tions (see §6.1).

The failure modes of the section remain the same as under ambient conditions:

e Failure mode 1: attainment of the maximum tensile strain in the FRP bars, &, while the
concrete strain remains below the limit &7,;

e Failure mode 2: attainment of the ultimate compressive strain in the concrete, &g, while the
FRP bar strain remains below its limit value, €otr.

The total strain in the FRP reinforcement can be expressed as:
Ciotf~ Erur T E1f (16.2)

where e, is the ultimate strain of the FRP bar at temperature T and et is the thermal strain corre-
sponding to the bar temperature. The ultimate strain er,r must be provided in accordance with §6.2
(D.

Because the stress—strain relationship of concrete under fire conditions includes a descending branch
(Figure 15-1), the maximum compressive strain of concrete, €., should be limited to a nominal value.

cu?

fck

N
N

—

N

N

/

* &

cl 8cu

€

Figure 15-1 - Stress—strain relationship of concrete at 20 °C under fire conditions (EN 1992-1-2)

In case of Failure Mode 1 (FRP rupture), assuming plane sections remain plane, the maximum con-
crete compressive strain is given by:

£

€= (EnrTrp) ——<tny (16.3)
’ T d—x

where x is the neutral axis depth and d is the distance between the extreme compression fiber and the
centroid of the FRP tension reinforcement.

In case of Failure Mode 2 (Concrete crushing), the maximum concrete strain equals its limiting value,
and the FRP strain is related to it by:

€.=€, (16.4)
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« d—x
€otf ~ Ceu . <(&grteére) (16.5)

In both failure modes, the neutral axis depth, x, is determined from axial force equilibrium:
N, -N; =0 (16.6)

where N. and Nr are the compressive and tensile resultants, respectively.

The fire design bending resistance, Mrad.fit, can then be determined from moment equilibrium, using
the dimensionless coefficients y and A corresponding to the stress—strain relationship of concrete at
20 °C under fire exposure (see Figure 15-2). In fire conditions, partial factors for materials are taken
as unity, i.e., fed= fek.

For Failure Mode 1 (FRP rupture), the following equations can be written:

Vebex-foo=pe(T): frg A =0 (16.9)

MRd,ﬁ,tzpf(T)‘fﬁd'Af'(d_M)zo (16.10)

where p,(T) is the reduction factor of the tensile strength of the FRP bar, f,,, at time ¢ and temper-
ature T, provided by the manufacturer (see point (1) of § 6.2).

For Failure Mode 2 (Concrete crushing), the following equations can be written:
* d —X
vobex- fo=pp(T)-Ep- A, - ™ T En =0 (16.11)

. d—x
Migse =Pe(T)-Ep - Ag '[SCUT_STJ)'(‘Z—;‘W)ZO (16.12)

where p(T) is reduction factor of the elastic modulus of the FRP bar at time ¢ and temperature T’
provided by the manufacturer (see point (1) in§6.2).

In general, the coefficients y and A depend on the limiting strain €, . However, extensive parametric
analyses (Nigro et al., 2014), based on the incremental—iterative procedure described earlier, showed
that for estimating the bending resistance of any section, the values, ¢, =0.010, v = 0.75 and 1=0.50

can be safely adopted.

To ensure the maximum bending resistance of FRP-reinforced members, adequate anchorage of the
bars shall be provided. Under fire exposure, the anchorage length of the FRP bars at time t, /¢,
and the ultimate anchorage stress, o, . , can be determined using Egs. (5.2) and (5.5), respectively,

for ambient conditions, assuming bond loss occurs when bar temperature exceeds a conventional limit
temperature. Based on (Katz et al., 2000), this limit temperature may conservatively be set at 50 °C,
since for all tested bars, bond strength reductions below 10% were observed at bar temperatures below
50 °C.

96



CNR-DT 203/R1/2026

Position of the neutral
axis

Sw fck:fcd
/ 7 T 1
i i 7| ,4 )\' \
II 7 I’ &
X /I /1 Nc:\V’b'X'fcd
/ 1
// /' r
( '
A ! ) 7 l’
7 1= 7
/ . i
! y '
/ 7 !
4 ’ i
d LA | 1
h / 4 !
4
| /
] / ! N
/ ’ 1 Balanced failure mode
/
,/ ,,/ ’l
Af /I ’ é II
2
3 / ‘/I = /
+/r i
14 ]
4 !
7/ I
° ° A
1 1—¢ e Ters pe(T) fra

Figure 15-2 - Strains and stresses at the ultimate limit state (ULS).

