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l e t t e r f r o m t h e d i r e c t o r

This Hormigón y Acero monographic issue focuses on the 
new Eurocode 2. Jesús Rodríguez served as its Associate 
Editor. He is a member of the Scientific Advisory Council 
of our Journal and Coordinator of the UNE CTN140/
SC2 Committee, formed by the Spanish experts who 
participated in the new Eurocode 2 development. 
The work of the Committee took a long time and was 
extensive in matters covered. It included the participation 
of some of its members in all the international 
subcommittees, who made relevant contributions to many 
of the proposed improvements.

The issue is excellent. We obtained exceptional 
articles explaining some of the most relevant novelties 
in Eurocode 2, written by members of the Spanish 
Committee and with notable contributions from authors 
from other countries. As usual, the articles followed peer 
reviews involving many other experts to ensure the high 
level of quality we want for Hormigón y Acero. All the 
editing steps were supervised by the Associate Editor. 
We hope the scientific and technological community 
of structural concrete enjoys this issue and considers it 
practical for getting acquainted with the new Eurocode 2.

Hormigón y Acero and ACHE are also preparing a one-day 
workshop to present this issue, scheduled for Tuesday, 
October 17, 2023, in the ETSI Caminos, C. y P. of the 
Polytechnic University of Madrid. A selection of authors 
will take part in it. There will also be four invited 
lecturers: Hans Ganz, who is the general coordinator 

of CEN TC250/SC2 Eurocode 2, will speak on the 
scope and main changes of the new Eurocode 2; Aurelio 
Muttoni, who will talk on the new shear and punching 
model based on his critical shear crack theory; John 
Cairns, on anchoring and overlapping of reinforcing 
bars; and Patrick Bamonte, whose lecture deals on design 
against fire. We will give more information on the event as 
it gets closer. Please, reserve the date if you are interested 
in attending the workshop.

Some other monographic issues are being produced.  
David Fernández Montes is editing one on the shear in 
structural concrete elements. There are already seven papers 
published online, available at www.hormigonyacero.com, 
and we will likely have another three by the end of 2023. 
Similarly, Juan José Jorquera is editing an issue about the 
legacy of Jörg Schlaich in Spanish Structural Engineering. 
Alejandro Pérez Caldentey is preparing another one on 
the resistance of structures to blast loads.

Finally, let me remind you that Hormigón y Acero is in the 
Web of Science. Soon —in July this year— we will have 
our first impact factor in the Journal of Citation Reports. 
We hope that the aforesaid monographic issues —and the 
regular ones too— are of interest to our readership and 
new readers in Spain and abroad. Enjoy your reading of 
this one!

Gonzalo Ruiz
director of hormigón y acero

http://www.hormigonyacero.com


This issue No. 299-300 from the Spanish journal 
Hormigón y Acero has been prepared to inform the 
worldwide technical community on some of the relevant 
changes in the final proposal for the 2nd generation of 
Eurocode 2 on concrete structures, to be approved and 
published as EN standards within 2023.

This 2nd generation corresponds to an updated version 
with the most recent consolidated knowledge on concrete 
structures regarding the previous standards approved in 
2004. Besides, the field of application has been extended 
to cover the assessment and strengthening of existing 
structures, steel fibre concrete structures and reinforcing 
bars made of stainless steel or fibre polymers. 

This work started more than 12 years ago in the 
CEN TC250/SC2 “Eurocode 2”, currently under 
the chairmanship of Hans Ganz and with the active 
participation of most European countries. Mikael 
Hallgren, Aurelio Muttoni, Fabienne Robert and Craig 
Giaccio chaired Working Group 1 (WG1) and three 
project teams, respectively.

In Spain, the following experts have participated in the 
framework of CEN TC250/SC2:  

• Alejandro Pérez, Jose María Arrieta and Jesús 
Rodríguez at CEN TC250/SC2 and WG1

• Eva Oller on strengthening of existing structures and 
structures with FRP reinforcement

• Gonzalo Ruiz (with Elena Vidal in the last year) on 
fibre steel reinforced concrete 

• Carmen Andrade on assessment of existing structures
• Antoni Cladera, in the first years, and Pedro Miguel 

and Miguel Angel Fernández, in the last one, on shear 
and punching

• Sergio Carrascón on fire design
• Alejandro Pérez on structural analysis and time 

dependent effects
• Carlos Ríos on fatigue design
• Antonio Martínez Cutillas on bridges 
• Carmen Andrade and David Izquierdo on durability 

Besides, the Spanish Mirror Group UNE CTN140/SC2 
met regularly during the last 12 years with about 30 
attendees to follow up the progress in the preparation 

of the new versions of Eurocode 2, giving support to the 
previously mentioned experts.

This monographic issue includes 15 papers that have 
been written by some members of the Spanish Mirror 
Group on Eurocode 2 (UNE CTN140/SC2) and some 
members of the European subcommittee CEN TC250/
SC2 Eurocode 2. 

The first paper introduces the future new version 
of two EN standards on Eurocode 2 Design of concrete 
structures “Part 1-1: General rules, Rules for buildings, 
bridges and civil engineering structures” and “Part 1-2: 
“Structural fire design”.

The second paper presents the durability and the new 
approach on Exposure Resistance Classes for classifying 
the concrete durability.

Subsequently, five papers deal with Ultimate Limit 
States on shear, punching, stress fields, strut-and-tie 
models, fatigue, laps and anchorages. Other one presents 
the Service Limit States, summarising the content on 
cracking and deflection.

In addition, five papers discuss some of the new 
annexes concerning the assessment of existing structures, 
strengthening with fibre reinforced polymers (FRP), 
steel fibre reinforced concrete (SFRC) (2 papers) and 
embedded fibre reinforced polymers (FRP).

Finally, one paper deals with fastenings for concrete 
structures and the last one, on fire design.

 I would like to thank warmly to the 44 authors of 
the 15 papers and the 40 reviewers, for their excellent 
contribution during the last 12 months preparing 
this monographic issue, and I sincerely hope to have 
contributed to the worldwide technical community 
through the diffusion of the future new version of 
Eurocode 2. 

Jesús rodríguez

chairman

SpaniSh mirror group on eurocode 2
(une ctn140/Sc2 “eurocódigo 2”)

l e t t e r o f t h e a s s o c i at e d e d i t o r



Arrieta, J.M., Rodríguez, J., & Ganz, H.R. (2023) Hormigón y Acero 74(299-300); 7-18 – 7

The Origins and Some Highlights on the New Proposal for Eurocode 2
Los orígenes y algunos aspectos destacados en la nueva propuesta del 

Eurocódigo 2

José María Arrieta*,a, Jesús Rodríguezb, Hans Rudolf Ganzc,
a Secretary of UNE CTN140/SC2 Eurocódigo 2, Proes consultores S.A. / Universidad Politécnica de Madrid

 b Chairman of UNE CTN140/SC2 Eurocódigo 2
c Chairman of CEN TC250/SC2 Eurocode 2

 

Recibido el 14 de noviembre de 2022; aceptado el 7 de febrero de 2023

* Persona de contacto / Corresponding author:
 Correo-e / e-mail: josemaria.arrieta@proes.es  (José María Arrieta).

Hormigón y Acero 2023; 74(299-300):7-18
https://doi.org/10.33586/hya.2023.3115 

Disponible en www.hormigonyacero.com

How to cite this article: Arrieta, J.M., Rodríguez, J., & Ganz, H.R. (2023) The Origins and Some Highlights on the New Proposal for Eurocode 2, Hormigón y Acero 
74(299-300):7-18, https://doi.org/10.33586/hya.2023.3115 

a b s t r ac t

This paper presents a summary of the Eurocode development procedures which began in the last two decades of the 20th century, 
with some emphasis in the Eurocode 2 on concrete structures. Besides, a general scope of the technical content of the new proposal for 
Eurocode 2 is commented and the main changes are highlighted.
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r e s u m e n

Este artículo presenta un resumen de los procedimientos para la preparación de los Eurocódigos, trabajo que se inició en las últimas dos 
décadas del Siglo XX, con especial énfasis en el Eurocódigo 2 de estructuras de hormigón. Asimismo, se comenta el alcance de la nueva 
propuesta para el Eurocódigo 2, destacándose los cambios más relevantes.
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1.
introduction

1.1. Origins and history

The Eurocodes have been developed to enable the design of struc-
tural construction works (building and civil engineering works) in 
order to comply with the Essential Requirement No.1 (mechan-
ical resistance and stability) and partially Essential Requirements 
No.2 (safety in case of fire) and No.4 (safety in use), and to deter-
mine the performance of structural construction products.

In 1975, the Commission of the European Community de-
cided to launch an action program in the field of construction, 

based on article 95 of the Treaty. The objective of the program 
was the elimination of the technical barriers to trade and the 
harmonization of construction-related technical specifications 
among the Member States. Within this programme, the Com-
mission took the initiative to establish a set of harmonized 
technical rules for the structural design of construction works, 
which, in a first level, would serve as an alternative to the na-
tional regulations in the Member States and, finally, would re-
place them.

For fifteen years, the Commission, with the help of a Man-
agement Committee made up of representatives of the Mem-
ber States, managed the development of the Eurocode Pro-
gram and the publication of an experimental version of these 
European standards in the 1980s.
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In 1989, the Commission and the Member States decided 
to transfer to the European Committee for Standardization 
(CEN), the preparation and publication of the Eurocodes 
through a Mandate, by which in the future the Eurocodes 
would acquire the status of European standards (EN).

Originally, the Eurocodes were developed by CEN as 62 
experimental European standards (ENV). Most of them were 
published between 1992 and 1998 but, due to the difficul-
ties in harmonizing all aspects in the calculation methods, the 
ENV versions of the Eurocodes included “box values” for some 
parameters that allowed Member States to choose different 
values in their territories. The values that each Member State 
adopted were collected in the so-called “National Application 
Documents (NAD)", which allowed the application of the 
ENV Eurocodes in each Member State. 

In 1998, CEN began the conversion of the ENV Euroco-
des (experimental standards) to European Standards EN (first 
generation), in accordance with Mandate 265. In this conver-
sion process, the national comments to experimental ENV 
standards, input and suggestions from users and editorial in-
consistencies and, finally, the elimination or minimization of 
the “box values" were considered. In principle, the conversion 
was not intended to include significant alterations to the tech-
nical content, unless necessary for security reasons. The pub-
lication of the different parts of the EN Eurocodes, has taken 
place between 2002 and 2007.

The EN Eurocodes have been published by the Nation-
al Standardization Bodies (NSB), which participate in the 
program developed by CEN (in the Spanish case, the Span-
ish Association for Standardization UNE), in their own lan-
guage, and have been made up of the technical text of the 
Eurocode itself and a National Annex (NA). This National 
Annex contains the "Nationally Determined Parameters" 
(equivalent to the "box values" of the “National Application 
Documents”), the specific geographic and climatic data of 
the Member State and a reference to the national regula-
tions dealing with the matter. The final pursued objective 
is the implementation and use of the EN Eurocodes in the 
Member States.

The technical aspects from the Eurocodes are both consid-
ered by the Technical Committees of CEN/TC250 and others 
responsible for Product Standards, for the purpose of achiev-
ing full compatibility between product specifications and EN 
Eurocodes. 

Currently, within the Eurocodes programme, the following 
ten Eurocodes have been developed:

Eurocode 0 EN 1990: Basis of Structural Design [1]
Eurocode 1 EN 1991: Actions on structures [2]
Eurocode 2 EN 1992: Design of concrete structures [3]
Eurocode 3 EN 1993: Design of steel structures [4]
Eurocode 4 EN 1994: Design of composite 

 steel and concrete structures [5]
Eurocode 5 EN 1995: Design of timber structures [6]
Eurocode 6 EN 1996: Design of masonry structures [7]
Eurocode 7 EN 1997: Geotechnical design [8]
Eurocode 8 EN 1998: Design of structures 

 for earthquake resistance [9]
Eurocode 9 EN 1999: Design of aluminium 

 structures [10]

Each Eurocode, except Eurocode 0 [1], is made up of a certain 
number of parts (58), which have been published as European 
Standards EN by June 2007. Most of these parts already exist-
ed as experimental standards (ENV).

1.2. Eurocode system: documents and committees

It has previously been indicated that CEN (European Com-
mittee for Standardization) is the body in charge of European 
standardization work. CEN is structured in several Technical 
Committees, with Committee CEN/TC250 "Structural Eu-
rocodes" in charge of the development of all Eurocodes. This 
Committee, in turn, is made up of independent subcommit-
tees for working on each specific Eurocode (for example, the 
CEN/TC250/SC2 Subcommittee "Design of Concrete Struc-
tures", is the one that deals with the Eurocode 2). Within these 
subcommittees, the work of drafting and reviewing the draft 
standards is developed by Working Groups made up of ex-
perts, who represent the different countries, and Project Teams 
made up of a set of experts contracted under the Mandate.

At the national level, the National Standardization Bodies 
participating in the program of Eurocodes are configured in 
a parallel and interrelated organization with CEN. In Spain, 
the UNE Committee mirroring CEN/TC250 is the Technical 
Committee for Standardization UNE/CTN 140 "Eurocódigos 
estructurales". The president and the secretary of this Com-
mittee attend the meetings of the Committee CEN/TC250 as 
national representatives.

UNE/CTN 140 Committee also has a series of Subcom-
mittees that deal with the follow-up of a specific Eurocode (for 
example, UNE/CTN 140 subcommittee dealing with Euroco-
de 2 is the subcommittee UNE/CTN 140/SC2). Membership 
in any of these subcommittees is based only on the expertise. 
The chairs and secretaries of each of these subcommittees are 
members of the corresponding CEN subcommittees, whose 
meetings they attend as national representatives. As an exam-
ple, at the spanish level, the Mirror Group UNE CTN140/
SC2 met regularly during the last 10-12 years with about 30 
members to follow up the progress in the preparation of the 
new version of Eurocode 2 and several experts participated in 
Project Teams and Working Groups of TC250/SC2.

The activities that take place within them, include tasks 
as varied as:
• Attendance at European meetings as a national represent-

ative and/or expert.
• Participation in European working groups focused on the 

analysis of some part of the Eurocodes, developing the 
drafts and generating proposals.

• Participation in national working groups focused on the 
analysis of some part of the Eurocodes, reviewing the 
drafts generated by the European Subcommittees and 
proposing alternatives and modifications to them.

• Holding conferences for the presentation and dissemina-
tion of the new regulations.

• Translation of the Eurocodes into the national language.
• Carrying out calibration studies to check the applicability 

of the standard, or to find out the differences between the 
new standards and the old ones.

• Preparation of manuals and guides that ease the applica-
tion of Eurocodes by technicians, preparation of comput-
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er developments, dissemination in technical schools, etc.
The final draft of a part of Eurocode is generated as follows:

• First, the National Standardization Bodies nominate the 
experts who are going to constitute the Working Groups 
and the responsible CEN Subcommittee selects the mem-
bers of the Project Teams in charge of the conversion of 
a part of a Eurocode. In the composition of these groups, 
the expertise of members essentially prevails.

• These groups thus constituted, begin their conversion 
work of the European standard. Experts in working 
groups prepare technical input which is then considered 
and integrated by the Project Team into drafts of the re-
vised standard. In addition, the CEN Subcommittee is 
informed about the development of the work, gives stra-
tegic guidance and takes decisions.

• In parallel the new documents are analysed and discussed 
in the National Subcommittees (Mirror Groups) to gen-
erate comments and proposals, that are sent and dis-
cussed in the European Subcommittees by the national 
representatives. The work is developed based on succes-
sive drafts, which are modified considering the comments 
and suggestions of the Member States, until an accept-
able-to-all final draft is reached. 

• Once the final draft of an EN Eurocode is available, it is sent 
by CEN for Enquiry to the National Subcommittees (NSBs) 
which have a period to review it and send comments. The 
European Subcommittee considers the national comments, 
modifies the document which is sent to CEN for the For-
mal Vote (FV). As the documents are drawn up in English, 
they must be translated into the two other official CEN 
languages (French and German) and formally verified by 
CEN before the Formal Vote takes place. If the document 
is approved in FV, it is sent to the NSBs before the Date of 
Availability (DAV) (4 months after FV). At this moment, 
the document can be translated into the national language 
and the National Annex can be elaborated by each coun-
try before the Date of Publication (DoP) (for 2nd genera-
tion Eurocodes set to October 2027). The National Annex 
will contain mainly the Nationally Determined Parameters 
(NDPs) and the Non-Contradictory Complementary Infor-
mation (NCCI) for each country and allows to apply the 
Eurocode in the country. There is another important date, 
the Date of Withdrawal (DoW) , which stablishes when the 
old version must be withdrawn (6 months after DoP).

2.
mandate M515

2.1.  Introduction

Commission Recommendation 2003/887/EC [11] encourages 
Member States to adopt the Eurocodes and to maintain the 
Eurocodes at the forefront of engineering knowledge and de-
velopments in structural design (research on new materials, 
products and construction methods). Recommendation indi-
cates the need to assess the variations of the Nationally Deter-
mined Parameters (NDPs) between countries with the aim of 
further harmonization.

A sustained development of the Eurocodes programme is 
necessary to preserve the users' confidence:
• Encourage/accompany innovation (materials, products, 

construction techniques and design methods).
• Meet the new demands and needs of society. 
• Harmonise national technical initiatives on new topics of 

interest for the construction sector.

They shall at least cover:
• Assessment, re-use and retrofitting of existing structures.
• Strengthening the requirements for robustness.
• Improving the practical use for day-to-day calculations.
• New Eurocode on structural glass.
• Fibre Reinforced Polymer (FRP) structures and tensile 

surface structures.
• Incorporation of ISO (International Organization for 

Standardization) Standards into the Eurocodes family, 
such as atmospheric icing of structures and actions from 
waves and currents on coastal structures.

2.2. Mandate content

Beyond the maintenance work considering the comments 
from the systematic review, the following tasks are established 
for Eurocode 2 [3]:

General
• Extension of existing rules for the assessment of existing 

structures and their strengthening.
• Extension of existing horizontal rules for robustness.

Further development
• Reduction of the number of Nationally Determined Pa-

rameters (NDPs). 
• Improvement the “ease of use” of Eurocodes for practical 

users.
• Incorporation of recent results relevant to innovation and 

contribution of structural design to sustainability.
• Adoption, where relevant, of ISO standards to comple-

ment the Eurocodes. 
• Developing auxiliary guidance documents.
• Providing a clear and complete list of background docu-

ments.
• Developing a technical report, analysing and providing 

guidance for potential amendments for Eurocodes re-
garding structural design addressing relevant impacts of 
future climate change (general and material specific).

• Assessing the link to harmonized Product Standards or 
other European standards.

2.3.  The Mandate in Eurocode 2

Model Code 2010 [12] has been extensively used as a basis 
for this revision. A great work of updating knowledge has been 
done, including some specific research works and many cali-
brations of expressions against experimental data bases. In ad-
dition, a large set of background documents (near 1000 pages) 
has been generated. 

The preference for formulations irrespective of the type of 
structural member and based on physical models more than on 
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empirical ones, has been a general criterion all over the devel-
opment of the documents. Physical models are easier to under-
stand and facilitate the task of extrapolating the formulations 
to other conditions.

A refinement of many formulations has been done that 
may reduce the quantity of materials in the concrete design, 
and goes in favour of sustainability.

As in other Eurocodes, the numbering of the sections has 
changed from the actual version, as two new sections have ap-
peared: 2. Normative references and 3. Terms, definitions and 
symbols. In general, the new number of a section can be ob-
tained adding two to the old one.

An important number of design clauses of the Bridge Part 
have disappeared since new formulations are independent of 
the type of structure; some others were not specific for bridg-
es and have been incorporated into the General Part; others 
have been transferred to Eurocode 1 [2] (actions during the 
construction) or Eurocode 3 [4] (cable stayed bridges, ex-
tradosed bridges). As the remaining content of Bridge Part 
is quite small, it has been decided to supress this part and 
incorporate its content into a normative annex (Annex K, 
Bridges).

Similarly, the contents of current Eurocode EN 1992-3 
Containment Structures, has been integrated into informative 
annexes of the 2nd generation EN 1992-1-1: Verification of early 
age cracking into Annex D, and leak tightness into Annex H.

The specific tasks performed in the revision of EC2 are the 
following:

General Part
• Reduction of the number of Nationally Determined 

Parameters [13], in particular those NPD that are not 
related to safety or geographic/climatic conditions of a 
country.

• Enhancement the ease of use [14] [15] by means of:
- Improving the clarity.
- Simplifying navigation routes through the Eurocodes.
- Limiting, where possible, the inclusion of alternative 

application rules.
- Avoiding or removing rules of little practical use in design:

- “A code should be very easy to use for all common 
cases, but should also suitably address the remain-
ing (less common) ones”.

- “An easy-to-use code should start with clear pro-
visions for simple cases (sufficient and on the safe 
side, with clear limits for their applicability) and 
give the necessary rules for more general or less 
common cases in the following provisions.”.

- Allowing not only for an ease of use enhancement in 
case of simple cases, but also for:
- Optimization of solutions (economic optimization, 

optimization of required dimensions, simplification 
of details, simplification of execution etc.).

- Assessment of existing structures (Annex I) not 
complying with geometric or mechanical require-
ments given in sections 8 and 9 (see chapter 3 of 
this document).

- Avoiding unnecessary strengthening (or minimiz-
ing it) in case of assessment of existing structures 
not complying with simple rules.

• Development of new technical contents on the following 
issues:
- Performance based on durability design (section 6).
- Design by non-linear FEM.
- Consideration of size effect.
- Early age thermo-mechanical design (Annex D).
- Stainless Steel (additional clauses to EN 1992-1-1). [16]
- Assessment of concrete structures (Annex I).
- Strengthening with Fibre Reinforced Polymers (Annex J).
- Steel Fibre Reinforced Concrete Structures (Annex L).
- Recycled Aggregates Concrete Structures (Annex N).
- Embedded FRP reinforcement (Annex R).

Fire Part
• Improving the ease-of-use within EN 1992-1-2 [17].
• Reduction of NDPs.
• Improvements and amendments of EN 1992-1-2 [17]:

- Updating design rules.
- New section for structural overall behaviour.
- Improvement for braced/unbraced columns.
- Ensuring consistency between tabulated data, simplified 

design, and advanced design provisions.
- Thermal conductivity of concrete.
- Spalling of concrete.
- Robustness criteria.
- Reducing the number of alternative methods.

3.
main contents of the new eurocode 2

The new FprEN 1992-1-1 [18] is organized into a main part 
which contains 15 sections (from Section 0 to Section 14) and 
19 annexes (from Annex A to Annex R), covering the following 
content:
0. Introduction.
1. Scope.
2. Normative references.
3. Terms, definitions, and symbols.
4. Basis of design.
5. Materials.
6. Durability and cover.
7. Structural analysis.
8. Ultimate Limit States (ULS).
9. Serviceability Limit States (SLS).
10. Fatigue.
11. Detailing of reinforcement and post-tensioning tendons.
12. Detailing of members and particular rules.
13. Additional rules for precast concrete elements and struc-

tures.
14. Plain and lightly reinforced concrete structures.

Annex A (informative) Adjustment of partial factors for materials.
Annex B (normative) Time dependent behaviour of materials: 
Creep, shrinkage and elastic strain of concrete and relaxation of 
prestressing steel.
Annex C (normative) Requirements to materials.
Annex D (informative) Evaluation of early-age and long-term 
cracking due to restraint.
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Annex E (normative) Additional rules for fatigue verification.
Annex F (informative) Non-linear analyses procedures.
Annex G (normative) Design of membrane, shell and slab el-
ements.
Annex H (informative) Guidance on design of concrete struc-
tures for watertightness.
Annex I (informative) Assessment of Existing Structures.
Annex J (informative) Strengthening of Existing Concrete Struc-
tures with CFRP.
Annex K (normative) Bridges.
Annex L (informative) Steel Fibre Reinforced Concrete Struc-
tures.
Annex M (normative) Lightweight aggregate concrete structures.
Annex N (informative) Recycled aggregates concrete structure.
Annex O (informative) Simplified approaches for second order 
effects.
Annex P (informative) Alternative cover approach for durability.
Annex Q (normative) Stainless reinforcing steel.
Annex R (informative) Embedded FRP Reinforcement.
Annex S (informative) Minimum reinforcement for crack con-
trol and simplified crack control.
Bibliography.

The new FprEN 1992-1-2 on structural fire design [19] is or-
ganized in a main part which contains 10 sections (from Sec-
tion 0 to Section 9) and 5 annexes (from Annex A to Annex 
E), covering the following content:
0. Introduction.
1. Scope.
2. Normative references.
3. Terms, definitions and symbols.
4. Basis of design.
5. Material properties.
6. Tabulated design data.
7. Simplified design methods.
8. Advanced design methods.
9. Detailing.
10. Rules for spalling.

Annex A (normative) Lightweight aggregate concrete structures.
Annex B (informative) Steel fibre reinforced concrete structures.
Annex C (informative) Recycled aggregate concrete structures.
Annex D (normative) Buckling of columns under fire conditions.
Annex E (informative) Load-bearing solid walls — comple-
mentary tables.
Bibliography.

4.
improvement of old content

An important effort has been made to update and improve the 
content of the previous version of the Eurocode 2, adapting it 
to the new knowledge, and some few examples are presented 
in this chapter.

4.1.  Green concretes

Green concretes are produced replacing a portion or all the 
cement content by another binder, like fly ashes for exam-

ple, to reduce the carbon footprint. Consequently, in order to 
benefit from the slower strength development of these con-
cretes, 2nd generation EC2 permits to test the control spec-
imens at a higher age. The new version of EC2 doesn’t regu-
late these concretes, but leaves the door open to use them, as 
5.1.3 (2) [18] allows ages tref higher than 28 days:

(2) The value for tref

(i) should be taken as 28 days in general; or
(ii) may be taken between 28 and 91 days when specified for 

a project.

4.2.  Unification of the design compressive strength of con-
crete 

A new formulation of the design compressive strength 
of concrete fcd has been defined in 5.1.6 (1) that unifies this 
strength among the different behaviours: bending, axial force, 
shear, punching…

5.1.6. Design assumptions

(1) The value of the design compressive strength shall be tak-
en as:

fcd = ηcc  ktc (5.3)
fck

γc

where
ηcc is a factor to account for the difference between the un-
disturbed compressive strength of a cylinder and the effective 
compressive strength that can be developed in the structural 
member. It shall be taken as:

ηcc =           ≤ 1,0 (5.4)
fck,ref

fck

ktc is a factor considering the effect of high sustained loads and 
of time of loading on concrete compressive strength.

NOTE The following values apply, unless a National Annex gives dif-
ferent values:
— fck,ref = 40 MPa;
— ktc = 1,00 for tref ≤ 28 days for concretes with classes CR and CN 

and tref ≤ 56 days for concretes with class CS where the design 
loading is not expected for at least 3 months after casting;

— ktc = 0,85 for other cases including when fck replaced by fck(t) in 
accordance with 5.1.3 (4).

The parameters and effects, that are considered in the defini-
tion of the design value of the compressive strength of con-
crete fcd,, are the following:

a) Material, geometrical and model uncertainties, which 
are considered in the partial safety factor γc (see back-
ground document to Annex A [20]),

b) Difference between the strength of the control specimens 
fc,cyl and the actual in-situ concrete strength fc,ais, due to 
different casting and curing conditions as well as the dif-
ferent behaviour of fresh concrete in control specimens 
and in the structure (bleeding and settlement). This effect 
is considered with coefficient ηis = fc,ais /fc,cyl which is ac-
counted for in γC similarly to EN 1992-1-1:2004 [15] and 
background document to Annex A [20]),

c) Sustained loading effect considered with coefficient ktc 
(see background document to subsection 5.1.6 [21]),
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d) Influence of increased concrete brittleness of higher 
strength concretes and stress concentrations related to 
effects not considered in the analysis, which is taken 
into account with the strength reduction factor ηcc.

In the calculation of structural resistance, strain and stress states 
are typically simplified (assuming, for instance, that plane sec-
tions remain plane) and several local effects are neglected: 
the stress concentrations related to the interaction with the 

reinforcement and its restrained effects, the transversal tensile 
stresses originated by the local deviation of the stress field due 
to the presence of a reinforcement or due to the presence of 
voids under the reinforcement itself resulting from bleeding 
and settlement of fresh concrete, simplifications of the stress 
state considered in the analysis, etc.

Because of these effects, the resistance of a member in com-
pression is not directly proportional to the concrete compressive 
strength measured in control specimens and this is considered 
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Figure 2. Comparison of strength gain for concretes of fck ≤ 35 MPa [21].

Figure 3. Comparison of strength gain for concretes of fck ≤ 35 MPa [21].



by the coefficient ηcc. This coefficient has been calibrated with 
the resistance of column elements measured in laboratory tests.

As a summary (Figure 1), the compressive strength fc,cyl 
is obtained from control specimens (or fc,is from drilled core 
tests), it is converted into undisturbed compressive strength 
of cylinder (without reinforcement, and with a size effect not 
taken into account) by the coefficient ηis, which is included in 
γC, and then it is converted into effective compressive strength 
in structural member (with reinforcement) considering brittle-
ness effect by the coefficient ηcc (possible splitting). The men-
tioned size effect on the undisturbed compressive strength of 
unreinforced cylinders is not taken into account because it is 
supposed that the minimum reinforcement stated in the Eu-
rocode reduces significantly this effect.

With the introduction of the coefficient ηcc considering 
brittleness effect directly in Formula (5.3) [18] for calculating 
fcd, the design procedure is simplified since:
- All strength reduction factors ν in section 8 (ULS) [18] 

are simplified becoming constant values not dependent 
on fck anymore.

- The stress distributions in the compression zones (stress 
block and parabola-rectangle) can be simplified with a 
constant value of the strain limits, independent of the 
concrete classes (εc2=0.002 and εcu=0.035).

- The constant values for the strains related to the parabola- 
rectangle distribution even enhance the accuracy of the 
results.

The factor ktc considers the effect of high sustained loads and 
the effect of loading time on concrete compressive strength 
[21]. The effective strength of concrete is reduced under high 
sustained load, but this may be compensated by the contin-
ued increase in concrete strength beyond the normal 28 days, 
when strength is typically specified. The Code considers a 0.85 
reduction in strength under sustained loads as a conservative 
value, once the nature of testing used to calibrate the codes 
is considered. When loading is some time after the time of 
concrete testing, tref, the reduction in strength, due to high sus-
tained loading, may be offset by continued hydration of the 
concrete. On this basis, to justify ktc =1.0, at the time of loading 
the relative increase in strength after tref (fck,t,load /fck,t,ref) should 
be at least 1/0.85 = 1.18 in order to compensate the effect of 
sustained loads. Thus, the general expression of the coefficient 

is: ktc = 0,85(fck,t,load /fck,t,ref)≤1,0. 
where:
fck,t,load: concrete compressive strength at the time of loading.
fck,t,load: concrete compressive strength at the time of concrete 
testing, usually 28 days.

On this basis, the coefficient ktc has been calibrated for differ-
ent cement types and concrete strengths [21], resulting in the 
values included in the note. In this note, Classes CS, CN and 
CR stand for slow, normal and rapid strength development of 
concrete, respectively (Figure 2 and Figure 3)

4.3.  Partial factors for materials

Great improvements have been done in the treatment of par-
tial factor for materials:

1) Now, the hypothesis that underlies the values included 
in Table 1 are clearly given. As it is indicated in the note of 
this table, these coefficients correspond to Tolerance Class 1 
and Execution Class 2 in EN 13670 “Execution of concrete 
structures” [22].

In Annex A, the statistical data (coefficient of variation and 
bias factor) of the main variables (concrete and steel strength, 
dominant geometric values, model uncertainty, etc.) that sup-
port these coefficients can be found, see Table 2.

2) In Annex A [18], there is a procedure [A.3(3)] to obtain 
the partial factors of materials for different values of statisti-
cal data of material strength, dominant geometrical value or 
model uncertainty. This is very important, because if the actual 
value of this statistical data is known, the partial factors can be 
modified by NSBs and the design can be adjusted to a particu-
lar case. In the following lines, as an example, the procedure to 
obtain the adjusted partial factor for the compressive strength 
of concrete γC is developed. The compressive capacity Rc of an 
area of concrete depends on several variables:

Rc = fc,cyl ηis Ac θc [1]

where:
fc,cyl is the compressive strength of the control specimen
ηis is the coefficient to obtain the in situ compressive 

strength of concrete
Ac is the area of concrete
θc is the model uncertainty
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Table 1. Partial factors for materials (*)
(*) This table corresponds to Table 4.3 in [18].



If the coefficients of variation and bias of the variables de-
scribed in Table 2 are known, the values of these coefficients 
for the compressive strength Rc may be calculated using equa-
tions (2) (3) and (4) from [18]:

VRc =  Vfc,cyl  + Vηis + VAc + Vθc [2]

μRc = μfc,cyl  μηis   μAc   μθc [3]

where   
fcm

fck
μfc,cyl =          = e1,645Vfc [4]

Finally, the adjusted partial factor for the compressive 
strength of concrete γC may be calculated applying equation 
(5) from [18] as:

γC = [5]eαR βtgt VRc

μRc

where:
αR is the sensitivity factor for resistance according to Table 

3 (αR = 0,8)
β tgt is the target value for the 50-year reliability index 

according to Table 3 (for persistent design situation 
β tgt = 3,8)
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In Table 4, adjusted material factors are defined for differ-
ent conditions related to:
a) Geometrical deviations belong to Tolerance Class 2 in-

stead of Class 1 [22].
b) The value of dominant geometrical data has been meas-

ured in the finished structure and the covariance (CoV) 
of the measurement is not larger than the values given in 
A.3(5) [18].

c) Calculation of design resistance is based on the design 
value of the effective depth according to A.3(6) [18].

d) In-situ concrete strength in the finished structure has 
been assessed on core tests according to EN 13791:2019, 
Clause 8 [23].

e) The yield strength of the reinforcement has been assessed 
from tests on samples taken from the existing structure.

f) Verification of the structure or member is conducted ac-
cording to more refined methods ensuring reduced uncer-
tainties of the resistance model.

g) Verification of the structure or member is conducted us-
ing non-linear analysis and the model uncertainty is con-
sidered separately according to F.4(1) [18].

h) Target value for the reliability index βtgt given in Table 3 has 
been modified in accordance with the relevant authority.

3) There is a special partial factor γV for the shear and 
punching resistance without shear reinforcement, that re-
places γC in all formulae for calculating the shear and punch-
ing resistance in members without shear reinforcement. This 
change has been explicitly introduced to take into account 
the fact that for shear, the model uncertainties become dom-
inant, whereas the influence of the variability of the com-
pressive concrete strength is reduced by the fact that the 
compressive concrete strength fck appears with an exponent 
of 1/3 in the design formulae. In this way a better and more 
transparent fitting of the formulation with the data bases of 
tests is achieved, increasing the sustainability.
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Table 4. Values of adjusted material factors - General (*)
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4) It is possible to reduce γV and γS by using design values 
for the effective depth: for thin members, geometrical uncer-
tainties govern the calibration of γV and γS, whereas for deep 
members, the effect of geometrical uncertainties become al-
most negligible. For this reason, it is more rational to adopt 
reduced values of γV and γS by using design values for the effec-
tive depth. This possibility is defined in 4.3.3(2) [18]:

(2) Lower values of partial factor γS and γV for the verifica-
tion of the ULS in case of persistent, transient and accidental 
design situations may be used according to A.3(1) if a design 
value of the effective depth dd is considered.

whereas the design value of the effective depth is given in An-
nex A (A.3(6)) [18]:

(6) The statistical data of the effective depth in Table A.2 may 
be replaced by Vd = 0,00 and μd = 1,00 if the calculation of the 
design resistance is based on the design value of the effective 
depth dd:
dd = dnom − Δd (A.4)
where
Δd is the deviation value of the effective depth:
Δd = 15 mm for reinforcing and post-tensioning steel,
Δd = 5 mm for pre-tensioning steel.

NOTE: The design value of the effective depth dd can be used unless a 

National Annex gives limitations.

and the reduced partial factors γS =1,03 and γV =1,29 (Figure 4) 
can be used.

Figure 4. (a) Required partial safety factors γV to obtain βtgt = 3,8
(b) Obtained reliability indexes with the assumed partial safety 

factors γV [20].

4.4.  Other changes 

• Section 4. Basis of design 
- Improved presentation (imposed deformations, par-

tial safety factors in tables…)
- References to other Eurocodes and, in particular to 

EN 1990 [1], suppressing contents that are not specif-
ic to Eurocode 2 [3].

- Definition of partial factors for geometrical devia-
tions of Tolerance Class 1 and Execution Class 2 in 
EN 13670 [22].

- Specific partial factor for shear γV. 
- Design value of the effective dd depth that allows to 

use lower values of partial factors for steel γS and con-
crete γV (see 4.3.4), see also text in 4.3 above. 

• Section 5. Materials
- Green concrete has finally been permitted. Green 

concrete uses fewer resources during production, sub-
stituting a portion of cement with more eco-friendly 
materials (fly ashes, for example) (see 4.1).

- Cube specimen strength has been supressed in the 
definition of concrete classes for design purposes.

- Unification of the concrete compressive strength 
among the different behaviours of concrete (bending, 
shear, punching…) through the factor ηcc (see 4.2).

- Extending the range of material strength classes: for 
concrete up to fck = 100 MPa, for reinforcing steel up 
to fyk = 700 MPa, and for prestressing steel strand up 
to fpk = 2060 MPa.

• Section 6. Durability and cover [24] 
- New performance-based approach with Exposure 

Resistance Classes ERCs, that will be defined in the 
new version of EN 206 Concrete [25], is considered in 
Section 6 of the new Eurocode 2. 

- Exposure resistance classes ERC are used to classify 
concrete with respect to resistance against corrosion 
induced by several attacks (carbonation (class XRC), 
chlorides (class XRDS XRSD) and freeze/thaw 
(XRF)).

- Exposure classes (EC) related to environmental con-
ditions currently given in EN 206 are now defined in 
this section. 

- For each EC and design service life (50 or 100 years) 
a combination of ERC and minimum concrete cover 
may be chosen.

- Compliance with a particular ERC may be confirmed 
either following some prescriptive rules for mix com-
position for conventional/well-known concrete mixes, 
or by doing some short-term performance tests (car-
bonation, chloride attack, etc.), for new or also for 
conventional concrete compositions. 

• Section 7. Structural analysis 
- A new analytical method for explicit verification of 

rotation capacity is given.
- Consideration of the effects of prestress in analysis 

and design (as action effects or as resistance) has been 
clarified.

• Section 8. Ultimate Limit States (ULS) [26] [27] [28]
- Several formulations for shear without reinforcement 

in linear members have been developed, and finally 
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the formulation based on the Critical Shear Crack 
Theory (CSCT) as in Model Code, was adopted. 
The decision was to use CSCT also for punching for 
members without shear reinforcement and to con-
tinue use of variable inclination struts / compression 
field for members with shear reinforcement.

- Provisions for the consideration of transverse bend-
ing on the in-plane shear strength have been added.

- Provisions for strut-and-tie models have been amend-
ed mainly for verification of struts and nodes.

• Section 9. Serviceability Limit States (SLS) [29]
- For the cracking control many improvements have 

been implemented and the result has been a refined 
formulation, very well fitted to the data base of tests, 
but somewhat more complex.

- Simplified methods have been moved to an informa-
tive annex.

- For the deflection control, simplified and refined 
methods based on zeta procedure (see equation 9.28 
of 9.3.4 (3) in FprEN 1992-1-1: 2022 [18]), have 
been implemented.

• Section 11. Detailing of reinforcement and post-tension-
ing tendons [30]
- The section has been significantly updated, simpli-

fied and reorganized.
- The model from fib Bulletin 72 has been adopted 

for anchorage length of straight bars but updated 
and calibrated against recently amended test data 
base. The provisions now consider size effect and the 
non-linear effect of reinforcement stress on the an-
chorage length. Bond strength has not been explic-
itly defined because the great number of factors that 
influence its value and by the fact that it varies along 
the bar.

- Robustness conditions have been included to define 
the force in the anchorages and the staggering condi-
tions of laps.

- New methods for anchoring and lapping have been 
added: U-bar loops, headed bars, post-installed bars.

5.
new topics

Following the Mandate, new topics have been developed and 
included in the new version of Eurocode 2 and in this chapter 
some of them are summarized.
• Stainless steel reinforcement
 Alterations for design with stainless steel compared to 

carbon reinforcing steel have been summarised in norma-
tive Annex Q. Nevertheless, for the ease of use, it is per-
mitted to use the same formulations as for carbon steel 
unless considered significant and relevant. For example, 
for the stress-strain law, instead of using the Romberg-Os-
good Law, a bilinear law has been adopted combined with 
a reduced value of the elasticity modulus (180 GPa).

• Assessment of existing structures (deteriorated) [31]
 Annex I [18], which is informative, contains additional 

rules for materials and systems not covered in the main 

part and additional rules for assessing existing structures 
where detailing does not comply with the provisions of 
the main part. Additional rules for the anchorage of plain 
bars are also included. Some considerations about the de-
terioration of existing structures are given, but only in a 
general way. Annex A [18] provides information for mod-
ifying materials´ partial factors, to consider the informa-
tion obtained in the tests made on the existing structures.

• Strengthening of Existing Concrete Structures with FRP 
[32]

 Annex J [18] contains rules for strengthening exist-
ing structures with Carbon Fibre Reinforced Polymer 
(CFRP). The reinforcement can be externally bonded to 
the surface (EBR) or near surface mounted in the con-
crete (NSM). The reinforcement material can be either in 
the form of prefabricated strips (EBR or NSM), prefabri-
cated bars (NSM) or in-situ lay-up sheets (EBR). Specific 
rules for materials, durability, and limit states have been 
developed and, in particular, those related to bond and 
anchorage of systems and detailing of CFRP.

• Embedded FRP Reinforcement [33]
 In the informative Annex R [18], supplementary infor-

mation can be found for new structures reinforced with 
non-prestressed glass and carbon fibre-reinforced bars or 
meshes subjected to predominantly static loads. It does 
not apply to lightweight aggregate concrete and to recy-
cled aggregate concrete.

• Steel Fibre Reinforced Concrete Structures (SFRC) [34] 
[35]

 Annex L [18] provides supplementary rules for struc-
tures constituted by steel fibre-reinforced concrete with 
or without reinforcing steel, pre-tensioning or post-ten-
sioning tendons. In section L.5 the way to characterize 
this material by the residual tensile strengths and the 
stress-strain relationship in both tension and compression 
is described. Formulations for bending, shear, punching, 
torsion and cracking have been adapted to SFRC and de-
tailing rules for members have been developed.

6.
main topics in fire part [36]

Some relevant changes have also been introduced in 
FprEN1992-1-2 [19] regarding the previous version, dealing 
with:
• Material properties such as thermal conductivity of con-

crete, mechanical properties of high strength concrete and 
steel reinforcement. 

• Simplified design methods: tabulated data for buckling of 
columns, tabulated data for walls, analytical determination 
of temperature profiles (simplified method) .
• Rules for concrete spalling.
• Extending the scope to lightweight aggregate concrete 

structures, steel fibre reinforced concrete structures 
and recycled aggregate concrete structures.

• In addition, the structure of the fire part has been harmo-
nised across all Eurocodes´ material.
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7.
conclusions

The first generation of Eurocode 2, consisting of four docu-
ments, was published as EN standard by the middle of the first 
decade of the present century, but works started much earlier 
in the 1980s.

Since then, a lot of research on concrete structures has 
been developed, and knowledge has significantly improved, so 
an updated version of Eurocode 2 was required. On the other 
hand, the application field has been enlarged and new top-
ics and materials, not included in the first EN versions, have 
emerged.

This paper summarizes the generation of the first Euroco-
des, addressing the organization, the documents and their con-
tents, and how progress has been made with the preparation 
of the second generation of the Eurocode 2, which will be ap-
proved and published as EN new standards within 2023. The 
scope has been extended, the ease-of-use has been improved 
and the number of documents has been reduced, simplifying 
the structure of the code and including sustainability issues.

Main content of new Eurocode 2 is related in a general way 
in this paper and some issues have been presented in more de-
tail, such as green concretes, unification of the design compres-
sive strength of concrete and reliability of material strength, 
including existing structures. New topics, as stainless steel re-
inforcement, assessment of existing structures (deteriorated 
and non-deteriorated), steel fibre reinforced concrete or fibre 
reinforced polymer have been covered.

References to other published papers are also included in 
this paper, describing in detail some of the most relevant tech-
nical changes and improvements in the new Eurocode.
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a b s t r ac t

Codes contain calculation rules of general acceptance that have demonstrated to enable building safe enough structures with very low 
probability of failure. Any new method to be introduced, should be based on a consensus among experts and based on the experience. 
Until now, the durability is treated in the Codes following the so called “prescriptive” approach that is based on selection of constituents 
and limiting values of their mix-proportions or the characteristic strength, applying a correct curing limiting the presence of deleterious 
substances such as chlorides and crack widths in serviceability conditions, according to exposure classes. The paper describes the changes 
introduced in the durability verification in the revision of EN 1992-1-1:2004 currently under formal adoption. The main change is an 
attempt to design for durability using a performance based approach based on calculating the cover values that avoid reinforcement 
corrosion. These values were calculated using service life models. The covers are given in function of the “Exposure Resistance classes 
(ERC)” which substitute current “structural classes”. The calculations are not explicit in the Code, because they do not intrinsically 
imply a higher precision, but only a more rationale and harmonization. The paper also presents the definition and scope of the ERC’s 
which will be regulated in a new standard to be named: EN206-100. The current method in EN-206 to verify durability (reproduced in 
Annex P of the current draft of FprEN 1992-1-1:2023) will be retained for a transition period and it could continue to be applied with 
acceptable confidence depending on the provisions valid in the place of use. The ERC’s approach is different and its coherence with 
the present one in EN206 (Annex P) cannot be guaranteed, but the application of one or other route pretends to provide the desired 
level of durability.

keywordS: Codes, durability, performance, exposure resistance classes, cover depth. 
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r e s u m e n

Los códigos contienen reglas de cálculo de aceptación general que han demostrado permitir la construcción de estructuras lo suficien-
temente seguras con muy baja probabilidad de fallo. Cualquier nuevo método que se introduzca, debe basarse en un consenso entre 
expertos y en la experiencia. Hasta el presente, la durabilidad es tratada en las Normas siguiendo el llamado enfoque “prescriptivo,” que 
se basa en la limitación de los constituyentes del hormigón o su resistencia a compresión, mediante aplicación de un curado correcto y 
limitación la presencia de sustancias nocivas como los cloruros y de la fisuración relacionada con las condiciones de servicio, en función 
de las clases de exposición. En el artículo se describen los cambios introducidos en la comprobación de la durabilidad en el nuevo bor-
rador actual de EN -UNE 1992-1-1:2004. Los principales cambios se basan en un primer intento de hacer el cálculo de los recubrim-
ientos a través de un enfoque prestacional a través de modelos de vida útil.  Los recubrimientos se especifican en función de un nuevo 
concepto: las clases de resistencia al ambiente, (ERC), que sustituyen a las actuales “clases estructurales”. Los cálculos no se explicitan 
en el Código, porque no implican intrínsecamente una mayor precisión, sino más racionalidad y armonización. En el documento tam-
bién se presenta la definición y el alcance de las ERC que se regularán en un próximo borrador de norma denominada: EN206-100. El 
método actual para verificar la durabilidad como se indica en la presente EN-206 (reproducido en el Anejo P del borrador actual de la 
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1.
introduction

The codes on structural concrete contain a set of rules that en-
sure a level of safety that the experience shows is adequate, as 
shown by the fact that accidents during construction or use are 
very rare, showing the very low probability of failure. The dura-
tion of the structure in absence of deterioration, without major 
repair works, during a predefined period of time is called then 
“service life” (as the serviceability limit states are fulfilled). Ex-
perience on durability has shown that it is not adequate in cer-
tain exposure conditions if the cover depths or the construction 
quality are deficient. It is now when codes are trying to incor-
porate modern methods to calculate service life based on what 
is termed a “performance approach”, that is, not specifying the 
material composition, but the material performance. The reason 
of the delay in incorporating the modelling of the service life in 
codes is based on the lack of enough experience and calibration 
of these models, because codes should only incorporate what is 
proved and enables sufficiently reliable predictions.

Durability prescriptions in current codes are quite basic. 
They are focused on specifying cover depths as a function of 
the exposure classes with the simultaneous limitation in each 
of the following magnitudes: 
• the maximum amount of w/c ratio and the minimum val-

ue of cement
• alternatively, the minimum concrete strength
• application of a sufficiently long curing regime
• limiting the chloride content in the raw materials used to 

manufacture concrete
• the maximum crack width in serviceability conditions

The cover depths are aligned with the limitation of the con-
crete mix proportions or its characteristic strength and the 
maximum crack width as a function of the aggressivity of the 
environment. These prescriptions are described in chapter 4 
of current EN-1992-1-1:2004 [1] under the heading of “Du-
rability” and EN 206 [2] Annex F.