For regions where the bar temperature exceeds 50 °C, the additional protected anchorage length,
g inT>50°c » to be added to that from Egs. (5.2), can be calculated as:

Cagfig>s0c = Bi(€) +By(0)- £ [°C] (16.15)

where ¢ is the fire exposure time [min], ¢ is the concrete cover [mm], Bi(c) are the coefficients listed
in Table 15-2. Eq. (16.15) was derived by interpolating thermal analysis results reported by (Nigro et
al., 2012a).

The total anchorage length, /., required to ensure proper bond performance is the sum of the
effective anchorage length, /., and the non-effective length, /.4 1.50oc (see Figure 15-3 and
Figure 15-4) .

Table 15-2: Coefficients Bi(c)

¢ [mm] B1 B: B3
20 -23.43 15.38 0.4660
30 -104.68 58.45 0.2821
40 -159.79 87.28 0.2437
50 -2159.93 1995.44 0.0280
60 -13582.44 13347.56  0.0055

97



CNR-DT 203/R1/2026

Slab

Beam GOHOHHHHHHHH6

Column

Figure 15-3 - Slab exposed to fire with anchorage of FRP bars in the supporting beam.
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Figure 15-4 - Anchorage length of FPR bars in a not exposed area.
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16 APPENDIX G: Design examples

16.1 FLEXURAL DESIGN OF RC BEAMS WITH FRP BARS

The following example illustrates the flexural verification at both ultimate (ULS) and serviceability
(SLS) limit states for a simply supported RC beam reinforced with GFRP bars.

Each verification is performed by assuming the minimum number of bars required to satisfy the cor-
responding design condition, to determine which check governs the design.

Geometry of the Section

A rectangular section is considered, having the following dimensions:

e  Width, 5 =300 mm,
e Total height, 2 =600 mm,
e Concrete cover (from bar centroid), ¢ = 40 mm,
e Effective depth, d = 560 mm
The beam has a span of L =5 m and is simply supported at both ends.

Material Properties

e Concrete class C30/37 with:
- Characteristic cylinder strength: fox = 30 MPa
- Mean compressive strength: fom = foc + 8 =38 MPa.

- Mean tensile strength: £, =0.3- f2°=2.9 MPa

2/3
- Secant modulus of elasticity (mean value): E_ = 22000-(%) = 32837 MPa

e (Glass FRP (GFRP) bars of class E45/850, characterized by:
- Characteristic tensile strength: fixo= 850 MPa
- Mean modulus of elasticity: Er=45 GPa
- Nominal diameter: dp= 14 mm.

Loads
The beam is subjected to the following uniformly distributed loads:

- Dead loads (structural + non-structural): g1 + g2 = 13.0 kN m
- Live load (characteristic value): gk = 14.5 kN/m

The beam is placed under the exposure condition 2 (outdoor, dry environment), where the member is
directly exposed to solar radiation.

16.1.1 Ultimate Limit State (ULS) Verification
For the ULS load combination, the stress in the FRP bars shall not exceed:

S =M oM, n%

f

with fiwo = 850 MPa, 1, =0.85 ¢ 1, = 0.9, y,=1.25.

The reduction coefficient 1, accounts for the viscoelastic effects in the bars caused by the quasi-
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permanent loads, and it is computed as (see Eq. (4.4a)):

c
Mo =1—(1—nc)-%
ftk,c

where, for glass FRP barsn.= 0.50 (Table 4-2), so f;, . =1, - fio= 0.50-850 = 425 MPa and ofqp is
the stress in the FRP bars under the quasi-permanent load combination, calculated as follows.
The design value of the load under the quasi-permanent condition is:

Gaqp =& T8, +0.3q, =17.35 kN /m
The corresponding maximum bending moment is:

_ 'L _1735-5°

max,qp 8

=54.22 kN m

which is greater than the cracking moment of the section, calculated (neglecting the FRP contribution)

b-h’
as M, =——f.,, =52.14 kN m.
6

Assuming 4 bars of d» = 14 mm (total area 4, =615 mm?), the tension Grqp is given by:

. - Moo  54.22:10°
P 09A,-d  0.9-615-560

=175 MPa.