The draft of the new version of EC2, FprEN-1992-1-1:2023 
[3] contains certain evolution towards a performance-based 
methodology for durability aspects. The main differences are 
related to that the cover depths were deduced from model cal-
culations, although all models used are valid and the final cover 
depths proposed were adjusted for a rationale with respect to 
the classes (ERC’s). This is precisely due to uncertainties in the 
adequate input parameters for each case and doubts as wheth-
er the input data could be generalized. In the new circulated 
draft for voting [3], durability prescriptions are in chapter 6 
instead of chapter 4 [1]. The fact that service life models [5-9] 
have been used (the calculations are given in the Background 
Document [10] for Chapter 6) does not imply a higher preci-
sion, but a more rational approach and greater harmonization. 

The resulting cover depths have been agreed through the use 
of four different service life models and they are given in Ta-
bles 6.3 and 6.4 of the new document [3]. 

The major change in this new draft is not that such cover 
depths are calculated through a service life model, but that 
they are given as a function of a new concept: the exposure 
resistance classes (ERC) [3,10-11] which substitute the cur-
rent “structural classes” [1]. They are a way of classifying 
the expected durability of the concrete mixes. In the cur-
rent draft the concept is only applied for carbonation and 
chloride attack to the reinforcement. All other degradation 
processes continue with the prescriptive approach since 
background knowledge for modelling these processes is still 
not fully developed. The durability provisions are defined in-
cluding a certain period of corrosion propagation within the 
50 or 100 years service life; meanwhile, the ERCs correspond 
to a probability lower than 90% of an unacceptable level of 
carbonation or chloride ingress under standardized exposure 
conditions. It is necessary to complement such long-term re-
quirement (performance) with the ones to be fulfilled when 
the concrete is prepared. Thus, the values of the carbona-
tion rate and of chloride diffusion coefficient to comply with 
by the concrete specimens at 28 days are now conforming a 
document which is named EN 206-100 [11] (it is not still 
finished when writing this paper) that will contain the values 
to be fulfilled by the specimens for each ERC. 

It is worth noting, that although general durability princi-
ples are mandatory for all EU members, final NDP (National 
Determined Parameters) may be adjusted or calibrated by na-
tional standardization committees in each country as desired.

This paper briefly describes the changes introduced in 
the new draft of Eurocode-2, FprEN 1992-1-1:2023 [3] and 
in the EN 206-100 [11] (not definitively approved) related 
to durability aspects. The paper is structured according to the 
following list of contents:
1. Deterioration processes due to environmental actions
2. Table of Exposure classes
3. Concept of ERC’s
4. Cover depths: Calculation procedure from models of ser-

vice life (contained in the Background Document)
5. Cover depths for stainless steel reinforcements
6. Content of EN 206-100
7. Final comments.

2.
deterioration processes due to 
environmental actions

Although not providing provisions for all of them, Chapter 
6 of new draft of FprEN1992-1-1:2023 [3] lists the concrete 
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FprEN 1992-1-1-2023), se mantendrá durante un período de transición y podrá seguir siendo aplicado. Dado que el nuevo método que 
introduce las ERC se basa en un nuevo enfoque y formato de seguridad, no se puede garantizar la coherencia con el método anterior, 
pero la aplicación de una u otra vía dará el nivel de durabilidad deseado.
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and environmental exposure conditions that may lead into 
deterioration. The list is the following:
• alkali-aggregate reaction (AA);
• biological attacks arising from e.g.:
 - algae;
 - vegetation;
• chemical attacks arising from e.g. the use of the structure 

(storage of liquids, etc.):
 - acid solutions;
 - soft water;
 - sulfates;
 - other chemicals;
• delayed ettringite formation (DEF);
• physical attack, arising from e.g.:
 - abrasion;
 - temperature change (including freeze/thaw);
 - water penetration;
• reinforcement corrosion due to carbonation or chlorides 

ingress;
• reinforcement corrosion that may be due to chlorides 

present in concrete before exposure;
• stress corrosion cracking.

3.
table of exposure classes

The new draft provides an updated table of the Exposure 
classes for reinforcement corrosion. This is shown in Table 1 
(Table 6.1 in [3]). The table of other types of attack is not 
reproduced because it remains essentially unchanged, with 
only the abrasion classes included. The exposure classes for 
reinforcement corrosion are the same as in the previous ver-

sion except for the definition of XC1 and XC2. Now XC1 
is “dry” conditions alone and not “dry and wet”. The reason 
for this superseded “dry and wet” classification is because 
the classes attended to ease of carbonation and they are the 
conditions where carbonation is minimal or is not produced 
(wet) and therefore, they were grouped in a single class. 
However, now the basis for the classification is the risk of cor-
rosion and therefore, the grouping has changed because the 
carbonation in itself is not considered the limit. The adopted 
threshold is the corrosion of the reinforcement. Thus, now 
the risk of corrosion is negligible if the concrete is dry but 
not, if the concrete is wet. The wet conditions are now under 
the heading of XC2,  XC3 represents the case of concrete ex-
posed to the atmosphere but protected from rain, while XC4 
is exposed to rain and with cyclic wet-dry periods. 

During internal coordination meetings some doubts arose 
on how to define XC3 and XC4 exposure. The reason was 
the mean annual external relative humidity. Northern Euro-
pean countries consider XC3 / XC4 ambient with an average 
relative humidity of 80 – 85%, southern countries consider 
values around 65 – 70% (see Figure 1), providing quite differ-
ent criteria for a durability approach, especially on corrosion 
onset and propagation [12-13]. These specific topics shall be 
addressed in NDPs for affected Countries.

4.
concept of erc’s

In the current version EN 1992-1-1:2004 [1], the structural 
classes (from S1 to S6 Table 4.4N and 4.5N) are the inter-
mediate step to select the cover thickness (Table 2). These 
structural classes have been a concept not fully defined and in 
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Figure 1. Mean annual external relative humidity [%] [13].



absence of a precise definition the recommendation was to use 
the class S4. The exposure resistance classes are a substitution 
of such structural classes with a more coherent concept behind 
them, as they are defined to classify the concrete mixes by 
their durability, measured in specimens in the short term, from 
carbonation or chloride tests after 28 days of standard curing.

TABLE 2.
Values of minimum cover,cmin,dur requirements with regard to durability for rein-
forcement steel in accordance with EN 1991-1-1: 2004 [1].

Structural
Class X0 XC1 XC2/XC3 XC4 XD1/XS1 XD2/XS2 XD3/XS3

S1 10 10 10 15 20 25 30
S2 10 10 15 20 25 30 35
S3 10 10 20 25 30 35 40
S4 10 15 25 30 35 40 45
S5 15 20 30 35 40 45 50
S6 20 25 35 40 45 50 55

Environmental Requirement for c min,dur (mm)
Exposure Class according to Table 4.1

Because of the lack of agreed models [9] for other than car-
bonation and chloride ingress, the ERC concept only has 

been applied to these two deterioration mechanisms. They 
have been defined by committee TC250/SC2/WG1/TG10: 
Durability [10] and expressed in [3] of which, both authors 
of the paper have been members. The definitions were very 
much discussed and although not all members fully agreed, 
they were approved by a majority of the TG10 members. The 
definition agreed upon was:
• Carbonation:  XRC classes for resistance against corrosion 

induced by carbonation are derived from the carbonation 
depth [mm] (characteristic value 90% fractile) assumed to be 
obtained after 50 years under reference conditions (400 ppm 
CO2 in a constant 65%-RH environment and at 20 °C). 
The designation value of XRC has the dimension of a car-
bonation rate [mm/√(years)].

• Chloride ingress: XRDS classes for resistance against corro-
sion induced by chloride ingress are derived from the depth 
of chlorides penetration [mm] (characteristic value 90% 
fractile), corresponding to a reference chloride concentration 
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Class Description of the environment Informative examples where exposure classes may occur (NDP)

1. No risk of corrosion or attack

For concrete without reinforcement or embedded metal:

X0
All exposures except where there is freeze/thaw, abrasion or 

chemical attack.
Plain concrete members without any reinforcement.

2. Corrosion of embedded metal induced by carbonation

Where concrete containing steel reinforcement or other embedded metal is exposed to air and moisture, the exposure should be classified as follows:

XC1 Dry.
Concrete inside buildings with low air humidity, where the corrosion rate will be 

insignificant.

XC2 Wet or permanent high humidity, rarely dry.

Concrete surfaces subject to long-term water contact or permanently submerged in 
water or permanently exposed to high humidity;

many foundations; water containments (not external).
NOTE 1 Leaching could also cause corrosion (see (5), and (6), XA classes).

XC3 Moderate humidity.
Concrete inside buildings with moderate humidity and not permanent high humidity;

External concrete sheltered from rain.

XC4 Cyclic wet and dry.
Concrete surfaces subject to cyclic water contact (e.g. external concrete not sheltered 

from rain as walls and facades).

3. Corrosion of embedded metal induced by chlorides, excluding sea water

Where concrete containing steel reinforcement or other embedded metal is subject to contact with water containing chlorides, including de-icing salts, from sources 
other than from sea water, the exposure should be classified as follows:

XD1 Moderate humidity Concrete surfaces exposed to airborne chlorides.

XD2 Wet, rarely dry.
Swimming pools;

Concrete components exposed to industrial waters containing chlorides.
NOTE 2 If the chloride content of the water is sufficiently low then XD1 applies.

XD3 Cyclic wet and dry.
Parts of bridges exposed to water containing chlorides;

Concrete roads, pavements and car park slabs in areas where de-icing agents are 
frequently used.

4. Corrosion of embedded metal induced by chlorides from sea water

Where concrete containing steel reinforcement or other embedded metal is subject to contact with chlorides from sea water or air carrying salt originating from 
sea water, the exposure should be classified as follows:

XS1
Exposed to airborne salt but not in direct contact with 

sea water.
Structures near to or on the coast.

XS2 Permanently submerged. Parts of marine structures and structures in seawater.

XS3 Tidal, splash and spray zones.
Parts of marine structures and structures temporarily or permanently direct-

ly over sea water.

TABLE 1.
Exposure classes related to environmental conditions named Table 6.1 in present draft of [3].



(0,6% by mass of binder (cement + type II additions)), as-
sumed to be obtained after 50 years on a concrete exposed to 
one-sided penetration of reference seawater (30 g/l NaCl) at 
20 °C. The designation value of XRDS has the dimension of 
a diffusion coefficient [10−13 m²/s].

The main aspects considered in relation these definitions it 
has to be added:
• The performance is defined for a service life of 50 years, 

although cover depths for 100 years also are given.
• The service life includes a certain level of corrosion attack 

(initiation and propagation periods) complied with 90% 
of probability.

• Although the classification is derived by the depth of car-
bonation or chloride ingress the units of the ERC’s are 
mm/year0.5 for carbonation rate and cm2/s for the diffu-
sion coefficient of chlorides.

• The values are calculated for reference conditions that are 
translated through each service life model to each expo-
sure class. The reference conditions are:
- 400 ppm CO2 in a constant 65% RH environment and 

at 20°C for carbonation attack
- reference seawater (30 g/l NaCl) at 20°C for chloride 

ingress.

The fulfillment of the definitions can be achieved by testing 
for carbonation or chloride attack or by complying with the 
future EN 206-100 [11] or with Annex P of [3], which re-
produces the current EN 206 [2].

These definitions enable the classification by testing un-
der carbonation or chloride ingress of different mixes. How-
ever, testing will not be the only way to fulfil the ERC’s [11]. 
They can be also fulfilled through the concrete composition. 
This was agreed in the committee to induce a “smooth transi-
tion” from current situation, where the approach is fully pre-
scriptive (concrete composition), to the new requirements 
(performance). Additionally, each country should select the 
manner of incorporating the new concept into their respec-
tive standards. The choices will be described later when ex-
plaining the new EN 206-100 (in preparation) [11].

4.1. Denomination of ERC’s

The ERC classes finally agreed upon are shown in the first 
column of Tables 3 (carbonation) and 4 (chlorides) [3,10]. 
Those of carbonation (XRC) have eight and those of chlo-
rides have ten levels. They can be merged or even split into 
more (obtained by interpolation) as the national standard-
ization bodies decide based on the national concretes and 
experience.

It is worth to repeat that the cover depths are a function 
of the ERC’s and of the exposure classes. It should be noted, 
not to mistake the XRC (exposure resistance to carbonation) 
with the XC (exposure to carbonation), because the last one 
is the classification of the aggressivity of the environment 
while the XRC is the level of resistance to such XC.

5.
cover depths

Cover depths have been calculated independently using five 
different service life models in which the input parameters 
are not identical [10]. The results were however only slightly 
different because of the selection of different exposure in-
put parameters as mentioned. At the end, the cover depths 
were then rounded by consensus, based on the experience on 
the subjects of carbonation and chloride ingress of the per-
sons involved in the calculations [10]. Therefore, the cover 
depths proposed are not the result of an exact mathematical 
calculation, but of the application of expert opinion to the 
calculated values. Because of this, any attempt to reproduce 
the exact values may fail if the input parameters and the as-
sumptions of each model are not identical to those assumed 
and specified in the Background document [10]. The agreed 
cover depths are given in Table 3 for carbonation and Table 
4 for chlorides of chapter 6 of [3]. They correspond to the 
minimum depth which provides the nominal resistance plus 
an allowance for deviation, Δcdev:

cnom = cmin + Δcdev (1)

As is common, the value for cmin shall satisfy the requirements 
for both bond and durability:

cmin = max {cmin,dur + Δc; cmin,b; 10 mm} (2)

where:
cmin,dur minimum cover required for environmental condi-

tions;
Δc sum of the following applicable reductions and addi-

tions:
Δcmin,30 reduction of minimum cover for structures 

with design life of 30 years or less;
Δcmin,exc reduction of minimum cover for superior com-

paction or improved curing;
Δcmin,p additional minimum cover for prestressing 

tendons;
Δcdur,red reduction of minimum cover for use of ad-

ditional concrete protection or use of special 
measures for protection of reinforcing steel;

Δcdur,abr  additional minimum cover for abrasion;
cmin,b minimum cover for bond requirement.

For concrete cast directly against soil surface, the minimum 
cover should be increased by Δcmin considering the increased 
uncertainty and variability of concrete and the reduced com-
paction against soil.

5.1. Deterioration (condition) limit state

This new limit state, [7,10,14-15] implicitly introduced into 
the calculations, has been also incorporated into current draft 
of fib Model Code 2020 [7]. As shown in Figure 2 [10] the 
deterioration limit state is based on the end of service life not 
when the chloride threshold is reached or the carbonation 
front arrives to the external surface of the bar (the nick point 
in the red curve), but when a certain amount of corrosion is 
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ERC

Exposure class (carbonation)

XC1 XC2 XC3 XC4

Design service life (years)

50 100 50 100 50 100 50 100

XRC 0,5 10 10 10 10 10 10 10 10

XRC 1 10 10 10 10 10 15 10 15

XRC 2 10 15 10 15 15 25 15 25

XRC 3 10 15 15 20 20 30 20 30

XRC 4 10 20 15 25 25 35 25 40

XRC 5 15 25 20 30 25 45 30 45

XRC 6 15 25 25 35 35 55 40 55

XRC 7 15 30 25 40 40 60 45 60

NOTE 1 XRC classes for resistance against corrosion induced by carbonation are derived from the carbonation depth [mm] (characteristic value 90% frac-
tile) assumed to be obtained after 50 years under reference conditions (400 ppm CO2 in a constant 65%-RH environment and at 20 °C). The designation 
value of XRC has the dimension of a carbonation rate [mm/√(years)].

NOTE 2 The recommended minimum concrete cover values cmin,dur assume execution and curing according to EN 13670 with at least execution class 2 and 
curing class 2.

NOTE 3 The minimum covers can be increased by an additional safety element Δcdur,γ considering special requirements (e.g. more extreme environmental 
conditions).

TABLE 3.
Minimum concrete cover cmin,dur for carbon reinforcing steel — Carbonation ( Table 6.3 (NDP) of  [3]).

TABLE 4.
Minimum concrete cover cmin,dur for carbon reinforcing steel — Carbonation ( Table 6.3 (NDP) of  [3]).

ERC

Exposure class (chlorides)

XS1 XS2 XS3 XD1 XD2 XD3

Design service life (years) Design service life (years)

50 100 50 100 50 100 50 100 50 100 50 100

XRDS 0,5 20 20 20 30 30 40 20 20 20 30 30 40

XRDS 1 20 25 25 35 35 45 20 25 25 35 35 45

XRDS 1,5 25 30 30 40 40 50 25 30 30 40 40 50

XRDS 2 25 30 35 45 45 55 25 30 35 45 45 55

XRDS 3 30 35 40 50 55 65 30 35 40 50 55 65

XRDS 4 30 40 50 60 60 80 30 40 50 60 60 80

XRDS 5 35 45 60 70 70 — 35 45 60 70 70 —

XRDS 6 40 50 65 80 — — 40 50 65 80 — —

XRDS 8 45 55 75 — — — 45 55 75 — — —

XRDS 10 50 65 80 — — — 50 65 80 — — —

NOTE 1 XRDS classes for resistance against corrosion induced by chloride ingress are derived from the depth of chlorides penetration [mm] (characteristic 
value 90% fractile), corresponding to a reference chlorides concentration (0,6% by mass of binder (cement + type II additions)), assumed to be obtained after 
50 years on a concrete exposed to one-sided penetration of reference seawater (30 g/l NaCl) at 20 °C. The designation value of XRDS has the dimension of a 
diffusion coefficient [10−13 m²/s].

NOTE 2 The recommended minimum concrete cover values cmin,dur assume execution and curing according to EN 13670 with at least execution class 2 and 
curing class 2.

NOTE 3 The minimum covers can be increased by an additional safety element Δcdur,γ considering special requirements (e. g. more extreme environmental 
conditions).



reached (see the blue arrow in Figure 2) [14]. This is because 
the corrosion onset is not an instant, but it is a period of 
time in which active corrosion-repassivation may occur and 
because it is very difficult to identify the moment at which 
depassivation occurs [15]. However, when the corrosion is 
active, its identification can be easier from the cracking or 
rust spots on the outer surface. This new definition of the 
limit state allows to deal with incongruences generated when 
thicker covers were required in a dryer environment without 
causing external damage. A more detailed explanation on this 
concept can be found in the “introduction” paragraphs of the 
Background Document [10].

Then, it is only when the corrosion is permanently active 
that it can be said that the service life foreseen in the design 
is over. The amount of corrosion that is considered as a limit 
is 50 µm for general corrosion penetration (carbonation) and 
of 500 µm for localized attack (pitting) (Figure 3 and 4). 
These values were adopted by convention and, in reinforced 
concrete they will affect neither SLS nor ULS. A different 
case are prestressed steels in which such limits do not ap-
ply because smaller corrosion may lead into undesired failure 
[10,14,15].

The initiation period is modelled by means of diffusion 
transport models for carbonation and for chloride ingress and 

then, the design service life is denoted as the sum of the ini-
tiation period and the propagation period [5]:

tSL = tini + tprop (3)

The duration of the propagation period depends on the ex-
posure, composition of concrete, concrete cover and bar di-
ameter but for the standard, the limit adopted by convention 
corresponds to the mentioned corrosion induced loss of thick-
ness equal to 50 µm (homogeneous corrosion) and 500 µm 
(localized corrosion) Figure 4 [3,15].

tprop = Pcorr / Vcorr (4)

where Vcorr is the corrosion rate and Pcorr = 50 µm is the limit 
value for the average penetration (carbonation-induced cor-
rosion) that is supposed not to cause visible surface crack-
ing. In case of chloride-induced corrosion, pitting depth 
Ppit = 500 µm is deemed to be a lower bound (conservative) 
estimate of the pitting depth that would not induce cracking 
in the concrete cover (although Ppit up to 1000 µm has been 
observed without cracking). This pitting depth limit Ppit has 
been allocated on an averaged corrosion depth Pcorr between 
50 mm and 100 mm assuming a pitting factor of 10. 
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Figure 2. Service life model (Tuutti [5]) that shows with a blue arrow the time corresponding to  the deterioration limit state [10,14]: before a 
crack parallel to the reinforcement appears on the concrete surface.

Figure 3. schematic illustration of the limit state of deterioration (condition limit state) regarding general corrosion (carbonation) and regarding 
localized corrosion (chlorides) [10].



Figure 4. Representation of the Condition/ Deterioration/Corrosion 
limit state (CLS) [10,14,15]. It means that the service life is not only 
the initiation period, but also an initial part of the propagation period, 
that for corrosion is nominally ascribed to a corrosion penetration of 

Pcorr =50 µm of averaged uniform corrosion depth, assuming equivalent 
to have crack widths in the concrete surface smaller than 0.1 mm.

5.2. Reliability associated to the end of design service life

Methods of establishing the reliability may follow the general 
principles for probabilistic service life design of concrete struc-

tures outlined in ISO 2394 [16], EN 1990 [17] and ISO 13823 
[18] and, for deterministic calculations or semi-probabilistic 
approaches, include margins to reach the same target reliability.

The probability of exceeding a given limit state (failure 
probability) is quantitatively expressed by the reliability in-
dex, bi-univocally related to the previous through the cumu-
lative Gauss function:

Pf = Φ-1 (-β) (5)

where
Pf is the failure probability,
Φ-1 is the Gauss inverse cumulative distribution and,
β is the reliability index.

The failure probability selected was derived after a bench-
mark examination of the estimated reliability level for the 
current design criteria in Spanish code EHE-08 [19] and the 
German prescription for concrete DIN 1045-1 [20]. The 
adopted target value was β= 1.5 which corresponds to a nom-
inal probability of 7% as is illustrated in Figures 5 and 6 [21].

Hence, a target value of β=1.5 at a life time of 50 years has 
been used to elaborate the recommended cover depths, cmin,dur. 
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Figure 5. Reliability index for current deemed to satisfy rules in DIN 1045-1 [21] calculated following the procedure of Annex 1 and 2 of present 
paper. As more positive is the β value, les probability of that the aggressive front reaches the bar position with the cover depths considered in DIN 

standard. Negative β values indicate probabilities of failure higher than 50%.

Figure 6. Reliability index for current deemed to satisfy rules in Spanish EHE-08 [21] calculated following the procedure of Annex 1 and 2 of 
present paper. As more positive is the β value, les probability of that the aggressive front reaches the bar position with the cover depths considered 

in EHE08 standard. Negative β values indicate probabilities of failure higher than 50%. 



This target value β=1.5 represents a failuer probability around 
7% for the undesirable event of depassivation of the steel rein-
forcement followed by a limited part of the propagation peri-
od [10,14,15,22,23]. 

A target reliability of β=1.3 is often used for the depassi-
vation limit state [7,10,14], which is consistent with a slight 
increase to 1.5 [9] for considering the durability limit state as 
initiation followed by a certain part of the corrosion phase.  This 
β = 1.5 value was also considered as being compatible with cur-
rent normally used cover depths [1]. This difference in reliabil-
ity should be considered when comparison between the cover 
depths proposed in EC2-draft and other code is made.

A single target value for β has been used for the durability 
limit state of reinforced concrete structures, without specifically 
taking account of the ease of access for inspection and mainte-
nance. This level of the reliability index is considered acceptable 
for most types of concrete structures and components. An addi-
tional recommended cover depth has been given for the corro-
sion of prestressing steel, because of the higher severity of the 
consequences of failure and differences in the corrosion mecha-
nism. Interpretation in terms of reliability is detailed in a specific 
chapter. Although the description of the calculation of the failure 
probabilities may require a dedicated text, a short summary is in-
cluded in one of the methods used in the Background Document 
[10] included at the end of this paper as annex 1 and 2.

6.
cover depths for stainless-steel 
reinforcements

The use of stainless steel has been introduced with the same 
rationale as normal steel reinforcements. That is, the cover 
depths will depend on the ERC’s and on the type of steel 
itself, because not all the stainless steels used as reinforce-
ment have the same resistance against corrosion. Table 5 (Ta-
ble Q.3 in the draft of FprEN1992-1-1:2023 [3]) shows the 
cover depths for this type of reinforcements. 

7.
provisional content of en 206-100

The current draft 10 of EN 206-100 [11], submitted to com-
ments and not yet approved, contains mainly:
• The definition of ERC. 
•  The testing methodology for carbonation and chloride in-

gress.
•  The levels of compliance and assessment of concrete mixes.
•  The values of the carbonation rate and chloride diffusion 

coefficient to comply with each ERC.
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Exposure Class Exposure resistance class ERC

Stainless steel resistance classa

SSRC1 SSRC2 SSRC3 SSRC4

XC1
≤ XRC7

0 0 0 0

XC2 0 0 0 0

XC3

≤ XRC4 0 0 0 0

≤ XRC7 15 0 0 0

XC4

≤ XRC4 15 0 0 0

≤ XRC7 20 0 0 0

XD1, XS1

≤ XRDS0,5 10 0 0 0

≤ XRDS1,5 20 10 0 0

≤ XRDS3 25 15 10 0

≤ XRDS6 35 25 15 0

≤ XRDS10 45 35 25 15

XD2, XD3, XS2, XS3

≤ XRDS0,5 15 10 10 0

≤ XRDS1,5 25 20 15 0

≤ XRDS3 35 30 20 10

≤ XRDS6 50 40 30 20

≤ XRDS10 65 50 40 30

NOTE 1 The tabulated cover values apply for a design service life of 50 years unless a National Annex excludes some classes or gives other values.

NOTE 2 For a design service life of 100 years cmin,dur in Table Q.3 (NDP) should be increased by +10 mm for all ERC classes unless a National Annex 
excludes some classes or gives other values.

NOTE 3 In case of combined action of carbonation and chloride induced corrosion, cmin,dur in Table Q.3 (NDP) should be increased by 20 mm or a higher 
stainless steel resistance class should be chosen unless a National Annex gives other values.

NOTE 4 As alternative to the class system of Table Q.3 a performance-oriented service life design may be applied if the input parameters out of technical 
product specifications are available.

a For stainless steel corrosion resistance classes see Table Q.2.

TABLE 5.
Minimum concrete cover cmin,dur to stainless steel reinforcement (Table Q.3 (NDP) of [3]).



ERC’s are defined by performance using either (see Figure 7):
• testing, using a European reference test method and cri-

teria given in the standard; or,
• testing, using a European test method or National test 

method, with criteria specified by provisions valid in the 
place of use; or,

• limiting values for composition and properties of con-
crete.

Figure 7. Routes of verifying the XRC’s [11].

With the values of each ERC the structure is expected to 
achieve the design service life provided:
• the appropriate ERCs were selected;
• the concrete has the minimum cover to reinforcement in 

accordance with FprEN 1992-1-1:2023 [3];
• the concrete is properly placed, compacted and cured, 

e.g. in accordance with current EN 13670 [24] and EN 
13369 [25];

• the appropriate maintenance is applied during the service 
life.

The standard gives four levels of testing and assessment (Ta-
ble 6) (Table 1 in the draft of EN206-100) [11].  These levels 
range from selecting a pre-defined concrete and then accept-
ing that any variability is reliably assessed by the standard 
EN 206 procedures [11], to specifying standard procedures 
with additional testing where greater reassurance of constan-
cy of performance is required. 

The denomination of ERC is through the letters XRC 
for carbonation and XRDS for chlorides, both sea water and 
deicing salts. The letters are followed by a number that rep-
resents the classification from more to less resistant to the 
attack.

7.1. Resistance classes by testing

The preliminary proposal being discussed on Initial type test-
ing ITT, is summarized:  
• carbonation classes, XRC, can be verified using the refer-

ence test method, EN 12390-10 chamber test [26].  Na-
tional provisions may use other accelerated carbonation 
test (EN 12390-12) [27] providing the factor of conver-
sion to natural conditions are given

• chlorides the assessment is made through the reference 
test method given in EN 12390-11 [28]. The EN 12390-
18 chloride migration test [29], or test methods permit-
ted by the provisions valid in the place of use, may be 
used to define the performance of XRDS concrete with 
the corresponding factor for natural conditions.
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Task Level 0 Level 1 Level 2 Level 3

Initial type testing Not requireda In accordance with 5.2 

Confirmation of ITT* Every four yearsb Every four yearsb Not requiredc

Additional routine testing 

As required to confirm that 
any change in the source of a 
constituent does not adversely 
affect durability.

As level 1 plus resistivity as 
frequently as compressive 
strength testing.

As level 2 and additional 
tests  The frequency of testing 
specified in provisions valid in 
the place of use or as otherwise 
specified.

a Conforming to 4.1 (1) and (2), and limiting values and concrete properties to 4.3
b And where there is a significant unexplained change in fresh or hardened concrete properties 
c May be specified

XRC class
Mean carbonation rate,*

mm/√years
Mean carbonation rate in the ITT,**

mm/√years

XRC0,5 0.36 0.5

XRC1 0.72 1.0

XRC2 1.44 2.0

XRC3 2.17 3.0

XRC4 2.89 4.0

XRC5 3.61 5.0

XRC6 4.33 6.0

XRC7 5.06 7.0

TABLE 6.
Levels of testing and assessment [11] (preliminary proposal not yet approved) (Table 1 in the draft 10 of EN206-100).
*Initial type testing

TABLE 7.
ITT criteria for the XRC classes based on the EN 12390-10 chamber test [26] (Table 4 in draft 11*** of EN-206-100)
*proposed by the CEN/TC104/SC1/WG1/ADG not yet approved
** mean values used in the probabilistic calculations of the authors of this paper (see Annex 1) 
*** New draft in discussion



Where the use of non-reference test to assess the performance 
of an XRDS concrete is accepted, then all parties should con-
firm assessment criteria to try and avoid the possibility of 
dispute if the performance is questioned at a later date.

7.2. Levels of XRC’s to comply with

The current tables, not yet approved for carbonation and 
chlorides, are given in Table 7 (Table 4 in the EN206-100 
draft-11) and 8 (Table 6 in the draft-11) (please notice that it 
is mentioned the draft 11 and not the draft 10 of EN206-100 
because the values are in continuous change). They show the 
preliminary ITT mean value (xn is the mean value of 3 ITT 
results) that testing results should comply with.

8.
final comments

The chapter on Durability in EN 1991-1-1 has been renewed 
more in the fundamentals than in the resulting text. The 
changed aspects were mainly based on:
• A more rational identification of the possible deteriora-

tion processes.
•  For the case of reinforcement corrosion, in the calculation 

of the cover depths through service life models of carbon-
ation and chloride ingress adopting as the onset of corro-
sion a certain period of propagation, introducing “de facto” 
a new limit state “condition or deterioration limit state” 
whose compliance should not affect the serviceability or 
ultimate limit states. That is, the propagation period al-
lowed should not produce cracks in the cover beyond their 
value for SLS. This new limit state corrects some anoma-
lies and contradictions caused using the traditional depas-
sivation criterion.

•  The introduction of the exposure resistance classes that 
is a method for ranking the potential durability of the 
concrete using performance tests in early stages.

The new concept of exposure resistance class defined in the 
EN206-100 and applicable to concrete mixes, enables to rank 
their expected durability and link it to the cover depths. This 
is expected to contribute to the introduction of new types of 
binders, very demanded for the goal of concrete decarbonation.

A final comment is that the new concrete classification 
should be used it its own, because it is based on different safe-
ty criteria and concepts than current codes. The old and new 
concepts should not be mixed. Thus use: a) current EN 206-
2013+A1:2018 (referred to in Annex P in FprEN1992-1-1:2023) 
[2] or alternatively b) the new FprEN1992-1-1:2023 (chapter 
6) [3] and EN 206-100 [11]. The mixing or comparison of both 
systems may lead into erroneous or incoherent results. Concrete 
producers deciding to fit into the new system should work on 
adjusting their concrete mix proportions to the ERC’s, with in-
dependence of the current EN 1991-1-1:2004.
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ANNEXES: CALCULATIONS SUPPORTING THE COVER 
DEPTHS GIVEN IN FprEN1992-1-1:2023

As mentioned in chapter 4 of present paper cover depths given 
in Tables 3 and 4 have been independently calculated by several 
members of the CEN/TC250/SC2/WG1/TG10 using different 
service life models, in which the input parameters are not iden-
tical [10]. These calculations are incorporated into the Back-
ground Document of Chapter 6 of FprEN 1992-1-1:2023.

Next as Annexes 1 and 2 are reproduced the chapters 2.2 
(carbonation) and 3.2 (chlorides) prepared by the authors of 
present paper to that Background Document. The models used 
for the calculations have been in fib Model Code (MC2010) 
and in JCSS Probabilistic Model Code. Each Annex has the 
corresponding bibliography used for their preparation. 

These Annexes have not been reviewed for present paper 
and are exclusive responsibility of the authors. The number-
ing of the chapters is the original of the Background Docu-
ment mentioned.

annex 1 

BACKGROUND DOCUMENT 

CHAPTER 2.2
Carbonation induced corrosion
By David IZQUIERDO and Carmen ANDRADE

2.2.1 Objective

The objective of present document consists in establishing the 
cover depths for 50 and 100 years that fulfil the definition of 
the exposure resistance classes (ERC) given in chapter 1.2.6. 
Additionally, it has been calculated the values of the ERC des-
ignations at short term (VCO2) coherent with those values for 
the case at 50 years.
For achieving that objective, the steps followed are:
- Time-explicit mathematical models for calculating the 

progress of the carbonation front, and of the corrosion 
propagation phase, are selected.  

- A corrosion propagation period is added to the initiation 
one in such a length that no external damage is detected 
in the concrete surface. This assumption makes the ser-
vice life to be composed of an initiation (ti) period and a 
propagation (tp) one: 
tSL = ti + tp Eq. 2.2.1 

The definition of the end of service life is shown in Figure 1.1.
- Probabilistic characterization of the input parameters of 

the models selected
- Formulation of the limit state function (LSF) in which the 

adequate cover depth is higher than the initiation plus the 
corresponding propagation periods.

- Selection of the reliability level of compliance of the LSF. 
In present document the reliability factor b=1.5 has been 
adopted.

- Calculation of the cover depths complying with the rank-
ing of ERC defined in the chapter 1.2.6 and final proposal 
of the cmim by subtracting 10 mm. 
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- Rounding of the cover thickness values in order to fit into 
stepped round values.

Additionally, calculations were repeated with other probabil-
istic methods as well as deterministic calculation in order to 
check whether the values of cover depth are the same or they 
depend on the calculation method.
Finally, for the objective of the back-extrapolation at short 
term the same methodology has been followed with the dif-
ference of calculating the VCO2 instead of the cover thickness.

2.2.1 Carbonation induced corrosion

2.2.1.1. Model of the initiation period  
For the carbonation model that included in the fib MC2010 
[fib Model Code 2010] has been simplified by “embodying” 
the input parameters in a smaller number of them. That is the 
model is reduced to a “square root” one as it is a full simplifi-
cation, in which all the input parameters, except logically that 
of the lifetime, are embodied in velocity of carbonation VCO2 
[Izquierdo 2001]. This simplification is made in order to avoid 
the need to calibrate the six variables of fib carbonation model 
whose uncertainty and statistical distributions are unknown.

The fib model of carbonation [MC2010, fib Bulletin 34, 
Gehlen 2000, Izquierdo 2001] is the following:

= Eq. 2.2.2DCO2

a
xc =   2 ke kc

tO

t
2 ke kc

Rcarb

tO

t

xc = carbonation depth [mm]
ke= environmental parameter
kc= factor for curing regime 
DCO2

 = diffusion coefficient of carbon dioxide
a = reactive alkaline material in the concrete
t0 = time were testing is started
t = design service life
Rcarb = Inverse effective carbonation resistance of concrete
w =wetness factor

This expression is reduced by assuming:

Eq. 2.2.3VCO2 =
2 ke kc

Rcarb

tO

t

VCO2
 rate of carbonation

Equation 2.2.2. can yield to the following simplified equation 
In the case that the ke, kc, t0 and w are set to=1, VCO2 is coinci-
dent with the average value of the designation number of the 
XRC.

Eq. 2.2.4xc = VCO2  t
1–2w

2

Considering the time to depassivation as the independent var-
iable: 

Eq. 2.2.5tdep =
c

VCO2

2
(1–2w)

c = depth of carbonation
The rate of carbonation will be ranked following the ERC’s.

2.2.1.1 Input Parameters of the carbonation model and their 
statistical characterization

2.2.1.1.1 Values of VCO2 and their coefficient of variation (CoV)

Figure 2.2.1. Relationship between averaged carbonation rate Vco2 
and its Coefficient of Variation (expressed as percent per one, thus 

1= 100% variation) measured in real structures.

Regarding the CoV of the carbonation rate in tests performed 
in real structures [Izquierdo 2001, Gehlen 2000] enable to 
deduce the relationship between average value of carbonation 
depth and the measured scatter (CoV) when measured in the 
same zone. The relation between averaged value of the car-
bonation rate and its scatter is shown in Figure 2.2.1. The CoV 
is larger logically as smaller is the value, being above 100% 
(higher than 1 in the figure) for the very low values. 

2.2.2.1.1.2 Wetness factor “w” and its CoV
The wetness factor “w” represents the effect of direct rain into 
the concrete surface [Gehlen 2000] and the delay of the car-
bonation due to this surface wetness. Eq. 2.2.6 provides its 
expression:

Eq. 2.2.6W =
(pSR ToW )bw

2

where pSR is probability of driving rain and bw is an exponent of 
regression [fib Bulletin 34, MC2010, Gehlen 2000].

In order to have an order of magnitude of the scatter (in 
terms of CoV) due to it is not provided in the MC2010, it has 
been made a Montecarlo simulation whose result is shown in 
Figure 2.2.2. It shows the values distribution shape and expect-
ed coefficient of variation, depending on average value of w.
For each exposure class, input values for w and variation coef-
ficient are shown in Table.2.2.1:

TABLE 2.2.1.
Values of the time of Wetness (averaged per year) and their Coefficient of Variation 
for the assumptions of exposure classes with averaged low (LH) and high (HH) rel-
ative humidities.

Exposure1 Wµ CoV (%)

XC1 0 0

XC2 0.4 6.2

XC3_LH 0 0

XC3_HH 0 0

XC4_LH 0.15 65

XC4_HH 0.24 25
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LH accounts for low humidity conditions (e.g.: 65%RH) and 
HH accounts for high humidity (e.g.: 75%RH).

2.2.2.1.1.3 Environmental parameter ke

The parameter ke in equation 2.2.3 can be calculated through 
Eq.2.2.7 being f=5 and g=2.5 obtained from regression anal-
ysis [Izquierdo 2001]. However as shown in the Figure 2.2.3 
the fitting is not good and then, in Table 2.2.2 are given values 
calculated from the equation 2.2.7 but assuming average val-
ues of RH in each exposure class obtained from the meteoro-
logical information in different climates.

Eq. 2.2.7Ke =
1– RH

100

1– 65
100

f g

f

Figure 2.2.3 Fitting of Eq. 8 into values of environmental parameter 
in real structures The Y axis is the probability and the X axis is the RH.

Table 2.2.2
Values of the environmental parameter in function of the averaged RH obtained 
from meteorological information for each exposure class 

Parameter XC1 XC2 XC3 XC4

RH (%)* 65 85 65 75 65 75

ke 1 0.4 1 0.75 1 0.75

2.2.2.1.1.4. Summary of input parameters of initiation of 
carbonation
They are given in Table 2.2.3

Table 2.2.3 Summary of the parameters used in the carbonation model

Symbol Parameter Units Equation Distribution

VCO2

Velocity of 
carbonation

[mm/Year
^0.5]

VCO2 =
2 ke kc

Rcarb

tO

t Log-Nor

W(t)
Wetness 
factor [days] W =

(pSR ToW )bw

2
D

ke

environmen-
tal function

[-]
Calculated for 

average RH 
values

2.2.2.2. Model for calculation the corrosion propagation 
The corrosion rate Vcorr is assumed to be constant (averaged 
annually) and then, the propagation model is given by 
[Andrade et al. 1989, Andrade 2019]:

Eq. 2.2.8tpro = =
(ϕ0 – ϕt) pcorr

Vcorr Vcorr

where tp is the corrosion propagation time in years, ϕ0 is the 
initial diameter of the bar in mm and ft is the remaining 
diameter after corrosion in mm, Pcorr (mm) is the accumulated 
corrosion or penetration of attack after a certain period of time 
and Vcorr (mm/year) is the annually averaged corrosion rate.  

The calculations were made considering the end of service life 
as described in the chapter 1.2.3 when a Pcorr = 50 µm for 
homogeneous corrosion as expected in carbonated structures.

2.2.2.2.1 Input Parameters of the propagation model and 
their statistical characterization
For propagation period, and following principles shown 
in [Andrade et al 1989, Andrade 1998, Contecvet 2001, 
Duracrete 2000, Andrade 2020] values are given in Table 
2.2.4.
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TABLE 2.2.4.
Values of the corrosion rate adopted in the exposure classes and their correspond-
ing CoV.

Expossure Vcorr [mm/y] CoV (%) Vcorr,d c=1,5 tpro [yr] β=1,5

XC1 1 65 2.0 25

XC2 4 65 5.4 9

XC3 2 65 4.0 13

XC4 5 90 12.9 4

Vcorr is the average corrosion rate in the particular exposure 
class

CoV is the assumed coefficient of variation
Vcor,d is the design value of the corrosion rate calculated 

through Eq. 2.2.17
tpro is the propagation period calculated through Eq. 2.2.16.

For scatter quantification, after [Izquierdo 2001], it can 
be shown that 60% of variation can be expected for those 
exposure cases with constant conditions (e.g.: XC1/XC2/
XC3) for all other cases 90% to 120% of variation is used.

2.2.3. Formulation of Limit State Function
The probabilistic and partial factor methodology used next 
are those of the Probabilistic Model Code of the JCSS (Joint 
Committee of Structural Safety).

The Limit State considered is mathematically expressed 
as the probability that the corrosion depth at the time of the 
Design Service Life (DSL) is smaller than the Pmax (50µm):

PX (tDSL) ≤ Pmax Eq. 2.2.9

This eq. can be rewritten in terms of Limit State function G(·) 
as:

G (t) = Pmax – PX (tDSL) Eq. 2.2.10

where 
PX (tDSL) is the achieved corrosion degree at the end of the 

design service life:

 PX (t) =  
0 if t ≤ tdep

Vcorr (t – Vcorr) otherwise
Eq. 2.2.11

Vcorr is the corrosion rate (µm/y)
Vcorr is the depassivation time

Depassivation and corrosion rate will be different for 
each exposure class as per EN206, as well as its respective 
mathematical expressions (as indicated in Table 2.2.4).

2.2.3.1 Reliability analysis and method
In order to calculate the probability of Px being higher of Pmax 
a whole probabilistic analysis can be performed, however for 
this calibration the suggested procedure by EN1990:2002 or 
the previous background document [annex C prEN 1990-
2:2020]. This procedure is based on the determination of 
design point, which is the most probable combination of variables 
that provokes reaching limit state, see figure 2.2.4.

Figure 2.2.4. Design point and reliability index beta according to  
FROM method for Normally dstributed variables.

Where: (S) is the failure boundary g = R – E = Pmax – Px

(P) is the design point
The design value for every variable can be calculated such 
that the probability of having more unfavourable values is as 
follows:

Xd = X* = F–1 (–αβ) Eq. 2.2.12

Where α’s are the values of the FORM sensitivity factors. The 
value of a is negative for unfavourable variables (actions) and 
positive for favourable variables (resistances). Following from 
FORM probabilistic method, it can be shown that:

∑α2 = 1 Eq. 2.2.13

In case of multivariate analysis and for calibration purposes 
[annex C prEN 1990-2:2020] the following values of Table 
2.2.5 can be adopted:

TABLE 2.2.5.
Values of sensitivity factors of resistance and action variables.

Resistance Variables Action Variables

Leading a = 0.70 Leading a = -0.80

Accompanying a = 0.28 Accompanying a = -0.32

For calibration purposes only simplified distributions will be 
adopted: Normal, log-normal, uniform, exponential.

2.2.3.2 Sensitivity factors 
A full probabilistic study was carried out with all described 
values during the TC250/SC2/WG1/TG10 work calibrating 
present Deemed-to-Satisfy rules in Germany and Spain in 
order to obtain sensitivity factors, and target – reliability values 
[Izquierdo 2001].  Conclusions from this study in terms of 
sensitivity factors is as follows:
For the case of carbonation induced corrosion, resistance 
variable is essentially concrete cover (C) whereas action 
variable is corrosion rate (Vcorr) calculated values of a’s are 
shown in 2.2 5.
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Figure 2.2.5 Sensitivity factor for Carbonation induced corrosion 
(max. 50um loss of rebar section).

Thus, following from this analysis, following values will be 
adopted for concrete cover calculation:

TABLE 2.2.6.
Sensitivity factors adopted in the carbonation calculations

Variable Name a Type

Cover C 0.8 Resistance

Carbonation rate VCO2 -0.32 Action

Corrosion rate VCorr -0.70 Action

Wetness factor w 0.28 Resistance

It can be easily deduced from the table that ∑α > 1 (app. 
1.32) what implies that followed approach is slightly con-
servative. If a further refinement would be required, reported 
values for a could be divided by ∑α in order to normalize the 
values. However, for this application and in order to follow 
EN1990 procedure, no normalization was adopted.

2.2.4 Design values

2.2.4.1 Design values for propagation period
Since the definition of service life is now composed of initi-
ation + propagation periods and because the concrete cover 
is only affecting the first one, it is necessary to calculate first 
the propagation period: 

tdep (cover) = service life – tprop Eq. 2.2.14

Therefore, design values for several reliability levels shall be 
obtained for propagation period. Applying design values to 
Eq. 2.2.14, yields:

tdep,d (cover) = service life – tprop,d Eq. 2.2.15

This can be easily made considering a log-normal distribu-
tion, 50µm as maximum rebar loss in Eq. 2.2.8 above togeth-
er with the a values provided in previous Table 2.2.6:

tprop,d = 
50

Vcorr,d
 Eq. 2.2.14

Where Vcorr,d can be calculated as [annex C prEN 1990-2:2020, Tan-
ner et al. 2019]:

Eq. 2.2.17Vcorr,d = Vcorr,μ e

Where α = –0.70 is adopted for XC cases and -0.30 for XS 
cases. Derived values for corrosion rate and propagation peri-
od in years, were given in Table 2.2.4.

It has to be emphasized, the importance of adequate cal-
culation of the propagation period at national or local level, 
providing its impact in the initiation period.

2.2.4.2. Cover depths for Carbonation induced corrosion
As per agreement in the TC250/SC2/WG1/TG10, results 
will be presented in terms of the mean carbonation rate in 
constant chamber conditions (ke = w = kc = 1) for a value of 
reliability index of 1.50. The values in Table 2.2.7 are given in 
terms of cmin,dur (where 10 mm for tolerance is subtracted 
from the calculated design value of concrete cover).

Following table 2.2.8 shows obtained crude values (in 
mm) for 50 yrs for reliability indexes of β = 1, to 1.5 and 2. 
These values shall be truncated by the minimum cover for 
other requirements such as anchorage or construction (e.g: 
10 mm).

TABLE 2.2.7.
Values of cmin,dur obtained from the design calculated values by subtracting 10 
mm.

β = 1,5

K XC1 XC2
XC3_

LH
XC3_
HH

XC4_
LH

XC4_
HH

XRC 0.5 0 0 0 0 0 0

XRC 1 0 0 0 0 1 0

XRC 2 0 0 7 6 8 1

XRC 3 1 0 14 13 14 5

XRC 4 4 0 22 20 20 8

XRC 5 8 0 29 26 26 12

XRC 6 11 0 36 33 32 15

XRC 7 14 0 43 40 38 19

β = 2,0

K XC1 XC2
XC3_

LH
XC3_
HH

XC4_
LH

XC4_
HH

XRC 0.5 0 0 0 0 3 2

XRC 1 0 0 3 2 7 3

XRC 2 2 0 13 11 15 7

XRC 3 7 0 22 19 23 11

XRC 4 13 0 32 27 31 15

XRC 5 18 1 41 35 38 19

XRC 6 24 2 50 43 46 23

XRC 7 29 4 59 51 53 27

β = 2,5

K XC1 XC2
XC3_

LH
XC3_
HH

XC4_
LH

XC4_
HH

XRC 0.5 0 3 1 1 14 13

XRC 1 0 0 8 6 17 11

XRC 2 5 1 20 17 26 15

XRC 3 12 2 32 27 36 20

XRC 4 19 4 44 37 46 25

XRC 5 26 6 56 47 55 30

XRC 6 33 7 67 56 65 35

XRC 7 40 9 79 66 74 40
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Rounded values of cmin,dur are given in Table 2.2.8.
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Table 2.2.8.
Rounded values of cmin,dur for 50 and 100 years for β=1.5

Exposure class XC 1
XC 2

low HR (65%)

XC 3 XC 4

High HR
(75%)

Low HR
(65%)

High HR
(75%)

Design Service life (years)
50 100 50 100 50 100 50 100 50 100 50 100

XRC 0.5 10 10 10 10 10 10 10 10 10 15 10 10

XRC 1 10 10 10 10 10 10 10 10 10 20 10 10

XRC 2 10 20 10 10 15 20 15 15 15 25 10 20

XRC 3 10 20 10 10 20 35 20 25 25 35 10 25

XRC 4 15 30 10 10 35 45 25 35 30 45 15 35

XRC 5 20 35 10 10 40 45 35 20 45

XRC 7 25 10

http://www.ietcc.csic.es/index.php/es/publicaciones-2/manual-contecvet
http://www.ietcc.csic.es/index.php/es/publicaciones-2/manual-contecvet
http://www.fib-international.org/fib-model-code-2010
http://www.fib-international.org/fib-model-code-2010


annex 2

bacKground document 

chapter 3.2 - chloride induced corrosion
  
3.2.1 Objective

The objective of present document consists in establishing 
the cover depths for 50 and 100 years that fulfil the defini-
tion of the Exposure Resistance Classes (ERC) given in chap-
ter 1 in the Introduction. For that objective the principles 
given in the Probabilistic Model Code of the JCSS and the 
carbonation model of the fib MC2010 have been used. 
For achieving that objective, the steps followed are:
- Description of the Time-explicit mathematical model 

used for calculating the service life to fulfil the definition 
of ERC

- Phases of the model and selected input parameters
- Statistical characterization of the input parameters. 
- Formulation of the Limit state function (LSF). Reliability 

level of compliance of the LSF. In present document the 
reliability factor b=1.5 has been adopted.