Hence:

175
0.5-850

=0.79

N, =1-(1-0.5)-

Therefore, the design tensile strength of the FRP bars is f;, =0.85-0.9-0.79 .%: 413 MPa.

The design value of the distributed load wunder the ULS loading condition is
Gesu =1.3g,+1.5g, +1.5q, =39.6 kN /m and the corresponding maximum design bending moment

is My, =123.6 kN m.

The design compressive strength of concrete is f,; = 0.85 % =17.0 MPa, where fck = 30 MPa.

Assuming failure by tensile rupture of FRP bars, the equilibrium of axial forces gives:
A, i fid
Wb

with y = 0.593, obtained iteratively using the strain-based expressions (see Eq. (6.8) where
€, =1000¢,):

Y, b x=A;- fiu— x= =84 mm
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E 0.5-2¢ perg <20
B 12

\lj =
5 B (6.8)
l-— per2.0<g <3.5
3e,
and:
g al 413 8 0.0016<0.0020.

c = Sftd : = :

(d—x) 45000 (560—84)
The rotational equilibrium gives:
M,, =y-b-x f,,-(0.5h—A-x)+A, - f;,(0.5h—c) = 134.7 KN m > Mg = 123.6 KN m

where A = 0.364 calculated from Eq. (6.10), where &, =1000g, :

. 86_ °_) perg <2.0
_SC
"= e, (36, ~4)+2 _ (6.10)
— per2.0<g <3.5
2¢g, (38C —2)

The calculated neutral axis depth and concrete strain confirm that failure occurs by FRP rupture (fail-
ure mode 1).

The provided tensile reinforcement (4 bars with dp = 14 mm, 4, =615 mm?) exceeds the minimum

required value, given by the following expression:

A :0.34-M =A :O.34-300'jﬂ =401 mm?>.

f,min f,min

ftd

Anchorage length calculation

It is assumed o4 = fia = 413 MPa.

1/2
For Class 1 bond quality, with k¢, =1, neglecting ( : j <1, and using Eq. (5.2a):

Cq

2 25 4/5 d 2/5 1 Sd 1/2
l, chp -k, -d, (&j | = [_bj N i being k,= 30
500) | £, 20 ¢ '

2 4/5 2/5
za=30-14-(%j @—3] -(%j =215 mm (= 15 db)
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1/2
For Class 2 bond quality, with k¢, =1, neglecting ( L ) <1, and using Eq. (5.2b):

Cq

3/2 3/5 3/10 172
1.
0, =k, k, -d, (&j |2 (ﬁj 14, being k, = 65
500 fu 20 ¢, “

32 3/5 310
za=65.14.(ﬁj (Ej (ﬂ) — 550 mm = (= 39 db)
500 30 20

For FRP bars in Bond class 1: ¢/, =215mm<300mm and 20 d, = 280 mm — adopt /,, =300mm.

For FRP bars in Bond class 2: /, =550mm>300mm and 20 d» =280 mm — adopt /,, =550mm.

Given that exposure condition 2 applies, no environmental reduction factor is required.

Since the moment capacity obtained with 4 bars of d, = 14 mm exceeds the design moment by about
10%, it is possible, in case of using FRP bars falling in Bond class 2, to reduce the anchorage length
by recalculating the working stress in the bars as a function of the adopted anchorage length (using
Eq. (5.5b)), and then updating the axial and rotational equilibrium equations accordingly.

16.1.2 Serviceability Limit State (SLS) Checks

16.1.2.1 Stress Verification

For the quasi-permanent load combination, the stress in the FRP bars shall satisfy the following limit
(as per Eq. (7.1)):

o; <Ny oM, M. ~®=325 MPa

Ye
where:

fiwo =850, n,=0.90, n, =0.85, 1, =0.50, y,=1.0.

The design value of the distributed load under the quasi-permanent loading condition:
Gaqp =& T8, +0.3q, =17.35 kN /m

2

_deep'L 17.35.5°

max,qp ]

=54.22 kN m. This

The corresponding maximum bending moment is M

moment exceeds the cracking moment of the section, calculated (neglecting the FRP contribution) as
b-h’

cr

Jown =52.14 kKN m. Therefore, the section under the maximum moment is cracked.