- Probabilistic calculations of the cover depths complying 
with the ranking of ERC defined in the chapter 1 of Intro-
duction.

3.2.2 Chloride induced corrosion
3.2.1.1 Model the initiation period in marine environments
The time explicit chloride model selected is that of fib 
MC2010. It is based on the classical 2nd Ficks law with time 
variant diffusion coefficient and a skin zone Dx. Hence, the 
chloride concentration at a depth x can be calculated through:

Eq. 3.2.1C (x, t) = C0 + (Cs – C0) 1– erf x– Δx
2   Dap (t) t

Where:
C0 is the initial chloride concentration of chloride in 

concrete in %
CS is the concentration at the surface (a fitted value not a 

real one)
erf is the error function
Dapp(t) is the apparent diffusion coefficient for chlorides at 

time t, which usually is estimated with Eq. 3.2.2:
 Eq. 3.2.1Dap (t) = D0

t0

t

n

Where:
t0 is the reference time for Dapp evaluation and,
n is the so-called ageing factor, that accounts for the 

apparent decrement of Dapp with time.

Probabilistic evaluation of all the input parameters in Eq. 
3.2.1 is complex, since a total number of 5 variables has to 
be calibrated in a posterior analysis. The equation is then sim-
plified as was made that of the carbonation model by embod-
ying several parameters in the velocity of chloride ingress, 
VCl. The rearranged equation supposes the following mathe-
matical change of variables: 

Being the Ccr the critical chloride content (in %) it can be used 
to define the variable ξ:

Eq. 3.2.3ξ = 
Ccr – C0

Cs – C0

and then,

2   D (tO) (tO)n Eq. 3.2.4Vcl (t) = er f –1 (1– ξ)

In consequence the time to depassivation can be calculated as

Eq. 3.2.5tdep =
2

1–nC–Δx
CCl(t)

For calculation, all scatter is merged into Vcl and n in order to 
make calibration easier and feasible.
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Figure 3.2.1. Relation between distance to shoreline and superficial concentration of chlorides (the X axis shows the inverse to the distance to the 
seashore).



3.2.2.1.1 Input parameters of the chloride model and their 
statistical characterization
It consists of calculating or adopting the coefficient of varia-
tion to be applicable to each mean value of the input param-
eter. Calculations are made based on mean values.

3.2.2.1.1.1 Surface chloride concentration 
For XS2 and XS3 classes the chloride surface concentration 
is made to depend on the cement type (Izquierdo, D. An-
drade, C., 2011) and ((fib), 2015).

TABLE 3.2.1.
Values of the surface concentration in function of cement type considered in the 
calculations for XS2 and XS3.

Cement  type Cs [%Con]

CEM I 0.35

CEM III/B 0.35

CEM II/A-V 0.55

CEM II/A-D 0.50

For exposure case XS1, surface concentration is dependent 
on many parameters (seashore distance, height of exposure, 
wind direction, wave height, etc.). In Figure 3.2.1 are shown 
the data used for the calculation of the scatter and due to it 
a simplified ranking approximation was made (Izquierdo, D. 
Andrade, C., 2011).  

The exposure class XS1 is not defined in detail in the 
EN206 and in reality covers a wide range of distances and 
locations with respect to the shoreline. For the sake of this 
exercise a value of 100 m is adopted and therefore average 
value of 0.2% by weight of concrete of surface chloride con-
centration with respect to the concrete mass is taken for the 
calculations. 
A CoV = 50% was taken in all exposure classes.

3.2.2.1.1.2 Critical chloride content (Ccr)
Critical chloride content is widely characterized in the liter-
ature (Izquierdo et al. 2004). In present calculations an aver-
aged value of Ccr = 0.6% by cement weight and a CoV = 30% 
are adopted, with a normal distribution.

3.2.2.1.1.3. Ageing factor n
Ageing factor is in many cases the most influencing variable 
in Eq. 3.2.1. Hence a proper calibration of this variable is es-
sential. For this exercise several data sources have been used 
in order to account for the longest exposure periods because 
at short periods the aging factor n may be still evolving and 
then, with a high uncertainty. In Table 3.2.2 is provided the 
values considered and their bibliographic source, together 
with the CoV recorded. 

These data enabled to propose in all cases a CoV = 20% 
(upper boundary of recorded values) for being adopted in the 
calculations.

TABLE 3.2.2.
Values of aging factors used in the calculations and references.

Cem type Source nµ (XS2/XS3)
nµ  

(XS1)

CEM I
((fib), 2015), (Izquierdo, D. 
Andrade, C., 2011), (Polder, R.B. 
Rooij, M.R., 2005)

0.45 0.60

CEM II/A-V
(Izquierdo, D. Andrade, C., 
2011), (Polder, R.B. Rooij, M.R., 
2005)

0.80 0.60

CEM III/B
((fib), 2015), (Polder, R.B. Rooij, 
M.R., 2005)

0.50 0.70

CEM II/A-D ((fib), 2015) 0.40 0.65

3.2.2.1.1.4 Skin zone (Δx)
It is named “convection zone” in MC2010, however the 
mechanisms acting are not only convention and then in pre-
set exercise will be named “skin zone”.  It is considered only 
in XS3 environment, where it has been shown that the com-
bination of carbonation and chloride ingress more often leads 
to a non-fickian diffusion profile (with a maximum in the in-
terior of the concrete). For the calculations, an average value 
of 10 mm ((fib), 2015) and CoV = 50% were adopted.

3.2.2.1.1.5 Chloride velocity VCl (t) 
The simplified Eq. 3.2.5 embodying several input parameters 
and resulting in a VCl is used for the calculations. 
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Figure 3.2.2. Average and CoV for apparent chloride ingress rate.



Chloride ingress is dependent of cement type, exposure con-
ditions and concrete quality and then in a parallel manner 
than in the case of the carbonation rate, the VCl value has 
been found to depend on its average values, as shown in Fig-
ure 3.2.2.  It is a hyperbolic function whose formula will be 
used in the calculations for the CoV. 

CoVVCl = 1.6878 CCl 
–0.657 Eq. 3.2.6

3.2.2.1.1.6. Concrete cover
The same CoV = 30% than in chapter 2.2 for carbonation is 
adopted in present calculations ((fib), 2015) (Izquierdo, D. 
Andrade, C., 2011) (Izquierdo. D, 2001).

Table 3.2.3 .
Adopted Coefficient of variation of the concrete cover thickness.

Type of execution Dist. Type Bias CoV

in situ – normal conditions Log-normal 1.0 30%

Precast – dedicated quality 
control

Normal 1.0 10%

3.2.3.2 Summary of input parameters of initiation of corro-
sion due to chloride ingress

TABLE 3.2.4.
Input parameters for the chloride modelling.

Parameter Units Average value CoV (%)
Statistical 

distribution

C0 [wt.-%/cem] 0.01 20 Log-Nor

Cs,Dx [wt.-%/conc]
See Table 3.2.1 for 

XS2/XS3
And 0.2% for XS1

50
Log-Nor

Ccrit [wt.-%/conc] 0.1 30 Normal

Dx [mm] 10mm only in XS3 50 D

c [mm] several 30
See Table 

3.2.3

VCl [m²/Ös] several
See 

equation 
3.2.5

Log-Nor

n [-] See Table 3.2.2. 30

t0 [years] 28 days - -

t [years] 50 and 100 years - -

3.2.2.2 Model of the propagation period
The propagation model is the same than for carbonation de-
scribed in (Andrade 1989):

Eq. 3.2.6tpro =
Pcorr

Vcorr

where tp is the corrosion propagation time in years, Pcorr (µm) 
is the accumulated corrosion or attack penetration after a 
certain period of time and Vcorr (µm/year) is the annually av-
eraged corrosion rate.  

3.2.2.2.1. Input Parameters of the propagation period and their 
statistical characterization
For propagation period, the values considered taken are those 
given in Table 3.2.5 (Andrade, C., 1999). For scatter quanti-
fication, after (Izquierdo, D. Andrade, C., 2011), it was ob-
tained that 60% of CoV variation is shown in exposure cases 
with constant conditions (e.g.: XS1/XS2) and 90% in XS3 
with wet-dry cycles.

Table 3.2.5.
Values of the corrosion rate adopted in exposure class and their corresponding CoV. 
Propagation periods until Pcorr = 500 µm.

Exposure Vcorr [µm/y] CoV (%) Vcorr,D b=1,5 tp[yr] b=1,5

XS1 30 60 56.3 1

XS2 10 60 13.1 4

XS3 70 90 105.0 0

3.2.2.3 Service life model
The service life is composed of an initiation (ti) period and a 
propagation (tp) one: 

tSL = ti + tp Eq. 3.2.7

3.2.3. Formulation of Limit State Function

The probabilistic and partial factor methodology used next 
are those recommended in the Probabilistic Model Code of 
the JCSS.

The method is the same than that described in chapter 
2.2.3 for carbonation

3.2.3.1 Sensitivity factors 
Sensitivity factors and target – reliability values (Izquierdo, 
2019) have been calculated for the input parameters of the 
model. The results obtained are the following:
a) For the case of chloride induced corrosion (seawater 

source), the sensitivity factors are shown in Figure 3.2.3 
can be deduced that, on the resistance side Cover and 
ageing factors are leading values, whereas chloride ingress 
rate (VCl) is the leading variable on the action side.

Figure 3.2.3. Sensitivity factors for Chloride induced corrosion (max. 
50µm loss of rebar section).

For calculation purposes the parameters given in Table 3.2.6 
are adopted.

TABLE 3.2.6.
Sensitivity factors of the input service life parameters in the case of carbonation

Variable Name a Type

Cover C 0.40 Resistance

Chloride Ingress rate VCl -0.80 Action

Corrosion rate VCorr ~0 Action

Ageing factor n 0.60 Resistance

In the same manner than in the case of carbonation, the sum-
matory ∑α > 1, that implies that the values are slightly con-
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servative. If a further refinement would be required reported 
values for a could be divided by ∑α=1 to normalize the values. 
However, for this application and in order to follow EN1990 
procedure, no normalization to 1 was adopted.

Another conclusion from this sensitivity analysis is that 
the most sensitive parameter are the chloride ingress rate and 
the aging factor. Then corrosion rate in this case is not pre-
dominant as the values are very high resulting in relatively 
short propagation periods not impacting significantly in the 
total service life except as will be justified in next paragraphs.
 
3.2.4 Design values

3.2.4.1 Design values for propagation period
Since the additive definition of service life: initiation + prop-
agation period and given the fact that concrete cover is only 
affecting the first one, in order to determine the required 
cover for each exposure class and concrete property will ob-
tained by subtraction of propagation period from the total 
required service life.

tdep (cover) = Service Life – tprop Eq. 3.2.8

Applying design values to Eq. 3.2.8, yields:

tdep,d (cover) = Service Life – tprop,d Eq. 3.2.9

Therefore, design values for several reliability levels are ob-
tained considering a log-normal distribution, 500 µm as max-
imum pitting attack giving:

Eq. 3.2.10
50

Vcorr,d
tprop,d =

Where Vcorr,d can be calculated as:

VCorr,d = VCorr,μ e 0.3 β Cov
 Eq. 3.2.11

Where α = –0.30 is adopted for XS cases. Calculated values 
for corrosion rate and propagation period until Pcorr = 500 µm 
(pitting and end of service life) were given in Table 3.2.5. In 
view of the short design propagation periods, no propagation 
has been discounted from the initiation in the calculation of 
service life.

3.2.4.2. Cover depths for Chloride induced corrosion
The cover depth values are given in terms of cmin,dur (where 
10 mm for tolerance is subtracted from the design value of 
concrete cover). Table 3.2.7 shows the calculated minimum 
cover depth values (in mm) for 50 and 100 years for each 
ERC (from 0.5 to 7) and exposure classes XS1 to XS3). They 
should be rounded to the closest value ranked every 5 mm. 
The rounded values are shown in Table 3.2.8.
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TABLE 3.2.7. Calculated minimum values (10 mm were subtracted from the nominal cover used in the calculations) for 50 and 100 years of service life)

Calculated mínimum cover depths

b=1.50
XS1 XS2 XS3

50 years 100 years 50 years 100 years 50 years 100 years

XRD 0.5 16.0 18.1 19.0 24.7 32.0 37.4

XRS 1 22.0 24.8 30.0 36.7 42.0 51.0

XRS 2 30.0 34.1 45.0 54.5 56.0 69.5

XRS 3 35.0 41.0 56.0 68.7 68.0 83.4

XRS 4 40.0 46.8 66.0 81.0 78.0 94.9

XRS 5 44.0 51.8 75.0 92.0 85.5 104.8

XRS 6 48.0 56.3 83.0 103.0 92.5 113.8

XRS 7 51.2 60.4 90.0 111.5 98.5 121.9

XRS 8 55.0 64.2 97.0 120.3 104.5 129.4

XRS 8.5 56.3 66.0 100.0 124.5 107.0 133.0

TABLE 3.2 8. Rounded minimum values of cover depths

Rounded mínimum cover depths

b=1.50
XS1 XS2 XS3

50 years 100 years 50 years 100 years 50 years 100 years

XRD 0.5 20 25 20 25 35 40

XRS 1 25 30 30 40 45 55

XRS 2 30 35 45 55 60 70

XRS 3 35 40 55 70 70 N.R.*

XRS 4 40 50 65 N.R.* N.R.* N.R.*

XRS 5 45 55 75 N.R.* N.R.* N.R.*

XRS 6 50 60 N.R.* N.R.* N.R.* N.R.*

XRS 7 55 65 N.R.* N.R.* N.R.* N.R.*

XRS 8 60 N.R.* N.R.* N.R.* N.R.* N.R.*

XRS 8.5 65 N.R.* N.R.* N.R.* N.R.* N.R.*

*Not recommended
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a b s t r ac t

The second generation of Eurocode 2 incorporates formulations based on physical models which are general enough for the assessment 
of existing structures but can be simplified for the design of new structures, in order to improve the ease-of-use. One of the areas where 
these improvements are addressed is the shear verification of members without shear reinforcement, such as solid slabs, walls, cut-and-
cover tunnels, precast ribs or hollow core slabs, which in some cases are prestressed or subjected to external axial loading. 

In current Eurocode 2, the shear verification of these structures is based on an empirical formulation proposed by Zsutty in 1968. The 
final draft of the new version of Eurocode 2 has adopted the Critical Shear Crack Theory (CSCT) as the theoretical basis for the for-
mulation of the shear resistance, which allows a better understanding of structural behaviour in many different conditions, not only for 
the design of new structures, but also for the assessment of existing structures. This formulation accounts for some aspects that are not 
well considered in current Eurocode 2, which have been underlined as shortcomings in recent years.

The formulation for design of new structures in the final draft of the new version of Eurocode 2 (General Model) is easy to use for the 
verification of the shear resistance, but requires an iterative process to calculate the shear capacity of sections in the presence of axial 
forces. For this reason, the final draft of the new version of Eurocode 2 also provides an alternative non-iterative formulation (Linear 
Approach) to calculate the shear capacity in presence of compressive axial forces, based on the linearisation of the CSCT shear failure 
criterion and formulated with the same additive structure as in the current Eurocode 2, useful for the most common cases.

This paper presents the General Model formulation provided in the next Eurocode 2 for the shear verification of axially loaded mem-
bers without shear reinforcement, as well as the alternative formulation (linear approach). In addition, the agreement of both formula-
tions with experimental results from an available shear test database on prestressed concrete beams is shown and the consistency of the 
safety treatment between the two formulations is also discussed. 

keywordS: Shear, shear resistance, concrete structures, prestressing, axial force.
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r e s u m e n

La segunda generación del Eurocódigo 2 incorpora formulaciones basadas en modelos físicos suficientemente generales para la evalu-
ación de estructuras existentes, pero que pueden simplificarse para el diseño de nuevas estructuras, con el fin de mejorar la facilidad de 
uso. Uno de los ámbitos en los que se abordan estas mejoras es la verificación a cortante de elementos sin armadura de cortante, como 
losas macizas, muros, marcos, viguetas prefabricadas o losas alveolares, que en algunos casos están pretensados o sometidos a cargas 
axiales externas. 

En el actual Eurocódigo 2, la verificación a cortante de estas estructuras se basa en una formulación empírica propuesta por Zsutty en 
1968. El borrador final de la nueva versión del Eurocódigo 2 ha adoptado la denominada Critical Shear Crack Theory (CSCT) como 
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1.
introduction

Many common structures, such as solid slabs, walls, cut-and-
cover tunnels, precast ribs, hollow core slabs, which are sub-
jected to shear forces, are designed without shear reinforce-
ment. These elements can be subjected to axial forces either 
due to prestressing or external loads.

In current Eurocode 2 [1], the shear resistance verifica-
tion of members without shear reinforcement is based on an 
empirical formulation proposed by Zsutty in 1968 [2] from 
test on non-axially loaded reinforced concrete beams, but in-
cluding a coefficient k to account for the size effect and an 
additive term to account for the axial force effect, and setting 
a specific value for the  shear slenderness a/d. The influence 
of axial force on the shear resistance is based on the proposal 
of Hedman and Losberg [3], according to which a prestressed 
concrete beam has the same shear resistance as a reinforced 
concrete beam but adding the shear force acting when the 
decompression moment is reached. On the other hand, both 
the original Zsutty’s formulation and the Hedman and Losberg 
proposal depend on the shear slenderness a/d. However, this 
influence has been removed in the current Eurocode 2 [1] by 
assuming a fixed value for a/d.

The availability of experimental databases with a large 
number of tests [4] on beams without stirrups and the research 
work carried out by various authors have shed light on some of 
the shortcomings of this formulation, which have been high-
lighted by Muttoni et al. [5] and Herbrand and Hegger[6]:
• The k-factor does not adequately account for the influ-

ence of the size effect. A discussion on the factor to con-
sider the size effect in different standards can be found 
in [7], where it concludes that the factor proposed by 
ACI-446 is the one that best fits the experimental results. 
Compared to this factor, the k-factor in current Eurocode 
2 [1] gives unsafe values for large values of the effective 
depth;

• The additive term included to consider the influence of 
the axial force gives too conservative or even negative val-
ues of the shear resistance in case of tensile force. This 
behaviour has been also investigated and pointed out by 
Adam and Hegger [8];

• The influence of eccentricity is not explicitly accounted 
for, which can lead to unsafe results for members with 
normal force instead of prestressing or less eccentricity 
(for example in members with additional external normal 
force or prestressing [6]);

• The influence of aggregate size on shear resistance is not 
considered. However, aggregate interlock, initially de-
scribed by Fenwick and Paulay [9], Taylor [10] and Paulay 
and Loeber [11] could be the main shear transfer action in 
elements without shear reinforcement [12], [13] and [14]. 
This mechanism depends on the roughness of the shear 
crack and, consequently, on the aggregate size;

• The current version of Eurocode 2 [1] does not take ad-
vantage of the increase of shear resistance in members 
with small values of shear slenderness. 

Different models have been proposed for the calculation of 
shear resistance in elements without shear reinforcement in 
the last decades. Among others: tooth models, such as those 
proposed by Kani [15], Hamadi and Regan [16], Reineck 
[17] and Yang [18]; models based on the compressed chord 
resistance, such as those proposed by Zararis and Papadakis 
[19], Hegger and Görtz [20], Park et al. [21] and Marí et al. 
[22], [23] and [24]; model based on the Critical Shear Crack 
Theory (CSCT) proposed by Muttoni et al. [25], [26], [12] 
and [27]; models based on fracture mechanics, such as that 
proposed by Carmona and Ruiz [28]; models based on crack 
propagation by Classen [29] and Schmidt [30]; and model 
based on the Modified Compression Field Theory (MCFT) 
proposed by Vecchio and Collins [31] and [32].

The final draft of the new version of Eurocode 2 (FprEN 
1992-1-1:2023) [33] has adopted the CSCT [25] and [26] 
as the basis for the formulation of the detailed verification 
of shear and punching shear resistance in members without 
transverse reinforcement.

The main assumption of the CSCT [25] is that the shear 
stress resistance in reinforced concrete elements without 
shear reinforcement depends on the width and roughness 
of the critical shear crack developed along the web and on 
the concrete compressive strength (Formula (1) and Figure 
1). The crack width (w) is proportional to the product of a 
control longitudinal strain (e) by the effective depth of the 

base teórica para la formulación de la resistencia a cortante, lo que permite una mejor comprensión del comportamiento estructural en 
muchas condiciones diferentes, no sólo para el diseño de nuevas estructuras, sino también para la evaluación de las estructuras existentes. 
Esta formulación tiene en cuenta algunos aspectos que no están bien considerados en el actual Eurocódigo 2, los cuales han sido sub-
rayados como deficiencias en los últimos años.

La formulación para el diseño de nuevas estructuras en el borrador final de la nueva versión del Eurocódigo 2 (Modelo General) es fácil 
de usar para la verificación de la resistencia a cortante, pero requiere un proceso iterativo para calcular la capacidad resistente a cortante 
de secciones en presencia de esfuerzos axiles. Por este motivo, el borrador final de la nueva versión del Eurocódigo 2 también propor-
ciona una formulación alternativa que no requiere iteración (Aproximación Lineal) para calcular la capacidad resistente a cortante en 
presencia de esfuerzos axiles de compresión, basada en la linealización del criterio de fallo por cortante del CSCT y formulada con la 
misma estructura aditiva que en el actual Eurocódigo 2, útil para los casos habituales.

En este trabajo se presenta la formulación del Modelo General previsto en el próximo Eurocódigo 2 para la verificación a cortante de 
elementos sin armadura de cortante sometidos a esfuerzos axiles, así como la formulación alternativa (Aproximación lineal). Además, 
se muestra la concordancia de ambas formulaciones con los resultados experimentales de una base de datos disponible de ensayos de 
cortante en vigas de hormigón pretensado y la consistencia del tratamiento de seguridad entre ambas formulaciones.

palabraS clave: Cortante, resistencia a cortante, estructuras de hormigón, pretensado, esfuerzo axial. 
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section (d). The strain e is evaluated at a depth of 0.6d from 
the outermost compressed fibre in the critical section whose 
location depends on the external loading distribution. The 
roughness is taken into account by the aggregate size dg, and 
dg0 = 16 mm is the reference value of the aggregate size.

1
3

1

1+120
(1)

ε d
dg + dg0

VR

fc  b d
=

Figure 1.- CSCT failure criterion and comparison to tests (adapted 
from [34]).

This formulation accounts for the aforementioned main pa-
rameters. The size effect and the aggregate size are directly 
considered and the influence of the shear slenderness and 
the axial force through the longitudinal strain due to the 
bending and axial forces concomitant with the acting shear.

This hyperbolic failure criterion has been considered in 
Annex I of the FprEN 1992-1-1:2023 [33] for the assess-
ment of existing structures. However, to simplify the verifica-
tion of the shear resistance of new structures, a closed-form 
equation has been proposed, which allows the verification of 
the shear resistance in a straightforward manner. Such closed-
form equation requires nevertheless an iterative process to 
calculate the shear capacity of the section in presence of ax-
ial forces. Alternatively, the FprEN 1992-1-1:2023 [33] pro-
vides a non-iterative method for the calculation of the shear 
capacity in presence of compressive axial forces, formulated 
with the same additive structure as in the current Eurocode 
2 [1], useful for the most common cases.

This paper presents how the CSCT has been drafted in 
the next generation of Eurocode 2 to provide a General Model 
for the shear verification of members not requiring shear rein-
forcement in the presence of axial forces, as well as the alter-
native formulation (Linear Approach) based on the linearisa-
tion of the shear failure criterion used for the General Model. 
The paper also shows that both methods (General Model and 
Linear Approach) have similar agreement with experimental 
results from an available shear test database on prestressed 
concrete beams. On the other hand, a discussion shows the 
consistency on the safety treatment between both formula-
tions. Finally, an example has been included to show the use of 
the general model and the linear approach in a practical case.

2.
general model

2.1. formulation

The formulation to calculate the shear resistance of members 
without shear reinforcement is based on the Critical Shear 
Crack Theory, using the longitudinal tensile reinforcement 
strain (ev) instead of the reference strain at the control depth 
(e) [35]. According to this, the shear resistance can be ex-
pressed as the following hyperbolic law:

0.3

1+48 εv

(2)d
ddg

VR,c = fc  bw d

where:
ev strain of the longitudinal tensile reinforcement. In case 

of prestressing, strain increase in the prestressing steel.
bw  width of the cross-section  
d  effective depth of the cross-section
fc  compressive strength of concrete
ddg  = 16 mm + Dlower ≤ 40 mm for concrete with fck ≤ 60 MPa
 = 16 mm + Dlower (60/fck)2 ≤ 40 mm for concrete with 

fck > 60 MPa

According to FprEN 1992-1-1:2022 [33], Dlower is the smallest 
value of the upper sieve size D in an aggregate for the coarsest 
fraction of aggregates in the concrete permitted by the specifi-
cation of concrete according to EN206 [36].

The reinforcement strain eV can be calculated by a section-
al analysis for the bending moment ME and axial force NE act-
ing at the control section. To this aim, a non-linear sectional 
analysis can be performed. 

However, in order to provide an easy-to-use formulation 
for design of new structures, FprEN 1992-1-1:2023 [33] in-
troduces some simplifications:
• The hyperbolic shear failure criterion (2) is replaced by 

the following power-law [12],

(3)VR,c = k              bw d
fc dg 

εv d

with  k = 0.015 
acs 

d

where acs is the effective shear span with respect to the control 
section.

• The reinforcement strain eV can be calculated by a simpli-
fied flexural analysis at the control section assuming a line-
ar elastic behaviour of the tension reinforcement (Figure 2) 

1+ (4)εv  = kvp= =ME  + NE  ec

Es Asl z
ME  

Es Asl z
ME  

Es Asl z
NE  ec

ME

Introducing the definition of the effective shear span at control 
section as acs=|ME/VE|>=d, the reinforcement strain is a linear 
function of the acting shear force. 

(5)εv  = kvp
VE   acs

Es Asl z

where 1+kvp =
NE  ec

ME
 is a coefficient that allows to account for  

the effect of the axial force in the effective shear span acs,N= kvpacs,  
which physically means that the presence of an compressive 
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axial force reduces the length where the flexural reinforce-
ment is in tension (Figure 2c). The value of kvp is equal to 
1 when there is no axial force applied, less than 1 for com-
pressive axial forces and greater than 1 for tension axial forc-
es. Since only tensile reinforcement strains are allowed in 
the shear failure criterion, kvp must be greater than 0. This 
means that, for members subjected to compression forces, 
the eccentricity of the applied forces

 
ME

NE
–

 
must be greater 

than ec. Considering
 

≥ME

NE

ec

0.9
, the minimum value of kvp is 0.1. 

 
On the other hand, the value of ec can be approximated by a 
constant value equal to d/3. Therefore, the coefficient kvp can 
be expressed as

1+ 0.1 (6)kvp = ≥
NE  

VE  acs

d
3

Replacing (5) in (3) and considering that at failure VE = VR,c, 
it follows

(7)VR,c =0.0152/3 bw d
Es  ρl  fc  dg

kvp     acs  d
z
d

where  ρl  =
Asl

bw  d

and considering Es=200000 N/mm2 and z/d = 0.9, Formula (7) 
can be rewritten as

(8)VR,c = 0.6                       bw d
100 ρl  fc  ddg

kvp  av

where av =
acs d

4
 is the mechanical shear span. 

When the longitudinal tensile reinforcement is composed by 
both ordinary Asi and prestressed Api reinforcement located at 

dsi and dpi respectively from the outermost compressed edge of 
the section, an equivalent reinforcement Asl can be considered. 
This equivalent reinforcement provides a tensile force Ft equal 
to the sum of all tensile forces (increase in case of prestress-
ing) of the reinforcements, located at a distance d from the 
outermost compressed edge of the section which provides a 
bending moment equal to the sum of all bending moments 
(increase in case of prestressing) of the reinforcements.

(9)d = 
∑Api  dpi +∑Asi  dsi

∑Api  dpi +∑Asi  dsi

(10)Asl = 
∑Api  dpi +∑Asi  dsi

d

Figure 3 illustrates the power-law shear failure criterion and 
the load-deformation path, when no axial force is applied, for 
different values of acs/d. For a given value of acs/d, the point 
of intersection between the shear failure criterion (Formula 
(3)) and the load-deformation relationship (Formula (5)) de-
picts the shear resistance (Formula (8)) for this value of acs/d. 
Therefore, the thicker solid line that links these points depicts 
the relationship between the shear resistance and the rein-
forcement strain obtained by varying acs/d. As can be seen, the 
shear resistance decreases as acs/d increases. Since for acs/d≥4 
the variation of the shear resistance is small, a constant value 
of the shear resistance can be assumed for acs/d≥4, leading to 
the following easy-to-use formulation included in the new Eu-
rocode 2 (FprEN1992-1-1:2022) [33].

(11)VR,c = 0.6                       bw d
100 ρl  fc  ddg

d

In presence of an axial force NE and for a given value of acs,0/d 
(acs,0 is the effective shear span when no axial force is applied, 
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Figure 2. Simplified sectional analysis.



see Figure 2c), as when there is no axial force, the shear resist-
ance is given by the intersection between the load-deformation 
relationship and the shear failure criterion for this given value 
of acs,0/d. Figure 4 illustrates how this resistance is obtained for 
two values of acs,0/d. The load-deformation relationship can be 
expressed as a function of acs,0/d (see Figure 2 and Formula (4))

VE = – + εv
NE  (ep+ec)

acs,0

Es  Asl z
acs,0

which is a straight line when a constant value of z = 0.9·d 
is considered. The failure criterion for a given value of acs,0 /d 
can be obtained from (3) substituting acs by acs,0 +

NE ep

VR,c

 in the 
expression of k.

By repeating this process for different values acs,0 /d, the 
thicker solid line in Figure 5 is obtained, which depicts the 
relationship between the shear resistance and the reinforce-
ment strain for a constant value of the axial force by varying 
acs,0 /d. As can be seen, each point of this line corresponds to 
a different value of acs /d. As in the case of no axial forces, 
FprEN1992-1-1:2022 [33] considers a constant value of the 
shear resistance for acs /d≥4.

In summary, the shear resistance, accounting for the effect 
of axial force and the effective shear span, can be expressed 
as follows

(12)VR,c = 0.6                       bw d
100 ρl  fc  ddg

kvp  av

where:

(13)1+ 0.1kvp = ≥
NE  

VE  acs

d
3

(14)av = ≤ ≤ dacs d
4

d
2

The limits of kvp ≥ 0.1 and acs ≥ d (i.e. av ≥ d/2) are in fact an 
upper bound on the shear strength.

2.2. Minimum shear resistance

Experimental evidences [37] have proven that the shear re-
sistance decreases as the reinforcement strain increases, even 
when they are larger than the yielding strain. However, only 
in case of designs with plastic redistributions of internal forces 
in statically indeterminate structures, shear failures with rein-

forcement strains larger than yielding strain can occur [38]. 
Therefore, for the sake of simplicity, the maximum reinforce-
ment strain has been taken equal to the yielding strain. Thus, 
the minimum shear resistance can be expressed from Formula 
(3) as

(15)VR,cmin =0.015 bw d
acs

d
Es  fc  ddg

fy d

And considering Es=200000 N/mm2 and a value of acs/d=4, 
Formula (15) can be rewritten as

(16)VR,cmin =10 bw d
fc  ddg

fy d

In case of prestressed members without ordinary reinforce-
ment, fy must be taken as the difference between the yielding 
stress and the prestress of the tendon after losses.

It is worth noting that the minimum shear resistance is 
not dependent on the applied axial force. This is because the 
minimum shear resistance is defined assuming that the flexural 
reinforcement yields at the load level that produces the shear 
failure, that is, the available flexural reinforcement is equal to 
that required for the bending and axial forces concomitant 
with the shear force applied at the control section.

On the other hand, it should also be noted that the min-
imum shear resistance given by (16) is not proportional to d, 
but to the square-root of d. This does not only mean that a size 
effect is being considered but also a combined size and strain 
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Figure 3. Shear resistance for different acs/d values when no axial 
force is applied.

Figure 4.- Shear resistance for different acs,0/d values in presence of a 
compressive axial force.

Figure 5. Shear resistance for NE=0 and NE<0.



effect. Thus, as the member size increases, the flexural rein-
forcement ratio required to reach the yield strength at the load 
level that produces the minimum shear resistance decreases.

2.3. Verification procedure and resistance capacity

When there is no axial force, kvp=1 and Formula (12) becomes 
an explicit expression to obtain directly the shear resistance, 
while in presence of axial forces, kvp depends on the acting 
shear force and Formula (12) is thus an expression in function 
of the acting shear force.

In a verification problem, Formula (12) can be used direct-
ly (refer to Figure 6). For given values of the applied forces NE, 
ME y VE at the control section, the effective shear span acs and 
the coefficient kvp can be calculated, which define the straight-
line OA in Figure 6. The intersection of this line with the shear 
failure criterion (Formula (12)) for the calculated value of acs 
gives the shear resistance VR (point B in Figure 6). If VE>VR,c, 
shear failure is predicted to occur for a shear force lower than 
the applied force (Figure 6(a)) and, conversely, VE<VR,c means 
that section resists the applied shear force (Figure 6(b)).

In summary, the flow chart for the detailed verification of 
the shear resistance is as follows (Figure 7):

Figure 7. Flow chart for the verification of the shear resistance.

However, when the shear capacity of the control section 
is required, the applied shear force VE must be taken equal to 
shear resistance VR. Therefore, Formula (12) becomes an equa-
tion of the unknown VR, which cannot be solved explicitly and 
thus needs an iterative process, as illustrated in Figure 8.

Figure 8. Iterative process to obtain the shear capacity in sections 
subjected to axial force.

3.
linear approach 

To avoid the iterative process described in the previous sec-
tion, FprEN1992-1-1:2022 [33] provides a simplified formu-
lation (Linear Approach) which is derived by linearizing the 
power law shear failure criterion used in the General Model 
for compressive axial forces.

3.1. Linearization of the power law shear failure criterion

In statically determinate structures subjected to a point or uni-
formly distributed load (Figure 9), the ratio (acs,0) between the 
bending moment and the shear force at the control section 
does not depend on the magnitude of the applied load.
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Figure 6. Verification procedure. (a) Section does not resist the applied shear. (b) Section resists the applied shear



When, in addition to the above load, a load (external or 
prestressing) producing an axial force NE with an eccentricity 
ep (refer to Figure 2) is acting, the ratio (acs) between the total 
bending moment and the applied shear force (effective shear 
span) depends on the axial and shear forces and is given by the 
following expression

(17)acs = acs,0 += ≥ d
NE ep

VE

ME

VE

For a given value of acs,0 and NE, the shear capacity VR,c is ob-
tained by the iterative process defined in 2.3 (Figure 8) and the 
strain of the reinforcement (eV) can be calculated from (5). For 
different values of NE the relationships VR,c - eV and VR,c - NE, 
keeping constant the value of acs,0, can be obtained (thicker 
solid lines in Figure 10(a) and Figure 10(b) respectively).

This thicker solid line can be linearized for compressive ax-
ial forces by the dashed line in Figure 10(b), which is defined 
by two points: 
Point A: which corresponds to the shear capacity of the sec-

tion without applying axial force (VRc,0,ev0).
Point B: which is given by the shear capacity corresponding 

to kvp=0.1 (VRc,max) and ev=0.

This linear approach is given by the following expression:

(18)VR,c = VRc,0 + (εv0 – εv)≤VRc,max 
VRc,max –VRc,0

εv0

where
VRc,0  is the shear resistance obtained from the General 

Model without considering axial force,

εv0 is the reinforcement tensile strain for VRc,0, and
VRc,max is the upper limit of the shear resistance defined in 

the General Model by taking kvp=0.1 and the corre-
sponding value of acs.

The tensile strains ev and ev0 of the longitudinal reinforcement 
can be obtained from the same simplified sectional analysis as 
that used in the General Model in section 2.1 (Figure 2 with 
ec=d/3):

(20)εv0 = Asl Es z
VRc,0  acs,0

(19)εv =
Asl Es z

VE  acs,0 +NE  ep
d
3

Substituting (19) and (20) in (18) and taking VE=VR,c, an ex-
plicit expression can be derived to calculate the shear resist-
ance in presence of compressive axial forces

(21)VR,c = VRc,0 – KN NE ≤VRc,max

where 

(22)kN =
VRc,0

VRc,max acs,0

1–
ep+

d
3

VRc,max can be approximated by the following formula (see an-
nex 1)

(23)VRc,max = 2.15                  VRc,0 ≤ 2.71 VRc,0
d

acs,0
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Figure 9. Definition of the acs,0 in statically determinate structures

Figure 10.- Shear capacity for different compressive axial forces and a constant value of acs,0 (solid line: general model) (dashed line: linear 
approach): (a) Shear capacity vs reinforcement strain; (b) Shear capacity vs axial force.



And kN (Formula (22)) can be simplified by taking the 
minimum value of VRc,max

VRc,0

=2.15'', since acs,0 ≥ d. Therefore, 

(24)kN = 0.54
acs,0

ep+
d
3 ≤ 0.18

The upper-bound of  kN is justified also in annex 1.

3.2. Linear Approach formulation

In summary, rounding the factor 0.54 in kN to 0.5 and taking 
into account the minimum value of the shear resistance (For-
mula (16)), the Linear Approach formulation is expressed as
 (25)VRc,min ≤ VRc = VRc,0 – kN NE  ≤ VRc,max

where

(27)VRc,max = 2.15                  VRc,0 ≤ 2.71 VRc,0
d

acs,0

(26)kN = 0.5
acs,0

ep+
d
3 ≤ 0.18

4.
comparison with experimental test results

4.1. Selected database

A comparison of the shear resistance calculated using the Gen-
eral Model and the Linear Approach with the experimental re-

sults of a selected database (see annex 2) has been performed 
in order to check the agreement between both formulations. 
This selected database is based on the ACI-DAfStb-Database 
of PC beams without stirrups (vuct-PC) [39][40], removing 
the tests for which no aggregate size is provided, those report-
ed as flexural or anchorage failure and those with shear rein-
forcement, and adding the tests reported by De Wilder et al. 
[41] as well as Joergensen and Fisker [42].

The total number of tests is 183, 85 with rectangular 
cross-section and 98 with profiled cross-section. All tests are 
subjected to compressive axial forces. 

Table 1 and Figure 11 present the range and the histogram 
of each of the main parameters.

TABLE 1.
Range of the main parameters.

Parameter Min Max

d [mm] 109 1025

a/d [-] 2.42 7.30

ep/d [-] 0.13 0.51

|scp|/fc [-] 0.004 0.258

4.2. Statistical values

The formulations described in section 2 for the General Model 
(GM) (Formulae (12)-(14)) and in section 3 for the Linear 
Approach (LA) (Formulae (25)-(27)), taking into account the 
minimum value of the shear resistance given by Formula (16), 
as well as the current EN1992-1-1:2004 [1], have been ap-
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Figure 11. Histograms of the main parameters: a) Effective depth; b) shear span to effective depth ratio; c) eccentricity of axil force to effective 
depth ratio; d) compressive stress to concrete strength ratio.



plied to the tests in the selected database to obtain the ratio 
experimental to predicted shear strength (Vtest/Vcal). The statis-
tical values of this ratio are the followings:

As can be seen in Table 2, the statistical values of Vtest/Vcal 
provided by the General Model (GM) and Linear Approach 
(LA) are almost the same for all tests and very similar when 
they are evaluated for rectangular sections or profiled sections 
separately. On the other hand, the values of CoV obtained 
with current Eurocode 2 [1] are higher than those provided 
by GM and LA formulations, both for rectangular and profiled 
sections and especially for all tests. Furthermore, the difference 
between the mean values calculated for rectangular sections 
and for profiled sections is much higher when using the cur-
rent Eurocode 2 than when GM and LA formulations are used.

It should be noted that the tests where shear failures do 
not develop from a flexural crack have not been removed from 
the selected database. When these formulations are applied to 
these tests the calculated values are much less than the test 
results. If the 19 tests with Vtest/Vcal>2 are removed from the 
183 tests of the selected database, CoV decrease significantly 
from 0.242 to 0.172, which is in line with the CoV obtained 
for members without axial force [5]. 

Figure 12 shows the experimental results against those pro-
vided by current Eurocode 2 [1], GM and LA formulations. As 
can be seen, the scatter and the R2 coefficient is practically 
the same for GM and LA formulations and this R2 coefficient 
(0.88) is better than that of the current Eurocode 2 (0.76).

Figure 13 to Figure 16 show the ratio Vtest/Vcal as a function 
of the main parameters. As can be seen, the General model 
and the Linear Approach give similar results and trends for all 
these parameters.

In addition, it is worth noting that these formulations pro-
vide improvements with respect to current Eurocode 2 related 
to the influence of shear span to effective depth ratio and axial 
force on the shear resistance in presence of compressive axial 
force. While the current EC2 gives Vtest/Vcal values below 1 for 
a/d>6 and very conservative for small values of a/d, GM and 
LA formulations better capture the influence of this variable 
(Figure 14). Likewise, Figure 16 shows that the current EC2 
gives many Vtest/Vcal values below 1 for ∑cp/fc between 0.05 and 
0.15 and is very conservative for high values of this variable. 
However, GM and LA captures more accurately the influence 
of this variable.
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Table 2.
Statistical values for the ratio experimental to predicted shear strength (Vtest/Vcal)

All tests Rectangular sections Profiled sections

Num 183 85 98

Method EC2 GM LA EC2 GM LA EC2 GM LA

AVG 1.59 1.52 1.51 1.32 1.47 1.40 1.84 1.56 1.60

SD 0.481 0.367 0.365 0.408 0.415 0.408 0.403 0.315 0.297

CoV 0.302 0.242 0.242 0.311 0.282 0.291 0.220 0.203 0.186

Max 3.40 2.67 2.59 2.39 2.67 2.59 3.40 2.51 2.54

Min 0.70 0.82 0.78 0.70 0.82 0.78 1.00 0.91 1.01

Vtest/Vcal< 1 17 5 4 17 3 4 0 2 0

EC2: Current Eurocode 2 [1] 
GM: General Model
LA: Linear Approach

Figure 12. Vtest vs. Vcal. a) Eurocode 2 (2004). b) General Model. c) Linear approach.
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Figure 13.- Ratio Vtest/Vcal vs. effective depth. a) Eurocode 2 (2004). b) General Model. c) Linear approach.

Figure 14. Ratio Vtest/Vcal vs. shear span to effective depth ratio. a) Eurocode 2 (2004). b) General Model. c) Linear approach.

Figure 14. Ratio Vtest/Vcal vs. shear span to effective depth ratio. a) Eurocode 2 (2004). b) General Model. c) Linear approach.

Figure 15. Ratio Vtest/Vcal vs. eccentricity of axial force to effective depth ratio. a) Eurocode 2 (2004). b) General Model. c) Linear approach.

Figure 16. Ratio Vtest/Vcal vs. compressive stress to concrete strength. a) Eurocode 2 (2004). b) General Model. c) Linear approach.



5.
safety format formulation 

The design shear resistance power law criterion can be ex-
pressed from (3) using a partial safety factor gR 
 

(28)= =VRd,c VRdc,maxVRk,c1 k
bw d bw dbw dγR γR εvd d

fck ddg ≤

In absence of axial forces, a partial factor, gdef, can be assumed 
to account for the uncertainties related to the calculation of 
the deformation. Therefore, the design simplified load-defor-
mation relationship can be obtained from (5) with kvp=1 and 
applying the partial factor gdef

(29)
VEd acs,0

Es Asl z
εvd = γdef

The design value of the shear resistance VRd.c can be obtained 
by substituting (29) in (28) and making VEd=VRd.c

(30)=VRd,c ddg0.60
100 ρl  fck

bw d γR   γdef
dacs,0

4

The product γR2/3·γdef
1/3 can be considered as a single safety 

factor gV, which involves all the uncertainties related to the 
model, the material and the geometry. So, the expression (30) 
can be written as 

(31)=
VRd,c ddg0.60

100 ρl  fck
bw d γV

dacs,0

4

The partial safety factor gV is calibrated according to annex A 
of FprEN 1992-1-1:2023 [33] and the background document 
to Annex A [43] on the basis of the statistical values of the 
most sensitive random variables appearing in this Formula.

In presence of axial force, as in the case without axial force, 
to take into account the uncertainties related to the reinforce-
ment strain, a partial safety factor gdef could be assumed. There-
fore, the design value evd can be expressed from (5), as 

(32)
VEd acs kvp

Es Asl z
εvd = γdef

where  1+ 0.1kvp = ≥
NE  

VE  acs

d
3

  and acs = ≥ d
MEd

VEd

To calculate the design value of the shear resistance VRd.c by 
means of Formula (28), the design value of the applied shear 
force VEd must be taken equal to VRd.c. 

(33)0.6 100 ρl  fc ddg

kvp av

bw dγV
Vd,c =

Since the coefficients kvp and av are function of VEd, Formula 
(33) becomes a non-linear equation of VRd.c. Thus, unlike the 
case without presence of axial force, this Formula is not an ex-
plicit function of the random variables that governs this mode 
of failure. However, for the sake of simplicity FprEN 1992-1-
1:2023 [33] assumes the same value of the partial factor gV as 
for members without axial force. This assumption is conserv-
ative since the scatter of the ratio Vtest/Vcal decreases as  gcp/fc 
increases, as can be seen in Figure 16b. 

It should be noted that the ratio VRk,c/VRd,c, which results 
by applying the General Model with gV=1 for VRk,c and gV for 
VRd,c, is variable with NEd because Formula (33) is a non-linear 
equation. 

Similarly, in the Linear Approach, the design shear failure 
criterion is obtained from (18) using the design values of the 
shear resistance

(34)VRd,c = VRdc,0 +
VRdc,max –VRdc,0

εvd0
(εvd0 – εvd) ≥ VRdc,max

The design simplified load-deformation relationship used in 
this approach is the same expression (32) as that used by the 
General Model

(35)
VEd

VEd
acs kvp

acs,0 +NEd

Es Asl z Es Asl z
εvd = γdef = γdef

ep+
d
3

The tensile reinforcement strain εvd0 is given by

(36)
VRdc,0 acs,0

Es Asl z
εvd0 = γdef

The shear capacity VRd.c can now be obtained by substituting 
(36) and (35) in (34) and making VEd=VRd.c

(37)VRd,c = VRdc,0 – NEd ≥ VRdc,max
VRdc,max –VRdc,0

VRdc,max acs,0

ep+
d
3

Taking into account that =
VRdc,max –VRdc,0

VRdc,max

VRc,max –VRc,0

VRc,max

and = 2.154 ≤ 2.71
1/6VRc,max

VRc,0

acs,0

d  (see annex 1), Formula (37) 
can be written as

(38)VRd,c =VRdc,0 – kN NEd ≤ 2.15 VRdc,0 ≤ 2.71 VRdc,0

1/6acs,0

d

where kN is given by Formula (26).

Therefore, the coefficient  
acs,0

kN = 0.54
ep+

d
3  that multiplies NEd  

does not include any partial safety factor.

6.
example of application 

Figure 17 presents a simply supported prestressed beam sub-
jected to two point-loads used as an example for the detailed 
shear verification by the General Model (see Figure 6) and for 
the calculation of the shear capacity by both the General Mod-
el (see Figure 8) and the Linear Approach.

Figure 17. Example of application.
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Geometrical data (mm)

L a h b ep cb ct Asb Ast Ap

10000 4000 700 250 150 60 60 942 628 1050

Material data:
• Concrete: fck = 60 MPa. Dlower = 16 mm
• Reinforcement: fyk =500 MPa
• Prestressing steel: fpy = 1560 MPa

Design value of the prestressing force: Pd =1155 kN.
External load: FEd =200 kN

6.1. Preliminary calculations:

Effective depth of the ordinary reinforcement: 

ds = h– cb = 700 – 60 = 640 mm

Effective depth of the prestressed reinforcement: 

h
2

dp =     + ep = 350 + 200 = 550 mm

Effective depth: 
2 2

d = = = 575 mm
ds As + dp Ap 6402  942 + 5002  1050

640  942 + 500  1050ds As + dp Ap

Size parameter: 

ddg = 16 + Dlower = 16 + 16 = 32 mm ≤ 40 mm

Reinforcement ratio: 

= = 0.01365
640  942 + 500  1050

250  5752
ds As + dp Ap

dw d2
ρl =

Minimum shear stress resistance:

τRdc,min = = = = 0.689 MPa
VRdc,min

bw z
11
γv

11
1.4

60
500

32
575

1.15

fck
fyd

ddg

d

The control section is located at a distance from the support 
axis. 
In this control section, the design forces are:

NEd = –Pd  = –1100 kN

MEd = FEd  x –Pd  ep = 200  3.45 – 1100  0.15 = 520 kN m

τEd = = = 1.54 MPa
200000

250 (0.9 575)
VEd

bw z

Since is greater than, detailed verification of the shear resist-
ance cannot be omitted.