To account for creep effects in the compressed concrete, the effective modulus is used (§7.2)
E 32837

C

Tlte(ny) 142

=10946 MPa, assuming a creep coefficient ¢(z,7,)=2.

c,eff

Considering the four bars of d, = 14 mm (total area A; =615 mm?) defined based on the ULS verifi-
cation, the stress in the FRP bars is computed (assuming linear-elastic behavior of materials, Eq.
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(7.4)) as:

M
O =0 ——+(d—x,)
2

where:

E, _ 45000 _ 4.1 is the modular ratio between FRP and concrete;

E.. 10946

OCf:

- x2 and D> are, respectively, the neutral axis depth and the moment of inertia of the cracked
transformed section, where only the tensile FRP bars are included and transformed into

equivalent concrete through the coefficient o, .

The neutral axis is determined by setting the static moment of the cracked transformed section equal
to zero:

2
S -0 b-x,

n

—a; A (d—x,)=0=x2=89.1 mm

The corresponding moment of inertia is:

3
Izzb?jc2 +o; A, (d—x,)*=631.810° mm*
Hence, the tensile stress in the FRP bars is:
M 54.22-10°
o, =0 -——L . (d-x,)=4.1-—"——--(560—-89.1) = 166 MPa < 325 MPa.
e TR BT ( ) ¢ ‘

The compressive stress in concrete is calculated as follows and shall also satisfy the limits prescribed
by current Standards under the quasi-permanent combination of actions:

My | 5422:10°
c.= X, = c
1, 631.8-10

-89.1=7.6 MPa < 0.45 fi = 13.5 MPa.

Both checks are satisfied.

It can be noted that the minimum number of bars required to meet both stress limits is three; in fact,
using three bars of d, = 14 mm (total area A; =462 mm?) yields o, =220 MPa < 325 MPa and ©,=

8.7 MPa < 13.5 MPa.

For the characteristic (rare) load combination, the stress in the FRP bars shall satisfy Eq. (7.2):

o; SnT-na-O.S-ﬁ =520 MPa

Ve

Where fi = 850 MPa, n, = 0.85, n, =0.9, v,=1.0.
The corresponding load and moment are ¢, =g +g +q =275 kN /m and

I 275.5°
_ Qi = 72 > 85.94 kN m.

max,rara 8
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For this combination, the short-term modulus of concrete (not affected by creep) is used, E, =32837

MPa, and, hence, the modular ratio is a,; = E, _ 45000

= 1.37.
E, 32837

Using 4 bars of dp = 14 mm ( A; =615 mm?), with o, =1.37, the following results are obtained:
- x=534mm, [, = 231.7-10°mm*,

M 10°
- Gf:af.ﬂ.(d_xz):1.37.w.

I 231.7-10° (560-53.4) =257.5 MPa < 520 MPa.
2 7.

Moy | 85.94:10°
- GC = .XZ = 5
I, 231.7-10

53.4=19.8 MPa> 0.60 fcx = 18.0 MPa

Thus, to satisfy the maximum compressive stress limit in the concrete, the number of FRP bars must
be increased to 5 (with dy = 14 mm). However, to satisfy the tensile stress limit in the FRP bars, only

2 bars (with dp = 14 mm) would be sufficient, since in this case 6, = 510 MPa < 520 MPa.

16.1.2.2 Crack Width Verification

For the quasi-permanent load combination under exposure condition 2, the maximum crack width
(Eq. (7.6)) shall satisfy:

Wk = kl/r 'Sr,max '(gfm _gcm) S 06 mm

It is assumed the same modular ratio adopted for the quasi-permanent stress checks:

o, =L 000 _ 4y it o(r,1,) =2.
E..;. 10946
Using 5 bars with d, = 14 mm (total area A, =769.3 mm?), as defined by the rare combination stress

check, the neutral axis and moment of inertia of the cracked section, where the only FRP bars in
tension are transformed by a.,, are:

x2=98.6 mm, I, =772.1-10° mm*

hence: ,, =/ =2 - 6007986 _; e
S d-x, 560-986

The maximum crack spacing, s is obtained using equation (7.7):

r,max 2

Sr,max = Bw ' (kc ' cgeom + k¢/r ’ kﬂ : kb M}

Tofim “Prer
where:
o PBw=17;
e k.=1.5;
®  Cpom =¢—0.5d, ==33 mm (distance of the bar axis from the tensile face, net of radius);
*  kyr=0.25;
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h—h : . . .
ky= . el | where he.r is the effective tension zone height (Eq. (7.11):

h,; =min{c+5d,;10d,; 3.5¢; h—x,; h/2}=min{40+5-14;140;3.5-40,600-99;300} =110 mm,

h=he 600-110
h 600

SO ky = =0.82.