6.2. Verification procedure using the General Model 
(see Figure 6)

The design value of the shear stress resistance can be obtained 
by dividing Formula (33) by bw·z and taking d/z=1.1.

τRd,c = = τRdc,min
0.66

γv

ddg

kvp  av
100 ρl  fck

where:
–1000 575

200  2600 3
1+ = 0.595 ≥ 0.1kvp =

av =

= 1+

=

NEd  

VEd  

d
3 acs

dacs,0

4
575 = 611 mm  d = 575 mm

2600
4

with 

575
200

acs = =MEd  

VEd  
1000 = 2600 mm ≥ d = 575 mm

By substituting these values:

τRd,c =
32

0.595   575
0.660.66

γvγv

100  0.01365  60 = 0.929MPa ≥ τRdc,min = 0.689MPa

Since τEd =1.54 MPa is greater than τRd,c =0.929 MPa, shear rein-
forcement should be provided in this control section.

6.3. Shear capacity using the General Model
(see Figure 8)

The calculations performed in this section are not needed 
when it deals with a verification problem, because they do not 
change the result of this verification related to the calculation 
performed in the section 6.2. They are only needed when the 
value of the shear capacity of the section is required. 

To obtain the shear capacity in the control section, as indi-
cated in section 2.3, the design shear force VEd must be equal 
to the design value of the shear resistance VRd.c, which requires 
an iterative process applying the expressions given in section 
6.2, since kvp and acs depend on the design shear force. The 
result of this iterative process gives the following results:

x VEd MEd acs av kvp tRd,c VRd,c

m kN kN·m m m [-] MPa kN

3.425 143.311 325.86 2.274 0.572 0.353188 1.108 143.311

As can be seen, the shear capacity is 1.108 MPa. 

6.4. Shear capacity using the Linear Approach 

The design value of the shear stress resistance can be obtained 
by dividing Formula (38) by bw·z and taking d/z=1.1:

τRdc,min ≤ τRd,c = τRdc,0 – k1 σcp ≤ τRdc,max

where:

τRdc,0 =

σcp ≤

k1=

τRdc,max = 2.15 τRdc,0

0.66

0.5 Ac

acs,0

NEd

Ac

γv

acs,0 bw  z

d

Ac

bw  z

= 2.264MPa ≤ 2.71 τRdc,0 = 2.119 MPa

= 0.782 MPa

= 0.067≤ 0.18

= –6.286 MPa

= 0.185

ddg

av,0
100 ρl  fck

ep+
d
3

1/6
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with 

acs,0 = a – d = 3425 mm ≥ d = 575 mm

av,0 = = 702 mm  d = 575 mmdacs,0

4

By substituting these values:

τRdc,min =0.689MPa ≤ τRdc=0.782+0.067.6.286=1.203MPa ≤ τRdc,max=2.119MPa

The shear capacity is 1.20 MPa, which is lower than 
τEd=1.54 MPa. Thus, shear reinforcement should be provided 
in this control section.

7.
conclusions

1. The final draft of the new version of Eurocode 2 provides 
a General Model formulation to calculate the shear resist-
ance of members without shear reinforcement in the pres-
ence of axial forces (prestressing or external load) based on 
the Critical Shear Crack Theory, as a theoretical extension 
of the formulation of shear resistance without axial force, 
by including a single coefficient kvp.

2. Another feature of the final draft of the new version of 
Eurocode 2 is the explicit incorporation of the influence 
of the shear slenderness in the formulation of the shear 
resistance for members without shear reinforcement.

3. In addition, a new partial safety factor gV has been intro-
duced. This partial factor account for both the uncertain-
ties of the variables involved in the shear resistance and the 
model uncertainties, allowing it to be adjusted to appropri-
ate values by means of Annex A provisions of the final draft 
of the new version of Eurocode 2.

4. The General Model formulation is easy to use in practice 
for verification problems in presence of axial force both for 
tension and compression, although it requires an iterative 
process when the shear capacity is required.

5. Alternatively, the final draft of the new version of Euroco-
de 2 provides a Linear Approach formulation to calculate 
the shear resistance in presence of compressive axial forc-
es that is derived by linearising the shear failure criterion 
based on the Critical Shear Crack Theory and is therefore 
consistent with the General Model.

6. This Linear Approach allows to calculate the shear capaci-
ty without iteration for the most practical common cases.

7. The agreement of the shear resistance predicted by both 
formulations (General Model and Linear Approach) to the 
experimental results are similar and have a lower disper-
sion than that provided by the current Eurocode 2.

8. The shear resistance formulation provided by the Line-
ar Approach has a similar format to that of the current 
Eurocode 2, although it introduces the main variables on 
which the axial effects on the shear resistance depends: the 
shear slenderness, the eccentricity of the axial force and 
the shape of the section.

Notation

Ac Cross-sectional area of concrete

Api Cross-sectional area of longitudinal prestressed rein-
forcement i located in the tensile zone due to bending 
at a distance dpi from the outermost compressed fibre of 
the cross-section.

Asi Cross-sectional area of the longitudinal ordinary rein-
forcement i located in the tensile zone due to bending 
at a distance dsi from the outermost compressed fibre of 
the cross-section.

Asl Equivalent cross-sectional area of the reinforcement in 
the tensile zone due to bending.

Dlower Smallest value of the upper sieve size in an aggregate 
for the coarsest fraction of aggregates in the concrete 
permitted by the specification of concrete

Es Modulus of elasticity of the flexural reinforcement

ME Acting bending moment

ME,0 Acting bending moment without considering the ef-
fect of prestressing or external load that produces axial 
forces

NE Applied axial force

NEd Design value of the applied axial force

VE Applied shear force

VEd Design value of the applied shear force

VR,c Shear resistance of members without shear reinforce-
ment

VRc,0 Shear resistance of members without shear reinforce-
ment without considering the effect of prestressing or 
external load that produces axial force

VRc,max Maximum shear resistance of members without shear 
reinforcement

VRc,min Minimum shear resistance of members without shear 
reinforcement

VRd,c Design value of the shear resistance of members with-
out shear reinforcement

VRdc,0 Design value of the shear resistance of members 
without shear reinforcement without considering the 
effect of prestressing or external load that produces 
axial forces

VRdc,max Design value of the maximum shear resistance of mem-
bers without shear reinforcement

VRk,c Characteristic value of the shear resistance of members 
without shear reinforcement

acs Effective shear span with respect to the control section

acs,0 Effective shear span with respect to the control section 
without considering the effect of prestressing or exter-
nal load that produces axial forces

av Mechanical shear span

bw Minimum width of the cross-section between tension 
and compression chords

d Effective depth of a cross-section

ddg Size parameter describing the crack and the failure 
zone roughness taking account of concrete type and its 
aggregate properties

dpi Distance from outermost compressed fibre of the 
cross-section to the prestressed reinforcement i
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dsi Distance from outermost compressed fibre of the 
cross-section to the ordinary reinforcement i

ec Distance from centroid of the cross section to the resul-
tant of the normal compressive stresses.

ep Eccentricity of the axial forces related to the centroid 
of the cross-section, positive when the eccentricity is on 
the side of the flexural reinforcement in tension

fc Cylinder compressive strength of concrete

fck Characteristic cylinder compressive strength of con-
crete

k1 Coefficient to take into account the influence of axial 
forces on the shear stress resistance in the Linear ap-
proach

kN Coefficient to take into account the influence of axial 
forces on the shear resistance in the Linear approach

kvp Coefficient to take into account the influence of axial 
forces on the shear resistance in the General Model

z Inner lever arm of internal forces

gdef Partial safety factor which covers the uncertainties re-
lated to the calculation of the strain in the longitudinal 
tensile reinforcement

gR Partial safety factor which covers the uncertainties re-
lated to the shear failure criterion

gV Partial safety factor for shear resistance without shear 
reinforcement

ev Strain in the longitudinal tensile reinforcement

evd Design value of the strain in the longitudinal tensile 
reinforcement

ev0 Strain in the longitudinal tensile reinforcement without 
considering the effect of prestressing or external load 
that produces axial forces

evd0 Design value of the strain in the longitudinal tensile re-
inforcement without considering the effect of prestress-
ing or external load that produces axial forces

rl Reinforcement ratio for bonded longitudinal reinforce-
ment in the tensile zone referred to the nominal con-
crete area bw·d

scp Compressive stress in the concrete from axial load or 
prestressing
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annex 1
Derivation of VRc,max and the upper bound of coefficient kN in 
the Linear Approach

Expression for VRc,max

The maximum shear resistance  can be expressed by Formula 
(12) for the shear resistance of the general model by taking the 
minimum values for kvp and acs (kvp=0.1 and acs=d)
 

(39)
ddg

0.1

100 ρl  fc
d
2

VRc,max = 0.6 bw  d

On the other hand, the shear resistance obtained from the Ge-
neral Model without considering axial force is given by Formu-
la (12) by taking kvp=1
 

(40)
ddg

100 ρl  fck
acs,0 d

4

VRc,0 = 0.6 bw  d

Dividing (39) by (40) it follows

=VRc,max

VRc,0
(41)2.15                 ≤ 2.71

d

acs,0

which has an upper limit of 2.71 because ≤4
d

acs,0

Upper bound of kN

The coefficient

acs,0
kN = 0.54

ep+
d
3

is upper-bounded to 0.18 because the condition acs ≥ d entails 
that

acs,0

ep+
d
3 1

3
≤

This condition can be easily understood by means of Figure 18.
As can be seen in the graph on the left of Figure 18, for a 

given value of acs,0, for different compressive axial forces, the 
corresponding shear resistances are obtained by intersection 
of the linearized failure criterion (thinner solid line) with the 
load-deformation relationships from Formula (19) (thicker so-
lid lines), which can be rewritten in function of acs as

(42)εv =
VE acs +NE

Es  Asl  z

d
3

When the compressive axial force increases, acs decreases and 
it can become equal to the effective depth for a certain value 
of the compressive axial force N *. For NE <N*

E, the load-de-
formation relationship changes and becomes defined by the 
condition acs = d, which is expressed by 

(43)εv =
VE d +NE

Es  Asl  z

d
3

and depicted with the thicker dashed lines in Figure 18, which 
have different slope than the thicker solid lines.

The graph on the right in Figure 18 shows the relationship 
between the shear resistance and the axial force, which is defi-
ned by two segments: A–B (from 0 to –N*

E ) given by Formula 
(42) and B–C (from –N*

E  to –3 VRc,max) given by Formula (43). 
This bilinear law is simplified by the thicker solid line (A-C) 
which slope is

(44)kN,max = 
VRc,max –VRc,0

3 VRc,max

The minimum value of kN,max is equal to 0.18 since the 
minimum value of VRc,max

VRdc,0

 is 2.154, according to Formula (41) 
for acs,0=d.

Figure 18.- Upper bound of coefficient kN.



annex 2
Selected database

Notation

Concrete cross section Reinforcement Prestressing Concrete LOAD

Type Ac bw ds As dp Ap fpy P ep σp fc Dlower a Vtest

mm2 mm mm mm2 mm mm2 MPa kN mm MPa MPa mm mm kN

Arthur_1965_002_A2 P 21935 51 0 0 201 77 1459 -91.2 47.4 924 31.44 9.5 914 25.4

Arthur_1965_027_B1 P 25806 51 0 0 272 142 1334 -150.3 64.6 824 45.74 9.5 914 45.9

Arthur_1965_028_B2 P 25806 51 0 0 272 142 1334 -145.9 64.6 800 42.30 9.5 914 49.0

Arthur_1965_029_B3 P 25806 51 0 0 272 142 1334 -143.2 64.6 785 46.88 9.5 686 66.4

Arthur_1965_031_B5 P 25806 51 0 0 272 142 1334 -160.1 64.6 878 51.45 9.5 686 66.4

Arthur_1965_034_B8 P 25806 51 0 0 272 142 1334 -145.9 64.6 800 51.45 9.5 686 64.2

Arthur_1965_035_B9 P 25806 51 0 0 272 142 1334 -143.2 64.6 785 42.30 9.5 914 38.8

Arthur_1965_054_E1 P 30968 76 0 0 272 142 1334 -142.3 64.6 780 45.16 9.5 762 58.1

Arthur_1965_055_E2 P 30968 76 0 0 272 142 1334 -145.9 64.6 800 51.45 9.5 762 67.4

Elzanaty_1985_001_CW1 P 54193 51 432 214 369 568 1749 -606.7 140.3 1069 76.55 12.7 1071 137.7

Elzanaty_1985_002_CW3 P 54193 51 432 214 369 568 1749 -596.5 140.3 1051 76.55 12.7 1847 117.4

Elzanaty_1985_003_CW2 P 54193 51 432 214 369 568 1749 -603.1 140.3 1062 76.55 12.7 1385 124.5

Elzanaty_1985_005_CW5 P 54193 51 432 1164 369 568 1749 -605.8 140.3 1067 77.93 12.7 1385 124.1

Elzanaty_1985_006_CW7 P 54193 51 432 214 369 395 1799 -443.9 140.3 1124 77.59 12.7 1385 105.9

Elzanaty_1985_007_CW6 P 54193 51 432 214 369 568 1749 -455.0 140.3 801 77.93 12.7 1385 112.1

Elzanaty_1985_008_CW9 P 54193 51 432 214 369 568 1749 -447.0 140.3 787 61.03 12.7 1385 101.0

Elzanaty_1985_009_CW8 P 54193 51 432 214 369 568 1749 -451.5 140.3 795 41.38 12.7 1385 89.8

Elzanaty_1985_010_CI1 P 58710 76 330 214 242 568 1749 -604.9 102.1 1066 76.55 12.7 1845 77.8

Elzanaty_1985_013_CI4 P 58710 76 0 0 242 568 1749 -610.3 102.1 1075 78.62 12.7 1372 108.5

Elzanaty_1985_014_CI5 P 58710 76 330 1164 242 568 1749 -604.5 102.1 1065 77.93 12.7 1372 119.7

Elzanaty_1985_015_CI7 P 58710 76 330 214 242 395 1799 -443.0 102.1 1122 77.59 12.7 1372 81.4

Elzanaty_1985_016_CI6 P 58710 76 330 214 242 568 1749 -455.0 102.1 801 77.93 12.7 1372 89.0

Elzanaty_1985_017_CI9 P 58710 76 330 214 242 568 1749 -446.6 102.1 787 61.03 12.7 1372 87.2

Evans_1963_002_S2 R 30968 102 0 0 251 514 621 -58.3 99.1 113 38.83 6.4 610 106.1

Evans_1963_019_S19 P 23226 51 0 0 257 506 621 -91.6 104.1 181 30.00 6.4 940 48.1

Evans_1963_025_S25 P 23613 53 0 0 257 388 621 -92.5 104.1 238 36.90 6.4 940 53.5

Evans_1963_027_S27 P 23226 51 0 0 257 508 621 -86.3 104.1 170 35.38 6.4 711 66.7

Evans_1963_029_S29 P 23226 51 0 0 257 388 621 -81.8 104.1 211 28.55 6.4 711 64.9

Evans_1963_043_S43 P 11177 56 0 0 122 506 621 -52.0 46.0 103 48.34 6.4 508 29.0

Evans_1963_046_S46 R 12000 79 0 0 109 77 1241 -52.5 33.0 680 33.03 6.4 508 17.7

Kar_1968_001_A1 R 32258 127 0 0 178 101 1386 -80.1 50.8 790 35.93 19.1 889 27.1

Kar_1968_003_A4 R 32258 127 0 0 178 194 1476 -82.7 50.8 427 28.83 19.1 622 55.6

Kar_1968_004_A5 R 32258 127 0 0 178 194 1476 -104.8 50.8 541 34.48 19.1 533 69.3

Kar_1968_005_A6 R 32258 127 0 0 178 155 1476 -48.9 50.8 316 28.03 19.1 711 38.9

Kar_1968_006_A7 R 32258 127 0 0 178 194 1476 -82.6 50.8 427 30.21 19.1 686 45.8

Kar_1968_007_A8 R 32258 127 0 0 178 194 1476 -125.9 50.8 650 34.14 19.1 737 43.8

Kar_1968_008_A9 R 32258 127 0 0 178 194 1476 -145.8 50.8 753 33.79 19.1 686 54.6

Kar_1968_009_A10 R 32258 127 0 0 178 194 1476 -145.8 50.8 753 31.79 19.1 889 40.8

Kar_1968_010_A12 R 32258 127 0 0 178 155 1476 -102.7 50.8 664 34.90 19.1 711 44.3

Kar_1968_011_B3 R 20645 102 0 0 152 155 1476 -48.9 50.8 316 29.17 19.1 533 28.8

Kar_1968_012_B4 R 20645 102 0 0 152 155 1476 -48.3 50.8 312 32.00 19.1 610 29.3

Kar_1968_013_B5 R 20645 102 0 0 152 155 1476 -41.2 50.8 266 28.03 19.1 686 25.8

Kar_1968_014_B6 R 20645 102 0 0 152 194 1476 -59.6 50.8 308 30.21 19.1 711 27.3

Kar_1968_015_B7 R 20645 102 0 0 152 155 1476 -65.5 50.8 423 33.17 19.1 533 38.6

Kar_1968_016_B9 R 20645 102 0 0 152 155 1476 -65.5 50.8 423 33.31 19.1 762 26.3

Kar_1968_017_B10 R 20645 102 0 0 152 155 1476 -82.7 50.8 534 35.45 19.1 762 33.7

Kar_1968_018_I-10 P 35806 76 0 0 229 194 1476 -104.5 76.2 540 35.34 19.1 756 69.3
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Notation

Concrete cross section Reinforcement Prestressing Concrete LOAD

Type Ac bw ds As dp Ap fpy P ep σp fc Dlower a Vtest

mm2 mm mm mm2 mm mm2 MPa kN mm MPa MPa mm mm kN

Kar_1968_019_I-11 P 35806 76 0 0 229 194 1476 -126.2 76.2 652 38.62 19.1 756 71.7

Kar_1968_020_I-14 P 35806 76 0 0 229 194 1476 -145.5 76.2 752 34.48 19.1 756 69.8

Kar_1968_021_I-15 P 35806 76 0 0 216 194 1476 -83.2 63.5 430 30.41 19.1 540 66.5

Kar_1968_024_I-19 P 35806 76 0 0 229 194 1476 -146.3 76.2 756 33.79 19.1 756 64.4

Kar_1968_025_I-20 P 35806 76 0 0 216 194 1476 -106.8 63.5 552 35.17 19.1 610 62.0

Kar_1968_026_I-21 P 35806 76 0 0 229 194 1476 -127.7 76.2 660 35.17 19.1 864 49.7

Kar_1968_029_D3 P 28064 51 0 0 216 194 1476 -123.6 63.5 638 30.76 19.1 540 74.6

Kar_1968_030_D4 P 28064 51 0 0 216 194 1476 -123.6 63.5 638 34.83 19.1 864 47.1

Kar_1968_031_D5 P 28064 51 0 0 216 155 1476 -117.0 63.5 756 30.76 19.1 756 44.7

Kar_1968_033_D7 P 28064 51 0 0 216 194 1476 -145.5 63.5 752 34.48 19.1 864 47.6

Kar_1968_034_D8 P 28064 51 0 0 229 194 1476 -142.8 76.2 738 34.83 19.1 1080 42.1

Kar_1968_035_D9 P 27016 51 0 0 229 194 1476 -106.5 76.2 550 34.83 19.1 1364 29.2

Mahgoub_1975_002_A2 P 33438 75 0 0 260 192 1560 -225.7 42.9 838 38.58 10.0 930 78.2

Mahgoub_1975_014_A7-1 P 33438 75 0 0 260 192 1560 -251.5 42.9 933 36.24 10.0 795 87.8

Mahgoub_1975_015_A7-2 P 33438 75 0 0 260 192 1560 -251.5 42.9 933 36.24 10.0 770 88.2

Mahgoub_1975_017_A8-2 P 33438 75 0 0 260 192 1560 -248.4 42.9 922 31.05 10.0 770 75.9

Mahgoub_1975_022_A11-2 P 33438 75 0 0 260 192 1560 -179.9 42.9 668 29.06 10.0 905 64.9

Mahgoub_1975_025_B2 P 29250 50 0 0 260 192 1560 -206.8 42.9 768 35.88 10.0 1060 49.5

Mahgoub_1975_039_B11-2 P 29250 50 0 0 260 192 1560 -229.9 42.9 853 38.01 10.0 705 62.6

Mahgoub_1975_012_C12 P 38438 75 0 0 260 192 1560 -200.3 42.9 743 24.87 10.0 1060 53.6

Mahgoub_1975_012_C17 P 38438 75 0 0 225 245 1570 -98.0 75.0 399 26.43 10.0 1325 41.5

Mahgoub_1975_012_C19 P 38438 75 0 0 260 245 1570 -94.2 75.0 384 36.24 10.0 1180 55.3

Mahgoub_1975_015_D5 P 35250 50 0 0 260 192 1560 -187.2 42.9 695 31.97 10.0 1060 44.6

Mahgoub_1975_015_D6 P 35250 50 0 0 260 192 1560 -188.6 42.9 700 38.44 10.0 795 52.1

Mahgoub_1975_015_D8 P 35250 50 0 0 260 245 1570 -95.9 75.0 391 32.54 10.0 1325 27.3

Mahgoub_1975_015_D9 P 35250 50 0 0 260 245 1570 -95.2 75.0 388 36.24 10.0 1180 36.8

Mahgoub_1975_016_E1-1 P 43438 75 0 0 260 192 1560 -190.3 42.9 706 45.54 10.0 795 77.0

Mahgoub_1975_016_E1-2 P 43438 75 0 0 260 192 1560 -190.3 42.9 706 45.54 10.0 795 72.9

Mahgoub_1975_019_E4 P 43438 75 0 0 260 192 1560 -225.0 42.9 835 35.53 10.0 1060 58.8

Mahgoub_1975_019_E5-1 P 43438 75 0 0 260 192 1560 -245.9 42.9 913 37.73 10.0 1060 69.9

Mahgoub_1975_020_E6 P 43438 75 0 0 260 192 1560 -274.5 42.9 1019 35.53 10.0 795 93.4

Mahgoub_1975_021_F2 P 41250 50 0 0 260 192 1560 -193.5 42.9 718 35.03 10.0 1060 41.9

Olesen_1967_003_B1434 P 35039 79 0 0 262 117 1572 -92.6 109.2 793 19.76 9.5 914 41.3

Olesen_1967_004_B1441 P 34639 76 0 0 254 156 1572 -122.7 101.6 786 20.31 9.5 914 44.5

Sozen_1959_001_A1143 R 46452 152 0 0 209 284 1434 -227.0 56.9 800 42.90 38.1 1321 54.8

Sozen_1959_002_A1151 R 46452 152 0 0 214 161 1503 -126.3 62.0 786 20.00 38.1 1321 31.6

Sozen_1959_003_A1153 R 46452 152 0 0 204 241 1503 -206.6 51.3 858 30.07 38.1 1321 42.2

Sozen_1959_005_A1223 R 47226 155 0 0 237 161 1503 -126.4 84.6 787 38.97 38.1 914 60.8

Sozen_1959_006_A1231 R 46452 152 0 0 219 201 1503 -157.7 67.1 786 40.00 9.5 914 60.1

Sozen_1959_007_A1234 R 46452 152 0 0 208 284 1434 -215.3 55.9 758 55.10 38.1 914 74.4

Sozen_1959_008_A1236 R 47226 155 0 0 233 150 1421 -117.5 81.0 785 23.72 38.1 914 48.9

Sozen_1959_009_A1242 R 46452 152 0 0 211 284 1434 -202.4 58.4 713 43.17 38.1 914 70.0

Sozen_1959_010_A1246 R 46452 152 0 0 208 227 1434 -205.7 55.9 906 32.14 38.1 914 63.1

Sozen_1959_012_A1253 R 46452 152 0 0 218 201 1503 -149.8 66.0 747 23.45 9.5 914 54.8

Sozen_1959_013_A1256 R 46452 152 0 0 218 234 1472 -194.0 65.8 831 26.14 9.5 914 59.7

Sozen_1959_018_A1439 R 46452 152 0 0 212 141 1503 -113.5 59.7 807 23.10 38.1 610 65.2

Sozen_1959_019_A1444 R 46452 152 0 0 216 161 1503 -130.7 63.5 814 23.10 38.1 610 72.0

Sozen_1959_020_A1455 R 46452 152 0 0 217 201 1503 -161.8 64.3 807 22.90 38.1 610 81.5

Sozen_1959_022_A2129 R 46452 152 0 0 215 101 1503 -42.4 62.2 421 23.10 38.1 1321 18.6

Sozen_1959_023_A2139 R 46452 152 0 0 227 141 1503 -57.1 74.9 406 21.59 38.1 1321 24.9
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Notation

Concrete cross section Reinforcement Prestressing Concrete LOAD

Type Ac bw ds As dp Ap fpy P ep σp fc Dlower a Vtest

mm2 mm mm mm2 mm mm2 MPa kN mm MPa MPa mm mm kN

Sozen_1959_024_A2151 R 46452 152 0 0 206 301 1503 -122.8 53.8 407 38.83 38.1 1321 38.9

Sozen_1959_025_A2220 R 46452 152 0 0 215 114 1434 -47.9 62.2 422 36.90 38.1 914 33.2

Sozen_1959_026_A2224 R 46452 152 0 0 224 95 1434 -38.5 71.1 406 23.93 38.1 914 32.2

Sozen_1959_028_A2227 R 46452 152 0 0 213 114 1434 -47.0 60.5 414 26.55 38.1 914 31.8

Sozen_1959_029_A2228 R 47226 155 0 0 222 114 1434 -38.6 69.9 340 24.00 38.1 914 29.7

Sozen_1959_030_A2231 R 46452 152 0 0 205 114 1434 -70.0 52.3 616 24.34 38.1 914 34.2

Sozen_1959_031_A2234 R 46452 152 0 0 212 151 1434 -61.4 59.5 407 28.62 38.1 914 31.6

Sozen_1959_032_A2236 R 46452 152 0 0 212 114 1434 -68.9 59.7 607 19.93 38.1 914 33.7

Sozen_1959_033_A2239 R 46452 152 0 0 224 114 1434 -28.3 71.1 249 17.79 38.1 914 24.8

Sozen_1959_034_A2240 R 46452 152 0 0 208 246 1434 -122.0 55.9 496 39.93 38.1 914 59.7

Sozen_1959_035_A2249 R 46452 152 0 0 208 246 1434 -96.3 55.9 392 32.83 38.1 914 52.0

Sozen_1959_036_A3222 R 46452 152 0 0 238 114 1434 -18.8 85.9 165 29.59 38.1 914 32.2

Sozen_1959_037_A3227 R 46452 152 0 0 233 114 1434 -7.8 80.3 69 19.31 38.1 914 28.8

Sozen_1959_038_A3237 R 46452 152 0 0 208 246 1434 -8.5 55.9 34 42.21 38.1 914 40.0

Sozen_1959_039_A3249 R 46452 152 0 0 208 246 1434 -57.6 55.9 234 32.83 38.1 914 47.5

Sozen_1959_041_B1120 P 33952 75 0 0 259 115 1628 -97.8 106.9 851 31.21 9.5 1321 31.0

Sozen_1959_042_B1129 P 34064 75 0 0 254 154 1372 -131.8 101.6 855 28.90 9.5 1321 38.7

Sozen_1959_043_B1140 P 34064 75 0 0 254 232 1372 -186.8 101.6 807 31.03 9.5 1321 46.6

Sozen_1959_045_B1210 P 34692 78 0 0 282 78 1472 -66.2 129.8 848 38.62 9.5 914 35.8

Sozen_1959_049_B1226 P 35095 77 0 0 256 150 1462 -114.0 103.1 758 30.76 9.5 914 52.6

Sozen_1959_050_B1229 P 34452 76 0 0 248 154 1628 -128.8 95.5 839 28.83 9.5 914 56.6

Sozen_1959_051_B1234 P 35483 78 0 0 259 225 1462 -166.7 106.2 740 33.28 9.5 914 64.6

Sozen_1959_052_B1235 P 35894 78 0 0 254 154 1628 -128.1 101.3 834 22.14 9.5 914 51.5

Sozen_1959_053_B1250 P 34292 75 0 0 259 193 1372 -154.3 106.7 800 20.34 9.5 914 51.6

Sozen_1959_054_B1261 P 34452 76 0 0 251 232 1372 -182.8 99.1 789 20.55 9.5 914 53.8

Sozen_1959_056_B1316 P 34452 76 0 0 264 115 1372 -99.9 111.3 865 38.21 9.5 711 59.6

Sozen_1959_057_B1326 P 34212 75 0 0 255 154 1372 -131.8 102.4 855 31.72 9.5 711 65.0

Sozen_1959_058_B1341 P 34052 74 0 0 255 232 1372 -189.2 102.6 817 29.79 9.5 711 71.2

Sozen_1959_059_B2126 P 34292 75 0 0 259 154 1628 -66.0 106.9 430 30.83 9.5 1321 27.9

Sozen_1959_060_B2209 P 34292 75 0 0 281 77 1628 -33.6 128.8 438 43.59 9.5 914 32.1

Sozen_1959_061_B2223 P 34639 76 0 0 255 154 1628 -58.5 102.4 381 35.31 9.5 914 42.1

Sozen_1959_062_B2230 P 35453 79 0 0 258 113 1462 -44.1 105.4 391 19.10 9.5 914 34.1

Sozen_1959_063_B2241 P 36027 80 0 0 255 150 1462 -53.1 102.1 353 18.69 9.5 914 39.5

Sozen_1959_065_B2268 P 34452 76 0 0 251 232 1372 -94.2 99.1 407 18.41 9.5 914 42.7

PWRI_1995_001_H3-35-30 R 85000 200 0 0 350 837 1799 -136.4 45.8 122 89.11 20.0 1050 247.0

PWRI_1995_002_H3-35-60 R 85000 200 0 0 350 837 1799 -272.8 45.8 244 83.60 20.0 1050 285.3

PWRI_1995_003_H3-35-90 R 85000 200 0 0 350 837 1799 -409.2 45.8 367 68.12 20.0 1050 296.9

PWRI_1995_004_H3-55-30 R 125000 200 0 0 550 837 1799 -193.5 79.2 173 81.32 20.0 1650 231.4

PWRI_1995_005_H3-55-60 R 125000 200 0 0 550 837 1799 -387.1 79.2 347 75.81 20.0 1650 364.5

PWRI_1995_006_H3-75-30 R 165000 200 0 0 750 837 1799 -251.7 112.5 226 85.69 20.0 2250 351.3

PWRI_1995_007_H3-75-60 R 165000 200 0 0 750 837 1799 -503.4 112.5 451 84.65 20.0 2250 442.2

PWRI_1995_008_H3-95-60 R 220000 200 0 0 1025 2093 1778 -728.1 131.9 307 69.16 20.0 2850 595.8

PWRI_1995_010_L3-35-30 R 85000 200 0 0 350 837 1778 -136.4 45.8 122 48.17 20.0 1050 195.4

PWRI_1995_011_L3-35-60 R 85000 200 0 0 350 837 1778 -272.8 45.8 244 39.33 20.0 1050 203.3

Funakoshi_1981_006_10 P 23800 70 200 121 160 400 1226 -294.4 47.3 736 83.22 15.0 416 148.4

Funakoshi_1981_008_14 P 23800 70 200 121 160 400 1226 -259.0 47.3 648 56.53 15.0 417 120.5

Funakoshi_1981_009_19 P 23800 70 200 121 160 400 1226 -259.0 47.3 648 56.05 15.0 504 96.9

Funakoshi_1982_006_38 P 23800 70 200 121 160 390 1236 -211.9 47.3 543 41.52 15.0 414 96.9

Funakoshi_1982_007_39 P 23800 70 200 121 160 390 1236 -211.9 47.3 543 40.38 15.0 499 81.2

Funakoshi_1982_008_40 P 23800 70 200 121 160 390 1236 -211.9 47.3 543 40.38 15.0 583 68.9
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Notation

Concrete cross section Reinforcement Prestressing Concrete LOAD

Type Ac bw ds As dp Ap fpy P ep σp fc Dlower a Vtest

mm2 mm mm mm2 mm mm2 MPa kN mm MPa MPa mm mm kN

Sato_1987_001_3-4 P 90000 150 375 860 330 804 1010 -294.3 180.0 366 40.47 15.0 1080 163.7

Sato_1987_004_3-7 P 90000 150 375 860 330 804 1010 -490.5 180.0 610 41.04 15.0 1080 168.6

Sato_1987_007_3-11 R 67500 150 375 860 330 804 1010 -196.2 105.0 244 40.47 15.0 990 172.2

Sato_1987_009_3-13 R 67500 150 0 0 330 804 1010 -392.4 105.0 488 36.39 15.0 1080 159.3

Sato_1987_011_4-6 R 60000 150 375 142 330 804 1010 -294.3 130.0 366 38.86 15.0 1080 171.0

Sato_1987_012_4-7 R 60000 150 0 0 330 804 1010 -294.3 130.0 366 42.18 15.0 1080 168.0

Sato_1987_013_4-10 R 60000 150 375 860 330 804 1010 -98.1 130.0 122 39.62 15.0 1080 100.3

Sato_1987_014_4-11 R 60000 150 375 860 330 804 1010 -196.2 130.0 244 41.04 15.0 1080 150.4

Sato_1987_015_4-12 R 60000 150 375 860 330 804 1010 -294.3 130.0 366 44.18 15.0 1080 163.1

Ito_1996_001_NC-50 R 45000 150 275 143 250 227 1197 -33.1 100.0 146 54.06 15.0 650 117.8

Ito_1996_002_NC-100 R 45000 150 275 143 250 227 1197 -111.6 100.0 491 54.06 15.0 650 119.3

Ito_1997_001_M-B 100 P 62000 100 400 253 270 454 1158 -213.7 111.6 471 40.19 20.0 1200 124.8

Saqan_2009_003_V-4-2.37 R 265187 373 660 1529 610 395 1676 -480.4 254.0 1217 53.45 19.1 2019 373.1

Saqan_2009_005_V-7-1.84 R 257419 362 664 1187 610 691 1676 -490.6 254.0 710 53.10 19.1 2019 490.8

Saqan_2009_006_V-7-2.37 R 252903 356 660 1529 610 691 1676 -490.6 254.0 710 53.10 19.1 2019 433.7

Saqan_2009_007_V-10-0 R 257419 362 0 0 610 987 1676 -494.2 254.0 501 51.72 19.1 2019 412.1

Saqan_2009_008_V-10-1.51 R 257419 362 663 974 610 987 1676 -494.2 254.0 501 51.72 19.1 2019 446.7

Saqan_2009_009_V-10-2.37 R 257419 362 660 1529 610 987 1676 -494.2 254.0 501 51.72 19.1 2019 446.7

Choulli_2007_S1E P 188900 100 0 0 671 1773 1776 -1805.9 243.4 891 99.15 12.0 2091 503.8

Choulli_2007_S1W P 188900 100 0 0 671 1773 1776 -1805.9 243.4 891 99.15 12.0 2087 521.7

Choulli_2007_S2E P 188900 100 0 0 700 1013 1776 -1205.2 216.5 951 96.34 12.0 2091 366.8

Choulli_2007_S2W P 188900 100 0 0 700 1013 1776 -1205.2 216.5 951 96.34 12.0 2087 368.7

Zink_2000_SV-2 R 70000 175 350 1256 350 140 1570 -274.4 75.0 980 105.28 11.0 1225 178.9

Zink_2000_SV-4 R 140000 350 357 1963 345 560 1570 -1086.4 72.5 970 93.67 16.0 1225 509.7

Zink_2000_SV-5 R 280000 350 763 402 733 1680 1570 -3225.6 166.5 960 89.53 16.0 2600 736.5

Wilder_2014_B103 P 84670 70 511 0 511 744 1737 -1261.8 141.9 1488 77.50 12.0 2000 262.8

Wilder_2014_B106 P 84670 70 511 0 511 744 1737 -636.0 141.9 750 88.90 12.0 2000 179.7

Wilder_2014_B109 P 84670 70 550 0 550 373 1737 -710.4 130.4 1488 89.30 12.0 2000 181.0

Joergensen 2021 PB5-750A R 175000 250 641 942 500 1050 1560 -750.0 150.0 714 58.50 16.0 3500 200.9

Joergensen 2021 PB5-750B R 175000 250 641 942 500 1050 1560 -750.0 150.0 714 60.70 16.0 3500 189.2

Joergensen 2021 PB5-1250A R 175000 250 641 942 500 1050 1560 -1250.0 150.0 1190 56.30 16.0 3500 238.4

Joergensen 2021 PB5-1250B R 175000 250 641 942 500 1050 1560 -1250.0 150.0 1190 57.30 16.0 3500 230.7

Joergensen 2021 PB4-1250A R 175000 250 641 942 500 1050 1560 -1250.0 150.0 1190 60.60 16.0 2800 290.9

Joergensen 2021 PB4-1250B R 175000 250 641 942 500 1050 1560 -1250.0 150.0 1190 62.50 16.0 2800 301.1

Joergensen 2021 PB6-1250A R 175000 250 641 942 500 1050 1560 -1250.0 150.0 1190 59.40 16.0 4200 219.9

Joergensen 2021 PB6-1250B R 175000 250 641 942 500 1050 1560 -1250.0 150.0 1190 60.20 16.0 4200 212.3
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Type: P (profiled section); R (rectangular section)
Ac: cross-sectional area of concrete
bw: minimum width of the cross-section between tension and compression chords
ds: distance from outermost compressed fibre of the cross-section to the centroid of the ordinary reinforcement
As: cross-sectional area of the longitudinal ordinary reinforcement located in the tensile zone due to bending
dp: distance from outermost compressed fibre of the cross-section to the centroid of the prestressed reinforcement
Ap: cross-sectional area of the longitudinal prestressed reinforcement located in the tensile zone due to bending
fpy: yield strength of prestressing steel
P: prestressing force
ep: eccentricity of the prestressing force related to the centroid of the cross-section, positive when the eccentricity is on the side of the flexural reinforcement in tension
sp: stress in prestressing steel
fc: cylinder compressive strength of concrete
Dlower: Smallest value of the upper sieve size in an aggregate for the coarsest fraction of aggregates
a: shear span
Vtest: shear force at failure 



A Mechanical Approach for the Punching Shear Provisions in the 
Second Generation of Eurocode 2 

El tratamiento del punzonamiento en la segunda generación del 
Eurocódigo 2 basado en un modelo mecánico   

Aurelio Muttonia, João T. Simõesb, Duarte M. V. Fariac, Miguel Fernández Ruiz*,d 
a Professor, Ecole Polytechnique Fédérale de Lausanne, Switzerland 

b Dr, Strutlantis Engineering, Portugal / Muttoni et Fernández, ingénieurs conseils SA, Switzerland
c Dr, Muttoni et Fernández, ingénieurs conseils SA, Switzerland

d Professor, Universidad Politécnica de Madrid, Spain

Recibido el 15 de julio de 2022; aceptado el 2 de noviembre de 2022

a b s t r ac t

The revision of a code is a long-term project that shall fulfil several aims, comprising the enhancement of the ease-of-use and incorporating 
updated state-of-the-art. With respect to the revision of Eurocode 2 concerning the punching shear provisions, this task allowed also for the 
opportunity to enhance the understanding of the code and physical phenomenon by designers. The original EN1992-1-1:2004 punching 
provisions were adapted from an empirical equation for design based on the regression analyses performed by Zsutty in the 1960s for shear 
in beams and later reworked in Model Code 1990 for punching shear. These expressions did not show any link to the physical response of a 
structure, making difficult to designers to clearly understand how to engineer their designs. Instead of continuing with this approach, CEN/
TC250/WG1 took the decision in 2016 to ground the punching provisions on a mechanical model that could be explained to engineers, 
allowing for a transparent understanding of the design equations and phenomena. To that aim, the Critical Shear Crack Theory, already im-
plemented in Model code 2010 at that time, was selected as representative of the state-of-the-art. Following that decision, a large effort has 
been performed to implement this theory into the Eurocode, keeping its simplicity of use and generality. This paper is aimed at presenting 
the theoretical grounds of the theory as well as the manner in which it is drafted for the future generation of Eurocode 2.
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r e s u m e n

La revisión de una norma es un proyecto que debe cumplir varios objetivos, entre los que se encuentran la mejora de la facilidad de uso 
y la consideración del estado del conocimiento más avanzado y robusto. En el marco de la revisión de las disposiciones relativas al punzo-
namiento de placas para el futuro Eurocódigo 2, se dedicaron también amplios esfuerzos para mejorar la coherencia entre las expresiones 
de diseño y los fenómenos físicos asociados, con el objetivo de facilitar la comprensión de la norma por los proyectistas. Debe observarse 
que las expresiones originales de la norma EN1992-1-1:2004 se desarrollaron a partir de una ecuación empírica para el diseño de vigas a 
cortante basada en los trabajos de Zsutty en la década de 1960. Dicha expresión fue posteriormente modificada e introducida en el Código 
Modelo de 1990 para la resistencia a punzonamiento. Estas expresiones empíricas, a pesar de ser sencillas de aplicar, no permiten com-
prender la respuesta mecánica de una estructura ni los mecanismos físicos que llevan a su fallo a punzonamiento. Esta pérdida de conexión 
con la física del fenómeno dificulta a los proyectistas comprender de manera clara cómo mejorar sus diseños o cuestiona la aplicación de 
las expresiones fuera de los rangos en los que han sido calibradas. En lugar de continuar con un enfoque empírico, el CEN/TC250/WG1 
tomó la decisión en 2016 de basar las disposiciones para el punzonamiento de placas en un modelo mecánico que pudiera ser explicado a 
los ingenieros. Para ello, se seleccionó la Teoría de la Fisura Crítica, implementada previamente en el Código Modelo 2010 como referente 
del estado del conocimiento. Tras esa decisión, la implementación de la Teoría de la Fisura Crítica en el Eurocódigo ha requerido diversas 
consideraciones específicas con el objetivo de mantener el formato del Eurocódigo 2 pero respetando la simplicidad de uso y generalidad 
de la teoría. Este artículo presenta así los fundamentos de la Teoría de la Fisura Crítica, así como la manera en que se ha incorporado en la 
futura generación del Eurocódigo 2.
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1.
introduction 

Punching shear is a brittle failure mode associated to the pen-
etration of a loaded area in a concrete slab. Slab-column con-
nections where punching occurs experience in general a sud-
den loss of load-carrying capacity and this can trigger punching 
failures at other regions (which is a typical situation in flat slabs 
supported by columns) leading to a progressive collapse [1]. 
Despite being a phenomenon well-known and having attract-
ed many research efforts in the past [2-6], scanty approaches 
have been developed so far to lead to physically-based design 
approaches. As a consequence, design has been traditionally 
performed on the basis of empirical equations [7-10]. For in-
stance, Eurocode 2 (EN1992-1-1:2004) [8] based its punch-
ing design formulation on the approach of one-way slabs and 
beams failing in shear by adopting the empirical formulation 
established by Zsutty in 1968 [11]. Such approach had the 
advantage of keeping a consistent unitary resistance for both 
verifications (one- and two-way shear). However, it required 
to define a control perimeter relatively far from the supported 
area (typically the column) and not linked to the mechanics 
of the phenomenon. Also, adapting the empirical formulation 
to other cases that were observed to be relevant from a practi-
cal point of view and whose different response was confirmed 
experimentally (for instance different yield strength of the re-
inforcement or considering the influence of the slenderness) 
was not possible. The engineer had, in fact, little help from the 
empirical formula on the physics of the phenomenon and how 
to design suitably and in a robust manner.

With respect to physical design models, Kinnunen and 
Nylander in Sweden proposed in the 1960s [12] an approach 
that constituted a significant advancement in the understand-
ing of the phenomenon and its prediction. This model con-
sidered shear to be carried by a conical strut whose failure in 
compression leads to the punching failure of the slab-column 
connection. According to Kinnunen and Nylander [12], fail-
ure was assumed to occur for a given level of the compressive 
tangential strain developing in the soffit of the slab in vicinity 
of the supported area. By adopting a kinematics defined by a 
conical deformation in the outer region of the slab, a failure 
criterion was established as a function of the rotation of the 
slab. The theory of Kinnunen and Nylander [12] allowed for 
relatively accurate predictions and was later adapted by oth-
er researchers and extended to a number of cases. Amongst 
these approaches consistent with the principles established 
by Kinnunen and Nylander [12], a theory named the Critical 
Shear Crack Theory (CSCT) was developed in 1985 [13] for 
the Swiss code for structural concrete SIA 162 [14] and later 
elaborated by Muttoni and Schwartz in 1991 [15]. Originally 
developed for punching of slab-column connections without 
shear reinforcement, it was later extended to one-way slabs 
failing in shear [16] and also to punching of connections with 
shear reinforcement [17], prestressing [18, 19], footings [20], 
fibre reinforced concrete [21] and slabs strengthened with 
post-installed shear reinforcement [22] or fibre reinforced 
polymers [23].

The formulation of the CSCT allowed to be implemented 
into design codes following simple design expressions, show-
ing in a transparent manner the various parameters implied 

in the phenomenon. These parameters can be evaluated in 
simple and safe manners or following accurate analyses. On 
that basis, the CSCT was successfully formulated in terms of 
a Levels-of-Approximation (LoA) approach [24] and imple-
mented into fib Model Code 2010 [25], constituting a signif-
icant advance with respect to previous approaches. The LoA 
approach is a design philosophy [24,26] very much aligned to 
engineering daily practice. Safe and simple estimates are first 
performed with a limited amount of work, whose accuracy can 
be refined upon necessity, requiring some additional work to 
better evaluate the parameters. For the punching formulation 
of the CSCT in fib Model Code 2010 [25], these levels were 
structured as follows:
· LoA I: Aimed at a preliminary check and identification 

of potentially-critical regions. When the resistance of this 
level is satisfied, bending and not punching is expected to 
govern the design.

· LoA II: Aimed at typical design for a slab-column con-
nection failing in punching. Implemented by means of 
analytical formulae exclusively.

· LoA III: Refinement of the previous level, by evaluating 
several physical parameters on the basis of a linear-elastic 
finite element analysis. This level is only intended for de-
sign of unusual cases or for assessment of existing struc-
tures.

· LoA IV: Procedure considering both the failure criteri-
on of the CSCT for the resistance and a demand curve 
(load-rotation relationship) established on the basis of a 
nonlinear flexural analysis of the slab. Such level is the 
most accurate prediction. It allows considering in a con-
sistent manner a number of effects traditionally neglect-
ed for design (such as membrane action) but is relatively 
time-consuming and intended mostly for the assessment 
of critical cases.

The fib Model Code 2010 [25] constituted a significant ad-
vancement in design procedures. The expressions for punching 
design were also checked in numerous scientific works per-
formed all over the world, verifying its accuracy or helping to 
refine it. The formulation of the fib Model Code 2010 is also 
very practical, allowing for a direct design procedure [26] by 
verifying that the design value of the resistance VRd is not low-
er than the design shear force VEd. For the explicit calculation 
of the punching resistance, performing an iterative procedure 
(intersection of failure criterion and load-rotation relation-
ship) is however required. 

Within the revision of Eurocode 2, several deficiencies of 
the empirical design formula of EN1992-1-1:2004 [8] were 
highlighted [e.g. 28-37] as well as the limitations of the ap-
proach in terms of generality to address relevant topics, such 
as new materials, unusual geometries or the assessment of ex-
isting structures. In addition, the necessity to move to more 
rational and physically-based models was early identified. 
After careful analysis of potential approaches, the CSCT was 
eventually selected as the basic model for the new provisions 
concerning punching shear. The physical grounds of the CSCT 
and its flexibility for implementation into design expressions 
were largely appreciated. However, a relatively direct tran-
scription of the fib Model Code 2010 [25] was not considered 
appropriate within the Eurocode 2 design philosophy. Thus, 
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it was decided to implement the CSCT following a different 
approach:
· The preliminary check, identifying regions where shear 

failures are not expected to be governing was implement-
ed in the definition of the minimum shear resistance. 

· The general procedure for punching shear verification 
had to be based on analytical formulae. This has analo-
gies with the LoA II of Model Code 2010, but its design 
expressions shall be written a closed-form manner, avoid-
ing iterative procedures for calculation of the punching 
resistance

· The Annex for assessment of existing structures (Annex 
I, of informative nature in FprEN1992-1-1:2022 [42]) 
could elaborate more detailed solutions, comprising the 
results of nonlinear analyses and verification procedures

With this task in mind, the Task Group 4 (TG4; “Shear, 
Punching and Torsion”) of CEN/TC250/SC2/WG1 tailored 
the formulation of the CSCT to the needs of the Eurocode 
2. This task required efforts in a number of fields, from the 
definition of the failure criterion to the verification of the lev-
el of safety of the design expressions. The current provisions 
FprEN1992-1-1:2022 [42] reflect the work performed during 
the last seven years incorporating the comments and advices of 
the various participants of CEN.