e /b =0.9 (bottom casting position);
o 1 .=125-f forBondclass 1 FRP,or 7t =1.50-f, for Bond class 2.
A, A, 7693

- - =0.0233
A b-h, 300-110

¢ P =
c,ef

The maximum crack spacing is therefore:

s =209 mm (Bond class 1)

r,max

S max =234 mm (Bond class 2)

Next, compute the mean strain difference between FRP and concrete in the cracked tensile zone:

b — £y =| 2Lk ey Saw |5 O gy
E; E; Prer E E;

C

The FRP stress for the quasi-permanent combination is:

M 54.20-10°
o, =0, —2® . (f —x,)=4.11-—=———-(560-99) = 133.2 MP
=0T 7692107 ) !
with M, =54.20 kN m.
Assuming:

- k= 0.4 (long-duration or repeated load),
- fum =29 MPa

E, == 32837 MPa

E; ==45000 MPa

Then:

&, —&, =0.00182 > 0.6% ~0.00178

f

The maximum crack width is, thus:
- for FPR bars with Bond class 1:
w, =1.087-209-0.00182 =0.414 mm < 0.60 mm
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- for FPR bars with Bond class 2:
w, =1.087-234-0.00182 = 0.463 mm < 0.60 mm

Thus, the check is satisfied with 5 bars with d, = 14 mm for both bond classes.

It is worth noting that for Bond class 1, 4 bars with d, = 14 mm satisfy the quasi-permanent crack-
width limit, since w, =1.085-240-0.00228 = 0.594 mm < 0.60 mm .

For the frequent loading combination, the limit is (Eq. (7.6) and Table 7-1):

Wk = kl/r 'sr,max .(Sfm _Scm) < 07 mm

Assuming o(t,7,) =1, representing an intermediate time between ¢ = 0 and ¢ = o (for steel RC

@(?,t,) =1 corresponds to a modular ratio of about 15). Then:

E, _45000 .,

__ B 32897 =16418 and o, = =
1+¢(2,1,) 2 E..; 16418

c.eff

Assuming 5 bars with d, = 14 mm (4, =769.3 mm?) and or= 2.74, the cracked transformed section

gives:

x2= 82 mm, I = 536.9-106 mm, k, =% - 600782 _; g
d—x, 560-82

h=hes =0.82,
h

With the same parameters as before (Bw=1.7, k.= 1.5, c,,,,, =33 mm, kp»=0.25; k, =

o Y geom

heer =110 mm, k= 0.9, p,; =0.023), the example keeps:

s. =209 mm (for FRP bars with Bond class 1)

r,max

s =234 mm (for FRP bars with Bond class 2)

r,max

The FRP stress for the frequent combination:

M, . 63.3-10°
o; =0, - ———-(d—x,)=2.74-————-(560—82) = 154.4 MP
=0 ) 5369100 | ) ‘
with:
12 .52
o= q‘*ffg S 200 633 kNmand g, = g, + g, +0.5¢, =20.25 kN/m,

Again, assuming;:
- kt = 04

- fim =2.9 MPa
- E,==32837 MPa

- E; ==45000 MPa
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€4

m

-, =0.00292 > 0.6% = 0.00206

f
The maximum crack width is, thus:

e For FRP bars with Bond class 1:
w, =1.084-209-0.00292 = 0.52 mm < 0.7 mm

e For FRP bars with Bond class 1
w, =1.084-234-0.00292 = 0.58 mm < 0.7 mm

Thus, the check is satisfied with 5 bars with d, = 14 mm for both bond classes.

16.1.2.3 Deflection verification

The check under the rare load combination is done assuming 5 bars with d, = 14 mm (A =769.3

mm?), as defined in the previous checks, and adopting the limit f/L < 1/250.

The maximum bending moment for the rare combination (already computed) is
— qd,rare .L2 _ 27.5 '52

max,rare 8

=85.9 kN m.