In this paper, a review of the EN1992-1-1:2004 [8] is first 
presented, showing also the reasons for change. Then, the the-
oretical principles of the CSCT are introduced. The main for-
mulae and simplifications introduced for the derivation of the 
closed-form expressions of FprEN1992-1-1:2022 [42] are also 
shown and justified. Finally, a practical example is presented, 
showing the simplicity of the approach and its generality.

2.
punching design according to first 
generation of eurocode 2 (en 1992-1-1:2004)

2.1 Code formulation

The design approach of current Eurocode 2 (EN 1992-1-
1:2004) [8] with respect to punching is formulated in terms 
of closed-form equations, where the action and resistance are 
evaluated on the basis of a number of geometrical and me-
chanical parameters. The different formulae have in fact an 
empirical nature. Namely, the one referring to design of mem-
bers without shear reinforcement can be considered as a direct 
adaption of the works of Zsutty [11] for the shear resistance of 
beams to the punching resistance of two-way slabs:

vRd,c = CRd,c k (100 ρl fck)⅓ + k1 σcp ≥ (vmin +k1 σcp) [MPa] (1)

where
· CRd,c, vmin and k1 are NDPs, whose proposed values are CRd,c 

= 0.18/γC, vmin = 0.035 k3/2 fck1/2 and k1 = 0.1.
· k = 1+  ≤ 2.0 with d in [mm] is the factor accounting 

for the size effect
· fck is the cylinders characteristic concrete compressive 

strength in [MPa]

·  ≤ 0.02 is the geometric mean of the steel re-
inforcement ratio relating to the bonded tension steel in 
y- and z- directions respectively (calculated on a band of 
width equal to 3d on each side of the column plus the 
column size)

· 
 
, with σy and σcz being the normal concrete  

stresses [MPa] in the y- and z- directions (positive if com-
pression)

As it can be noted, the original expression of Zsutty [11] has 
been somewhat adapted to include other relevant effects as the 
size effect (parameter k). Also, corrections were proposed to ac-
count for the influence of compression and tension forces (term 
σcp) [38]. In order to maintain a uniform approach with the ver-
ification for shear (based on the same unitary resistance), the 
location of the control perimeter was thus tailored to a distance 
equal to 2d from the edge of the column (for typical verifica-
tions corresponding to the previous formula).

The approach followed is in fact very much inspired on 
the formulation proposed in Model Code 1990 [7]. The for-
mula had served during almost 20 years, with a format that 
is apparently simple and accounting for a limited number of 
parameters, which is convenient for design. Although no major 
criticism was raised on its simplicity for use for standard cases 
in flat slabs, several theoretical inconsistencies were raised and 
partly amended in the EN 1992-1-1:2004 corrigenda [40, 41]. 
Some of the most important critics, justifying an update of the 
provisions, are presented in the next section.

2.2. Criticism of EN 1992-1-1:2004 and reasons for change

The section dedicated to the punching shear design in cur-
rent EN 1992-1-1:2004 [8] was one of the parts that received 
more systematic review comments in 2013 before starting the 
revision for the 2nd generation of Eurocodes. Many reasons 
supported an in-depth revision, mostly addressing scientific 
concerns (state-of-the-art) and ease-of-use [28-37]. Some rel-
evant critics are summarized below: 
· A different methodology is prescribed for the verification 

of punching shear resistance of flat slabs and footings. For 
flat slabs, the control section is located at a nominal dis-
tance 2d, lacking of physical meaning (control section too 
far away from the critical region where punching devel-
ops). For footings, the location of the control section is 
calculated by minimization of the resistance, requiring 
lengthy and unpractical analyses (even if the use of soft-
ware and spreadsheets can simplify the calculations). 

· The size effect law included in the EN1992-1-1:2004 [8] 
approach does not suitably describe the phenomena [37]. 
The size effect can in fact be severely underestimated for 
thick slabs (too small decrease on the unitary strength for 
increasingly larger sizes) and the formula does not comply 
to any reasonable size-effect law [37]. 

· The current approach does not consider any slenderness 
effect [28]. The level of strains (and corresponding crack 
widths) is governed by the flexural deformations in bend-
ing [28] which is in turn represented by the flexural re-
inforcement ratio. However, the same amount of flexural 
reinforcement can lead to different crack openings and 
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associated punching resistances for varying slenderness. 
This effect was already observed by empirical analysis 
of data [6] and also by theoretical reasoning [28], and 
named in many cases strain-effect.

· The level of safety when compared to available test data 
is not uniform with respect to the various parameters im-
plied (and also between footings and slender slabs). This 
has been observed by analysis of large experimental pro-
grammes performed since the 2000s (see a detailed over-
view in [43]).

In addition to these reasons, which suggest deficiencies in the 
formulae used, there is still a more significant one. It relates 
to the generality of the approach and its potential to adapt 
to new situations. The Zsutty’s formula is in fact of empirical 
nature, obtained by regression of parameters compared to test 
results (as honestly stated in the title of that paper [11]). Every 
parameter or physical phenomena that has not been calibrated 
into the original formula is not reflected and the designer has 
no orientation on how to address it. This fact, which could be 
limiting but perhaps sufficient for a new design following a 
number of restrictions (detailing rules), is however very unsuit-
able for the assessment of existing structures. For instance, the 
formula does not provide guidance on how to account for the 
influence of reinforcement with higher or lower yield strength 
than usually arranged. This can however be relevant for design 
of new structures (use of new materials) and particularly for 
assessment of existing ones (in many cases with lower-resist-
ance reinforcement). A similar situation happens with respect 
to other parameters, such as aggregate size or even influence 
of level of load when strengthening is performed [75]. The 
loss of physical meaning does not allow the designer to under-
stand the potential detrimental or favourable effects and how 
to account for them (which can unfortunately be seen as new 
patches or coefficients in the existing formula).

In order to overcome these difficulties, it was decided by 
CEN/TC250/SC2/WG1 to ground the punching shear design 
provisions on the basis of a mechanical model. This shall allow 
to transparently clarify the role of the different parameters and 

their influence in the punching design formulae and to show 
also the relationship between them (as for instance between 
size and strain effects). Such approach should also allow for a 
sufficient level of generality, so that it can be safely applied to 
both unusual design situations (enhancing the freedom of the 
designer) and for assessment of existing structures.

3.
a mechanical model for the second 
generation of eurocode 2 – the critical 
shear cracK theory

As previously mentioned, after detailed analysis of several 
state-of-the-art models, TG4 of CEN/TC250/SC2/WG1 de-
cided to adopt the Critical Shear Crack Theory (CSCT) as 
the grounds for the new provisions for punching shear design 
of FprEN 1992-1-1:2022 [42]. The theoretical bases of the 
CSCT are briefly presented in this section. A detailed descrip-
tion can be consulted elsewhere [17, 28, 45-49]. In the fol-
lowing sections, the adaptions introduced to implement it into 
FprEN 1992-1-1:2022 [42] and to respect the format of the 
Eurocode will be discussed. 

3.1. Members without shear reinforcement

Two-way slabs subjected to concentrated loading develop both 
cracking associated to radial and tangential bending moments. 
Due to the presence of shear forces, tangential cracks develop 
in an inclined manner and can disturb the inclined compres-
sion struts carrying shear [28]. One of these cracks is named 
as the Critical Shear Crack (CSC), being the one intercepting 
the compression strut near the supported area (shear-critical 
region). 

The mechanical and geometrical properties of the CSC 
govern the punching resistance. It localizes the strains in the 
shear-critical region due to the strong gradient of bending 
moments and shear forces close to the concentrated action 
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[28, 47]. The CSC is usually originated at a distance close to 
one effective depth (d) and propagates in an inclined man-
ner. Its opening is one of its key parameters for the punching 
resistance, as wider cracks reduce the ability of concrete to 
transfer shear stresses [51]. For slender members, such open-
ing is mostly governed first by bending deformations but, 
when approaching to failure, shear deformations become 
also significant [52, 19, 46, 50, 48]. Eventually, at failure, 
the critical shear crack starts sliding leading to the develop-
ment of the punching cone as shown in Figure 1 [52, 19, 
50]. Based on these considerations, the Critical Shear Crack 
Theory (CSCT) considers that the kinematics of the CSC is 
composed by the sum of flexural (in blue in Figure 1b) and 
shear (in red in Figure 1b) movements. On that basis, the 
shear and normal stresses acting along the CSC can be cal-
culated considering suitable material laws, see Figure 1c. This 

can be performed in a refined manner based on a numerical 
integration [52, 19, 48], see Figure 2. 

Some results of the mechanical model of the advanced 
implementation of the CSCT [48] are shown in Figure 3a in 
terms of normalized punching resistance and normalized rota-
tion. The results show a decrease on the punching resistance 
with increasing rotations of the slab. This is justified by the fact 
that larger rotations are associated to wider widths of the criti-
cal shear crack, thus reducing the contribution of the different 
shear-transfer actions (i.e. direct strutting, aggregate interlock, 
residual tensile strength and dowel action).

The results of this model are in fact in agreement with the 
model of Kinnunen and Nylander [12], considering the devel-
opment of an inclined strut carrying shear near the column 
region (also called compressive cone; see stresses developing 
along the CSC in Figure 3a according to refined mechanical 
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model of CSCT). Another interesting result can be obtained 
if the opening of the critical shear crack (accounting for both 
flexural and shear deformations) at a height d/2 from the slab 
soffit is represented as a function of the normalized rotation 
for the investigated case, refer to Figure 3b. The results show 
that the crack width and the normalized rotation are corre-
lated and that a linear correlation is a fairly good approxima-
tion of it. It is interesting to note that Muttoni and Schwartz 
[15] suggested in 1991 such a linear relationship between the 
opening of the critical shear crack and the product ψ d (linear 
correlation between crack width w and product of rotation 
ψand effective depth d).

Other than the opening of the CSC, also its roughness in-
fluences the ability of the CSC to transfer shear forces [53, 54, 
55]. In 2003, Muttoni [16] introduced this consideration by 
including the crack roughness, expressed in terms of the maxi-
mum aggregate size dg. Eventually, Muttoni [16, 28] proposed 
a hyperbolic failure criterion relating the punching resistance 
and the crack opening (represented by the product ψ d) and 
roughness (accounting for dg) as follows [28]:

 (2)

where VR,c refers to the punching shear resistance (concrete 
contribution); b0,5 to the length of the control perimeter at a 
distance of dv/2 from the column face (round corners in case of 
square or rectangular columns); dv to the shear-resisting effec-
tive depth (potentially differing from the effective depth d to 
account for the penetration of the support and thus reducing 
the depth available to carry shear); fc to the cylinders concrete 
compressive strength; dg0 to the reference aggregate size (dg0 = 
16 mm for normal weight concrete).

Eq. (2) suitably represents the response of reinforced con-
crete slabs failing in punching when compared to available ex-
perimental results, see Figure 4a. The theory shows a decreasing 
punching strength for increasing level of rotations (according 
also to Kinnunen and Nylander [12]). The punching strength 
of a slab-column connection can therefore be obtained by in-
tersecting the load-rotation relationship of the slab (defining 

the shear demand) and the failure criterion (representing the 
shear resistance associated to a state of deformations), refer 
to Figure 4b. One interesting aspect of the CSCT is that the 
load-rotation relationship of the slab can be calculated with 
different levels of refinement:
∙ Analytical formulae for axisymmetric cases based on the 

model by Kinnunen and Nylander [12]. These formulae 
were developed considering both a simplified bilinear 
moment-curvature relationship as well as more sophisti-
cated laws accounting for tension-stiffening (quadri-line-
ar laws) [15, 16, 28];

∙ Using a simplified formula for practical purposes, derived 
analytically from the general law [26]):

 where ap is the distance between the axis of the column 
and the line of zero radial moment, fy and Es are respec-
tively the yield strength and the modulus of elasticity of 
the flexural reinforcement, km is a factor depending on 
the level of the refinement of the approach used to esti-
mate the acting bending moment in the support width 
(typically 1.5 for simple analyses and 1.2 when some pa-
rameters are known more in detail), ms is the acting bend-
ing moment in the support strip width (bs) and mR is the 
average moment capacity in the support width;

∙ Nonlinear finite element analyses, considering in detail ge-
ometrical and mechanical aspects of the response [56- 59].

The selection of the most suitable load-rotation relationship 
depends on many aspects, such as the level of knowledge of 
the structure. Very refined analyses, as those resulting from the 
application of the nonlinear finite element analyses are in prin-
ciple only possible when the structure can be characterized in 
detail. This is the case when the resistance of a structure needs 
to be assessed, when the required geometric data, reinforce-
ment and material properties can be finely evaluated. Other-
wise, namely for design, simpler methods are preferable and 
more consistent with the degree of knowledge or definition of 
the structure.
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Figure 4. (a) Experimental validation of the hyperbolic failure criterion of CSCT (Eq. (2)) proposed by Muttoni in 2008 [28] and (b) potential 
punching shear failure regimes (figures adapted from [46]).
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3.2. Members with shear reinforcement

The arrangement of shear reinforcement is one of the most 
suitable solutions to enhance the resistance and deformation 
capacity of slabs [e.g. 60, 61, 17, 35]. The CSCT was extended 
consistently to this case maintaining its basic assumptions by 
Fernández Ruiz and Muttoni [17]. To that aim, when usual de-
tailing rules are respected [25], three potential failure modes 
can govern [17]: (i) failure within the shear-reinforced area 
(Figure 5c); (ii) crushing of concrete struts (maximum punch-
ing strength; Figure 5b) and (iii) failure outside the shear rein-
forced area (Figure 5d). The approach proposed by the CSCT 
[17] allows calculating again the resistance by intersection of 
the load-rotation curve (assumed to be the same as for mem-
bers without shear reinforcement, since the shear deforma-
tions are neglected) and the pertinent failure criterion for each 
of these modes.

Failure within the shear-reinforced area
As shown in Figure 6, the punching resistance can be calculat-
ed as the sum of concrete VR,c,cs and shear reinforcement VR,s,cs 
contributions [17]:

VR,cs = VR,c,cs + VR,s,cs (4)

In this Equation, the concrete contribution VR,c,cs is given by 
the failure criterion of the corresponding element without 
shear reinforcement (see Eq. (2)) and the shear reinforcement 
contribution (VR,s,cs) is given for axisymmetric cases by:

VR,s,cs = σsw ΣAsw ≤ fyw ΣAsw (5)

where σsw is the average stress in the shear reinforcement inter-
cepted by the punching cone (considered in a simplified manner 
to develop with an inclination of 45º), ΣAsw is the total area 
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of the activated shear reinforcement in the punching cone (as-
sumed within 0.35dv and dv) and fyw is the yield strength of the 
shear reinforcement. The average stress in the shear reinforce-
ment can be calculated as a function of the rotation, by assum-
ing it to be proportional to the opening of the CSC plus a term 
accounting for bond (details accounting for advanced considera-
tions on bond and anchorage can be consulted elsewhere [17]):

where fb is the average bond stress, ϕw and Esw are respectively 
the diameter and the modulus of elasticity of the shear rein-
forcement. For members governed by shear deformations (as 
footings or prestressed slabs) [62, 67], the maximum punching 
resistance can be associated to large shear deformations with 
the concrete contribution vanishing (VR,c,c→0) and the stress 
in the shear reinforcement tending to the yield strength (σsw 
→fyw). For these cases, however, the extent where the punch-
ing shear reinforcement can be activated can be significantly 
reduced (steeper angle of the failure cone [29, 62, 63]).

Failure by crushing of concrete struts (maximum punching 
resistance)
Fernández Ruiz and Muttoni [17] proposed to evaluate the 
maximum punching resistance (crushing of concrete struts) as 
an enhancement of the punching strength of the correspond-
ing element without shear reinforcement. This is justified by 
the fact that the crushing resistance of the concrete strut is, 
as for members without shear reinforcement, influenced by 
the opening of the CSC and by its roughness. In addition, it 
depends strongly on the anchorage conditions, geometry and 
detailing rules of the shear reinforcement [e.g. 17, 35, 60, 61, 
64]. This condition can be expressed as:
VR,max = ηsys,sb VR,c (7)

where VR,max is the punching resistance associated to crushing 
of the concrete struts, VR,c is the failure criterion of the cor-
responding slab-column connection without shear reinforce-
ment (see Eq. (2)) and ηsys,sb is an enhancement factor which 
depends on the type of shear reinforcement.

Failure outside the shear-reinforced area
To calculate the punching resistance of failures outside of the 
shear-reinforced area, Fernández Ruiz and Muttoni [17] con-
sidered in a safe manner that the rotations of the critical shear 
crack concentrate outside of the shear-reinforced area. This is 
equivalent to considering the shear-reinforced area as a stiff 
supported region. On that basis [17], the same failure criterion 
as for slabs without shear reinforcement can be used, provided 
a suitable value of the control perimeter is selected:

where dv,out is the shear-resisting effective depth of the out-
er perimeter of reinforcement (see Figure 5d). On that basis, 
b0,5,out is the outer control perimeter (defined at 0.5dv,out from 
the last perimeter of shear reinforcement and accounting for 
some limitations in the distances between the shear reinforce-
ment units).

3.3. Considerations for eccentric punching

The development of a non-uniform distribution of shear forces 
along the control perimeter in the cases of eccentric punch-
ing (internal columns with unbalanced moments, presence 
of large openings in the vicinity of columns, edge and corner 
columns) is accounted in the framework of the Critical Shear 
Crack Theory by setting two different control perimeters (as 
defined in fib Model Code 2010, see also Figure 7):
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Figure 7. Eccentric punching: (a) non-uniform distribution of shear forces along the basic control perimeter; (b) idealized uniform distribution of 
shear forces along the reduced control perimeter.
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∙ a basic control perimeter, defined purely by geometric 
considerations, referring to the one located at dv /2 (ac-
counting for discontinuities, edges, opening, inserts and 
with straight segments limited to 3dv in case of large col-
umns or wall ends and corners).

∙ A reduced shear-resisting control perimeter which can be 
obtained by multiplying the basic control perimeter by a 
reduction factor ke accounting for the concentrations of 
shear forces.

In this case, the concentration of shear forces is to be account-
ed for in the design of shear reinforcement by multiplying also 
Asw (defined purely on the basis of geometry) by the coeffi-
cient ke in Eq. (5). Further details can be consulted elsewhere 
[65]. In a similar manner. the consideration of other effects 
such as elongated columns [66], prestressing [67, 68] or mem-
brane forces [69, 70] can also be consistently accounted for.

3.4. Methodology for design and assessment of existing struc-
tures

Within the original formulation of the CSCT and its imple-
mentation in fib Model Code 2010 [25], it can be noted that 
the punching verification for design of a new structure is di-
rect. This can be shown in Figures 8a,b, as it only has to be 
verified if the resistance is higher or equal than the demand for 

the rotation calculated by means of the load-rotation relation-
ship. For an explicit calculation of the resistance, however, the 
two nonlinear curves shall be intersected (Figure 8c), which 
requires in general following an iterative procedure.

4.
simplifications for design introduced in 
fpren 1992-1-1:2022

The implementation of the CSCT into the FprEN 1992-1-
1:2022 [42] required several adaptions. The main one was 
to propose for design purposes a closed-form method for 
design as per EN 1992-1-1:2004 [8]. Such approach (where 
details can be consulted in [46]) allows for an analytical 
evaluation of the punching resistance (being thus direct 
both for design and assessment purposes) on the basis of 
a limited number of mechanical and geometrical parame-
ters. For a detailed assessment of existing structures (de-
fined in Annex I of FprEN1992-1-1:2022 [42]), the general 
method of the CSCT is however allowed, both in terms 
of failure criterion and general definition of the load-rota-
tion relationship. This allows for a detailed evaluation of the 
load-rotation relationship accounting for the peculiarities 
of the structure.
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Figure 8. Application of Critical Shear Crack Theory for design and assessment: (a,b) procedure for design with calculation of punching shear resis-
tance VRc corresponding to the rotation ψE associated to acting shear force VE; (c) iteration required to calculate the punching resistance.

VE

VE

VE < VRc

VRc (ψE)

(a)

VRc (ψE)
VRc (ψRc)

VE > VRc VE = VRc

(b) (c)

load-rotation

failure criterion

ψ

V

ψ

V

ψ

V

ψE ψE ψRc

0

0.2

0.1

0.4

0.5

0.3

0.6

0.7

0.8

(a) (b) (c)

0 0.05 0.10 0.15 0.20 0.25 0.30

ψ ∙ d / ddg

0 0.05 0.10 0.15 0.20 0.25 0.30

ψ ∙ d / ddg

0 0.05 0.10 0.15 0.20 0.25 0.30

ψ ∙ d / ddg

rc/d=0.5/1.0/1.5

fc=30 MPa; dg=16 mm

fy=500 MPa; sb=0.10 m
d=0.26 m; h=0.30 m

rs/d=7.5; rq=rs

hyperbolic
failure criterion

power-law
failure criterion

rs/d=5/7.5/10

fc=30 MPa; dg=16 mm

fy=500 MPa; sb=0.10 m
d=0.26 m; h=0.30 m

rc/d=1.0; rq=rs

hyperbolic
failure criterion

power-law
failure criterion

ρ=0.3%/0.6%/1.2%/2.4%

fc=30 MPa; dg=16 mm

fy=500 MPa; sb=0.10 m
d/h=0.90; rc/d=0.75

rs=rq=7d

hyperbolic
failure criterion

power-law
failure criterion

V R

√f
c·d

 ·b
0

[√
M

P
a]

rc

rs

rsrc

d
d

Figure 9. Comparison of original hyperbolic failure criterion (Eq. (2)) and failure criterion based on a power law (Eq. (9)) with the results from the 
refined mechanical model of CSCT by Simões et al. [48].



4.1. Members without shear reinforcement

In order to obtain a closed-form expression for punching, the 
failure criterion was slightly adapted [46, 72] from its hyper-
bolic form (Eq. (2)) to a power law with very similar results 
[48] (see Figure 9): 

where ddg is the reference value of roughness of the critical 
shear crack and is computed as [46, 71]:

It can be noted that a value 0.50 is used in Eq. (9), instead of 
the original value of reference [46], for simplicity and yielding 
to almost identical results.

With respect to the load-rotation relationship, the one 
defined in Eq. (3) was adopted according to the presumed 
level of definition of the structure. It was however improved, 
as recent investigations suggest that the influence of the ratio 
ap/d could be slightly modified to better approximate not only 
the theoretical response (e.g. integration of quadri-linear mo-
ment-curvature [28]) but also the punching shear resistance 
calculated with the refined model of the CSCT [48]. Account-
ing for such consideration, and assuming ms/mR≈VE/Vflex and 
km≈1.2 [28], it results:

where VE refers to the acting punching shear force and Vflex 
to the flexural capacity. The punching shear resistance can thus 
be directly determined by intersecting Eqs. (11) and (9), re-
sulting into (see reference [74] for a complete derivation):

where a = Vflex/mR. Eq. (12) can be written in a design format 
by (see reference [74] for derivation and associated consider-
ations):
∙ using characteristic values of material strength and the 

partial safety factor associated to the required reliability 
index

∙ by considering additionally that the shear stress concen-
trations are not accounted for by reducing the control 
perimeter by a factor ke (fib Model Code 2010 [25] ap-
proach) but rather by increasing the average acting shear 
stress calculated on the basic control perimeter by a coef-
ficient βe (Eurocode 2 [8] approach).

∙ for a safe simplified calculation, the parameter ap can be 
replaced by a value equal to 8d.

∙ replacing the term d by dv as a safe and simplified as-
sumption (refer to Eq. (12) and see [74] for further de-
tails).

In that case, the design punching shear stress (to be compared 
with the acting shear stress τEd = βe VEd/(b0,5 dv)) becomes:

where ddg is calculated according to Eq. (10) (with dg being 
replaced by the definition Dlower), ρl is the longitudinal flexural 
reinforcement ratio (with , where subscripts x,y 
refer to two orthogonal directions). With respect to coefficient 
kpb in Eq. (13), it accounts for the strength enhancement due 
to the shear field gradient in the control section and can be 
calculated as (see [74] for further details on the derivation):

where b0 is the perimeter of the supporting area (perimeter at 
the column edge, see Figure 10). It should be noted that, for 
the sake of simplicity, kpb in Eq. (14) is expressed as a function 
of a geometrical rule using the two main control perimeters 
defined in FprEN 1992-1-1:2022 [42]: b0 and b0,5. This rule 
greatly simplifies notations for its practical use, hindering how-
ever the true physics of the phenomenon (a mechanical rule, 
as shown in [74], is replaced by a geometric one). This has 
to be kept in mind for the understanding of engineers of the 
design formulation.

It is interesting to note the physical meaning of the 
shear-gradient enhancement factor kpb. This parameter de-
scribes the enhancement on the unitary shear resistance for a 
punching case with respect to the shear resistance of a beam or 
one-way slab. When the column (or in general the supporting 
area) is very large, kpb tends to 1 and the punching shear resist-
ance tends to the shear resistance of one-way slabs. Its value, 
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Figure 10. Definition of control perimeter b0,5 at dv/2 from the supported area and perimeter b0 at the face of the supported area
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otherwise, increases for decreasing column sizes, enhancing 
the unitary shear resistance. The upper limitation kpb = 2.5 is 
addressed at very small columns.

With respect to the slenderness of the slab, it was stated 
before that a simplification was made on the load-rotation re-
lationship as a safe bound (ap = 8d) in Eq. (13). This is intend-
ed to increase the strains of the reinforcement and thus to re-
duce the unitary shear resistance. However, this consideration 
can be easily refined, by introducing a suitable strain effect, by 
replacing the parameter dv by , where:

where ap,x and ap,y are the distances between the column axis 
and the locations where the bending moments mEd,x and mEd,y 
are equal to zero. 

4.2. Members with shear reinforcement

As it was done for members without shear reinforcement, sev-
eral adaptions with respect to the CSCT general formulation 
were required to derive closed-form design expressions. These 
considerations are presented in the following for the three po-
tential failure modes.

Failure within the shear-reinforced area
As previously introduced, the punching strength in case of fail-
ure within the shear reinforced region (VR,cs) is given by the 
sum of the contributions of concrete and shear reinforcement:

 
VR,cs (ψE) =VR,c (ψE) + ke σsw (ψE) ΣAsw ≥ ke  fyw ΣAsw (16)

where VR,cs (ψE) is the concrete contribution calculated with 
the failure criterion for the level of rotation ψE derived from 
the load-rotation relationship for the acting shear force; the 
term σsw(ψE) is the stress in the shear reinforcement for the 
level of rotation ψE; the term fyw is the yield strength of the 
shear reinforcement; ke the coefficient accounting to the con-
centration of shear forces and ΣAsw is the total area of shear re-
inforcement within 0.35·dv and dv. In Eq. (16), the right-hand 
side of the inequality refers to the case where the concrete 
contribution vanishes (VR,c→0) and the stress in the shear rein-
forcement tends to the yielding strength (σsw→fyw) [64]. 

Eq. (16) was however considered not suitable for the 
punching design within the Eurocode 2 design philosophy 
since it is strain-based. To overcome that issue, Eq. (16) was 
simplified following an analytical derivation together with a 
number of simplifications (a detailed derivation is presented 
in [74]) :
∙ Replacing VR,c(ψE) by the corresponding value (Eq. (9) 

with ψE), but neglecting the upper limit;
∙ Introducing Eq. (11) (load-rotation) into Eq. (6) (activa-

tion of shear-reinforcement)
∙ Considering that ηc =   and that τRd,c  is given by Eq. (13)
∙ Rounding the exponents and retaining only the most in-

fluential parameters for design

Following the above-mentioned considerations, Eq. (16) can 
be rewritten in a design format complying with the Eurocode 
2 philosophy as (see [74] for further considerations):

τRd,c = ηc  τRd,c + ηc  fyw  ρw ≥ fyw  ρsw (17)

being:

where Asw is the area of one leg of shear reinforcement; sr is 
the radial spacing of shear reinforcement; st is the average tan-
gential spacing of perimeters of shear reinforcement measured 
at control perimeter and fywd is the yield strength of the shear 
reinforcement. It should be noted that the factor dv/(150·Øw) 
in Eq. (19) refers to the enhancement on the activation of the 
punching reinforcement due to bond, and thus that it can only 
be considered provided that the shear reinforcement consists 
of ribbed or indented bars.

Failure by crushing of concrete struts (maximum punching 
resistance)
According to the general frame of the CSCT [17], the max-
imum punching shear resistance of shear-reinforced slabs can 
be calculated by multiplying the concrete failure criterion by 
a factor (ηsys,sb), whose value accounts for the performance of 
the shear reinforcement system. Provided that the power-law 
failure criterion is multiplied by a factor, the resulting strength 
can also be obtained in a closed-form manner. For convenience, 
the strength will be expressed in this case on the basis of the 
one of a member without shear reinforcement:

VR,max = ηsys VR,c (21)

where ηsys is the factor to enhance the punching resistance of 
slabs without shear reinforcement. In fact, factors ηsys,sb  and 
ηsys are related and account for the same effects. It shall be 
noted however that while the former is the multiplication fac-
tor to be applied in a strain-based approach (multiplication 
of the failure criterion), the latter is the multiplication factor 
to be applied to the punching resistance (their mathematical 
relationship is a function of the adopted failure criterion and 
load-rotation relationship).

In order to introduce in an explicit manner, the governing 
parameters ruling the value of ηsys, specific simulations were 
performed with the refined implementation of the CSCT [73]. 
It was found that the most influential parameters are (i) the 
type of punching reinforcement, (ii) the size of the column, 
(iii) the position of the first perimeter of punching reinforce-
ment and (iv) the detailing of the anchorages (enclosure of the 
third or fourth layer of flexural reinforcement with the punch-
ing reinforcement units and the spacing of the subsequent 
perimeters). Other factors were also shown to have a certain 
impact (such as the yield strength and flexural reinforcement 
ratio), yet with a more limited impact for the daily design cases 
[73]. Based on this analysis [73], an analytical expression for 
the value of ηsys was formulated within FprEN1992-1-1:2022 
[42] as:
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where dsys represents the anchorage performance of the punch-
ing reinforcement system and its detailing and s0 is the distance 
from the column face to the axis of the first perimeter of shear 
reinforcement. This expression fairly well approximates the re-
sults of the refined implementation of the CSCT and accounts 
for the effect of most detrimental parameters. For ease-of-use 
in designing new structures complying with the detailing rules 
of Section 12, constant values for the ratios dsys/dv and s0/dsys 
can be adopted depending on the type of shear reinforcement 
system, leading to the expressions included in Clause 8 of 
FprEN1992-1-1:2022 [42]:

whereas the more general expression of Eq. (22) is defined in 
Annex I for the assessment of existing structures.

Failure outside the shear-reinforced area
Following the general approach of the CSCT, the punching 
resistance outside the shear reinforced region should be cal-
culated in accordance to Eq. (13), considering the reduced 
shear-resisting effective depth (function of the shear reinforce-
ment system) and the outer control perimeter b0,5,out (located 
at dv,out/2 from the outer perimeter of shear reinforcement with 
a length of the straight segments not exceeding 3dv,out). 

5.
comparison of fpren 1992-1-1:2022 to tests and 
to first generation of eurocode 2

A systematic comparison of the formulation of FprEN 1992-
1-1:2022 [42] against experimental tests was performed 
and published elsewhere [74]. No remarkable trend was ob-
served, with a uniform level of safety and a relatively con-
stant and low Coefficient of Variation (below or around 14% 
in all cases), improving the results by EN 1992-1-1:2004 
[8]. The values obtained are amongst the lowest that can be 
found for any design code and comparable to those of the 
original theory.

6.
considerations for assessment of existing 
structures

The previous method was developed in order to provide de-
signers with a simple tool for design, implying only a limited 
number of parameters and being sufficiently safe in the as-
sumptions covering other (non-explicit) parameters. However, 
for assessment of existing structures, the different properties 
of the structure are usually known (in case drawings and doc-
uments are available) or can be assessed on-site (as the charac-
teristic strength of concrete or the yield strength of the rein-
forcement). This allows one to perform more tailored analyses, 
with potential increases of the strength as the various load-car-

rying actions can be suitably evaluated, avoiding unnecessary 
strengthening or minimizing it.

To that aim, Annex I of the FprEN 1992-1-1:2022 [42] 
proposes a more general frame of verification, with an explicit 
definition of the failure criterion for punching based on the 
CSCT for members without shear reinforcement:

This failure criterion is equivalent to the one defined by the 
CSCT (refer to Eq. (2)), but accounting for partial safety fac-
tors (γdef and γv) to comply with the required level of reliability 
[75] (similar considerations as for the general CSCT approach 
can be assumed for other failure modes). 

The rotation at failure can be estimated by intersection of 
the failure criterion with the load-rotation -relationship at the 
slab-column connection. This latter can be calculated account-
ing for the different geometrical and mechanical conditions. 
For instance, an analysis based on nonlinear finite elements is a 
suitable strategy for this purpose [e.g. 58,59], although simpler 
approaches might be sufficient.

7.
example of application

An example is presented in the following referring to the as-
sessment of the punching resistance of an existing structure. 
To that aim, the geometry and reinforcement layout are con-
sidered as known data. The assessment of the resistance is 
performed first by using the closed-form approach for design 
provided in Clause 8.4 (Eq. (13)), whose value is later refined 
by means of the strain-based approach and consideration of 
membrane action according to Annex I. The example is in-
spired on a real structure built in Lausanne, Switzerland dur-
ing the 1990s, serving as a hall for maintenance of vehicles. 
The most relevant properties for the assessment of the slab 
without shear reinforcement are listed below:
∙ Geometry: the geometry of the slab considered in the de-

sign example is shown in Figure 11.
- Slab’s overall depth: h = 0.32 m
- Spans: Lx = 7.80 m; Ly = 8.00 m
- Cover: 20 mm
- Effective depth: d = 0.28 m

- Shear-resisting effective depth: dv = 0.28 m (0.00 m  
column penetration)

- Columns: square 0.50 x 0.50 m
∙ Materials

- Concrete: fck = 42.8 MPa (measured in-situ and calcu-
lated according to Annex I of FprEN1992-1-1:2022 
[42] on the basis of fck,is determined with EN 13791 
[76]); Dmax = 32 mm

- Flexural reinforcement: B500; B ductility class;
 fyd = fywd = 435 MPa

∙ Top flexural reinforcement: Ø18@0.10 m in both x- and 
y- directions 

 Partial safety factors: γV = 1.4; γdef =1.33
∙ Acting shear force: VEd = 1.167 MN
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Punching resistance according to Section 8.4 of FprEN 1992-
1-1:2022 [42]
The control perimeters b0 and b0,5 are given by:

b0 = 4  0.50 = 2.0 m 
b0,5 = b0 + 2  π  dv/2 = 2.0 + π  0.28 = 2.88 m 

The value of the parameter βe accounting for concentrations 
of the shear forces due to moment transfer between the slab 
and the column can be assumed equal to βe =1.15 according to 
clause 8.4.2(6) (it could also be calculated following a refined 
methodology). The acting shear stress τEd is thus given by:

With respect to the shear stress resistance without shear rein-
forcement, it is given by:

As τEd >τRd,c, the punching shear resistance without shear re-
inforcement is insufficient. As ap = √0.22 8.0 0.22 7.80 
= 1.74 m < 8dv = 2.24 m, the punching shear resist-
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Figure 11. Example of assessment of existing structure: (a) geometry in plan; (b) cross section of slab-column connection; (c) bottom flexural rein-
forcement ratio; and (d) top flexural reinforcement ratio.
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ance can still be increased with clause 8.4.3(2) adopting 

apd  = 
 

 :

⇒ τRd,c = 1.51 ≤ 2.34    ⇒    τRd,c  = 1.57 MPa

As τEd >τRd,c, the punching shear resistance without shear re-
inforcement is again insufficient following the formulae pro-
posed in Section 8.4 which is tailored for the design of new 
structures. The Annex I, for existing structures, can be used.

Punching resistance according to Annex I of FprEN 1992-1-
1:2022 [42]
Annex I of FprEN 1992-1-1:2022 allows calculating the 
punching resistance by intersection of the load-rotation rela-
tionship and the failure criterion of Eq. (24). This procedure is 
shown in Figure 12 for the example presented in this section.

In this case, the most accurate load-rotation relationship 
(red line) is calculated considering a layered sectional model 
calculated with finite elements accounting for the non-line-
ar behaviour of the concrete and reinforcement (considering 
tension-stiffening effects and reinforcement yielding). This ap-
proach has been assessed by comparing the calculated load-ro-
tation relationship with the experimental values of several 
benchmark tests. To that aim, the methodology explained in 
[59] is followed, where the governing rotation is measured at 
a distance 2dv from the control perimeter. The design shear 
stress τEd =1.59 MPa is calculated in accordance to clause 
8.4.2(6) with the coefficient accounting for the concentration 
of shear forces (βe) computed with the refined approach (Table 
8.3 of FprEN 1992-1-1:2022 [42]; βe=1+1.1·eb/bb =1.10).

The design punching shear resistance obtained following 
this procedure is equal to 1.69 MPa, being approximately 10% 
larger than the one calculated with the closed-form formulae 
of Section 8.4 (1.57 MPa). Such value allows verifying that the 
punching resistance is sufficient. In terms of the compliance 
factor for punching resistance (τRd,c /τEd), it increases from 0.95 
to 1.06 using Annex I from FprEN 1992-1-1:2022. This allows 
justifying the structural safety related to punching failures, 
avoiding expensive (or unnecessary) strengthening measures. 
The increase on the resistance is in this case mainly associated 
to the non-linear response of the slab (which accounts for the 
slab continuity and membrane action). Such effects lead to a 
stiffer response when compared to the load-rotation relation-
ship obtained with the parabola of Eq. (11) (represented by 
the dashed black line in Figure 12). As a consequence of the 
stiffer response, narrower crack widths can be expected and 
consequently a higher punching resistance.

It shall be noted that Annex I of FprEN 1992-1-1:2022 
[42] also allows accounting for the favourable effect of com-
pressive membrane action around internal columns (in ab-
sence of large openings or inserts in the vicinity of the column) 
based on the closed-form expressions for the punching resist-
ance. This is performed by multiplying the factor kpb by an en-
hancement factor ηpm (Clause I.8.5.1). Applying such clause to 
the present example leads to a punching resistance equal to 
1.75 MPa. This result is comparable to the one obtained based 

on the nonlinear analysis. Such good agreement between the 
nonlinear analysis and the closed-form expression with mem-
brane action enhancement is generally found for typical cases 
if internal columns (comprising regular geometries and usual 
reinforcement arrangements). For unusual geometries or rein-
forcement layouts, as well as for corner or edge columns, the 
nonlinear analysis of the flat slab allows better considering the 
actual response of the system and leads generally to higher 
estimates of the resistance. 
 

Figure 12. Assessment of existing slab-column connection according 
to Annex I of FprEN 1992-1-1:2022 [42].

8.
conclusions

The new provisions for Eurocode 2 (FprEN 1992-1-1:2022 
[42]) with respect to punching verification have underwent 
some major changes. The most significant aspect is that the 
code, previously based on an empirical formula, has now been 
based on a mechanical model. This allows for:
∙ Enhanced consistency of the provisions, with considera-

tion of the different phenomena (such as size and strain 
effects) in a sound manner

∙ Allowing for a transparent understanding of the design 
expressions and the role of the various geometrical and 
mechanical parameters implied

∙ Lead to simple formulations for design, but providing a 
general frame for a more accurate assessment of existing 
structures

The Critical Shear Crack Theory (CSCT) was selected as the 
theory to ground the punching shear provisions, but its imple-
mentation as performed in fib Model Code 2010 was however 
considered inconvenient for the FprEN 1992-1-1:2022 [42]. 
Thus, the theory was implemented in an alternative manner 
considering:

An explicit closed-form formulation for design and simple 
assessment based on a limited number of physical and me-
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chanical parameters. This required some adaptions from the 
classical formulation, comprising a new definition of the fail-
ure criterion and introducing a number of simplifications for 
ease-of-use.

A general and flexible framework to assess in a detailed 
manner the punching resistance when the geometrical and 
mechanical properties of a structure are known in detail. This 
approach implies intersecting the failure criterion of the CSCT 
with a suitable load-rotation relationship. Such methodology 
is typically convenient for assessment of critical existing struc-
tures and is provisioned into the Annex I of FprEN 1992-1-
1:2022 [42], addressed at existing structures

The proposed approach is shown to lead to consistent re-
sults when compared to available test results, and also to be 
simple to use for practical purposes.
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Notation

Asw area of a unit of shear reinforcement
CRd,c NDP from NP EN 1992-1-1:2004 [8] with proposed value equal 

to 0.18/γC

Es modulus of elasticity of the flexural reinforcement

Esw modulus of elasticity of the shear reinforcement

L spans (indices referring to directions)

VE acting punching shear force

VEd design acting punching shear force

Vflex flexural capacity

VR,c punching shear resistance for members without shear reinforce-
ment

VR,cs punching shear resistance for failures within the shear-reinforced 
area(concrete contribution)

VR,c,cs concrete contribution for failures within the shear-reinforced area

VR,s,cs steel contribution for failures within the shear-reinforced area~

VR,max punching resistance associated to the crushing of the concrete 
struts

VR,out punching resistance of failures outside of the shear-reinforced area

ap distance between the axis of the column and the line of zero radial 
moment

bs support strip width

b0  perimeter of the support region (perimeter at the column edge 
minimised for re-entrant corners and columns near to the edge, see 
Figure 10)

b0,5 control perimeter at a distance of dv/2 from the column face (round 
corners in case of square or rectangular columns)

b0,5,out outer control perimeter

d effective depth

ddg reference value of roughness of the critical shear crack

dg0 reference aggregate size (dg0 = 16 mm for normal weight concrete)

dv shear resisting effective depth

dv,out shear-resisting effective depth of the outer perimeter of reinforce-
ment

dsys the anchorage performance of the punching reinforcement system 
and its detailing 

fb average bond stress

fc cylinders concrete compressive strength

fy yield strength of the flexural reinforcement

fyw yield strength of the shear reinforcement

fywd yield strength of the shear reinforcement

fck cylinders characteristic concrete compressive strength

fck,is cylinders characteristic concrete compressive strength measured 
in-situ

k factor accounting for the size effect in NP EN 1992-1-1:2004 [8]

km factor depending on the level of the refinement of the approach 
used to estimate the acting bending moment in the support width 
(typically 1.5 for simple analyses and 1.2 when some parameters 
are known more in detail)

kpb punching strength enhancement factor due to the shear field gradi-
ent in the control section in FprEN 1992-1-1:2022 [42]

ke reduction factor to be multiplied to the basic control perimeter to 
account for the concentrations of shear forces

k1 NDP from NP EN 1992-1-1:2004 [8] with proposed value equal 
to 0.1

ms acting bending moment in the support strip width

mR average moment capacity in the support width

vRd,c punching shear resistance in the basic control section [MPa] ac-
cording to NP EN 1992-1-1:2004 [8]

vmin NDP from NP EN 1992-1-1:2004 [8] with proposed value equal 
to 0.035 k3/2 fck1/2

sr radial spacing of shear reinforcement between the first and second 
unit

st average tangential spacing of perimeters of shear reinforcement 
measured at control perimeter

s0 distance from the column face to the axis of the first perimeter of 
shear reinforcement

ΣAsw total area of the activated shear reinforcement in the punching 
cone

βe  coefficient to increase the average acting shear stress on the basic 
control perimeter to account for the concentrations of shear stress-
es in FprEN 1992-1-1:2022 [42]

γC partial safety factor in NP EN 1992-1-1:2004 [8]

γdef partial safety factor for the rotation in the strain-based approach in 
Annex I of FprEN 1992-1-1:2022 [42]

γV  partial safety factor for shear design in FprEN 1992-1-1:2022 [42]

φw diameter of a shear reinforcement unit

ηc factor accounting for the reduction of the concrete contribution to 
the punching resistance with increasing rotation

ηpm enhancement factor accounting for the favourable effect of com-
pressive membrane action in Annex I of FprEN 1992-1-1:2022 
[42]

ηs factor accounting for the increase of the shear reinforcement con-
tribution to the punching resistance with increasing rotation

ηsys enhancement factor depending on the type of shear reinforcement 
to be multiplied on the punching shear resistance to calculate the 
maximum punching shear resistance

ηsys,sb enhancement factor depending on the type of shear reinforcement 
to be multiplied on the concrete failure criterion to obtained the 
failure criterion associated with the crushing of the concrete struts

ψ rotation

ψE rotation associated to the acting shear force VE

ρl steel reinforcement ratio relating to the bonded tension steel (indi-
ces referring to directions)

ρw ratio of the vertical shear reinforcement ratio at the investigated 
control perimeter

σcp normal concrete stresses in the critical section (indices referring to 
directions)

σsw average stress in the shear reinforcement intercepted by the punch-
ing cone

τEd acting punching shear stress in FprEN 1992-1-1:2022 [42]

τRd,c design punching shear stress of members without shear reinforce-
ment in FprEN 1992-1-1:2022 [42]

τRd,cs design punching shear stress for failures within the shear-reinforced 
area in FprEN 1992-1-1:2022 [42]
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a b s t r ac t

Within the frame of the revision of the Eurocode 2 for concrete structures, the section devoted to strut-and-tie design has been up-
dated to enhance its applicability, its consistency with other sections and its ease-of-use. As a result, a number of changes have been 
introduced. Namely, the use of stress fields and their combination with classical strut-and-tie models has been incorporated. The 
changes in this section can be seen as an effort to provide a more comprehensive and general tool for designers, that can be transpar-
ently applied to any structural member with sufficient reinforcement for crack control. In this paper, the consistency between the 
strut-and-tie and the stress field methods is clarified as well as the fundamentals of the revision performed in Eurocode 2. The paper 
also elaborates how the code can be used for advanced analyses, considering in an explicit manner the compatibility of deformations 
to obtain refined estimates of the structural resistance..

keywordS: Strut-and-tie, stress fields, limit analysis, shear, discontinuity regions, shell design. 
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r e s u m e n

En el marco de la revisión del Eurocódigo 2 para estructuras de hormigón, se ha actualizado el capítulo dedicado al diseño mediante 
modelos de bielas y tirantes, mejorando su coherencia con otras secciones así como su facilidad de uso. Para ello, se han introducido 
una serie de cambios, como la consideración del método de campos de tensiones y su combinación con los modelos clásicos de bielas 
y tirantes. Estos cambios pueden considerarse como un esfuerzo para proporcionar una herramienta más completa y general. En 
este artículo, se clarifica la coherencia entre los métodos de bielas y tirantes y los campos de tensiones, así como los principios de la 
revisión efectuada para el Eurocódigo 2. También se explica cómo puede utilizarse dicha norma para realizar análisis avanzados, con-
siderando de manera explícita la compatibilidad de deformaciones con el objetivo de obtener estimaciones precisas de la resistencia.

palabraS clave: Bielas y tirantes, campos de tensiones, análisis límite, cortante, regiones de discontinuidad, diseño de lajas. 
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es un artículo de acceso abierto distribuido bajo los términos de la licencia de uso Creative Commons (CC BY-NC-ND 4.0)

1.
introduction

Reinforced concrete as a structural material was introduced at 
the end of the 19th century through a number of patents [1-3]. 

Almost from the beginning, the engineers realised that tradition-
al design methods rooted in linear elastic theory could not ade-
quately be used to explore the full potential of the new compos-
ite material. A new approach was therefore needed and within 
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less than a decade, Ritter in 1899 [4] proposed in his pioneering 
work an engineering approach to characterize the load-carrying 
actions in cracked reinforced concrete beams. The approach in-
cluded an idealization of the flow of forces within the cracked 
concrete element by means of an internal truss system (with con-
crete struts carrying compression forces and ties representing the 
reinforcement carrying the tensile forces, see Figure 1a). This con-
cept provided a simple way to understand and to visualize how 
the element carries loads in the cracked state. 

The approach by Ritter was adopted by the community of 
designers and was given the name truss analogy with reference 
to the widely used steel trusses at that time. The method was 
further developed by Mörsch [5] and later generalised beyond 
beam design by, amongst others, Leonhardt and co-workers in 
Stuttgart, (see for instance [6]). The approach was observed to 
be particularly efficient for design of the so-called discontinu-
ity regions, where the Navier-Bernoulli assumption (i.e. plane 

sections remain plane) does not hold. Following this school, 
Schlaich and co-workers systematically developed criteria and 
guidance on how to arrange appropriate strut-and-tie systems 
(inspired by the stress trajectories in linear-elastic members 
and including non-prismatic struts). The work of Schlaich et 
al. [7-8] had a significant impact in practice and it became 
clear to the wider engineering community that the method in 
fact is grounded on the lower-bound theorem of limit analy-
sis and, as such, could be used in a safe manner for design of 
new structures. During the course of development and gener-
alization of the method, the term strut-and-tie was introduced 
(Figure 1c), representing the resultants of internal stresses and/
or forces (the definition “truss analogy” was deliberately aban-
doned since in many cases, strut-and-tie models become labile 
trusses which depend on the load configuration).  

While strut-and-tie modelling originated from the truss 
analogy and only in retrospective recognized as a lower bound 

Figure 1. Strut-and-tie and stress fields: (a) truss model (adapted from Ritter [4]); (b) stress field (adapted from Drucker [9]); (c) strut-and-tie 
model; (d) corresponding rigid-plastic stress field; (e) elastic-plastic stress field; and (f) Levels-of-Approximation approach.
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method, the concept of stress field modelling for structural 
concrete was from its infancy directly based on application 
the lower bound theorem of limit analysis and rigid-plas-
tic theory. The first stress field solutions, and corresponding 
failure mechanisms, were developed by D. Drucker in 1961 
[9] who considered beams without shear reinforcement, see 
Figure 1b. During the 1960’s - 1980’s the potential of stress 
field modelling was utilised extensively, mainly by Thürlimann 
and co-workers in Zürich and by Nielsen and co-workers in 
Copenhagen, to address multiple relevant situations in struc-
tural concrete (for an overview, see e.g. [10-13]). The method 
allowed  the engineers to take an active role in the design pro-
cess, by choosing the arrangement of the reinforcement and 
consequently defining the actual flow of the internal forces. 

The classical stress field approach has in recent years ex-
perienced a revitalization, where e.g. efficient numerical op-
timization algorithms have been utilised to solve large-scale 
problems [14-15]. The approach has furthermore been 
extended to allow implementation of elastic-plastic [13] 
as well as nonlinear constitutive laws [16-18], in order to 
explicitly account for (local) compatibility of deformations 
(see Figure 1e).

The different origin of classical strut-and-tie modelling 
and of stress field modelling means that engineers in the 
past (and perhaps still today due to code formulations) 
would arrive at different structural layout depending on 
which of the two concepts/schools they are most acquaint-
ed to. Designs based on strut-and-tie models tend to have 
a discrete nature with extensive use of concentrated rein-
forcement and with large zones of concrete assumed to be 
stress-free. On the other hand, designs based on stress fields 
tend to have a more continuous nature involving potentially 
smeared stress fields and mesh reinforcement. The different 
origin of the two methods is also reflected in the way they 
were implemented during the 1990’s into the current ver-
sion of Eurocode 2 (EN1992-1-1:2004 [19]). In this code, 
the provisions related to strut-and-tie modelling are very 
much inspired by the approach formulated by Schlaich et 
al. [8] and they have almost no connections/references to 
the plasticity-based methods also implemented in the code 
for shear design of members with shear reinforcement and 
for reinforcement design of membrane elements (see e.g. 
above-mentioned references). 

It is, however, important to note that a stress field can 
always be represented by means of the resultants of stress-
es (in compression and tension) which in turns leads to a 
strut-and-tie model (see Figure 1c-d). Both approaches can 
therefore be seen as complementary tools in the design pro-
cess [13,20], where the strut-and-tie models are particular-
ly suitable to determine the total amount of reinforcement 
required in a certain area, while the stress fields allow for a 
detailed check of the compression fields and nodal regions. 
The complementary nature of the two methods suits per-
fectly the so-called Levels-of-Approximation approach, by 
which successive refinements of the design can be obtained 
(Figure 1f, [20,21]).

The complementary nature of the two methods will 
become clearer in the next generation of Eurocode 2 
(EN1992-1-1:2004), whose current stable draft is the 
FprEN1992-1-1:2022 [22]. In this revised version of the 

code, the provisions concerning strut-and-tie design have 
been extensively updated and expanded into a new section 
named “Design with strut-and-tie models and stress fields”. 
The intention of this new section is to provide the con-
cepts of strut-and-tie models and stress fields in a consist-
ent manner within the plasticity-based framework for ULS 
design. In this paper, the reasons for improvement of the 
EN1992-1-1:2004 clauses as well as its implementation and 
background are presented and discussed. The paper high-
lights the benefits of the changes, shows a practical design 
example and discusses on the overall consistency with other 
parts of FprEN1992-1-1:2022.

2.
strut-and-tie and stress fields: design and 
assessment of concrete structures and 
reasons for change in fpren1992-1-1

Stress fields and strut-and-tie models are used both for design of 
new structures as well as for the assessment of existing ones. In 
the past, codes have been fundamentally oriented towards the 
design of new structures. However, it can be expected that new 
generations of codes will meet the demand to have rules and 
methods explicitly dealing with assessment of existing struc-
tures. For instance, FprEN1992-1-1:2022 has a dedicated An-
nex (Annex I) for the assessment of existing structures, allowing 
for the use of advanced methods to determine more accurate 
estimates of the load carrying capacity of members, which e.g. 
do not fulfil the detailing rules related to new design. 

In the frame of limit analysis, design and assessment can be 
performed following specific considerations taking advantage 
of the lower- and upper bound theorems of limit analysis [23]. 
For design, it is convenient to work with different lower bound 
models (Figure 2a) to decide on the manner to carry the loads 
within the structure. This gives enhanced freedom to tailor the 
geometry of the structure and to arrange the reinforcement in 
the most suitable manner. For assessment of existing structures, 
the context is different. Here, the geometry and reinforcement 
arrangement are given and the primary objective is typically to 
determine the maximum load that can be carried by the struc-
ture in order to decide whether the structure needs strength-
ening. To that aim, upper bounds of the load-carrying capac-
ity based on considerations of different collapse mechanisms 

Figure 2. Example of lower- and upper-bound solutions: (a) lower 
bound (stress field); and (b) upper-bound (mechanism).



(Figure 2b) are particularly useful in the initial phase, as they 
are easier to establish - especially when dealing with complex 
geometries and reinforcement arrangements. For more refined 
estimates of the resistance, supplementary stress fields may be 
established to determine the gap between the upper- and the 
lower bound estimates. This strategy allows approaching the 
exact solution according to limit analysis (when an upper- and 
a lower bound solution meet [23]). 

Exact solutions can be established in simple cases by fol-
lowing hand-made procedures [23]. However, numerical ap-
proaches can be needed in complex cases. Such approaches 
are already available in practice, e.g. efficient optimization pro-
cedures to establish the optimum rigid-plastic solution (see 
e.g. [14-15]) or finite element models based on elastic-plas-
tic material behaviour to determine the load-carrying capac-
ity and the displacement field at collapse (see e.g. [13,24]). 
The elastic-plastic approach has the advantage of providing 
equilibrium solutions that fulfil the yield conditions with 
proper consideration of the strength reduction factors (refer 
to next section) and at the same time ensuring compatibili-
ty of deformations. This eventually leads to a stress field with 
a corresponding licit failure mechanism and can therefore be 
interpreted as exact solutions within the frame of limit analy-
sis. Such numerical approaches are state-of-the-art and can be 
safely used for design [25,26], although they require consid-
eration of more advanced concepts than simple strut-and-tie 
provisions which can be found in EN1992-1-1:2004. 

The necessity for a code addressing the challenges and 
needs of the structural engineers for the next decades sug-
gested to evolve the provisions of EN1992-1-1:2004 in a 
series of topics:
· Keeping simplified procedures providing an enhanced 

freedom for design (lower-bounds), but allowing for ad-

vanced procedures (accounting for compatibility of defor-
mations and consistent with the lower bound methods) to 
be used in e.g. design optimization and assessment 

· Generalizing the strut-and-tie method and considering its 
combined use with stress fields to verify in a more trans-
parent manner the compression fields and nodal regions  

· Providing a more consistent integration of the provisions 
for design with strut-and-tie and stress field models with 
other sections of the code. This includes notably the sec-
tions on shear, bending and torsion design of linear mem-
bers with web reinforcement and the Annex on design of 
membrane, slabs and shell elements 

As it can be noted, such changes will enlarge the field of appli-
cation of the section (with a special significance of assessment). 
The changes also allow for a progressive refinement of the analy-
sis [21], starting with simple (hand-made) approaches covering 
most design situations and ending with refined (strain-based) 
approaches to obtain more accurate estimates, if required.  

3.
stress fields fundamentals

The provisions of the FprEN1992-1-1:2022 consider, accord-
ing to the stress field method, that the external actions are 
equilibrated by a set of compression fields and tension ties 
converging at nodal regions. The compression fields, ties and 
nodal regions can be of concentrated or smeared nature. For 
instance, in Figure 3a smeared compression fields and ties are 
considered, while in Figure 3c, they are concentrated elements. 
On that basis, the corresponding strut-and-tie models can be 
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Figure 3. Strut-and-tie and stress fields: (a) stress field considering distributed compression fields and ties; (b) corresponding strut-and-tie model; (c) 
stress field considering concentrated compression fields and ties; and (d) corresponding strut-and-tie model.



determined, by arranging struts and ties as connectors between 
nodes of the stress field model (see Figure 3b,d). It can be not-
ed that when a compression field in a panel transfers the forces 
between its edges (see Figure 3a), the resulting stress field can 
be designed following a stringer-panel approach [27,28]. In 
that case, the distributed compression fields result from mem-
brane conditions and the forces at the edges are equilibrated 
by stringers (concentrated struts and ties).

In order to safely apply approaches based on limit analy-
sis, the structure/member should have sufficient deformation 
capacity so that redistributions of stresses can occur. In struc-
tural concrete, such condition requires normally the member 
to be provided with a minimum amount of reinforcement 
(also covering other aspects as the crack localization at ser-
viceability limit state, robustness or to avoid performing other 
detailed checks) and that the reinforcement has large defor-
mation capacities (normally Ductility Class B or C according 
to FprEN1992-1-1:2022). These minimum requirements are 
normally sufficient to prevent crack localization (leading to 
smeared strains in the member) as well as brittle reinforcement 
rupture and thereby ensure safe application of the stress field 
method [20]. It shall be stated that more advanced models can 
be used to account for reinforcement with limited deformation 
capacity [20], but the FprEN1992-1-1:2022 does not explicit-
ly suggest methods for so doing. In the following, the methods 
proposed by FprEN1992-1-1:2022 to verify the resistance of 
the compression fields and nodal regions will be introduced.

3.1. Compression fields

The verification of compression fields is performed in a direct 
manner on the basis of the acting stresses and the resistance of 
the material accounting for its state of strains (as a direct con-
dition for the solution to be considered a lower-bound). This is 
formulated as follows:

scd ≤ ν fcd  (1)

where scd is the stress at the location to be verified, fcd is the 
design value of the compression strength of concrete and ν 
is the strength reduction factor to account for the detrimen-
tal influence of transverse strains (the so-called efficiency 
factor). It shall be noted that in the provisions of EN1992-
1-1:2004, the ν-factor accounts for strength reduction due 
to transverse strains as well as concrete brittleness. Howev-
er, in FprEN1992-1-1:2022, the two effects are separated 
into two factors, with ν solely reflecting the effect of trans-
verse strain (see below) while the effect of brittleness is 
incorporated into the formulation of fcd: 

where fck and gC are, respectively, the characteristic com-
pressive cylinder strength and the partial safety factor. The 
coefficient ηfc is a strength reduction factor, which takes into 
account the post-peak strain-softening behaviour of con-
crete, when subjected to uniaxial compression (Figure 4a). 
This coefficient is in FprEN1992-1-1:2022 given as:

The formulation of FprEN1992-1-1:2022 adopts the 
format originally proposed by Muttoni in 1991 [29] and 
later adopted by Model Code 2010 [30], however with a 
slightly different reference value (40 MPa instead of 30 
MPa). This change is introduced to account for a uniform 
reliability level for different concrete strengths [31] while 
keeping a constant value of gC.

  

Figure 4. Concrete response: (a) idealised and actual uniaxial 
response of concrete; and (b) compression softening effect for an 

element in longitudinal compression and transverse tension.

The influence of transverse cracking on the effective com-
pression strength of concrete is as mentioned above covered 
by the ν-factor (schematically shown in Figure 4b). It was 
Robinson and Demorieux in 1968 [32] who first documented 
this phenomenon in tests with membrane elements subjected 
to biaxial tension-compression. Several researchers have later 
on studied the phenomenon by means of panel shear tests 
(as those performed by Vecchio and Collins (1986 [33])), 
and on that basis suggested constitutive models for concrete 
which account for the influence of transverse cracking (a de-
tailed state-of-the-art on this topic can be consulted in [20]). 
It is common in these models, that the first principal tensile 
strain, e1, is adopted as a measure of the level of transverse 
cracking (thereby assuming the members being sufficiently 
reinforced to avoid crack localization). 

The general approach to account for the influence of 
strains on the concrete strength is described in the code 
(FprEN1992-1-1:2022) by means of the following expres-
sion: 

where e1, as mentioned above, refers to the principal tensile 
strain (only tensile strains considered, see Figure 4b). This ex-
pression is similar to others in the literature and has been de-
veloped to suitably fit the results of panels tested under shear 
and normal forces (refer to Background document to Annex 
G of FprEN1992-1-1:2022 [34]). It shall be noted that by 
separating the effect of transverse strains and that of concrete 
brittleness, it is possible to adopt the same expressions for υ 
and ηfc in all of the provisions in FprEN1992-1-1:2022 deal-
ing with strut and tie and stress field modelling. This is an ad-
vantage compared to EN1992-1-1:2004. It shall be noted that 
the evaluation of the v-factor (being dependent on e1) has to 
be performed in an indirect manner when rigid-plastic stress 
fields are used for design purposes. A direct evaluation of e1 
(and thereby of the v-factor) will require methods which are 
able to determine stress fields that satisfy the compatibility 
conditions [13], as elastic-plastic methods. 
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For most cases in practice, however, a direct calcula-
tion of e1 is unnecessary for design. In fact, it is normally 
sufficient to assume that the main reinforcement reaches 
yielding and, on this basis, use the compatibility condition 
to derive a value for the ν factor. For instance, for beams 
in bending (Figure 5a) or when a gradient of strains can be 
assumed through the borders of a panel, the compatibili-
ty condition will lead to the following expression (refer to 
Mohr’s circle in Figure 5b):

e1 = ex + (ex + 0.001) cot2 θcs  (5)

Figure 5. Verification of compression field in webs: (a) variable-angle 
truss model and direction of compression field; (b) Mohr’s circle of 
strains (at mid-height); and (c) comparison of refined expression for 

calculation of ν and simplified values.

Where the parameters on which the maximum tensile strain 
(e1) depends are known:
· concrete is assumed at crushing to have a strain equal to 

approximately -0.1% (for an elastic-plastic response), 
· θcs refers to the angle of the compression field with re-

spect to the x-axis, and 
· ex refers to the average strain between the top and bot-

tom chords (that, for beams in bending, can be estimat-
ed by neglecting the strain of the compressive chord as 

.
 

And thus, the general expression results in this case:

This expression, which is consistent to the one proposed for 
shear design of beams in FprEN1992-1-1:2022, allows for a 
detailed calculation of the efficiency factor under the pre-
vious assumptions (reinforcement yielding in a panel sub-
jected to a gradient of strains), which covers a large number 
of cases. It can be further simplified to constant values for 
convenience, as for instance (figure 5c):

· 20º ≤ θcs < 30º    ν = 0.40
· 30º ≤ θcs < 40º    ν = 0.55
· 40º ≤ θcs < 60º    ν = 0.70
· 60º ≤ θcs < 90º    ν = 0.85

For other cases, analogous expressions can be derived depend-
ing on the strain conditions of the element. It is also impor-
tant to note that angles between the strut and the tension ties 
lower than 20º are not allowed. This ensures that the values 
of the efficiency factors comply with those stated by the code. 
However, lower values could be derived if a refined analysis is 
performed accounting for compatibility of strains.

3.2. Ties

The ties, ensuring the transfer of tensile forces between the 
loads and/or nodal regions, can be designed or verified by re-
specting the condition of plasticity (where the acting forces 
Ftd shall be lower or equal to the resistance of the ties FRd):

Ftd ≤ FRd = As  fyd + Ap fpd (7)

Where As and fyd refer to the area and yield strength of the 
reinforcing steel and Ap and fpd to the area and yield strength 
of the prestressing steel (to be reduced accordingly if the pre-
stressing force is considered as an external action).

3.3. Nodal regions

With respect to the nodal regions, they refer to the zones 
where the forces are transferred amongst the converging struts 
and ties. Depending on their configuration (where “C” stands 
for compression and “T” for tension), they can be classified as:
· CCC nodes: where only compression fields converge to 

the nodal region
· CCT nodes: in presence of one tie
· CTT nodes: in presence of two ties and one strut
· TTT nodes: with only converging ties

CCC nodes are the most favourable case. They can consist 
of three or more converging struts, see Figure 6. Such nodal 
regions are not typically governing for design. Provided that 
all struts carry the same level of stress, the nodal region can 
be in a hydrostatic in-plane state of stresses, directly fulfilling 
the resistance condition (ν=1). In case, where the stresses of 
the converging struts are not identical, a local spreading of the 
struts can be assumed (ensured by the minimum reinforce-
ment of the member) or non-hydrostatic nodal regions can be 
considered. Also, connecting CCC triangular nodal regions by 
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uniaxial compression fields is a suitable strategy in many cases 
of complex nodal geometry [35].

 

Figure 6. CCC node with four converging struts: (a) detail of the 
nodal region; and (b) analysis as two CCC nodes of three converging 

struts.

With respect to CCT nodes and CTT nodes, they can be of 
smeared or concentrated nature. For concentrated nodes, an-
chorage of the reinforcement can be provided outside of the 
nodal region, ensuring in-plane hydrostatic conditions (ν=1 
inside the nodal region, see Figure 7a). In this case, the nodal 
regions are thus governed by the resistance of the converging 
struts (depending on their angle with the ties). For smeared 
configurations, the arrangement of the region shall satisfy the 
anchorage length of the bars, which is usually governing and 
enhanced by the presence of transverse pressure (see Figure 7c 
with reduced anchorage length). Intermediate cases of partial 

anchorage inside of a nodal region are also accepted (Figure 
7b) in FprEN1992-1-1:2022, where the ν factor for the node 
is adopted in a simplified manner as a linear interpolation be-
tween the extreme cases (full anchorage outside of the nodal 
region and full anchorage within the nodal region).

Finally, concerning TTT nodes, its use is discouraged as the 
evaluation of the ν factor is subjected to uncertainties. In case 
a TTT node is identified, it is advised to modify the layout of 
the strut-and-tie or stress field model to avoid it (or to pre-
stress one direction).

4.
refined analyses

As previously explained, the approach of stress fields, and par-
ticularly its integration within FprEN1992-1-1:2022 allows for 
an easy implementation by means of numerical analyses. This 
is explicitly acknowledged in Annex I of FprEN1992-1-1:2022 
and can for instance be done following the Elastic-Plastic Stress 
Field (EPSF) method. Within this approach, the yield condi-
tions of the materials are introduced following an elastic phase 
[13]. The solution can be obtained in an automated manner 
based on a classic stiffness-based approach (implemented for 
instance by means of the Finite Element Method), where a dis-
placement field is calculated fulfilling equilibrium, compatibil-
ity of deformations and material constitutive laws (considering 
the plastic response of concrete).

For the reinforcement, simple link elements can be con-
sidered with an elastic-plastic response (with or without 
strain-hardening), see Figure 8a. This ensures compatibility 
of deformations as well as respecting the yield conditions 
of the material. For concrete in uniaxial as well as biaxi-
al compression, an elastic-plastic law can also be adopted. 
Furthermore, by neglecting the tensile strength of concrete, 
it is possible to work with a simple quadratic yield surface 
for plane stress conditions (Figure 8d), corresponding to a 
Mohr-Coulomb yield condition with a zero-tension cut-off. 
For plane stress conditions, usual and safe assumption for 
application of the stress field method, the concrete is sub-
jected to a biaxial state of stresses. Thus, the yield criteri-
on of concrete considers a Mohr-Coulomb yield condition 
with a tension cut-off (Figure 8d). The plastic strength is 
reduced consistently with the efficiency factor ν (depend-
ing on the local state of strains). The stress state is deter-
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Figure 7. CCT node: (a) concentrated; (b) partly anchored within the nodal region; and (c) fully anchored within the nodal region.



mined considering that the principal directions of the stress 
tensor and of the strain tensor are coincident, consistently 
with Nadai [36], Hencky [37] and the tension field mod-
el of Wagner [38]. As discussed by Prager [39] and in fib 
[20], for advanced states of deformation (development of a 
kinematically compatible mechanism), the deformation of 
the materials in the plastic regions are very large, ensuring 
convergence to a plastic solution where the stress tensor 
is considered parallel to the tensor of increment of plastic 
strains (considering same values for the efficiency factors).

The advantage of this approach is that the compatibility 
of deformations is respected locally, and thus refined estimates 
of the strain state and the corresponding ν factor can be de-
termined. Also, failure occurs when a kinematically-admissi-
ble mechanism develops, ensuring the conditions for an exact 
solution according to limit analysis (for comparable values of 
efficiency factors).

The EPSF allows thus for refined estimates of the 
strength. It considers that the element and materials have 
sufficient deformation capacity to develop their yield pla-
teau, allowing for potentially large stress redistributions 
(bounded by the resistance of the materials and namely by 
the weakening of concrete due to transverse cracking). As 
discussed above, in order to ensure sufficient deformation 
capacity of the materials, a minimum amount of reinforce-
ment shall be provided in both directions, avoiding strain 
localization (associated to brittle failures). This minimum 
reinforcement shall at least comply with the amount re-
quired for elements in shear, and can locally need to respect 
other conditions depending on the response of the member 
(such as minimum reinforcement for bending or tension). In 
addition, the reinforcement shall have sufficient deforma-
tion capacity (typically class B or C according to EN1992-1-
1:2004). Otherwise, performing a control of its deformation 

capacity accounting for the effect of bond on the rupture 
strain of the reinforcement is required [17,18].

5.
example of application

As an example of application, Figure 9a shows the support 
of a girder built for a project in Lausanne (Switzerland). It 
refers to a courtyard of a school under refurbishment, where 
reinforced concrete girders with a slenderness of approximate-
ly 13.6 (= 12.1/0.89) and 400 mm of width were arranged. 
The critical detail locates at the left support shown in Figure 
9b, where questions arise on how shall such reinforcement be 
detailed. A rough analysis based on equilibrium considerations 
(thrust-line analysis), see Figure 9c, shows that, as expected, 
compression forces develop on the top face, while tension 
forces develop on the bottom face. However, the thrust line 
of the compression develops outside of the concrete element, 
and the thrust line of the tension will require to be deviated to 
remain within the member. 

On that basis, a preliminary strut-and-tie model can be 
established, see Figure 9d. The model allows locating the 
main strut and ties and ensuring equilibrium. With this 
model, the benefits of arranging an inclined reinforcement 
can be easily acknowledged. Also, it can be noted that the 
region at the right of the bent of the flexural bar behaves 
in a similar manner as the end-region of a beam, with a 
conventional strut-and-tie arrangement. The analysis of the 
nodal regions shows a CCC node (node B in Figure 9d), a 
CCT node (node A in Figure 9d) and a CTT node (node 
C in Figure 9d). It can be noted that for the nodes CCT 
and CTT, the angle between the strut and the ties does not 
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Figure 8. Finite Element Method implementation of Elastic-Plastic Stress Fields: (a) model; (b) constitutive law for steel; (c) strain and stress prin-
cipal directions; and (d) yield criterion for concrete.



respect (at nodes A and C) the minimum angle θcs = 20º 
recommended by the FprEN1992-1-1:2022. 

Grounded on these observations, some refinements can 
be introduced in the strut-and-tie model, Figure 9e, by pro-
viding spreading of the struts. Such spreading allows fulfill-
ing the requirements in terms of minimum angles between 
struts and ties, and needs the arrangement of additional 
reinforcement in the form of horizontal and vertical bars 
(stirrups or pins, see Figure 9f). With respect to the region 
at the right of the bent of the bar, the fan region (with a 
steeper angle of the resulting strut) and the constant-angle 
compression field region (with a flatter angle of the result-
ing strut) can be designed following the standard procedure 
for shear in members with transverse reinforcement.

Finally, detailed checks can be performed on the basis of 
stress fields at the critical regions (nodal regions A and B), 
ensuring that sufficient space is available for development 
of the struts and nodal regions. To that aim, a constant and 
safe value of the efficiency factor is adopted (ν = 0.55 ac-

counting for the angles of the struts and ties), allowing to 
analyse all nodes under plane-stress hydrostatic conditions, 
see Figure 9f. The results show that this aspect is not criti-
cal. Also, detailing of the reinforcement can be consistently 
established, in terms of type of reinforcement and anchor-
age lengths.

For a final optimisation, or in case the performance of 
the detailed needed to be assessed, a refined EPSF analysis 
could also be performed. The results are shown in Figure 
10 for two cases. The first considers only inclined reinforce-
ment and stirrups at the right of the bend (Figures 10a-
d), corresponding to the reinforcement layout of Figure 9d. 
The latter considers also an additional horizontal and verti-
cal reinforcement in the discontinuity region (Figures 10e-
h), corresponding to the reinforcement layout of Figure 9f. 
In all cases, the load was applied by means of a stiff plate, 
distributing it into the concrete surface.

When only inclined reinforcement is provided in the dis-
continuity region (Figures 10a-d), a similar response to that 
of Figure 9d results, with an inclined compression field devel-
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Figure 9. Example of application: (a) element investigated; (b) critical detail; (c) analysis based on thrust line; (d) strut-and-tie model (with lines 
for analysis with graphic statics shown in light grey); (e) refined strut-and-tie model; (f) stress field verifications and reinforcement layout; and (g) 

enhanced detailing.



oping between the bent of the reinforcement and the convex 
corner of the compression face (point B in Figure 9d). As it 
can be noted, the value of factor ν becomes very low in the 
region where the compression field is rather parallel to the tie 
(refer to dark-shaded area in Figure 10c). The member thus 
fails with a severely reduced concrete strength before yielding 
of any reinforcement (failure attained at RRd = 110 kN, lower 
than the applied action Rd = 290 kN).

A suitable response is on the contrary confirmed when 
the reinforcement is arranged according to the strut-and-
tie model of Figure 9e. The value of factor ν is consistent 
with the one proposed by the codes (refer to Figure 10g) 
and failure occurs by yielding of the flexural reinforcement. 
It can be noted that the yielded zone of the inclined re-
inforcement (indicated in brown in Figure 10e) develops 
at the same location as the critical zone according to the 
refined strut-and-tie model (Figure 9e). In this case, with 
the reinforcement designed according to the lower-bound 
solution of Figure 9f, it results a member resistance equal to 
RRd = 351 kN. The over-strength with respect to the design 
load is mainly justified by the activation of the horizontal 
stirrups as flexural reinforcement in the critical region and 
by rounding of the required diameters of the flexural bars. 
It can also be noted the important role of the horizontal 
reinforcement near to the loading plate, which deviates the 
load introduction (local yielding in Figure 10e). Such rein-
forcement can, in fact, be increased to avoid local cracking 
issues, as shown in Figure 9g. Finally, it shall be considered 
that verification of the cracking state or other serviceability 
limit states might be governing, which can be performed 
according to specific models (fib 2021).

8.
conclusions

The current draft for the revision of Eurocode 2 
(FprEN1992-1-1:2022) maintains the strut-and-tie method 
as a basic tool for the design of discontinuity regions of con-
crete structures. Its scope has been enlarged by introducing 
the stress field method for verification of the compression 
fields and nodal regions and the full consistency of the two 
approaches is highlighted in the new standard. As a result, the 
designer has a consistent tool to design both discontinuity re-
gions (where the assumption that plane sections remain plane 
does not hold) and beam regions (where deformed sections 
can be assumed to remain plane). Also, the same method can 
be consistently applied for the design of membrane elements. 
The provisioned rules are in addition simple to apply and have 
clear physical meaning, enhancing the ease-of-use of the code 
and the understanding of the code by engineers.

The draft for the new Eurocode 2 also encourages the 
use of refined analyses based on the stress field method. Such 
analyses consider the compatibility of deformations and allow 
more accurate estimates of the strength reduction factor ac-
counting for the state of concrete cracking. These analyses are 
particularly useful for the assessment of existing structures, 
where the different load-carrying actions can be considered in 
an explicit manner.

It is the belief of the authors that the changes intro-
duced in the code will address in a more comprehensive 
manner the challenges of structural engineers in the years to 
come, providing them with a sound tool for understanding, 
designing and assessing structural concrete.
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Notation
Ap : cross section area of prestressing
As : cross section area of reinforcement
Cd :  design value of compression force
Es : modulus of elasticity of reinforcement
FRd : design value of resistance in tension 
Ftd : design value of tension force
Rd :  design value of reaction
Td : design value of tension force
fcd : design value of uniaxial compressive resistance of con-

crete
fck : characteristic value of uniaxial compressive resistance of 

concrete
fcp : plastic strength of concrete in compression
fpd : design value of the yield strength of the prestressing
fy : yield strength of reinforcement
fyd : design value of the yield strength of reinforcement
lbd : design value of anchorage length
lbd,red : design value of anchorage length (reduce by transverse 

pressure)
e1 : principal tensile strain
e2 : principal compressive strain
ec : strain in compression chord
ecr : crushing strain of concrete
et : strain in tension chord
ex : strain in the x direction
g : shear strain
gC : partial safety factor of concrete
ηfc : brittleness factor of concrete
ν  : compression softening efficiency factor for concrete 

cracking
scd : design value of the stress in the concrete
sc1 : principal tensile stress of concrete
sc2 : principal compressive stress of concrete
θcs : inclination of compression field
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a b s t r ac t

In this paper the main changes introduced into FprEN 1992-1-1:20231 [1] with respect to the current version of EC2 (EN 1992-1-
1:2004) [2] with regard to cracking and deflection calculations are introduced and justified. The changes introduced into the cracking 
formulation account for the variation of stresses in the tensioned zones for bending, the effect of the casting position and the influence 
of curvature on the increase of surface crack widths. The introduction of these effects, together with a reformulation of the effective 
area allow for a reduction of scatter in the model when compared to experimental data. For deflections, a simplified method is intro-
duced which is fully consistent with the general method and allows practical application by providing correction factors to be applied 
to linear elastic calculations. From this method a formulation for the slenderness limits is deduced. This formulation is the basis for the 
table-based method to avoid deflection calculations. Finally, coefficients are derived to translate the slenderness limits of beams to the 
slenderness limits of slabs supported on isolated columns and slabs supported on walls

keywordS: cracking, flexure, tension, deflections, EN 1992-1-1, MC 2010, bond conditions, slabs.
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r e s u m e n

En este trabajo se introducen y justifican los principales cambios introducidos en la norma FprEN 1992-1-1:20232 [1] con respecto 
a la versión actual del EC2 (EN 1992-1-1:2004) [2] en relación con los cálculos de fisuración y flechas. Los cambios introducidos en 
la formulación de la abertura de fisura tienen en cuenta la variación de las tensiones en la zona traccionada en flexión, el efecto de la 
posición de hormigonado y la influencia de la curvatura en el aumento de la abertura de fisura entre el nivel de la armadura y la fibra 
más traccionada. La introducción de estos efectos, junto con una reformulación del área efectiva, permiten reducir la dispersión del 
modelo respecto de los datos experimentales. Para las flechas, se introduce un método simplificado que es totalmente coherente con el 
método general y permite la aplicación práctica al proporcionar factores de corrección que se aplican a los cálculos elástico-lineales. De 
este método se deduce una formulación para los límites de esbeltez. Esta formulación es la base del método basado en tablas para evitar 
los cálculos de flechas. Por último, se obtienen coeficientes para extrapolar los límites de esbeltez de las vigas a los límites de esbeltez de 
losas apoyadas en pilares aislados y de losas apoyadas en muros.

palabraS clave: fisuración, flexión, tracción, flechas, EN 1992-1-1, MC 2010, posición de hormigonado, losas. 
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1.
introduction

The work on the revision of Eurocode 2 started in 2012. The 
technical content of the revised document was approved by 
CEN-TC-250/SC2 in June 2022. The revision has therefore 
taken about 10 years. It is expected that the current draft will 
be ready for a formal vote in April 2023, but it will still not be 
fully operational until 2027 since the countries need to draft 
the National Annexes and there will be a transition period. This 
standard, when approved, will replace the standard approved in 
2004. It can therefore be stated that between revisions of the 
European standards a period of 25 to 30 years can easily go by. 

Some of the goals of the revision were to update the code 
incorporating the latest state-of the art, improve ease-of-use 
and reduce the number of nationally determined parameters.

In the revision of Section 7 Serviceability Limit States of 
EN 1992-1-1:2004 [2] (Section number updated to Section 
9), significant changes have been made to the cracking model 
that allow a reduction in scatter by introducing important 
effects which have been neglected up to now and can be 
credited with significant discrepancies between calculated and 
observed crack width values. These effects have to do with the 
distribution of stresses (tension or flexure), with the effect 
of casting position, and with the effects of curvature. These 
effects will be explained in detail and be illustrated using 
experimental evidence below. Also, since this is still a matter of 
controversy in some countries, the importance of accounting 
for the effect of cover will also be dealt with.

Additionally, content from EN 1992-3:2006 [3] has been 
incorporated into EN 1992-1-1, particularly considerations 
regarding the boundary conditions of elements subjected to 
imposed strains (whether a wall or a slab is restrained at the 
ends or at the edges.) This should help designers to better 
understand cracking and how when the restraint is on the edges, 
the differential strain between steel and concrete is mainly 
determined by the imposed strain whereas when the element is 
restrained at the ends, it depends on the cracking load.

Regarding deflections, the general method (z-method) has 
been kept as it was, since it provides relatively good approximations 
to tests [4] and relies on a robust model. However, in order to 
improve ease of use, a simplified formulation has been introduced 
which is consistent with the general method but is much easier 
to apply by practitioners. This method allows performing a 
linear elastic calculation to obtain the deflection and correct this 
calculation to account for cracking and tension stiffening effects. 
This method also forms the basis for the definition of slenderness 
limits (span-to-depth ratios).

2.
Justification of the model for the 
determination of cracK widths

2.1. Main changes in the model

The main changes introduced in the model (see Eq. (1))  are 
a factor to account for distribution of stresses (kfl) and a fac-
tor to account for casting position (kb), both of which  affect 

the bond term of the crack spacing equation, the introduc-
tion into the crack formulation of the curvature factor (k1/r) 
and the formulation of the model in terms of mean values, 
with an explicit coefficient (kw) to go from mean crack width 
values to characteristic values. The reason for this last change 
is that calibrations can only be meaningfully performed con-
sidering the mean values measured in the tests. 

Note that the predicted crack width is the crack at the 
surface of concrete. In the authors’ opinion it is important that 
the formulation describes a magnitude that can be measured 
so that the formulation may be tested against experimental 
evidence, which is the basis of the scientific method.

fctm

ρeff

sr,m,cal = 1.5c+         kfl kb  

εsm – εcm =                                     ≥ 0.6  (1)

wk,cal = kw k1/r sm (εrm,cal – εcm)     1.7 k1/r srm,cal (εsm – εcm)

1

7.2

ϕ

σs

σs – kt (1+α ρeff )

ρs,eff

EcEc

In the following the need for these change will be discussed 
in detail.

2.2. The importance of accounting for cover

There is overwhelming evidence that cover is a significant fac-
tor to explain the crack spacing ( [5] [6] [7] [8]) and should 
be explicitly accounted for. This is done by adding a cover 
term to the bond term when determining the crack spacing. 
Deniers of this fact have argued that this effect is already 
accounted for in the definition of the effective area, which, in 
fact, depends on the cover. However, the tests carried out at 
the Universidad Politécnica de Madrid in 20091 ([7]), clearly 
demonstrated that this was not enough by testing three pairs 
of otherwise identical elements (specimens 25-20-XX and 
25-70-XX where XX stands for the stirrup spacing in cm 
going from 00 (no stirrups) to 10 cm and 30 cm) having very 
different covers (32 and 82 mm) but the nearly same effec-
tive area as per the definition included in EN 1992-1-1:2004. 
The specimens with the higher cover had a maximum crack 
width opening which was twice as large as that of the spec-
imens with the smaller cover. It was quite notable that for a 
service stress in reinforcement of only 250 MPa (determined 
on the basis of a cracked section) the maximum measured 
crack width was around 0.6 mm, much higher than the val-
ues normally deemed admissible (see Figure 1).

There has been an attempt ([9]) to explain this difference 
by claiming that in Specimens 25-70 the stabilised cracking 
was not reached whether as in specimen 25-20 it was and 
therefore different values of the bond strength could explain 
this behaviour. Unfortunately, this hypothesis is not supported 
by the experimental data which shows that for both tests 

1  All specimens were RC sections subjected to a constant bend-
ing zone, having a width of 350 mm, a height of 450 mm, all 
reinforces with 4 bars in tension. The naming of the specimens is 
AA-BB-CC, where AA is the bar diameter in tension in mm, BB 
is the cover to the stirrups in mm (12 mm stirrups) and CC is the 
stirrup spacing in cm in the constant moment zone area. CC=00 
means there are no stirrups.
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stabilized cracking is reached at a stress in the reinforcement 
of about 200 MPa, as shown in Figure 2.

Given this information, the authors of this paper consider 
the need for an additive cover term to be a settled matter. The 
physical explanation for this term is that internal cracks (Goto 
cracks) form at each rib. A larger proportion of these cracks 
tend to close before reaching the surface for elements with 
larger covers. This effect is not modelled by bond theory and 
thereby requires the corresponding correction in the form of 
an additive cover term.

2.3. Effect of casting position

It is a well-established fact (e.g., see [2], [10], and [11]) that 
casting position affects the required anchorage length of re-
inforcing bars. In ULS, the anchorage length has traditionally 

been increased by a factor of 1.4 for bars in horizontal ele-
ments which are close to the top surface. This modification has 
to do with the appearance of voids under the top bars due to 
plastic settlement and bleeding, which reduces the bond pe-
rimeter of the bar. Even though cracking has to do with bond 
(and a bond factor has been present in codes – for instance fac-
tor k1 in EN 1992-1-1:2004  which accounts for the different 
bond properties of ribbed and smooth bars) casting position 
has – to the knowledge of the authors – never been considered 
in models dealing with crack spacing [12].

However, tests carried out at the Universidad Politécnica de 
Madrid (UPM), show strong evidence that casting position has a 
substantial effect on crack spacing. The flexural specimens 12-70-
00 and 12-70-F tested in 2009 [7] and 2017 [13], respectively, 
with identical geometry (though slightly different concrete mix 
proportions), showed substantial differences in crack spacing 
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Figure 1. Maximum crack width measured in identical specimens with different covers and nearly the same effective area [7]. The maximum crack 
within the specimens with larger cover doubles the maximum crack width in the specimens with the smaller cover. The crack width, wmax

lat is mea-
sured at the side of the beam at the level of the tension reinforcement.

 Figure 2. Number of cracks as a function of the steel stress for specimens 25-20-00 and 25-70-00. The crack pattern is stabilized for a stress in 
steel of about 200 MPa.



(see Figure 3). Besides the concrete mix (which is known not to 
have an important effect on cracking), the only difference was 
the casting position of the tension reinforcement. In the beam 
tested in 2009, the tensile reinforcement was cast in ‘poor’ casting 
position (top), while in the test carried out in 2017, it was cast 
in ‘good’ casting position (bottom). The beam tested in 2009 
showed a mean crack spacing of 258 mm, while the element 
tested in 2017 showed a mean crack spacing of only 161 mm.

The effect of casting position has been confirmed by 
analysis of the cracking pattern of ties, where the face cast 
in good casting position has a definite tendency to develop a 
cracking pattern with more closely spaced cracks. Figure 42 
also illustrates this fact using results of specimen 16-20-T 
tested in 2017.

Given this evidence a more systematic study was 
undertaken at the Universidad Politécnica de Madrid [14]. In 
this study companion flexural tests were performed in good 
casting conditions for flexural specimens previously tested 
in poor casting conditions. Additionally for one of the tests, 
25-20-B, the earlier with poor bond conditions was repeated. 
The results of this study, which includes tests carried out in 
2009, 2017, 2018 and 2020, are summarized in Table 1. In all 
cases, the face concreted in poor conditions showed a larger 

2  The beam was rotated when tested so that the two faces shown 
were subjected to identical forces from self-weight.

crack spacing when compared to the face of the corresponding 
specimen concreted in good bond conditions. Additionally, the 
table shows that workmanship has a significant influence on 
this effect. For specimen 25-20-B, the increase in elements 
concreted in the laboratory is only 11.3%, while the effect is 
51.1% when comparing with an element cast on site with poor 
bond conditions.

While the effect of bond conditions on cracking is clear 
from these results, it has not been studied before. Because of 
this the evidence is still scant and does not allow the formu-
lation of an experimentally validated model, even though the 
results clearly show an effect of the workmanship, as noted 
above, and possibly an effect of the bar diameter and the cov-
er. Because of the lack of data, the new formulation proposes 
fixed-value coefficients which are meant to be a recognition 
that this effect exists and that need to be improved in the 
future as further data becomes available. The effect is there-
fore accounted for by a coefficient kb, which affects the bond 
term of the crack spacing equation and adopts a value of 0.9 
for good bond conditions and 1.2 for poor bond conditions.

2.4. Effect of the distribution of stresses

A new coefficient is suggested to model the effect of uneven 
distribution of stresses when dealing with elements subjected 
to bending. 
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Figure 3. Cracking patterns of beams cast in ‘good’ casting position (top) and ‘poor’ casting position (bottom).

Figure 4. Cracking pattern of a tie showing different crack spacing on different faces.



To account for this effect, in EN 1992-1-1:2004 [2], the 
model for crack spacing includes coefficient k2 defined as 
follows (Eq. (2)): 

(ε1 + ε2)
2ε1

k2 =  (2)

where e1 and e2 are the greater and lesser tensile strains in the 
section (e2= 0 if part of the section is compressed.) With this 
definition k2=1.0 in tension and 0.5 in flexure.

The rationale behind the above factor is that, in bending, 
the transfer length will be shorter because the tension force 
per meter of width (coloured area in Figure 5) that has to 
be transferred by bond to the effective concrete area from 
an existing crack to produce a new crack will be half that in 
pure tension because the strain of the least tensioned fibre 
is zero, and therefore the transfer length would also be half. 
The current Eurocode 2 (EN 1992-1-1:2004) formulation, 
however, instead of providing small crack spacings in flexure, 
is calibrated in such a way that the model results in notoriously 
exaggerated crack spacings for tension elements (see [15] 
Figure 1).

The above reasoning, as shown in Figure 5, is not sound 
because what matters is not the stress gradient within the 
full tensile zone itself but rather the tensile gradient within 

the effective area around the bar. In a bending element of 
significant height, the effective area can represent only a small 
part of the cross-section in tension and the approximation of 
a tie, as done in MC 2010 [16] can be reasonable. However, 
in small elements, the model of EC2 would be better. Figure 6 
demonstrates that, for tension, the mean stress, σmean, in the 
effective area will be fctm when the next crack occurs. However, 
in the case of flexure with the simplifying assumption of a 
linear distribution, the mean stress can be determined as 
shown in Eq. (3):

fct,eff

h–xg

1

2

1

2

1

2
σmean =      ( fct,eff  + σc,min,ef ) =       fct,eff +        (h–xg – hc,eff)  = 

= fct,eff           1+ (3)
(h–xg – hc,eff)

h–xg

kfl

where xg is the depth of the neutral axis in the uncracked 
section and kfl is the coefficient accounting for the distribution 
of stresses. This expression results in a value for kfl of 1.0 for 
pure tension (xg=∞) and of 0.5 in pure flexure if hc,ef is equal 
to (h-xg).

For a rectangular cross section and pure bending, the 
expression for kfl of Eq. (3) simplifies to Eq. (4):
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TABLE 1.
Effect of casting position as measured in tests carried out at UPM (taken from [4]).

SPECIMEN
   Mean Crack Spacing according to Bond Condition (mm)

 Good Poor Lab. Increase Poor On-site Increase

12-20-B-X 115 -   - 173 50.4%

16-20-T-X 147 170.5 16.0%  - - 

16-20-B-X 105 109.8 4.6% -   -

25-20-T-X 115 171 48.7% -  - 

25-20-B-X 86.7 96.5 11.3% 131 51.1%

12-70-B-X 162 -  -  236 45.7%

16-70-T-X 220 232 5.5% -  - 

16-70-B-X 183 188 2.7% -  - 

25-70-T-X 184 230 25.0% -  - 

25-70-B-X 148.3 -  -  227 53.1%

 
Average -   - 16.2% - 50.1%

Figure 5. Effect of distribution of stresses prior to cracking on transfer length according to EN 1992-1-1:2004.



kfl =      1+                        =      1+                  =      2–             =

= (4)

1

2

h
2

h
2

1

2

1

2

(h–xg – hc,eff)

h–hc,eff

2hc,eff

h–xg

h

h

– hc,eff

This approach is, of course simplified, since it assumes that 
the distribution of stresses within the effective area is linear 
and follows Navier’s law. This, of course, is not strictly true. 
Nonetheless, recent FEM calculations [9] show that the 
assumption of a constant stress within the effective area is not 
correct and that the actual distribution of stresses becomes 
more similar to a triangular distribution as the height of the 
section is reduced, while it becomes more concentrated as the 
height increases (see Figure 7). The proposed simplified model 
is consistent with these findings.

The need to distinguish between elements subjected to 
flexure and tension has been shown very clearly in [14] from 
which Table 2 is adapted. The table shows results from several 
tests, all involving a b x h = 350 x 450 mm rectangular section 
coded with the bar diameter in tension (4 bars), followed by 
the cover to the stirrups (for the cover to the longitudinal bars, 
add 12 mm), type of test (B=bending, T=tension) and the 
casting position (G=good, PL=Poor in Laboratory conditions).  

In Model Code 2010 [16], this effect is accounted for, in 
an obscure way, by limiting the height of the effective area 
around a bar in bending to (h-x)/3, whereas there is no such 
limit in tension. As far as the authors are aware there is no 
published justification for this factor which seems to be 
originating from curve fitting to test data. Besides the lack 
of clarity regarding where this factor comes from, it provides 
very strange differences for the effective area depending on the 
type of force applied. Figure 8 shows the effective area for one 
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Figure 6. Consideration of the effective tensile area around a bar in flexural elements.

Figure 7. FEM estimate of stresses between cracks [9]. For smaller heights, the stress distribution tends to be triangular whereas for larger elements 
the is a stronger stress concentration. This behaviour is consistent with the simplified proposal for kfl.



of the tests reinforced with 4 25 mm bars and having a cover of 
82 mm. The ratio between effective heights is larger than 2.00. 
This is because the (h-x)/3 limits the height of the effective area 
for the element subjected to bending. The difference is hard to 
justify from physical considerations or from what the effective 
area stands for (i.e. the area of concrete that is effectively 
tensioned by a bar (or group of bars), or the equivalent area 
of concrete that has to reach the tensile resistance of concrete 
for form a new crack adjacent to an existing one, assuming that 
Navier’s hypothesis is valid). 

Figure 8. Effective area for specimens with 25 mm diameter and 82 
mm cover in bending and tension [7].

Table 2 shows that this factor has no influence for small covers, 
whereas experimental results report a spacing that is 40% 
higher in tension than in bending. On the other hand, for large 
covers, the effect seems to be too large (50% compared to 20 
to 33% in experimental results). 

In the same table the same results provided by EN 1992-
1-1:2004 are given. This model is accounting for the effect 
of the distribution of stresses twice, once through the limit 
to the effective area height (h-x)/3 and again through factor 
k2. This results in a significant overestimation of the effect of 
distribution of stresses with the (T-B)/B coefficients ranging 
from 58% to 72%, much higher than the experimental values.

It is clear that current formulations do not properly account 

for this effect. Looking at the performance of the proposed 
method, at first glance, it would seem that while it performs 
better than the model of EN 1992-1-1:2004 and MC 2010, 
it still provides rather poor performance. However, it must 
be considered that this comparison is measuring not only the 
error in kfl, but also in kb, the effective area and the calibration 
coefficients of the cover and bond terms. The comparison can 
be improved by considering the experimental values of kb 
for comparisons referring to the face concreted in poor bond 
conditions. These values can be obtained from Table 3, below. 

The experimental value of kfl can then be obtained for the 
coarse value of kb, assuming that this value is the same for the 
tension and flexural tests as follows (kϕ/ρ is a calibration factor 
for the slip term):

sr,m,cal,B – kc c = kϕ/ρ kfl  kb  

sr,m,cal,T – kc c = kϕ/ρ 1.00 kb  
 kfl  = (5)

ϕ

ϕ

ρs,eff

ρs,eff

sr,m,cal,B  –  kc c
sr,m,cal,T   –kc c

where:
sr,m,cal,B is the calculated mean crack spacing in bending
sr,m,cal,T is the calculated mean crack spacing in tension

The fact is, however, that the experimental kb factor for the 
specific tie of the specific flexural element is not the same, so, 
in order to eliminate this noise from tests performed in poor 
bond conditions, the kfl can, instead, be obtained accounting 
for this difference:

sr,m,cal,T – kc c = kϕ/ρ 1.00 kb,exp,T  

sr,m,cal,T – kc c = kϕ/ρ 1.00 kb,exp,B  

 kfl  = (6)
ϕ

ϕ

ρs,eff

ρs,eff (sr,m,cal,B  –  kc c) kb,exp,T

(sr,m,cal,T   –kc c) kb,exp,B

Table 3 shows how the “experimental” value of kfl compares 
with the theoretical value when the noise due to errors in 
kb is compensated for in the tests having bars in poor bond 
position. In the table the ratio of the theoretical value over the 
experimental value of kfl (th/exp) is given for the case where 
the value of kb is taken as either 0.9 or 1.2 (“coarse” value if kb), 
as well as for the case when a measured value for kb is available 
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TABLE 2. 
Experimental results comparing stabilized crack spacing in bending and tension tests and predictions by the new version of EN 1992-1-1, the Model Code 2010 and the current 
version of EN 1992-1-1 (adapted from [14]).