For the rare combination, we use the instantaneous concrete modulus, E, =32837, hence the modular

ratio for FRP bars is o, = E, _ 45000 =1.37

E. 32837
For this o, and for A, =769.3 mm?, the neutral axis and cracked-section inertia (from the rare-

combo stress check) are x2 = 59.3 mm and I, = 285.2-10° mm*.

The deflection calculated assuming the cracked (partially transformed) section is:

18 . 4
7= 5 Qyrare _ 5 27.5-5000 : ~13.90 mm
384 E, -1, 384 32837-285.2-10

The calculation of deflection considering the gross (State 1) section can be done neglecting any FRP
in compression and using o,,=1.37 and A, =769.3 mm?, as follows:

_05b-H 4o A d

X1 =301.5 mm
b-h+a,-A;
bk 2 2 —
I, = = +b-h-(0.5h—x) +o-A; - (d —x)*=5470.9-10° mm
14 . 4
ﬁ_iqd’mm _ 5 275 5000 _125 mm

T384 E_I, 384 32837-5470.9-10°

The combined deflection (Eq. (7.5)), is given by:
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f=h-0=-7)+ 17

2

Mcr
y=1-B,-B, (M—

with:

- B1=0.85 for Bond class 1, and 0.70 for Bond class 2.
- B2=1.0 (short-term loads).
- M, =M =85.94 kN m.

1 .
fct_m L =53.10 kN, which is very close to the
-Xx

1

- M is the cracking moment calculated as M =

b-n’
simplified one calculated neglecting the FRP contribution (M=

fo =52.14 kN m).

For bending-dominated members, Eurocode 2 also allows calculating the tensile strength as:

Sema = Max {[1.6—&) s fctm} which here equals £, =2.9 MPa.

Thus, the total deflections result:

e For FRP bars with Bond class 2 (, = 0.70, m = 2)

2 2
M 52.14
=1-B,- 1 =1-1.0-0.7-| —— | =0.74
Y B, Bz[ j (85.94)

MmaX
£o181 1
— o (1=y)+ £y =125-026+23.9-074 = 18.1 mm — ©- = —>— = 0.0036 < —— = 0.004
f=h(=n)*foy L 5000 250
e For FRP bars with Bond class 1 (B, = 0.85, m = 2)
MY 52.14Y
—1-, - a | 21-1.0.0.85- 2= | =0.69
Y b, BZ[MMJ (85.94)
£ 168 1
= (1=y)+ £,y =125-031+23.9:0.69 = 16.8 mm — - =22 20,0034 < —— =0.004
f=h(i=v)+ Loy L 5000 250

Assuming 5 bars with d» = 14 mm (A; =769.3 mm?), the deflection check is easily satisfied for the
/L <1/250. For completeness, we also report results for a reduced reinforcement of 4 bars with dy =

14 mm (A, =615.4 mm?).
The maximum bending moment (already computed) is:

_ 'L _17.35-5°

M max,qp g g

=542kNm
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. . . E 32837
For quasi-permanent loading, the effective concrete modulus E_ =

Tltey) 3

=10946

E, _ 45000

= =4.11 with A; =615.4 mm>.
E.. 10946

MPa is used and o, =

The cracked-section properties were already calculated in the tension checks and are x>= 89.1 mm
and I = 631.8:10° mm?*.

The deflection associated to the cracked section (State 2)is:

5 gy L' 5 17.35-5000°
f‘z_ _

= = . ==20.4 mm
384 E_-I, 384 10946-631.8-10

The deflection of the uncracked section (State 1) has to be calculated with a;=4.11 and A; =615.4
mm?, as follows:
B 0.5b-h* +o., - A, -d

- ~303.6
T bhta, A, i

3
I :bé‘ +b-h-(0.5h-x) +a, - A, -(d —x)*= 5568.7-10° mm"*

5 gy L' 5 17.35-5000*
== = ==2.3 mm
384 E,-I, 384 10946-5568.7-10

The total deflection combining fi and f> (using Eq. (7.5)):
f=f(=y)+fiy

M, Y
Y—l_BfBz(M j

max

with:

e [, =0.85, for Bond class 1, and 0.70 for Bond class 2
B,= 0.5 (long-term loads)

M, =M = =85.94 kN m (per §7.3(4))

max,rara

f::tm I

o= —1) =52.90 kN m that is very similar to the simplified value previously calcu-

b-h’
lated neglecting the FRP contribute (M, = o Jom =52.14 kN m)