 FprEN 1992-1-1:2022 MC 2010 EN 1992-1-1:2004

 Measured mean crack spacing (mm) Predicted mean crack spacing (mm)

 B T Inc. B T Inc.  B T Inc. B T Inc.
   (T-B)/B   (T-B)/B   (T-B)/B   (T-B)/B

12-20-B/T-G 115 162 0.41 137 162 0.18 182 182 0.00 152 240 0.58

16-20-B/T-G 105 147 0.40 125 152 0.22 151 151 0.00 134 203 0.52

16-70-B/T-G 183 220 0.20 213 262 0.23 233 352 0.51 248 477 0.93

16-20-B/T-PL 109.8 170.5 0.55 150 187 0.25 151 151 0.00 134 203 0.52

16-70-B/T-PL 188 232 0.23 243 309 0.27 233 352 0.51 248 477 0.93

25-20-B/T-G 86.7 115 0.33 105 135 0.29 113 119 0.05 110 163 0.48

25-70-B/T-G 148.3 184 0.24 186 245 0.32 175 260 0.49 212 365 0.72

25-20-B/T-PL 96.5 171 0.77 124 164 0.32 113 119 0.05 110 163 0.48

Average 129 175 0.39 160 202 0.26 169 211 0.20 168 287 0.64

BEAMS



(exp value of kb). For elements with bars in good bond position 
this factor does not change, and the base value remains the 
same. The improvement is significant with the mean value of 
the ratio between theoretical and experimental results going 
from 1.28 to 1.19 and the coefficient of variation reducing 
from 16% to 9%. If anything, these results seem to indicate 
that the correction for type of loading should be even stronger 
(lower values of kfl). 

2.5. Definition of the effective area of concrete in tension

The definition of the effective tensioned area is changed to 
account for the removal of the (h-x)/3 limit, to deal with 
some inconsistencies in its current definition (limit to the 
area of concrete that is influenced by the presence of the bar) 
and to contribute to reduce scatter. 

For an isolated bar, the proposed definition of the effective 
area is given in Figure 9 and the following equation:

Ac,eff,bar = bc,eff hc,eff

hc,eff = min (ay + 5ϕ;10ϕ;3.5ay) ≤ h–x  (7)
bc,eff = min (ax + 5ϕ;10ϕ;3.5ax)

When individual tension areas of different bars overlap, 
the effective reinforcement ratio should be considered for 
the group of bars, as shown in Figure 10 and the following 
equation:

Ac,eff,group = bc,eff hc,eff

hc,eff = min (ay + 5ϕ;10ϕ;3.5ay) + sy ≤ h–x  (8)
bc,eff = b
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TABLE 3. 
Evaluation of kf l , accounting for experimental values of kb tests referring to poor bond conditions.

 coarse value of kb exp value of kb

  kfl, th kb kfl, exp th/exp  kb, F kb, T kfl,exp,2  th/exp

12-20-B/T-G  0.782 0.9 0.588 1.33  0.90 0.90 0.588 1.33

16-20-B/T-G  0.733 0.9 0.576 1.27  0.90 0.90 0.576 1.27

16-70-B/T-G  0.644 0.9 0.619 1.04  0.90 0.90 0.619 1.04

16-20-B/T-PL  0.733 1.2 0.504 1.45  0.98 1.11 0.571 1.28

16-70-B/T-PL  0.644 1.2 0.596 1.08  0.98 1.01 0.615 1.05

25-20-B/T-G  0.654 0.9 0.578 1.13  0.90 0.90 0.578 1.13

25-70-B/T-G  0.512 0.9 0.415 1.24  0.90 0.90 0.415 1.24

25-20-B/T-PL  0.654 1.2 0.394 1.66  1.13 1.65 0.576 1.14

    Mean = 1.28    Mean = 1.19

    CoV = 16%    CoV = 9%

Figure 9. Effective tension area of concrete around an isolated bar, Ac,eff,bar.



Even though for the example of Figure 10, the strict 
definition given for the isolated bar would result in a U 
shape for the effective area, this has been simplified (on the 
conservative side) by a rectangle, to improve ease of use.

As mentioned above, a limit on the effective area around 
a bar is given as a linear function of the bar diameter. This 
condition accounts for the fact that a bar can only control 
cracks within its proximity. With the definition of the effective 
area given in MC 2010 and EN 1992-1-1:2004, a single bar 
placed in the middle of a large rectangle of concrete would 
have an effective area equal to the area of concrete, and the 
value of the effective area would increase indefinitely with the 
dimensions of the cross section. This does not make sense and 
a limit is therefore necessary for consistency. 

2.6. Effect of curvature on crack width

Regarding crack width, it has been well established that, in 
bending, the value of the crack opening increases from the 

level of the reinforcement towards the most tensioned face 
(see for instance the tests reported in reference [7]). The in-
crease in the crack opening is proportional to coefficient k1/r, 
defined, as follows:

k  = (9)h–x
d–x

where:
h is the section height
d is the effective depth, and
x is the depth of the neutral axis of the cracked section

As an illustration, Figure 11 shows a typical example of the 
accuracy of this correction using one of the tests carried out 
at UPM (specimen 25-20-00 [7]). The maximum crack width 
measured at the level of the reinforcement on the side of the 
beam is plotted against the maximum crack width measured 
over the exterior bar at the top of the section, both vertical 
and horizontal covers being the same (32 mm). A nearly per-
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Figure 10. Effective tension area of concrete around a group of bars, Ac,eff,group (to be applied when effective tension areas of adjoining bars overlap).

Figure 11. Illustration of the performance of factor k1/r on one of the tests.



fect linear correlation is obtained with a slope which closely 
mirrors the result obtained by applying the definition of the 
k1/r factor. This result is not the fruit of chance. Table 4 shows 
a comparison between the slope of the correlation line, m, de-
termined as in Figure 11 and the value of the k1/r factor for all 
the flexural tests carried out at UPM until now (14 tests). The 
ratio between these two values is always very close to 1.00 and 
the coefficient of variation is only 3.6%. This is a clear indica-
tion that this factor is quite accurate and very necessary if an 
adequate estimate of the surface crack is to be obtained.

This factor is particularly necessary when estimating the 
crack width of flexural elements with large bars. Typically, 

such elements have large covers and large reinforcement ratios 
resulting in large values of x, and thereby in large values of the 
k1/r factor. This can be illustrated with the tests carried out by 
Hegger et al. [17] (also reported in [18]). These tests involve 
large bar diameters (from 40 to 60 mm) and covers ranging 
from 40 to 75 mm. Figure 12 shows the test set-up as well as 
the definition of the sections. Figure 13 shows the comparison 
between mean crack openings predicted by the model of 
FprEN1992-1-1:2022 and those actually measured. A good 
approximation is obtained with the correlation slope being 
close to 1.00 and having a high coefficient of determination. 
The mean value of the ratio of mean calculated to mean 
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TABLE 4. 
Comparison between the slope of the correlation line (m) and factor k1/r for all flexural tests performed at UPM (st is the stirrup spacing).

Figure 12. Test set-up and cross section of tests. Figure taken from [18]. Note that the elements were tested with the large reinforcement bars on 
the top (rotated 180º with respect to the cross sections shown).



experimental crack width (wm,calc/wm,exp) is 1.01 and the CoV is 
12.4%. This result is independent experimental confirmation 
of the performance of the model since these tests were not 
considered for the calibration of the model. 

This model can also easily account successfully for the 
effect of adding surface reinforcement to control crack width 
in elements reinforced with large diameter bars and can be used 
to justify experimental rules (see [19]). The main reasons why 
the introduction of surface reinforcement reduces the crack 
widths are the reduction of cover, the reduction in factor k1/r, 

the increase in the effective reinforcement ratio, and, to a lesser 
extent the reduction in the equivalent bar diameter and the 
increase in total reinforcement, this last factor having a very 
minor effect. Also note that kfl increases because hc,eff decreases.

2.7. Type of restraint

It is well known that elements that are subjected to imposed 
deformation and restrained at ends are subjected, at most, to 
the cracking force. This is because the magnitude of the im-
posed strains that are found in normal structural concrete ap-
plications are small enough for the element to be in the crack 
formation stage. As the imposed strain increases, when the 
stress in concrete between cracks reaches the tensile strength 
of concrete, a new crack forms and the forces are reduced 
because the stiffness is reduced. New cracks will form each 
time this happens as the imposed strain increases. Therefore, 
the cracking force is the maximum force that can develop in 
the element with restrained ends. This behaviour is possible 
because the formation of a new crack affects the distribution 
of forces in the whole element. 

When the element is restrained at the edges, the behaviour 
is different, because compatibility cannot be achieved globally 
as in the previous case but has to be met locally because the 
length of the edge does not change. The formation of a crack 
does not relieve stresses at a certain distance from the crack so 
that cracks form independently from one another. Figure 14 

shows the behaviour in this case3. Ignoring tension stiffening 
effects, if sr is the distance between two cracks the concrete 
between the cracks would shrink a length equal to the imposed 
deformation and therefore the crack opening would be sr eimp. 
So, the crack opening is no longer a function of the steel stress but 
a function of the imposed deformation. Accounting for tension 
stiffening effects, the relative strain between steel and concrete 
can be expressed as in Eq. (10). If the edges are not totally 
restrained the imposed deformation is obtained by multiplying 
the free imposed strain by a restraint factor which is determined 
from a linear elastic analysis which accounts for the flexibility of 
the restraint in which the free strain is applied on the structure. 
The restraint factor is a function of the ratio between the strain 
that develops freely in the element and the imposed strain.

3 The behaviour is simplified here for the purpose of explanation. 
In actual structures the stabilized crack pattern will normally not 
have been achieved and the adjacent cracks would normally not be 
formed. sr would represent the transfer length in such a case.
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Figure 13. Comparison between mean crack width predicted by the model of FprEN1992-1-1:2022 [1] and the values measured experimentally.

Figure 14. Cracking: behaviour of an element retrained at the edges. 
It is assumed that the edges are fully restrained. Tension stiffening 

effects are not included.



εsm – εcm = εimp – kt  

εimp = Rax εfree  (10)

fct,eff

Ecm

where:
Rax is the restraint factor, which is obtained as , 

where εrestr is the strain that develops freely in the restrained 
element and εimp is the imposed strain (e.g. free shrinkage, free 
temperature strain).

2.8. Calibration and comparison

The formulation has been calibrated to determine the 
coefficients to be applied to the cover term and the bond term. 
The expressions for the mean crack spacing can be written as 
follows:

sr,m,cal = kc c + kϕ/ρ kfl kb          , (11)
ϕ

ρs,eff

where: 
kc is an empirical parameter account for the influence of the 

concrete cover not accounted for in the bond term; as a 
simplification, kc = 1.5 can be assumed;

c is the maximum concrete cover. The maximum value 
has been adopted because recent research [20] confirms 
that, when vertical and horizontal covers are different, 
crack spacing is much better correlated to the maximum 
cover than to minimum cover. When the effective area 
concept applies to a single bar located in the perimeter 
of the section, the maximum cover of this bar applies. 
When the effective area applies to a group of bars, the 
most unfavourable value of cover of the bars located in 
the perimeter of the section should be considered;

kf/r is an empirical parameter to account for the influence of 
bond; as a simplification, kf/r =1/7.2 can be assumed.

The design crack width is obtained from Eq. (12).

wk,cal = kw k1/r sr,m,cal (εsm – εcm) (12)

where:
kw is a factor to obtain a design value of the crack width from 

the mean value, which can be taken as 1.7;
εsm is the average steel strain over the length sr,m,cal;
εcm is the average concrete strain over the length sr,m,cal;

For members subjected to direct loads (stabilized crack-
ing) or for members subjected to imposed strains (crack 
formation phase) restrained at the ends, εsm– εcm can be de-
termined as in Eq. (13). 

εsm – εcm =      σs – kt               ( 1+αe ρeff) (13)
fct,eff

ρct,eff

1

2

where:
Es is the modulus of elasticity of steel;
σs is the stress of steel at the crack;
kt is an empirical coefficient to assess the mean strain over 

the transfer length, equal to 0.6 for short-term analy-
sis and equal to 0.4 for long-term analysis or repeated 
loading;

fct,eff is the effective tensile strength of concrete, which in 
practical cases can be taken as the mean tensile strength 
fct,m;

αe is the modular ratio=Es /Ec;

For members subjected to imposed strains and restrained at 
the ends, the applied load is assumed to be the cracking force 
and the parenthesis in Eq. (13) simplifies to:

σs – kt                (1+αe ρeff)  =         (1+αe ρeff) (1–kt) (14)
fct,eff

ρeff 

fct,eff

ρs,eff 
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Figure 15. Comparison between predicted and measured crack spacing, separated according to type of load.



For members subjected to imposed strains and restrained at 
the edges, εsm– εcm can be determined as in Eq. (10). 

Figure 15 shows the comparison between predicted values, 
srm,FprEN1991-1:2022, and experimental values of crack spacing, sm,exp. 
The correlation lines show a coefficient of determination of 
0.95 in flexure and 0.97 in tension and a slope close to 1.00. 
Contrary to the current version of EC2, for which the crack 
width in tension specimen is overestimated, there is no skew 
between tension and flexure in the new proposal. This is due 
to the deletion of the (h-x)/3 limit and the introduction of 
factor kfl.

Table 5 shows the statistical parameters referred to the 
73 tests used for the calibration for crack spacing which 
includes tests by [21], [22], [23], [24], [7], [13], [25], [26], 
[27] (see [28]). The table includes the mean squared error, 
the minimum value of the ratio of model prediction and 
experimental values (min), its maximum value (max), its 
mean value (μ), its standard deviation (σ) and its coefficient 
of variation (COV).

It can be seen the proposed corrections improve the 
prediction quality in statistical terms, for all the considered 
statistical parameters, both in flexure and in tension with 
respect to both the formulation of MC 2010 and EN 1992-
1-1:2004. The improvement in tension is related to the 
changes introduced in the definition of the effective tension 
area.

2.9. Verification of the calibration using an alternative data set

The model has been calibrated with the same data set 
(calibration set) as was used for the original calibration of 
MC 2010, with the addition of several experimental series, 
as mentioned above. The  robustness of this calibration was 
verified using a separate set of data (test set – see [28]). The 
independent database includes a total of 144 specimens. This 
database consists of the following tests:
- Clark (54 specimens) [22]
- Rehm&Rüsch (30 specimens) [25]
- Gribniak (6 specimens) [29]
- Gilbert & Nejadi (12 specimens) [30]
- Calderón (14 specimens) cast in poor casting position [31]
- Wu (4 specimens) – 2 Tests with excessive side cover were 

discarded [32]
- Frosch (2 specimens) – Other tests with excessive side 

cover were discarded – Poor casting position [33]
- Case, Beeby (16 specimens) – Tests with mild reinforcement 

were discarded [34]
- Klakauskas (6 specimens) [35]

The details of the specimens are available in [28].

Figure 16 demonstrates the performance of the proposed 
model on the independent test set. Even though there is 
scatter, the model proves to be well-calibrated. Table 6 shows 
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TABLE 5. 
Statistical analysis of crack spacing.

  MC 2010 EN 1992-1-1:2004 FprEN 1992-1-1:2022

  Flexure Tension Flexure Tension Flexure Tension

 nº of tests 37 36 37 36 37 36

 (∑ε2/N) 38.28 37.96 35.25 83.01 29.01 30.97

 min(sm,model/sm,exp)= 0.46 0.51 0.6 0.68 0.53 0.67

 max(sm,model/sm,exp)= 1.78 1.51 1.74 2.04 1.47 1.34

 μ = 1.04 1.05 1.08 1.43 1.00 1.01

 σ = 0.29 0.22 0.27 0.30 0.24 0.16

 COV = 27.68% 21.18% 24.69% 21.25% 23.57% 15.62%

Figure 16. Comparison between predicted and measured crack spacing for the independent test series.



the corresponding statistical parameters. It can be observed 
that the application of the proposed modification reduces the 
coefficient of variation from 23.0% for MC 2010 and 24.6% 
for EN 1992-1-1:2004 to 18.9%. This result corroborates the 
need for the corrections proposed to account for differences 
between flexure and tension.

3.
deflections

3.1. Simplified method for deflection control

The general method for determining deflection (z-method) has 
been left untouched in the FprEN1992-1-1:2022 [1], because 
there was no reason to change it as it provides satisfactory 
results and has a solid basis. However, it is notorious among 
practicing engineers that this method is not easy to apply to 
real projects, for which linear models with complex geometries 
are used. The current practice consists in determining a certain 
factor to apply to linear elastic calculation in order to obtain 
an estimate of the deflection considering creep and shrinkage 
effect. Up to now the determination of this coefficient has been 
done using approximate methods whose basis is not fully clear. 
In order to improve ease-of-use, and provide a common basis 
for this practice, a simplified approach is provided, in which 
the long term cracked deflection can be easily obtained by 
taking the linear elastic deflection and correcting with simple 
coefficients that account for cracking and tension stiffening 
effects as shown in Eq (15).

δ = kI [δLOADS +kS δεcs] (15)

The basis of this procedure is an approximation to the long-
term ratio between the cracked and uncracked sectional inertia. 
It results that this ratio can be approximated with significant 
precision with a fairly simple formulation for rectangular 
sections. Figure 17 shows this approximation. Note that αe,eff 
is the long term modular ratio, which accounts for creep (see  
Eq. (16)).

αe,eff =     (1+φ)= (16)
Es

Ec

Es

Ec,eff

The creep coefficient can be taken as weighted mean value 
(φmean) according to the following expression:

φmean = (17)
φ(t, t0)gSW + φ (t, t1)gSDL + φ(t, t2)ψ2 qLL

gSW + gSDL + ψ2 qLL 
where:
gSW is the self-weight, applied when the concrete age is t0 ;
gSDL is the superimposed dead load applied when the 

concrete age is t1;
ψ2qLL is the quasi-permanent live load applied when the 

concrete age is t2;
t is the age of concrete corresponding to the service life 

of the structure.

Using the approximation to the ratio Icr /Ig shown in Figure 17, 
and applying the methodology of the z-method which consists 
in interpolating a stiffness between the fully cracked and 
uncracked values, factor kI is determined as shown in Eq. (18).

ζ =  1– 0.5 
Mcr

Mk

Ig

Icr

h
d

1
2.7 (αe,eff  ρ)0.6KI = ζ       + (1– ζ )= ζ                               +(1– ζ ) (18)

The deflection due to shrinkage is obtained by applying a 
constant shrinkage strain on the structure, determining the 
elastic deflection, and correcting this by a coefficient that 
takes into account how the ratio between the equivalent and 
the uncracked first order moment of the reinforcement with 
respect to the centroid of the cross section changes due to 
cracking and tension stiffening effects. The correction in this 
case is given in Eq. (19). Figure 18 shows calculated values of 
this ratio for 3 different concrete strengths and the proposed 
approximation as a function of the reinforcement ratio.

ks = 455ρ2 – 35ρ + 1.6 (19)
  

3.2. Slenderness limits for beams

Eq. (15) can easily be converted into a general formulation to 
determine the slenderness limit. Eq. (20) shows the condition 
for the slenderness limit, i.e., that the deflection be limited 
to a fraction (1/a) of the span (where a is usually taken as 
250). It also shows the expressions of the deflections due to a 
uniformly distributed load and to a constant curvature due to 
shrinkage.
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TABLE 6. 
Statistical analysis of crack spacing for the independent data set.

  MC 2010 EN 1992-1-1:2004 FprEN 1992-1-1:2022

 nº of tests 144 144 144

 (∑ε2/N) 26.97 26.3 23.55

 min(sm,model/sm,exp)= 0.54 0.51 0.53

 max(sm,model/sm,exp)= 1.87 1.63 1.76

 μ = 1.05 0.99 1.04

 σ = 0.24 0.24 0.2

 COV = 23.04% 24.56% 18.85%



Es

Ec,eff

δ = kI [δLOADS + kS δεcs]≤ 

δLOADS = K (20)

δεcs = Kcs εcs 

L
a

L2

8

1
12

5

384

qqpL4

Ec,eff          bh3

1
12

bh3

h
2

h
2

d– –(h–d )As –As

where:
K is a factor that considers the support conditions for the de-

flection due to uniformly distributed loads and can be deter-
mined from Eq. (21) (for a detailed derivation see [36]):

K =  (21)
fsimply,sup

freal,sup,cond

where:
fsimply,sup  is the linear elastic deflection of the simply sup-

ported member of arbitrary span subjected to a 
uniformly distributed load, and

freal,sup,cond is the linear elastic deflection of the member 
with the actual support conditions with the 
same arbitrary span and subjected to the same 
uniformly distributed load.

Kcs is a factor that considers the support conditions for the 
deflection due to shrinkage and can be determined from 
Expression (22) (for a detailed derivation see [36]):
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Figure 17. Ratio between long term cracked inertia and gross cross sectional inertia as a function of the long-term transformed reinforcement ratio.

Figure 18. Ratio between the equivalent and the uncracked first order moment of the reinforcement with respect to the centroid of the section as a 
function of the reinforcement ratio for different concrete strengths.



Kcs =  (22)
fsimply,sup

fcs,real,sup,cond

where:
fcs,simply,sup is the linear elastic deflection of the simply sup-

ported member of arbitrary span subjected to a 
constant curvature, and

fcs,real,sup,cond is the linear elastic deflection of the member 
with the actual support conditions with the 
same arbitrary span and subjected to a constant 
curvature.

Assuming that the provided reinforcement is that strictly 
needed in ULS, the value of the quasi-permanent load of a 
simply supported element can be determined from the ulti-
mate bending resistance as shown in Expression (23) as the 
product of the ultimate load and coefficient kDL (qqp=kDLqRd).

= = = =
qqp

qRd

LL
TL

LL
TL

LL
TL

LL
TL

LL
TL

LL
TL

1–

1–1–

(23)

MRd = qRd         = As  fyd  d– 0.5

qRd = As  fyd d  1 – 0.5 8
L2

L2

8
As  fyd

bfcd

As  fyd

bfcd

kDL

G+ψ2Q
γGG+γQQ

γG          γQ

γG

+ψ2 LL
TL

LL
TL

1– +ψ2

+γQ

= =
LL
TL

LL
TLLL

TL

1–Q
G+Q

G Q

In Expression (23) it is assumed that there is no need for com-
pression reinforcement in ULS. 

Introducing the value of qqp into Expression (20), and 
developing, the slenderness limit can be obtained as shown 
in Expression (24). This expression also assumes that there is 

no compression reinforcement but can be easily generalized 
for this case (see [36]). However, the effect of compression 
reinforcement on deflections is limited, and the increase in 
precision for this rare case is not worth the complication.

(24)

qqp = kDL qRd = kDL As  fyd d (1–0.5ω)

KkDL           fcd ω (1–0.5ω)+ks Kcs εcs          ρ

kI

kDL As  fyd d     (1–0.5ω)L4

+ ks Kcs  εcs

Ec,eff            bh3

L2

8

5
384

5
48

Es

8

K

8
L2
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Ec,eff
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k112a
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h
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h
d

h
2

d–

1–

–(h–d )As –A’s

A’s = 0

≤

≤ 1

The values included in Table 9.3 of FprEN 1992-1-1:2022 are 
derived from this expression assuming that the concrete class 
is C30, that a is 250 and that the quasipermanent live load is 
30% of the total live load. The creep coefficients implicit in kI 
were determined assuming the following conditions:
- The self-weight is applied at 7 days
- The superimposed dead load is 15% of the self-weight and 

is applied at 60 days
- The quasi-permanent live load is applied at 365 days
- The relative humidity is 50%
- The deflection is determined for a design life of 100 years

3.3. Slenderness limits for slabs

The Slenderness limits for slabs on isolated supports and on 
continuous supports can be obtained by multiplying the values 
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Figure 19. Ratio of the elastic deflection of a slab supported on 4 isolated columns and a simply supported beam as a function of parameter 1+(lmin/lmax)4.



of Table 9.3 by coefficients which are determined from the 
ratio of the linear elastic deflections of the slab and a simply 
supported beam of the same span.

Figure 19 shows that the ratio is a linear of the fourth 
power of the ratio between the shorter and longer spans. 
The ratio corresponding to the slenderness limits of the two 
support conditions (factor K) can the easily be determined as 
shown in Eq. (25):

(25)fslab,is ≈  1+         fbeam, lmax = fbeam, lbeam

1+         k                   = k                        =

lmin

lmax

lmin

lmax

lmax

d

lmax

d

lbeam

d

lbeam

d

lmin

lbeam

ql4max

EI
ql4beam

EI
1+     

1

lmin

lmax

1+     

1

lmin

lmax

1+     

1

lmin

lmax

=

=

For a slab supported on walls, Figure 20 shows the ratio of the 
deflection of the slab to the deflection of the simply supported 
beam as a function of 1-0.65 (lmin/lmax). The correlation line has a 
slope very close to 1.00 and a high coefficient of determination. 
With identical reasoning as above, the slenderness limit for 
slabs supported on walls is given in Eq. (26):

(26)lmax

d
lbeam

d 1– 0.65

1
lmin

lmax

=

4.
conclusions

In this paper, the main changes in the formulations for cracking 
and deflections introduced in FprEN 1992-1-1:2022 have 
been presented and justified. 

The main changes in the cracking formulation introduce 
relevant factors to consider several effects that have been 
ignored or misrepresented in previous formulations. The 
main effects are the effect of the bond conditions, the uneven 
distribution of stresses in elements subjected to bending, and 
the increase in the crack width due to curvature from the level 
of the bar to the most tensioned fibre. It is shown that their 
consideration leads to a reduction the scatter of the model 
when compared to experiments. 

For deflection control, the main changes consist in the 
inclusion of correction for the slenderness limits to deal with 
slabs supported on columns and supported at the edges and 
the introduction of a simplified method which allows to obtain 
a justified value of the deflection from results of a linear elastic 
calculation. Globally, the changes lead to an improvement of 
ease-of-use.
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a b s t r ac t

The new Eurocode 2 represents a significant advance in the treatment of fatigue in structural concrete, compared to the old Eurocode. 
Fatigue acquires greater relevance and visibility in the new standard, and the field of application of this limit state is extended.

This paper shows the most relevant changes in the fatigue chapter of the new Eurocode 2, in which there has been an important formal 
and/or conceptual change with respect to the old Eurocode 2. The first difference is that in the new Eurocode 2, fatigue has its own 
chapter and annex, which shows how important this phenomenon has become in recent years. On the other hand, the new proposed 
fatigue formulation significantly improves the mechanical capacity of the material, which allows an optimisation of those concrete 
structures in which fatigue is a critical phenomenon..
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r e s u m e n

El nuevo Eurocódigo 2 supone un avance significativo en el tratamiento de la fatiga en hormigón estructural, en comparación con el 
antiguo Eurocódigo. La fatiga adquiere una mayor relevancia y visibilidad en la nueva norma, y se amplía el campo de aplicación de este 
Estado Límite. 

Este artículo muestra los cambios más relevantes del capítulo de fatiga en el nuevo Eurocódigo 2, en los que se ha producido un impor-
tante cambio, formal y/o conceptual, respecto al antiguo Eurocódigo 2. La primera diferencia es que en el nuevo Eurocódigo 2, la fatiga 
tiene su propio capítulo y anexo, lo que muestra la importancia que este fenómento ha adquirido en los últimos años.

Por otra parte, la nueva formulación de fatiga propuesta mejora de forma significativa la capacidad mecánica del material, lo que permite 
una optimización de aquellas estructuras de hormigón en las que la fatiga sea un fenómeno crítico.

palabraS clave: Fatiga, hormigón estructural, curvas S-N, regla de Palmgren Miner, puentes. 
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1.
introduction

From the 1990s to today, many things have changed in the 
world and in Europe; in all areas: social, cultural, economic, 
environmental, etc., as well as scientific and technological. The 
world of concrete and structures has been no exception, and 
in the last 30 years there have been significant advances in 

many fields. These include, for example, the development of 
the High-Speed Railway network that has been carried out in 
Spain (with the construction of some 3,000 km of new lines 
during this time) and throughout Europe, with the help of Eu-
ropean Funds. Also noteworthy is the development of wind 
energy in Spain (with a total of approximately 21,500 wind 
turbines installed in almost 1,300 wind farms) and worldwide. 
The vast majority of wind turbines are steel towers, but in 
recent years different concrete-based solutions have been ap-
pearing due to the exigent dynamic requirements of the wind 

mailto:carlos.rios@ideam.es
https://doi.org/10.33586/hya.2023.3100
http://www.hormigonyacero.com
https://doi.org/10.33586/hya.2023.3100


turbines, and larger turbines will lead to a more extensive use 
of the concrete tower as the standard solution.

However, one thing has not changed in recent years, and 
that is Eurocode 2, which remains broadly the same structure 
as that document published at the beginning of the 2000s.

In the field of structural fatigue, and more specifically in 
the field of concrete fatigue, the evolution in the last 30 years 
has been more than remarkable, both in the knowledge of the 
fatigue response of concrete (both in its mass concrete ver-
sion and in its reinforced, prestressed, fibre-reinforced, etc.) 
and in the importance of fatigue as a structural design cri-
terion. In this respect, the concrete towers of wind turbines 
are a good example. For these structural elements, the most 
restrictive limit state, the one that conditions their design, is 
fatigue. This is due, in part, to the fact that the internation-
al standards and recommendations that regulate it are high-
ly conservative, which makes it less competitive than other 
structural solutions.

The Eurocode 2, EN 1992-1-1, [1], currently in force, dat-
ed 2004, was an important advance in the field of concrete 
fatigue, but it was based on the state of the art of the 1990s. 
20 to 30 years of intense scientific and technological develop-
ment have rendered it obsolete in certain aspects. A profound 
change was needed. The new version of Eurocode 2, in its Fa-
tigue chapter, represents a more than remarkable update.

The first change that can be observed is that, in the case 
of the new version of Eurocode 2, FprEN1992-1-1:2023, [5], 
fatigue has its own chapter and its own annex, whereas in the 
equivalent document of 2004 [1], fatigue is included in clause 
6, a clause dealing with every Ultimate Limit State. It is neces-
sary to go to the Eurocode 2 part 2 [2] to find a section (not a 
chapter) and an annex dedicated to fatigue. At that time, end 
of 1990s, bridges were the only structures where fatigue could 
be considered as a relevant structural effect. For the rest of the 
structures, it was not usually taken into account.

The fact that in the new version of Eurocode 2 [5], fatigue 
in concrete occupies an entire chapter shows the importance 
that this limit state has acquired in recent years.

In the field of concrete fatigue, the new Eurocode 2 [5] 
follows a different line from the Model Code 2010 [3], a doc-
ument that has been a reference in the world of structural 
concrete in many aspects, and also in fatigue. It also follows 
a different approach from the one presented in the techni-
cal document recently published by the American Concrete 
Association “ACI PRC-215-21” [4]. The new Eurocode 2 [5] 
includes a new formulation of the fatigue strength in com-
pression, based on the new formulation introduced for the 
static compressive strength in Ultimate Limit States, ULS, 
which leads to remarkable increases of the fatigue strength of 
concrete in compression, especially for those concretes with 
strength class above C50, compared to the formulation of the 
still current version of Eurocode 2 [1].

The changes introduced by the new version of Eurocode 2 
[5] in the formulation used to verify the fatigue strength of con-
crete make it possible to exploit the material's strength capacity 
between 10% and 20% more than the old formulation allowed, 
and this change will make it possible to reduce the volume of 
concrete structures subjected to wind by 5% to 10%.

This will give a decisive boost to the implementation of 
wind energy production facilities, both on-shore and off-shore, 

which will reduce the price of energy and simultaneously re-
duce energy dependence on the outside world.

Furthermore, the use of renewable energy sources helps to 
reduce the carbon footprint and, consequently, contributes to 
the fulfilment of one of the Sustainable Development Goals 
promulgated by the United Nations. 

This paper presents, in detail, the most relevant aspects of 
the fatigue chapter of the new Eurocode 2 [5], in which a 
major change, formal and/or conceptual, has taken place with 
respect to the Eurocode 2 currently in force [1].

3.
cases to be considered

Fatigue is not a common concern in structures under predom-
inantly static loads, such as standard buildings. On the other 
hand, most of live loads are always dynamic loads, even in case 
of building structures. Therefore, it could be possible to affirm 
that almost any structure is subjected to dynamic loads, being 
most of them cyclic loads.

However, depending on the number of cycles and the load 
amplitude or range of these loads, their impact on the struc-
ture may be negligible and therefore the verification of the 
ULS of fatigue not required. Concretely the new Eurocode, 
FprEN1992-1-1:2023, 10.1, [5], states: “Structures and struc-
tural components subjected to significant numbers of repeated load 
or deformation induced significant stress cycles shall be verified to 
endure the expected cyclic actions during the required design life”.

Key issues are when a cyclic load can be considered fatigue 
non-relevant, a structural type can be considered non-sensitive 
to cyclic action or when the number of cycles is non-signifi-
cant. Current Eurocode EN 1992-1-1, [1], states, 6.8.1 (2):

“A fatigue verification should be carried out for struc-
tures and structural components which are subjected to 
regular load cycles (e.g., crane-rails, bridges exposed to 
high traffic loads)”.

Hence, it does not provide specific cases to avoid fatigue veri-
fication but leave it to the engineer’s judgment. 

Regarding [5], the following list of cases for which a fatigue 
verification is not required is provided in clause 10, which is 
a novelty compared to [1], although not to EN 1992-2 [2], as 
commented below:
• common buildings subjected to a total number of signifi-

cant load cycles ≤ 2·104, 
• prestressing and reinforcing steel, in sections where, 

under the frequent combination of actions and Pk (pre-
stressing actions), only compressive stresses occur at the 
extreme concrete fibres; 

• external and unbonded tendons, lying within the depth 
of the concrete section”.

Regarding a), the maximum number of cycles to avoid fatigue 
check is very low. For instance, any building resisting wind 
actions will be loaded by far more cycles. In EN 1991-1-4, 
B.3 [6], a relation between the number of cycles Ng and the 
amplitude of the wind gust, ΔSk, is provided (Figure 1). It is 
shown than for 2·104 cycles the corresponding load amplitude 
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of the gust, ΔSk, would be around 35% of the characteristic 
load Sk, which is a non-negligible value and could be fatigue 
relevant (Figure 1). Of course, engineering judgment, again, is 
fundamental.

Figure 1. Number of gust loads Ng for an effect ΔS/Sk during a 50 
years period [6].

Background for b) is clear. Prestressing and reinforcing steel in 
sections compressed under the frequent load combination will 
not have significant amplitudes, due to the uncracked condi-
tion of the section, and the compressive stress ranges are far 
less damaging than tensile ones. For instance, EN 1993-1-9 [7] 
states that compressive ranges of non-welded details shall be 
multiplied by 0.60.This provision b) was included in [2], but 
not in the general part [1].

Last, c), is based on the well-known fact that internal un-
bonded and external tendons will not have significant stress 
increments under service loads. These stress ranges depend 
on the deformations of the whole structure, there is no strain 
compatibility between concrete and steel, and this deforma-
tion must be controlled under SLS loads. According to the 
author’s experience, this is generally true for bridges and 
other horizontal structures resisting primarily gravity loads. 
For support structures for Wind Turbine Generators, where 
deformations are not usually controlled under SLS loads, fa-
tigue of external tendons should be verified due to the in-
creasingly slenderness of the towers and the subsequent large 
displacements of the upper anchor of the post-tensioning 
system as well as the bending stresses at the anchors or other 
devices such deviators if specific measures are not taken to 
avoid them.

In EN 1992-2, [2], part of bridges, it is stated:
A fatigue verification is generally not necessary for the fol-

lowing structures and structural elements:
• footbridges, with the exception of structural components 

very sensitive to wind action; 
• buried arch and frame structures with a minimum earth 

cover of 1.00 m and 1.50 m respectively for road and rail-
way bridges; 

• foundations; 
• piers and columns which are not rigidly connected to su-

perstructures;
• retaining walls of embankments for roads and railways;
• abutments of road and railway bridges which are not rig-

idly connected to superstructures, except the slabs of hol-
low abutments; 

• prestressing and reinforcing steel, in regions where, under 
the frequent combination of actions and Pk only compres-
sive stresses occur at the extreme concrete fibres.

Hence, [2] does provide a list of cases where fatigue can be as-
sumed as negligible. But this list is kept in Annex K, [5], which 
is an Annex specific for bridges. Just point g) of the above list 
has been removed, but it is included in the general part, chap-
ter 10, as already commented.

Other proposed exclusions were finally not included in [5], 
either in chapter 10 or Annex K. For instance a specific and in-
teresting claim of U.K was related to fatigue of reinforcement of 
deck slabs bridges designed by conventional means. This claim is 
implemented in the UK National Annex of [2], where it is stated 
that fatigue verification is not required if the deck slab complies 
with certain requirements. According to UK’s research, fatigue 
of reinforcement due to live load is typically around 10% of 
elastic predictions due to compressive membrane action work. 
This proposal was finally excluded, but the possibility of its in-
clusion, as well as other national claims, by means of an NCCI 
(Non-Contradictory Complementary Information for the use of 
EN Eurocodes at the National level) is allowed.

3.
methods of verification

Whereas in [1] there is not a summary of the methods for the 
verification of the Ultimate Limit State, ULS, of fatigue, in [5] 
such summary is provided in 10.1:
• Simplified methods given in paragraphs 10.4 to 10.7.
• Refined methods:

• Using damage equivalent stresses in Annex E, E.4 and 
Annex K, K.10 where applicable or

• Explicit method using Palgrem-Miner rule in Annex 
E, E.5 where applicable. 

Hence, levels of approximation are provided, being the more 
accurate the application of the Palgrem-Miner rule.

Damage equivalent stress method is only feasible if dam-
age equivalent stresses, or loads, are provided. These equivalent 
loads are provided exclusively for bridges in Annex K, both 
railway and road bridges, and their calculation is based on sev-
eral simplifications. Nevertheless, it is a more accurate method 
for standard elements of the bridge, i.e., beams, decks, girders, 
etc., than the simplified methods.

Palgrem-Miner rule requires the knowledge of the history 
or time series of the stress or load of interest. Alternatively, it 
is possible to apply a counting method (rainflow, reservoir) to 
these time series and get the stress histograms or the corre-
sponding Markov matrices. This is the more accurate method, 
and the standard one in case of structures for wind turbines 
and non-standard elements of bridges.

It is noteworthy that damage equivalent stress range and 
Palgrem-Miner rule were included in [2], part for bridges, but 
not in the general part, [1]. Main reason could be that, at the 
time of the elaboration of [1] and [2], bridges were the main 
concrete structures subjected to cyclic loading, whereas wind 
turbines were not in the close horizon and offshore structures 
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were specifically excluded of the current Eurocodes. Includ-
ing these refined methods in the general part is clearly more 
rational.

4.
combinations of actions

In [1] the following specific combination of actions is provid-
ed, 6.8.3. (Eq. 1):

(∑j≥1 Gkj "+"P"+"ψ1,1 Qk,1"+" ∑i≥1 ψ2,1 Qk,i) + Qf at (1)

The proposed combination is the frequent combination of 
actions for transient or persistent situations plus the relevant 
fatigue load, Qfat

Definition of Qfat is explicitly given:
“Qfat is the relevant fatigue load (e.g. traffic load as 

defined in EN 1991 or other cyclic load)”

In [5] the “fatigue” combination of actions is slightly modified 
(Eq. 2):

∑Fd = ∑i Gk,i + ∑j ψ2,j Qk,j + (PK) + Ff at,d (2)

We can identify the proposed combination as the quasi-per-
manent combination of actions for transient or persistent 
situations plus the design value of the fatigue action, Ffat,d, as 
leading action. Ffat,d, is defined as the cyclic component of the 
frequent load.

Ffat,d is explicitly defined for road and railway bridges in [5]. 
Concretely, for road bridges, Ffat,d can be taken as the frequent 
load of Load Model 1 and for railway bridges as the frequent 
load of Load Model 71 according to according to EN 1991-2 
[8]. For other cyclic loads, definition of Ffat,d is not explicitly 
given, and its election shall be based in engineering judgment 
but always using the frequent value.

It is important to notice that the above values of Ffat,d for 
bridges, frequent values of Load Model 1 and Load Model 71, 
are only valid for the simplified verification of fatigue accord-
ing to paragraphs 10.4 to 10.7 of [5]. More refined methods, 
such damage equivalent stress range or Palmgren Miner rule 
requires a different definition of Ffat,d. For the damage equiva-
lent stress approach, Ffat,d shall be precisely the equivalent load, 
which is defined in Annex K for both road and railway bridges. 
In case of road bridges, the specific fatigue load model from 
which the equivalent load is calculated is the Fatigue Load 
Model 3, whereas for railway bridges is the Load Model 71 (or 
SW/0 when required).

Regarding the differences between combinations proposed 
in the current version and in the draft, it would seem that the 
combination in [5] is more favourable than the current one, 
quasipermanent versus frequent load combination. A closer 
look yields only small differences. 

The reason is that the definition of the cyclic load doesn’t 
change, frequent value of the cyclic action, and this load is 
the main source of fatigue damage. Nevertheless, other ac-
tions may have an impact. This impact is due to the inherent 
non-linearity of concrete cross sections due to cracking. For 

structural steel, the amplitude or range of the cyclic load would 
be the only source of fatigue damage, but in case of concrete, 
reinforced or prestressed, the cross section shall be considered 
cracked, and therefore the stress assessment of concrete and 
reinforcing and prestressing steel shall take into account every 
force defined in the combination, especially if axial forces are 
involved. Besides, fatigue of concrete does depend not only on 
the stress range but also on the mean stress, what, again, oblige 
to include every force acting on the cross section.

However, impact of changing frequent values of the 
non-cyclic actions by their quasipermanent value will not 
have a significant impact. Usually, the more significant non-cy-
clic action, at least for bridges, would be the thermal load if 
the structure is statically indeterminate or the cross section 
is composite. But the difference between ψ1, frequent value 
specified in [1], and ψ2, quasipermanent value specified in [5], 
is very small. According to EN1991-2 [8], ψ1 = 0.6 and ψ2 = 
0.5. Hence the impact on the fatigue verification is minimal, 
and on the other hand, it seems more correct to consider the 
quasi-permanent value for fatigue verification.

Regarding wind actions, the scenario is slightly different. ψ1 
is taken as 0.5 and ψ2 is taken as zero, EN1991-2 [8]. Hence, 
the proposed combination in [5] does not include wind in the 
fatigue combination whereas the current one does, with the 
frequent value. If cyclic action of wind is not considered rel-
evant, neglecting the static value as [5] does for the fatigue 
combination is rational. Of course, wind can be adopted as 
the leading cyclic action in several cases, clearly in support 
structures for wind turbines but also in case of other type of 
structures where wind may induce significant stress ranges and 
number of cycles, including specific aerodynamic effects such 
vortex shedding, and this requires engineering judgment. 

One last consideration is that this fatigue combination shall 
not be adopted as a limit for consideration of cracking. Cross 
sections or structural elements shall be considered cracked, as 
explained in the next paragraph.

5.
internal forces and stresses

First, it is important to note that cyclic internal forces and 
stresses shall be calculated under service conditions. Appro-
priate stress-strain relationships shall be adopted, although 
linear relationship is recommended, and strain compatibility 
must be assumed. For assessment of stresses, assumption of 
cracked concrete is prescribed. It is worth to point out that, 
in prestressed members, according to paragraph 9.2.2 (7), 
[5], if, under the characteristic combination of actions the 
tensile stress in the concrete is below fct,eff, effective concrete 
tensile strength, the section can be considered uncracked. 
This would be beneficial for reinforcing and prestressing 
steel, as well as for concrete, but then fatigue of concrete 
under tensile stress ranges must be verified. This verification 
is not covered in [5], which just covers, as [1] does, concrete 
fatigue under compressive stresses, not under tensile stress-
es or compressive-tensile stresses. Hence, the assumption 
of cracked concrete is the only possible one. This assump-
tion is correct if no stress reversals occur in the fibber under 
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study, i.e., if the fibber is always subjected to tensile stresses, 
as usually happens in bridges. If stress reversals occur, i.e., if 
the fibber is subjected to compression-tension stress ranges, 
for instance in structures for wind turbines, consideration of 
cracked cross sections shall be carefully analysed, specially 
if concrete has a significant humidity and other codes and 
standards should be applied. 

Regarding the different bond behaviour of prestressing and 
reinforcing steel, which has an impact in their stress assess-
ment, the approach has slightly changed. The current formu-
lation in [1] is correct only if reinforcing and prestressing steel 
are in the same position. The new approach allows to calculate 
stresses for different locations of reinforcing and prestressing 
steel. For this, an equivalent area of prestressing steel, Ae, is 
defined, (Eq. 3), function of the bond strength ratio between 
tendons and reinforcing steel, implemented by means of pa-
rameter ξ. This different bond strength is equivalent to a larger 
stiffness of the reinforcing steel compared to prestressing steel 
and therefore techniques for composite cross section analysis, 
i.e., equivalent sections, can be used:

Ae = Ap   ξ [3]ϕ
ϕp

Please note that in Table 10.1, Note 2 [5], it is stated that 
provided ξ values are valid just for “tendons directly cast into 
concrete or contained within corrugated metal ducts”, which 
means that plastic ducts, widely used, are excluded. If such 
ducts are used, no provisions are given. This could be prob-
lematic since in the European Technical Assessment or Ap-
proval of prestressing systems this value is generally not 
given, but if the tendons are intended to be bonded the 
plastic ducts must be corrugated, not being expected large 
differences between the ξ values of metallic ducts which, 
additionally, are affected by a square root. Table 1 show the 
values of ξ considered in [5].

A very important novelty is the consideration of the redis-
tribution of stresses in concrete in the compression zone. This 
redistribution allows to consider a reduction of the concrete 
stresses, which can be of importance for reinforced concrete 
and less significant for prestressed concrete.

Application is straight forward; the stress calculation shall 
be carried out at the fibre located 100 mm from the most com-
pressed edge but limiting the 100 mm distance to 1/3 of the 
cross-section depth and limiting the calculated value of the 
stress to 2/3 of the maximum stress at the extreme fibre of 
the cross-section. This is a simplified approach in general, and 
sometimes conservative compared to the approach of Model 
Code 2010, [3].

Redistribution of stresses under fatigue loading has experi-
mental background. Most loaded fibber under cyclic stress will 
soft and the less stressed fibbers will absorb more stress. Accord-
ing to Zanuy [10], redistributions in reinforced concrete beams, 
not over-reinforced, practically avoid any failure of compressed 
concrete under cyclic loads, so that the typical fatigue failure 
takes place in the reinforcement. This is not true, according to 
[10], in prestressed members, over-reinforced cross sections, col-
umns or piers or when the cyclic concrete stresses are very high.

In the author’s opinion, the formulation for redistribution 
of stresses provided in [5] is quite conservative. Besides the 
importance of this redistribution for a proper assessment of 
highly variable stress zones, is undoubtful. Lack of experimen-
tal work on this matter effectively prevents more refined ap-
proaches, and this is reflected in [5].

6.
reinforcing and prestessing steel. s-n curves. 
simplified verification

General approach for fatigue verification for steel, reinforcing 
and prestressing, has not been changed. Simplified and refined 
methods can be used, both based on the S-N curves. However, 
these curves have been updated. Below new S-N curves, new 
corresponding results of the simplified verification and other 
changes are described.

S-N curves for reinforcing steel are provided in [1], Table 
6.3N, which is reproduced below, (Table 2):

TABLE 1.
Ratio of bond strength ξ between tendons and reinforcing steel

Type of reinforcement N* Stress exponent
ΔσRsk (MPa) 
at N* cycles

k1 k2

Straight and bent bars1 106 5 9 162.5

Welded bars and 
wire fabrics

107 3 5 58.5

Splicing devices 107 3 5 35
 

Note 1: Values for ΔσRsk are those for straight bars. Values for bent bars should 
be obtained using a reduction factor ξ = 0.35 + 0.026 D/ϕ. 
where: 
D: diameter of the mandrel. 
ϕ: bar diameter.

[5] provides different S-N curves for reinforcing steel in An-
nex E, Table E.4, given below as Table 3:
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TABLE 1.
Ratio of bond strength ξ between tendons and reinforcing steel

prestressing steel

ξ

pre-tensioned
bonded, post-tensioned

≤ C50/60 ≥ C70/85

smooth bars and wires Not applicable 0.3 0.15

Strands 0.6 0.5 0.25

indented wires 0.7 0.6 0.30

ribbed bars 0.8 0.7 0.35

Note: For intermediate values between C50/60 and 70/85 interpolation may be used



TABLE 3.
Parameters of S-N curves for carbon reinforcing steel [5].