The following results are obtained (4 bars with dp = 14 mm):

e For FRP bars with Bond class 2 (B, = 0.70, m = 2)

2 2
M 52.14

_1-B - e | 21-05-07-[ 2212 Z0.87
v=1-h, Bz( ] (85.94]

M

max

109



CNR-DT 203/R1/2026
/=1 -(1—}/)4—f2 -y=0.13-23+0.87-20.4 =18.05 mm

e For FRP bars with Bond class 1 (B, = 0.85, m = 2)

2 2
M 52.14
=1-B, @ | =1-0.5-0.85-| ==— | =0.84
v=1-h Bz[M J (85.94j

max

f=f-(1-y)+ f,-y=0.16-2.3+0.84-20.4 = 17.56 mm

The contribution of shrinkage to the deflection in the quasi-permanent load combination is:

1 M, ., S.-I” b-x; I”
g =_._—sh 12— @ c =g, - 2, =206
=y El YL, M 2 8 o
b-x?

with g, =0.00035, I, =631.8-10°mm*, S, =—= e x>= 89.1 mm.

Total deflection:
e For FRP bars with Bond class 2:

=f+/f =18.05mm+2.06 mm=20.11 mm — —
f;ot f /;r L 5000
e For FRP bars with Bond class 1:
f 19.05
=f+f. =17.56 mm+ 2.06 mm = 19.65 mm —=—
ftot f fnt - L 5000
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16.1.3 Summary of verifications for flexural design

Table 16-1 summarizes the results of the serviceability (SLS) and ultimate limit state (ULS) verifica-
tions in terms of the minimum number of bars with nominal diameter d, = 14 mm required to satisfy
each check.

Table 16-1 - Summary of results for SLE and SLU: minimum number of bars d» = 14 mm needing
for satisfying each check

Load SLS SLS SLS ULS
combination Crack Width Control Stress Limitation Deflection Control

ULS 4 bars dp, =14 mm
wi < 0.6 mm f<L/250
Bond class 1: Bond class 1:

Quasi-permanent | 4 bars ¢, =14 mm 3 bars dy=14 mm | 4 bars dp =14 mm*

Bond class 2: Bond class 2:
5 bars dp =14 mm 4 bars d, =14 mm*

wi < 0.7 mm

Bond class 1:
Frequent 5 bars dp =14 mm

Bond class 2:
5 bars d, =14 mm

F<L/250

Bond class 1:
Rare 5barsd, =14 mm | 5 barsd,=14 mm

Bond class 2:
5 bars d, =14 mm

*Including the effects of shrinkage
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16.2 SHEAR DESIGN OF RC BEAMS WITH FRP STIRRUPS

The following example illustrates the design of shear reinforcement at the Ultimate Limit State (ULS)
for a RC beam with GFRP bars. The rectangular cross-section has the following geometry:

e Width: » =300 mm

e Height: # =500 mm

e Concrete cover (to the center line of the tensile reinforcement): ¢ =40 mm

e Effective depth: d = h-c= 460 mm
The beam has a span of L =5 m and is simply supported at both ends.
The concrete has a strength class C30/37 and, thus, the characteristic strength is fa& = 30 MPa.
The design load combination at the Ultimate Limit State is gq,uLs = 52 kN/m.

The flexural reinforcement is made of GFRP bars with nominal diameter d, = 16 mm, Class E45/850
(characteristic tensile strength fro = 850 MPa, mean modulus of elasticity Er = 45 GPa) and the
longitudinal reinforcement ratio is p = 0.6%.

The shear reinforcement is made of GFRP stirrups falling in the same Class (E45/850) and having a
nominal diameter d, = 8 mm.

For the ULS load combination, the characteristic tensile strength of the GFRP stirrups, in the absence
of dedicated experimental data, is assumed to be:

Suvk = 0.4 fio = 340 MPa

and the design value:

fioa =M, -nT-f“b" =186 MPa

Ye
where fiko = 850 MPa, n,=0.85, n. =0.9, y,= 1.40.
As indicated in Eq. (6.14), no additional reduction coefficient is applied to account for the effects of
creep in the bars due to sustained tensile stresses.

The maximum bending moment corresponding to the design load is Mg max = 162.5 kN m, while the
maximum design shear at the supports iS Vedmax= 130 kN.

The minimum amounts of transverse reinforcement are first evaluated according to §6.8.3 and
§6.8.3.1. Adopting GFRP stirrups of nominal diameter dp = 8 mm, the maximum spacing is calculated
as 115 mm at the support section and 330 mm along the span. In addition, it shall be satisfied that
Psmin = 0.1%.

Therefore, the minimum transverse reinforcement is provided as GFRP stirrups with diameter d, = 8
mm spaced of 100 mm near supports (up to 1 m from each support) and of 300 mm in the remaining
portion of the beam (until midspan)

16.2.1 Check at the supports (stirrups spacing 100 mm)

The design shear at the support iS Vedmax= 130 kN. Assuming GFRP stirrups with dy = 8 mm spaced
at s = 100 mm, the design shear resistance is given by Eq. (6.12):

Ve =min( Vi + Vi s Vo) (6.12)

where VRrd is 527.8 kN and is evaluated using Eq. (6.15) assuming cot(8)=1:
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Vige =0.9b-d-a..-v- f,-0.5 (6.15)

taking fea = 17 MPa, v = 0.5, and o = 1 (uncompressed member).

The shear resistance of cracked concrete, Vra,ct is evaluated using Eqgs. (6.11a—c) as follows:

1/3
Ve = k k. (10091 -% : fckj by -d > Vg with yv=1.5 (6.11a)

v

= . 3/2 . . .
VRd’Cnmin =0.035-% fib,-d (6.11b)
1/3
k' E d
A\ =y—“’-(100p1 2—1f0fCk f} by, -d 2 Vg imin with yv= 1.4 (6.11¢c)
A\
where:
- by=300 mm;
- d=460 mm,;

- ks=0.2 (factor empirically assessed);
- p,=A;/(b-d)=0.006 < 0.02 is the tensile reinforcement percentage;

- k=1+ %=1.6632;

- Ef=45 GPa, then E¢/ Es =0.21;
- k', =0.82 (factor empirically assessed);

- dgg depends on the concrete roughness and can be calculated as:
dgg = 16 mm + Dpin <40 mm for concrete with fi < 60 MPa
Assuming that the maximum diameter of aggregate is 20 mm, it can be used in place of Dmin (the

smallest value of the upper sieve size) and, thus, d¢g = 16 mm + 20 mm = 36 mm.

The resulting shear capacities provided by Eq. (6.11) are summarized in Table 17-2, which evidences
that both values of Vra,ct= provided by Eq. (6.11a) and (6.11b) are lower than Vrd,ct min. Thus, it can
be assumed: VRrdct= VRd,ct min= 56.5 kN.

Table 17-2 - Values of shear capacities provided by Eq. (6.11)

VRd,ct VRd,ct VRd,ct,min
Approach 1 - Eq. (6.11a) | Approach 2 - Eq. (6.11c) | Minimum value - Eq. (6.11b)
47.4 kN 53.7 kN 56.5 kN

The stirrup contribution, Vg4, is calculated using Eq. (6.13):
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Af
Viar =0.9d =8 £ cotd =76.9 kN (6.13)
S

The total shear resistance is:
Vrd=56.5+76.9=133.4kN > Vgqg= 130 kN

being Vrd/Ved = 1.03

Hence, the assumed stirrups with d, = 8 mm and spacing of 300 mm are adequate to satisfy the
verifcations at the supports.

16.2.2 Check at section at 1.0 m from the support (stirrups spacing 300 mm)

In the remaining part of the beam, stirrups with a nominal diameter of d, = 8§ mm spaced at 300 mm
on center are assumed. At a distance of one meter from the support, the applied shear force is:

VEd= VEdmax — qasLu 1 m =78 kN

The design shear resistance is given by: VrRa¢= VRrd,f + VRrd,ct.
For Vra,t, the same value calculated at the support (56.5 kN) is used.

For Vrarusing Eq. (6.13) with Asw/ s = 100/300 mm?/m, fupa= 186 MPa and cot(0)=1, the following
is obtained:

A
Veur =0.9d =8 1, cot@ =25.7kN
’ S

Thus, the total design shear resistance is:
VRrd =56.5+25.7=282.2 kN > Vga=78.0 kN

being Vra/ Vea = 1.05.

Hence, the assumed stirrups with d, = 8 mm and spacing of 300 mm are adequate to satisfy the
verification.
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