Type of 
reinforcing 
steel

Diameter

ΔσRsk 5%-quantile (Test σmax=0,6fyk)

ΔσRsk 
[MPa]

N*
Stress exponent

kf1 kf2

Barsa

ϕ ≤ 12 mm 160

2 106

5 9
12 mm < ϕ ≤ 16 mm 140

16 mm < ϕ ≤ 20 mm 130

ϕ > 20 mm 130

ϕ ≤ 12 mm 100 3 5

Type of 
reinforcing 
steel

ϕ > 12 mm 80

Couplersc - 35 3 5

a Values for bent parts of bars should be obtained using a reduction factor 
ξ=0.35 + 0.026 ϕmand /ϕ. The reduction factor ξ may be omitted for shear 
reinforcement with 90º stirrups ϕ ≤ 16 mm and depth h ≥ 600 mm.

b Values for ΔσRsk of tack welded apply for a distance of 5ϕ at each side of 
the weld.

c Values for couplers apply unless more accurate S-N curves are available 
and confirmed by testing.

NOTE: The 10% quantile values for material according to table C1.a and C2.a 
are based on a confidence level of 90% whereas confidence levels prob-
abilities for design ΔσRsk (5% quantile values) are 75% according to EN 
1990:2010, Annex D

Hence, S.N curves for rebars has changed. In [15], the corre-
sponding background document for these new S-N curves, the 
two main reasons for these changes are explained. First, it is 
stated that bar diameters equal or below 16 mm are more rel-
evant regarding fatigue because of the increasing application 
of post- and pre-tension, and these smaller bars, 6 to 20 mm, 
are today efficiently produced as mechanical straightened bars 
from coils (de-coiled bar). De-coiling has a negative influence 
in the fatigue properties of the bars, and it must be addressed 

in the corresponding S-N curves, effectively ruling out other 
production methods regarding fatigue verifications.

Secondly, tack welding, instead of binding the bars with 
wires, has become the standard method for efficient prefab-
ricated construction, and of course it has an impact in fatigue 
design and it must be addressed.

Hence, more than 500 test were carried out, mainly of 12 
and 16mm bars, mechanically straightened and cross-welded 
bars by resistance welding and CO2 tack welding. 

These test campaign led to the modifications of the S-N 
curves in [5] shown in Table 3. Concretely, to the change of 
the knee from N* = 106 (straight bars and bent bars) and N* = 
107 (welded bars and wire fabrics, as well as splicing devices) 
to N* = 2·106 in [5] for every type of reinforcement. 

A quick comparison of the S-N curves for straight and 
bent unwelded bars shows that the proposed S-N curves in 
[5] are more conservative for ϕ > 16mm, as shown in Figure 2, 
where characteristic S-N curves are shown. For diameters from 
12mm up to 16mm the proposed S-N curves are also more 
conservative, especially for low ranges, however for diameters 
lower than 12 mm cycles are clearly better.

Regarding welded bars, S-N curves are compared (Figure 3). 
For diameters less or equal than than 12 mm S-N curves in [5] 
are more favourable for low stress ranges and match the current 
S-N curve in [1] for stresses above the knee. For diameters larger 
than 12mm, the proposed S-N curve is less favourable stresses 
above the knee and matches the S-N curve in [1] below the later. 
Note that just tack weld and welded fabrics are included in [5], 
whereas in [1] the S-N curves are given for welded bars in gen-
eral. On the other hand, in paragraph 10.4 of [5], the stress range 
limit to avoid fatigue verification is given for butt and tack welds, 
i.e., it can be deduced that butt welded bars may be verified by 
the S-N curve of Table 3. Other types of welded reinforcement, 
such as lap or cruciform joints, admitted in [1], would be exclud-
ed. Here, a more refined analysis would be required. 
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It is worth to comment the footnote in Table 3, “The 10% 
quantile values for material according to Table C1.a and C2.a 
are based on a confidence level of 90% whereas confidence lev-
els probabilities for design ΔσRsk (5% quantile values) are 75% 
according to EN 1990:2010, Annex D”. This note can produce 
some confusion and a brief comment is given below.

In the mentioned tables C.1 and C.2 10% quantile values 
of ΔσRsk, i.e., 2·σa, are given, but these values are obtained from 
testing on bare reinforcing bars. In Table E.1, values of ΔσRsk 
are the same than in tables C.1 and C.2, but for a 5% quantile. 
These values apply for reinforcement embedded in concrete.

Embedment in concrete will improve the fatigue behav-
iour of the bars about 10 to15%, but this won’t justify the 
same values for 10 and 5% quantiles. Hence in the note is spec-
ified that values of tables C.1 and C.2 mentioned above are 
given for a 90% confidence level, whereas values in Table 3 
are given for a 75% confidence level, which is the standard 
confidence level obtained by the statistical methods of design 
assisted by testing, according to EN 1990 Annex D [11]. In 
conclusion, values are coherent in both tables.

Regarding the influence of bent parts, of critical impor-
tance for the assessment of shear reinforcement and other bent 
bars, it is treated as in [1], including the same formulation for 
the reduction factor of ΔσRsk, ξ. But an important novelty is 
given in Table 3, note a, where it is stated that for shear rein-
forcement with 90" stirrups, ξ ≤ 16mm and depth h ≥ 600 mm, 
influence of the bent part may be omitted. For standard hook 
of bars smaller than 20 mm, ϕmand = 4·ϕ, the reduction factor is 
ξ = 0.454, which leads to a drastic reduction of the fatigue life. 
Hence, neglecting the influence of the bent implies an impor-
tant improvement. Aside of the maximum bar diameter and 
90º angle, an important requirement is that the element depth 
shall be larger or equal than 600 mm, what allows the anchor-
age of the compressive strut of the shear force in the straight 
part of the bar, before reaching the bent part. This is the main 

reason to neglect the undoubtable impact of the bent in the 
fatigue life of the bar. For smaller depths or larger diameters, 
a detailed analysis of the stress distribution along the bar may 
also allow some improvement of the fatigue life of bent bars.

For couplers, denoted splicing devices in [1], the S-N curve 
is modified, being less favourable due to the reduced value of 
N*, but it is stated that European Technical Product Speci-
fications can be used, since several suppliers provide special 
couplers with improved fatigue life.

S-N curves for prestressing steel are subjected to minor 
changes, which are shown in Table 4.

TABLE 4.
Parameters of S-N curves for prestressing steel [5].

S-N curve for prestressing steel N*
Stress 

exponent ΔσRsk (MPa) 
at N* cyclesa

k1 k2

Pre-tensioning 106 5 9 185

Post-tensioning

- single strands in plastic ducts 106 5 9 185

- curved tendonsb in steel ducts 106 5 9 150

- straight tendonsb or curved 
tendonsb in plastic ducts

106 3 7 120

- anchoring devices and couplers 106 5 5 80
 

Note 1: Values in Table E.2 (NDP) apply for prestressing steel complying with 
Table C.3 to C.5 and prestressing systems complying with 5.4.

a Values correspond to prestressing steel embedded in concrete
b Applies to tendons with wires and strands; tendons with bars are not 

covered.

First change can be found in the general footnote. These S-N 
curves are applicable if prestressing system complies with sub-
clause 5.4 of [5], where it is stated that the prestressing system 
must comply with the relevant standard for prestressing sys-
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Figure 3. Comparison between S-N curves for welded reinforcement.



tems, being recommended EAD 160004-00-0301 (i.e., former 
E.T.A.G 013). In practical words, the prestressing system shall 
be in possession of the corresponding European Technical As-
sessment Document (E.T.A).

In footnote b an important provision is given. Prestressing 
bars are excluded, no S-N curve is given for them. Background 
for this exclusion is the presence of threads in the bar, wors-
ening the fatigue behaviour of the bars compared to strands or 
wires. Since cyclic loads on these elements in concrete struc-
tures are not uncommon, mostly in connections steel to con-
crete or concrete to concrete, it is worth to point out that fa-
tigue verification of these bars is usually carried out according 
to EN 1993-1-9 [7], with a Detail Category (DC) of 50 MPa. 
This DC is valid if bending stresses in the bar are considered, 
which is not common unless detailed Finite Element Model of 
the connection is used. If bending stresses on the bar are not 
considered in the fatigue verification other codes and stand-
ards, [13] and [14] for instance, recommend using a lower DC, 
36 MPa, to take into account the additional damage due to the 
non-contemplated bending stresses.

Regarding simplified verification of reinforcing and pre-
stressing steel is provided in subclause 10.4 of [5], by means of 
maximum stresses under the fatigue load combination already 
mentioned. For unwelded and welded reinforcing steel, a com-
parison with [1], subclause 6.8.6, is given in Table 5. 

TABLE 5.
Comparison among simplified verifications for welded and unwelded reinforcing bars 
in [5] and [1].

New EC2 [5] Old EC2 [1]

Type of bars, [5] Δσsd,max, [5]
Type of 
bars, [1]

Δσsd,max, [1]

Unwelded, ϕ ≤ 12mm 90 MPa
Unwelded 70 MPa

Unwelded, ϕ > 12mm 73 MPa

Butt and tack welded, 
ϕ ≤ 12mm

40 MPa

Welded 35 MPa
Butt and tack welded, 

ϕ > 12mm
30 MPa

Couplers 24 MPa Couplers -

Limits are more relaxed in [5], for unwelded reinforcing bars, 
better for welded reinforcement with diameters ϕ ≤ 12 mm, 
and more exigent for welded reinforcements with ϕ > 12 mm. 
Limit for couplers is a novelty. Limits for prestressing, differ-
entiating pre and post-tensioning, are also given, which is an 
important novelty of [5]. 

Regarding the combination of actions to be used, the one 
specified in 10.2, [5], shall be adopted, but a maximum num-
ber of cycles is provided, 108 cycles. In contrast, in [1], no 
maximum number of cycles is provided. Specification of num-
ber of cycles for the simplified verification allows calculating 
these limits directly, as shown below. 

Concretely, it is easy to check, based on the mentioned S-N 
curves that the provided values correspond to N = 108, being 
N the number of design cycles. For instance, for straight bars, 
with ϕ ≥ 12mm, and applying the corresponding S-N curve 
(Eq. 4):

9

1.15
130

(4)(1.0 Δσsd)
9 108 ≤ 2 106 →	Δσsd = 73 Mpa

the result matches the proposed simplified value, with yF,f = 
1.00,  yF,f = 1.15, kf2 = 9 and ΔσRsk = 130 MPa, i.e., it has been 
adopted for this simplified assessment the S-N curve for ϕ > 20 
mm also for diameters between 12 and 20 mm besides diam-
eters larger than 20 mm. Since the number of cycles is given, 
this simplified verification can be adjusted for diameters larger 
than 12 mm and up to 20 mm.

7.
concrete under compression

7.1. The concrete fatigue phenomena

At material lever, the number of compression (or compres-
sion-tension) cycles that concrete is able to bear before the 
material failure is driven by several complex phenomena. 
Some of these phenomena controlling the material fatigue 
resistance are concrete compressive strength, concrete tensile 
strength, fibre amount and orientation (for FRC), water con-
tent (humidity), concrete fracture energy, cement type and 
aggregates type and size among others. Other phenomena 
control the fatigue action, like the peak compressive stress, 
the valley compressive, or tensile, stress, the load frequency, 
the stress gradient, the load path and the load history among 
others.

7.2. Compression fatigue verification methods

Since there is not a general fatigue formulation covering all 
the above-mentioned aspects in the state of the art, old Eu-
rocodes [1] and [2], as all other concrete codes, includes in its 
formulations only a small part of these parameters: the most 
important; covering the high resulting uncertainty by a set of 
high safety coefficients and parameters.

The new Eurocode, [5], includes three levels of concrete 
compression fatigue verifications:
• A first level, called simplified verification, that can be 

found at clause 10.5 of this standard [5], does not take 
into account the number of load cycles, as far as they are 
less than ten million, and just limits the maximum peak 
stress and stress range, under the fatigue combination of 
loads, with a simple lineal equation.

• A second level, called damage equivalent stress, that can 
be found at Annex E chapter E.4.3 of this standard [5], 
considers, not the maximum stresses as the simplified 
method but the damage equivalent stresses, through a 
more detailed formulation.

• A third level, called Palgrem-Miner rule, that can be 
found at Annex E chapter E.5.3 [5] that allows for a de-
tailed account of the damage induced by each individual 
load cycle, depending on its peak and valley stresses.

All the three methods evaluate the fatigue resistance of con-
crete working with the stress level, that is the ratio of the true 
stress (peak or valley or equivalent) to a notional design fatigue 
strength of concrete fcd,fat. 
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7.3. The design fatigue strength fcd,fat 

The design fatigue stress fcd,fat is a notional stress that is used 
to normalize the fatigue stress levels for the three methods. 
Therefore, this is the key parameter controlling the concrete 
compression fatigue at the code formulation.

Physically, fcd,fat, may be understood as a stress such as if 
being reached in only one cycle it produces the failure of the 
material; therefore the fatigue peak stress of the loading cycles 
needs to stay as much under fcd,fat as higher is the number of 
acting cycles.

The equation used in [5] for fcd,fat is as follows (Eq. 5):

γc

fck (5)fcd,fat = βc c  (t0) fc           ηc c, f a t

where:
βc c  (t0) is a coefficient of concrete strength at first load ap-

plication t0.
 ηc c, f a t  = min {0.85 ηc c  ; 0 .8 }

The equation used in [1] for fcd,fat is as follows (Eq. 6):

(6)fcd,fat = k1 βc c  (t0) fc  (1– fck / 250)

where:
βc c  (t0) is a coefficient of concrete strength at first load ap-

plication .
t0 is the time of the start of the cyclic loading on concrete 

in days.
The value of k1 for use in a country may be found in its 

National Annex. The recommended value for N = 106 cycles 
is 0.85.

Equation 5 is very similar to the one used in [1] (Eq. 6), 
being the only difference the ηc c, f a t factor, a coefficient that 
reduces the fatigue strength for the concrete strength classes 
over 40 MPa. This new factor ηc c, f a t replaces the former k1 and  
(1– fck / 250) factors.

This coefficient, in [5], is based in the general ηc c coef-
ficient, that applies for static loading. In [1], which lacked 
this general ηc c coefficient for the static compressive strength, 
the coefficient was obtained directly from the compressive 
strength.

Figure 4 shows the current and the new resulting design 
fatigue strengths for the concrete classes covered by the stand-
ard. In both cases, former and new Eurocode, the standard rec-
ommended values, above mentioned, for k1 and βc c  (t0) have 
been used to make the comparison.

The new formulation gives slightly lower fatigue strengths 
for the lower concrete classes and bigger values for the high 
strength classes, giving a net strength increase of 23% for the 
C100.

This change in the fatigue compressive strength in [5] 
is made in the opposite direction of the change in the static 
design compressive strength, that is reduced in the new code 
proportionally to the increase in the fck, being the bigger reduc-
tion applied for the C100 with a 25% reduction of the static 
compressive strength relative to [1].

7.4. Simplified verification

This first method provided in [5], is very similar to the one 
present in [1]. The criteria is as follows (Eq. 7) [5]:

(7)≤ 0.5 + 0.45 ≤ 0.9
σcd,max σcd,min

fcd,fat fcd,fat

where:
σcd,max is the maximum compressive stress at a fibre under 

the fatigue load combination according to 10.2 [5].
σcd,min is the minimum compressive stress at the same fibre 

where σcd,max occurs.
fcd,fat is the design fatigue strength of concrete according to 

10.5 [5].
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Figure 4. Comparison of fcd,fat between [2] and [5].



Note that, as commented above, if σcd,min is tensile, it shall be 
considered as null, since concrete must be considered cracked.

The new formula is exactly the same as the one present in 
[1], being the only difference the absolute limiting value 0.90 
for peak the stress level.

This maximum peak stress level was fixed at 0.90 for con-
crete classes up to 50 MPa and limited to 0.80 for classes over 
50 MPa. In [5] the same 0.90 is used for all concrete classes, 
giving an additional 12% increase in the strength for the higher 
concrete classes on top of the increase of the design fatigue 
strength previously described.

Therefore, the global increase in the fatigue strength for a 
C100, according to the simplified method, is over 38% com-
pared to [1].

7.5. Damage equivalent stress amplitude method

This second method has been moved from the main article 
6.8.7 in [1] to the new Annex E in [5]. The formulation used 
is the same used in [1], and can be found now at subclause 
E.4.3, [5]:

(8)+ 0.43 ≤ 1
σcd,max,equ

fcd,fat

1–
σcd,min,equ

σcd,max,equ

Where:
fcd,fat is the design fatigue strength of concrete according to 

10.5 [5].
 is the upper stress of the damage equivalent 

stress amplitude for N=106 cycles.
 is the lower stress of the damage equivalent 

stress amplitude for N=106 cycles.

Both [1] and [5] use the same term σcd,max,equ, nevertheless, the 
definition for σcd,max,equ in [1] is “the upper stress of the ultimate 
amplitude for N cycles” and his ratio to fcd,fat was called “maxi-
mum compressive stress level” while in [5] the definition for the 
same term is the more precise “the upper stress of the damage 
equivalent stress amplitude for N=106 cycles”; and the same ap-
plies for σcd,min,equ.

Most of the structures subjected to fatigue coming from 
wind, wave and traffic loads are subjected to fatigue cycles of 
different amplitude, usually a random amplitude following 
some statistical distribution. The “damage equivalent stress 
amplitude” is a term commonly used in fatigue of metals sub-
jected to this kind of loads, that refers to a notional constant 
stress amplitude which for a fixed number of cycles (N=106 
cycles in this case) produces exactly the same damage as the 
true variable (usually random) stress amplitude loads.

In the case of metals this “damage equivalent stress” can 
be calculated directly for the “damage equivalent loads” that 
can be obtained by simple calculations over time history loads 
or loads spectra due to the linear nature (and the almost null 
influence of the mean stress) of the S-N curves in metals.

In the case of concrete under compression, since there is 
not such a linear S-N relationship, a precise definition of the 
“damage equivalent loads” is needed for every structural appli-
cation (i.e., bridges, towers, sea structures, etc.).

In [5] these equivalent loads are provided for the specific 
case of railway bridges at the new Annex K article K.11.3 [5].

7.6. Palmgren-Miner rule method

This third, and most precise method, the Palmgren-Miner rule, 
was present in the old Eurocode only at the bridges part of 
the code, [2]. Now it is included in the new annex E and can 
be used for all the structures covered by [2], including some 
of the structures at which the compression fatigue normally 
drives the design, like the offshore structures and the wind 
turbine support structures, previously excluded of the scope 
of [2].

The Equation E.8 used in [5], Annex E, is exactly the same 
found in [2] (Eq. 9):

Ni = 10 ki  (9)

where:
Ni is the number of cycles to fatigue failure for each 

stress-level.
ki is a coefficient which can be obtained with the following 

formula (Eq. 10).

(10)ki = C

1–

1–

σcd,max,i

σcd,min,i

fcd,fat

σcd,max,i

where:
C = 14 may be taken for concrete under compression and not 
permanently submerged in water.
σcd,max,i is the maximum compressive stress in stress-level “i”, .
σcd,min,i is the minimum compressive stress in stress-level “i”, .
fcd,fat is the design fatigue strength of concrete according to 
10.5 [5].

The difference between [2] and [5] comes from two sources:
• As previously mentioned, the current EN 1992-2 [2] is 

allowed to be applied only to bridges, and under the spe-
cific bridge loads combinations defined in the same Part 
2 of [2], while [5] allows the application to any kind of 
structure, but those permanently submerged in water.

• The reference concrete fatigue design strength used to 
drive the stress level is increased in [5] as explained abo-
ve, leading to a much higher number of resisting cycles for 
the same stresses at the higher concrete classes.

This increment in the fatigue compressive strength is very 
significant, since with [5], some structures whose design is 
driven by the compression fatigue strength of the concrete, 
like those under predominantly waves or wind loads, can now 
be designed with this new formulation.

8.
shear

It is possible to split the fatigue verification of members under 
shear in two cases, members requiring and not requiring shear 
reinforcement.
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8.1. Members not requiring shear reinforcement.

No modifications have been implemented in the simplified 
verification, except replacing forces, VEd,max and VRd,c, by stress-
es, τEd,max and τRd,c. 

Considering the extensive modification of the shear 
strength of members not requiring shear reinforcement carried 
out in [5], it is hard to tell if the simplified verification is more 
exigent than in [1]. 

Combination of actions for this simplified verification, and 
any other one, is the one proposed in 10.2 of [5].

Regarding the methods for refined fatigue assessment, 
damage equivalent stress range or Palgrem Miner rule, there 
is no formulation provided for members without shear rein-
forcement, no S-N curves are given. Model Code 2010 [3], 
however, provides a S-N curve for fatigue shear strength of 
members without shear reinforcement (Eq. 11):

log N = 10 (1 – Vmax / Vref) (11)

where:
Vmax is the maximum shear force under the relevant rep-

resentative values of permanent loads including prestress and 
maximum cyclic loading.

Vref = VRd,c 

This S-N curve was not included in [5], but it will allow the 
use of Palgrem Miner rule in case that histograms or Markov 
matrices of shear forces are available.

8.2. Members requiring shear reinforcement. 

In members requiring shear reinforcement both shear rein-
forcement and concrete struts must be verified. Hence simpli-
fied and refined methods for fatigue verification of reinforcing 
steel and concrete under compressive stresses can be applied.

Verification of fatigue for shear reinforcement and concrete 
struts strongly depends on the value of the angle of the struts 
to the bending reinforcement, θ. In the current EN 1992-1-1 
the following formula is proposed in 6.8.2 (3) [1] for this an-
gle when verifying fatigue (Eq. 12):

(12)cotθfat =   cotθ

This formula considers the fact that the angle of the struts under 
fatigue loads, which are loads under service conditions, may be 
significantly larger than the one considered for ultimate loads. 
For instance, if cotθ = 2.50 for ULS verifications, cotθfat would 
yield 1.58 for fatigue checks. Hence fatigue design of shear rein-
forcement can be more determinant than ULS design, especially 
if the shear reinforcement presents an additional reduction of its 
fatigue strength due to the presence of a bent.

But the proposed formula is an estimation and does not 
consider the actual biaxial stress state in the member if axi-
al force is present. For instance, the prestressing force acting 
on the member can significantly flatten the angle. Hence, al-
though keeping the formulation in [1] for cotθfat the possibility 
of a specific calculation of cotθfat by means of the formulation 
of annex G is allowed by [5], using the maximum shear in the 
cycle.

Annex G provides information for assessment of SLS stress-
es, considering cracking, in G.5. Formulation is given for mem-
brane elements, perfectly applicable for thin webs of T beams, 
box girders, etc., but also for solid cross sections with some 
adjustments. For this assessment of cotθ Annex G allows two 
approaches, elastic calculation, and the following more refined 
formula, which implies solving a 4th grade polynomial equation 
(Eq. 13) and takes into account the reinforcement amount:

(13)
τEdxy τEdxyσEdx σEdy

ρx ρxρx ρx
cot4θ +          cot3θ – cotθ – = 0

Regarding the compression strut, the same cotθfat shall be used. 
Reduction of compressive fatigue strength fcd,fat due to transverse 
tensile stresses is considered by means of factor v. A simplified val-
ue of v = 0.5 is proposed in chapter 8 of [5] and directly recom-
mended for the simplified verification of concrete under shear. A 
larger value of v may be calculated, according to the formulation 
given in 8.2.3 (7), [5], if the ductility of reinforcement is B or C. 
In any case, when adopting the recommended simplified value of 
v, 0.50, high strength reductions of concrete fatigue strength can 
be expected, and this can have an impact in the design of thin 
webs of precast beams and other members under cyclic loads. 
Hence, it is highly recommended to use the more refined value 
of v. It is interesting to point out that even these refined values of 
v are very conservative since the transverse reinforcement won’t 
yield under cyclic loads, whereas the proposed formulation for v 
assumes a yielded, or close to yield, reinforcement. A more accu-
rate estimation of the strength reduction considering the stress 
level of the transverse reinforcement can be also found in Annex 
G. The formulation can be found in G.3, and it allows to consid-
er levels of reinforcement stress lower than the yield strength, 
increasing consequently the value of v. Of course, this is closely 
related to the multiaxial stress states, commented below.

8.3. Shear at interfaces

Treatment of shear at interfaces has completely changed in the 
new FprEN 1992-1-1:2023 [5]. Current provisions just state 
that value of the cohesion, c, shall be halved in case of fatigue 
or cyclic loads, 6.2.5 (5) [1].

In the new draft, approach is totally different. First, de-
tailing may allow to avoid fatigue verifications, i.e., if the rein-
forcement through the joint is fully anchored and the interface 
is rough or keyed, no fatigue verification of the interface itself 
is required. Of course, this does not excuse the verification of 
concrete and reinforcement next to the interface.

If, as sometimes occurs in precast construction, reinforce-
ment crossing the interface cannot be fully anchored, i.e., an-
chor (or lap) length is not enough to transmit the full design 
stress of the reinforcement, fyd, or the interface is not at least 
rough, strength of the interface shall be checked according to 
the following equation (Eq. 14):

(14)ΔσRsk

0.45γs

ΔτEdi ≤ ΔτRdi = μv,fat  σn  + ρ (μv,fat  sinα + cosα)

Where ΔτEdi would be the stress range according to the fatigue 
combination already described. 

This verification is very favourable, since there is a factor 
0.45 dividing the fatigue strength of the reinforcement, ΔσRsk. 
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Hence, this in fact an increase of the fatigue strength of the 
reinforcement. 

Main reasoning behind this improvement of the fatigue 
strength of the reinforcement is that, neglecting the cohesion 
term, c, the concrete strut at the interface will flatten, and this 
has a positive impact in the reinforcement stresses.

This approach is not totally clear, at least in the author’s 
opinion. If cohesion is omitted in the verification of ULS of 
fatigue, it should also be omitted in the standard ULS verifica-
tion, and it is not.

On the other hand, Model Code 2010, [3], recommends 
a reduction of the static strength of 40% if cyclic loads were 
present, and although this reduction may be quite conserva-
tive, compared to it the new approach in [5] is much favoura-
ble for the fatigue verification.

Of course, zones adjacent to the interface, which shall be 
checked, will usually be, in this case, determinant. 

9.
multiaxial stress states.

Multiaxial stress states are common in most of the members 
subjected to cyclic loads, from bridges to support structures 
for wind turbines, especially in unavoidable geometric transi-
tions or relatively abrupt geometric changes, but there is little 
experimental or theoretical background regarding fatigue be-
haviour of concrete under multiaxial cyclic stresses.

On the other hand, [1], and [5], do consider the reduction 
of concrete compressive strength under fatigue loads, fcd,fat, in 
case of transverse tension, since the factor v shall multiply fcd,fat 
when verifying fatigue of the concrete strut under shear. Hence, 
it is implicitly assumed that tensile stresses will have an impact 
on the compressive fatigue strength not only for shear but for any 
biaxal or triaxial stress states with at least one positive principal 
stress. This means that, although not directly stated, [1] and [5] 
are assuming that parameters defining concrete strength under 
static multiaxial ULS stresses shall be also considered for fatigue 
strength verification of concrete under multiaxial cyclic stresses. 

Accepting this assumption as correct, and it is correct ac-
cording to [1] and [5], for biaxial stress states with at least one 
positive principal stress refined formulations, instead of simpli-
fied assessment, can be used for a calculation of the reduction 
factor v. Concretely Annex G in [5] allows assessing the reduc-
tion of compressive strength considering the real transverse re-
inforcement stress, and this will have a significant impact since, 
under cyclic loads, stress levels of transverse reinforcement will 
be significantly lower than its yield strength whereas the reduc-
tion of concrete strength given by the simplified value of factor 
v considers the reinforcement yielded or close to yield. Old Eu-
rocode 2, part of bridges, [2], in subclause 6.109, also allowed 
this refined assessment of the strength reduction, but in a much 
more conservative way. In the author’s experience the appli-
cation of this Annex G will lead to more rational reductions 
of concrete strength for fatigue verification of concrete under 
compressive cyclic stresses and transverse tension. 

Regarding confinement of concrete under bi or triaxial 
compressive stress states, no provisions are given in the cur-
rent draft. There are few experimental results for confined 

concrete under cyclic compressive stresses, but several of them 
indicate an improvement of the fatigue strength, [12]. Addi-
tionally, since compressive fatigue strength reduction must be 
assumed if transverse tensile stresses exist, it seems rational 
to also consider the improvement of the compressive fatigue 
strength due to confinement. Despite this, no direct indica-
tions to consider confinement are given in [5]. It is worth to 
mention that in other codes, for instance in [14], it is allowed 
to consider confinement, but the increase in the fatigue com-
pressive strength is limited to a factor of 1.30.

Last, it shall be pointed out that, as already commented, no 
provisions for verification of concrete fatigue under tensile or 
compressive-tensile stresses are given in [5], i.e., concrete shall 
be considered cracked.

10.
application to bridges

No significant changes have been carried out in [5]. Below are 
described the most important ones.

10.1. λ factors

λ factors are required to calculate the damage equivalent stress 
range, Δσs,equ for prestressing and reinforcing steel in both road 
and railway bridges. They consider, according to [5], Annex K:
• λs,1 : Type of element, e.g., simply supported or continuous 

beam, as well as the damaging effect of traffic by means 
of the critical length of the influence line or area

• λs,2 : Traffic volume
• λs,3 : Design life of the bridge
• λs,4 : Number of loaded tracks or lines. 

The only λ value that has significantly changed is λs,1, although 
this change is specified just for railway bridges, λs,1.

This factor must change since it is function of the shape of 
the considered S-N curves, and these curves have changed for 
reinforcing steel, welded and unwelded. Concretely the num-
ber of cycles at the knee, N*, has changed, being now 2·106 
for any reinforcing steel, welded or unwelded. ΔσRsk has also 
changed, but it does not affect the values of λs,1. These values of 
λs,1 are given in [5] in Annex K, Table K.2, which is reproduced 
here in Table 6.

In Table 6 above is specified, in (1) to (4), the parameters 
of the S-N curves considered for assessment of , slopes kf1, kf2 
and number of cycles at the knee, N*. However, N* does not 
match with the value specified in the new S-N curves in An-
nex E, [5], 2·106 cycles. The same values than those in [2], 
Annex NN, are kept.

A solution for this apparent inconsistence is found in Note 
2, where it is stated: “Different N* values can be considered as 
follows: λs,1,N* new = λs,1,N* old (N*old ⁄ N*new )1⁄kf1”.

For a better understanding of this modification, it must be 
noticed that the aim of the λs,1 factor is to get the damage 
equivalent stress range, i.e., the stress range that leads to the 
same damage than that calculated with the Palgrem Miner rule, 
using the stress range histograms produced by the so-called 
traffic mixes. A general expression for this damage equivalent 

120 – Ríos, C., Lancha, J.C., & Vicente, M.Á. (2023) Hormigón y Acero 74(299-300); 109-122



stress range, assuming proportionality between bending mo-
ment and stresses, is given below (Eq. 15):

(15)
Δσi

1/kf1

N*
Δσequ = Σ

Where Δσi is the stress range of block i of the histogram, com-
posed of n blocks. It is immediate to deduce that, keeping the 
same traffic mixes and therefore the values of Δσi, a change in 
the number of cycles N* can be accounted for by the expres-
sion provided in Note 2 of Table 6.

11.
reductions of materials and in-turn climate 
impact

Fatigue verification is not determinant for standard buildings, 
many road bridges, and several other structures. On the other 
hand, in railway bridges, support structures for wind turbines 
and other machinery, offshore structures, etc., fatigue usually 
have a significant impact in the design and hence in the mate-
rial amount. Regarding this, the new Eurocode may lead to a 
non-negligible material volume reduction with the consequent 
favourable in-turn climate impact. A non-exhaustive summary 
is provided below.

• Shear reinforcement: Shear reinforcement was sometimes 
driven by fatigue in railway and even road bridges, as well 
as foundations for wind turbines and other machinery, 
mainly due to the significant reduction of the strut angle 
used at ULS verifications when verifying fatigue and the 
fatigue strength reduction due to the hook or bent at the 
links and stirrups. The possibility of a more refined calcu-
lation under service conditions of the strut angle, the opti-
mization of the compressive strength reduction of concrete 
under transverse tensile stresses and the exclusion of the 
fatigue strength reduction due to the bent for depths larger 
than 600mm and diameters equal or less than 16mm may 
lead to local but non-negligible material savings.

• Welded reinforcement. The improvement of the S-N curves 
for reinforcing bars of diameters less or equal than 12mm, 
quite common in prestressed structures under dynamic 
loads will lead to some reduction of the amount of steel rein-
forcement or will allow the use of tack welding for reinforce-
ment meshes and cages, rationalizing the production, which 
always has a positive impact in terms of sustainability.

• Fatigue of concrete. With the current formulation thick-
nesses of some slender webs and slabs of T-girders, 
box-girders, etc., of concrete railway bridges, and without 
a doubt thickness of support structures for wind turbines, 
which are driven by the fatigue verification of concrete 
under compression, can be reduced. The new formulation 
improves the compressive fatigue behaviour of concrete, 
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TABLE 6.
λs,1 values for simply supported and continuous members of railway bridges [5].

a) simply supported members b) continuous members (interior span)

L [m] STM HTM L [m] STM HTM

(1)
≤ 2 0.90 0.95 (1) ≤ 2 0.95 1.05

≥ 20 0.65 0.70 ≥ 20 0.50 0.55

(2)
≤ 2 1.00 1.05 (2) ≤ 2 1.00 1.15

≥ 20 0.70 0.70 ≥ 20 0.55 0.55

(3)
≤ 2 1.25 1.35 (3) ≤ 2 1.25 1.40

≥ 20 0.75 0.75 ≥ 20 0.55 0.55

(4)
≤ 2 0.80 0.85 (4) ≤ 2 0.75 0.90

≥ 20 0.40 0.40 ≥ 20 0.35 0.30

c) continuous members (end span) d) continuous members (intermediate support area)

L [m] STM HTM L [m] STM HTM

(1)
≤ 2 0.90 1.00 (1) ≤ 2 0.85 0.85

≥ 20 0.65 0.65 ≥ 20 0.70 0.75

(2)
≤ 2 1.05 1.15 (2) ≤ 2 0.90 0.95

≥ 20 0.65 0.65 ≥ 20 0.70 0.75

(3)
≤ 2 1.30 1.45 (3) ≤ 2 1.10 1.10

≥ 20 0.65 0.70 ≥ 20 0.75 0.80

(4)
≤ 2 0.80 0.90 (4) ≤ 2 0.70 0.70

≥ 20 0.35 0.35 ≥ 20 0.35 0.40

STM standard traffic mix
HTM heavy traffic mix
(1) Reinforcing steel, pre-tensioning (all), post-tensioning (tendons in plastic ducts and straight tendons in steel ducts); S-N curve with kf1=5, kf2=9 

and N*=106 (values may be changed due to changes in kf1 and kf2 or N*)
(2) Post-tensioning (curved tendons in steel ducts; S-N curve with kf1=3, kf2=7 and N*=106 (values may be changed due to changes in kf1 and kf2 or N*)
(3) Couplers (prestressing steel); S-N curve with kf1=5, kf2=5 and N*=106 (values may be changed due to changes in kf1 and kf2 or N*)
(4) Couplers (reinforcing steel); welded bars including tack welding and butt joints; S-N curve with kf1=5, kf2=5 and N*=107 (values may be 

changed due to changes in kf1 and kf2 or N*)
NOTE 1 Interpolation between the given L-values according to formula (k.6) [5] may be carried out.
NOTE 2 Different N* values can be considered as follows: λs,1,N* new = λs,1,N* old (N*old ⁄ N*new )1⁄kf1



according to the trend in modern codes and standards 
such Model Code 2010 [3].

As an example, fatigue strength of concrete C50/60 
in [1], yields a fcd,fat of 22.67 Mpa, 45% of fck. Stress lim-
it to avoid non-linear creep of concrete under the qua-
sipermanent combination of actions is, according to [1], 
0.45·fck. This means that stress control is determined in 
several cases by the fatigue verification provided in [1], 
not by the SLS verifications. Several precast and even in 
situ concrete bridges and other structures with decades in 
service may not comply with the current limits of [1]. A 
modification of this fatigue verification of concrete under 
compressive stress was mandatory and this improvement 
is consistent with the lack of fatigue related pathologies 
in bridges and support structures for wind turbines. For 
instance, in High-Speed Railway bridges built in Spain, 
some of them with more than 40 years in service, no 
concrete fatigue related pathologies are known by the 
authors.

Impact in concrete volume reduction for bridges will 
not be large, but some optimizations could be expected, 
especially for precast elements. This optimization will be 
more certain in case of support structures for wind tur-
bines, although the application of [3] for the design of this 
structures has already led to important reductions of the 
concrete amount of these members. This conclusion could 
be extrapolated to other dynamically loaded structures, 
from crane bridge beams to offshore structures.

• Refined tools. The extension of the tools for the refined 
assessment of fatigue, such the Palgrem-Miner rule, now 
just provided for bridges in [2], will also contribute to a 
more rational design of other structures cyclically loaded, 
allowing the optimization of the volume of materials.

12.
conclusions

This paper has carried out an in-depth review of the most rele-
vant changes in the field of concrete fatigue in the new Euroc-
ode 2 compared to its predecessor.

The first difference, more formal than technical but rel-
evant in any case, is that in the new Eurocode 2 fatigue has 
its own chapter and an annex, which gives it a visibility and 
relevance that it did not have in the previous version of this 
standard. This is a clear demonstration of the importance that 
fatigue in concrete has acquired in recent years.

From a technical point of view, the most important change 
between the new Eurocode 2 and its predecessor lies in the 
improvement of the S-N curves of concrete in compression. 
After several decades of designing and building structures sub-
jected to significant cyclic loading, mainly bridges and viaducts 
for railways and support structures for wind turbines, the vir-
tual absence of pathologies is a clear indication that the cur-
rent formulation was overly conservative. The new Eurocode 
2 proposes curves that are more in line with reality (that is, 
less conservative), which will make it possible to optimize the 
design of structures, reducing their cost and increasing their 
sustainability.

Other tools, strongly supported by research and profession-
al practice, have also been introduced to help optimize fatigue 
design. For example, the introduction of gradient redistribu-
tion of concrete under cyclic compressive loading, the possi-
bility of not checking shear reinforcement hooks for fatigue 
if they meet certain requirements, optimization of the angle 
of the concrete strut to be considered in the verifications, etc.

In other cases, there are no substantial differences between 
the new Eurocode 2 and its predecessor, for example in the 
simplified verification of elements without shear reinforce-
ment, multiaxial stress states or in the calculation of equiva-
lent fatigue loads in road and railway bridges. In both cases, it 
is regrettable that the new standard has not been somewhat 
more daring, but precisely the correct behaviour of structures 
subjected to fatigue designed in recent decades has made it 
advisable to maintain the approach of the previous version.

Finally, it should be noted that one of the major new fea-
tures of the new Eurocode 2 is the inclusion of an improved 
approach for fatigue design of joints between concretes of dif-
ferent ages.
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a b s t r ac t

The second generation of the Structural Eurocodes is expected to be published by 2026. This article describes design provisions for 
laps and anchorages of normal ribbed reinforcement in Sections 11.4 and 11.5 of FprEN_1992_1_1:2023, the forthcoming version of 
Eurocode 2, the European Code for Design of Concrete Structures. This article outlines why and how design provisions have been 
modified, demonstrates the physical rationale for the rules and notes the evidence on which the justification is based. It also indicates 
the impact of the revisions. 

The article gives an overview of the factors influencing anchorage and lap strength and presents a historic perspective on the develop-
ment of the revised rules. The influence of each factor as represented in current and revised Eurocode 2 are then compared. The revised 
rules are then validated against test databases for anchorages and for tension and compression laps, and the impact of the revisions on 
design practice for selected situations are briefly examined.
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r e s u m e n

La segunda generación de Eurocódigos Estructurales tiene prevista su publicación en 2026. En este artículo se describen las disposi-
ciones de diseño para solapes y anclajes de armaduras nervadas normales de las secciones 11.4 y 11.5 del borrador final de la próxima 
versión del Eurocódigo 2, el Código Europeo para el Diseño de Estructuras de Hormigón. Este artículo describe por qué y cómo se han 
modificado las disposiciones de diseño, demuestra la justificación física de las normas y señala las pruebas en las que se basa la justifi-
cación. También indica el impacto de las revisiones.

El artículo ofrece una visión general de los factores que influyen en el anclaje y la resistencia de solape y presenta una perspectiva históri-
ca del desarrollo de las normas revisadas. A continuación se compara la influencia de cada factor tal como se representa en las normas 
actuales y en las revisadas. Las normas revisadas se validan con bases de datos de ensayos de anclajes y solapes a tracción y compresión, 
y se examina brevemente el impacto de las revisiones en la práctica del diseño para situaciones seleccionadas.

palabraS clave: Diseño de hormigón estructural, EC2, unión, anclaje, solape, empalme. 
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1.
introduction

The second generation of the Structural Eurocodes is expected 
to be published by 2026. This article describes design provi-
sions for laps and anchorages of normal ribbed reinforcement 

in Sections 11.4 and 11.5 of FprEN_1992_1_1:2023 [1], the 
forthcoming version of Eurocode 2, the European Code for 
Design of Concrete Structures, which revises and enhances the 
current Standard EN1992_1_1:2004 (EC2) [2].

The basic expressions for design and anchorage which ap-
pear in EC2(2004) are essentially those proposed in the 1978 
edition of the CEB-FIP Model Code [3] (MC78), although 
there were a few, generally modest, differences in the value of 
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coefficients. Since that time there has been a general increase 
in the strengths of both concrete and reinforcement used in 
construction. For example, the characteristic strength of rein-
forcement in many European countries was around 400 MPa 
in 1978 but is currently 500 MPa. The CEB Bulletin on High 
Performance Concrete [4] (CEB 1995) recommended that con-
crete grades be extended from the then limit of C80/100 up to 
C100/125, and that the validity of current rules for bond and 
anchorage should be reconsidered. New materials and technol-
ogies with differing bond and anchorage capabilities have been 
introduced, for example headed and post-installed bars, and de-
sign rules need to be extended to cover these innovations. Some 
aspects of current EC2 design rules appear inconsistent with 
recent research findings, for example, research has demonstrated 
a markedly lesser difference in capacity between lapped joints 
and anchorages than current requirements suggest. As a con-
siderable amount of research into behaviour of anchorages and 
laps has been carried out over the past 50 years since MC78 was 
drafted, a significant revision of the rules in the first generation 
document was considered necessary.

Anchorage and laps of reinforcement attracted a substan-
tial number of comments at the recently completed enquiry 
stage, and there is evidently a need to explain the basis for the 
revisions. The objectives of this article are to outline why and 
how design provisions have been modified, to demonstrate the 
physical rationale for the rules where appropriate, to note the 
evidence on which the justification is based and to indicate the 
impact of the revisions, with the overall aim of promoting an 
understanding of the justification for the new rules. 

Throughout this article, “EC2” denotes the current version 
of the EC1992-1-1:2004 and “FprEC2” denotes the 2023 For-
mal Vote draft of the enhanced version. Equations, tables, and 
figures have been numbered sequentially in citation order in 
this article. References to equations, tables, and figures taken 
directly from FprEC2 are additionally given in {curly brack-
ets}. It does not reproduce sections of the Code in detail and 
is intended to be read alongside the revised Code. At the time 
of writing the Formal Vote process is about to begin and it 
is po1ssible that some minor adjustments will be introduced 
before a final version is published.

2.
bond, anchorages and laps: general 
considerations

Bond and anchorage are the terms used to denote the transfer 
of force between reinforcement and concrete. Design rules for 
anchorages and laps are found in sections {11.4} and {11.5} 
respectively in FprEC2. Anchorages transfer force from bar to 
concrete, for example at ends of members or where bars are 
curtailed where a member has sufficient capacity without their 
contribution; the force in an anchored bar reduces to zero over 
the anchorage length. Laps provide continuity of force in rein-
forcement, transferring force from one of a lapped pair to the 
other bars via the surrounding concrete; the force in a lapped 
pair remains approximately constant over the lap length.

Bond has conventionally been described as a shear stress 
on the nominal perimeter of a bar, calculated as the change 

in bar force over a certain distance divided by the (nominal) 
area of bar surface over which this change takes place, Eq.1. 
This represents a major simplification as most bars produced 
today rely on the bearing of ribs rolled onto or indented into 
the surface of the bar during manufacture to transfer force. 
Although the transfer of force between reinforcement and 
concrete depends on adhesion and friction over the whole bar 
surface at low bond stress, as the ultimate limit state is ap-
proached bond relies increasingly on bearing of the ribs on the 
concrete. The definition of Eq. 1 is, nonetheless, a convenient 
one and is widely used.

       
fb  = Δσs As  / (π ϕ lb) (1)

where
fb is the average bond stress over length lb
Δσs is the change in bar stress over lb
As is the cross-sectional area of the bar
ϕ is the nominal diameter of the bar
lb is the bond length over which Δσs takes place

The simplicity of Eq. 1 can be misleading; the evaluation of 
bond resistance is complex, and while there has long been gen-
eral agreement over the parameters which influence bond resist-
ance, quantification of the magnitude of the contribution attrib-
utable to each parameter varies widely. The distribution of bond 
stress throughout an anchorage or lap length is non-uniform, a 
topic explored later in this article, see Figure 4. EC2 includes no 
less than 10 parameters for the calculation of anchorage or lap 
length. There are two broad forms of failure mode depending 
on whether or not concrete cover splits, and within the splitting 
mode there are a number of sub-modes dependent on section 
geometry. The one common conclusion on which all agree is 
that bond is not a fundamental property of the bar, as has been 
asserted in the past, but is a quantity influenced by bar and con-
crete section geometry, materials characteristics, and stress state.

Bond over a straight length of bar may be supplemented 
by other features which contribute to transfer of force be-
tween bar and concrete. These features may include welded 
cross bars, a hook or bend formed close to the end of the bar, 
a plate or head welded to the end of the bar, or in the case 
of bars in compression, bearing of the end of the bar on con-
crete. Because of the variation in bar concrete slip over a lap 
or anchorage length and differences in load-slip characteristics, 
the contributions of these other forms of anchorage cannot be 
directly summed with that of bond over the straight length of 
a bar, and it is necessary to consider their interaction to deter-
mine the combined resistance. Such analysis lies outside the 
scope of normal design, and for practical purposes a nominal 
allowance is given in Code rules to evaluate their contribution.

3.
bacKground to the revision and development 
of design expression

A comprehensive reappraisal of provisions for laps and 
anchorages was initiated by fib TG4.5 (now TG2.5) and 
published in fib Bulletin 72 [5] in 2014. Bulletin 72 reported a 
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detailed semi-empirical analysis in which a form of expression 
based on physical analysis of influencing parameters was 
calibrated using and validated against a database compiled 
by fib TG 4.5 comprising around 800 relevant results of tests 
on lapped joints and around 100 tests on end anchorages. 
Contributions of cover, secondary reinforcement and transverse 
compression are summative, in contrast to the multiplicative 
format in EC2. The format of the expression adopted reflects 
a view that the influence of each of these contributions acting 
in combination would tend to be equal to or less than the sum 
of their contributions taken individually, and that a factorial 
combination could potentially lead to less safe provisions. 
Limits were set on the range of accepted parameters to reflect 
normal practice as well as the limits to test parameters in 
the database: 15 MPa< fcm < 110 MPa, 0.5 ≤ cmin/ϕ ≤ 3.5, cmax/
cmin ≤ 5.0, ktr ≤ 0.05, lb ≥ 10ϕ. The mean strength expression 
for bond, anchorages and laps proposed and validated in fib 
Bulletin 72, Eq. 2, is well regarded and subsequent studies have 
independently confirmed its suitability as the basis of design 
provisions [6],[7]. Equation 2 is suitable for evaluation both 
of anchorages of individual bars and for lapped pairs of bars. A 
summary of the statistical fit of Eq. 2 to test results compiled 
by fib TG4.5 [8] and by Amin [9] is shown in Table 1. 

0.25 0.25 0.10.55 0.2fcm cminlb 25
54 ϕ cmin

cmax

ϕ ϕ
(2)fstm = 54 + km Ktr

where
fstm is the estimated stress developed in the bar (mean value)
fcm is the measured concrete cylinder compressive strength
lb and ϕ are the bond length and diameter of the lapped 

or anchored bar respectively, 
cmax and cmin are defined in Figure 1.
Ktr = nl.ng.Asv/(lb.ϕ.nb) 
ng is the number of groups of links within the lap or an-

chorage length, 
nl is the number of legs of a link in each group which 

cross the potential splitting failure plane
Asv the area of each leg of a link, and 
ns the number of bars lapped or anchored at the section
nb is the number of individual anchored bars or pairs of 

lapped bars alternatively, Ktr = nl.Asv/(sv.ϕ.nb), where sv 
is the spacing between groups of links

km is an ‘effectiveness factor’ for link confinement

cscx

cy

cmin= min (cs/2, cx, cy)
cmax= max (cs/2, cx)

Figure 1. Definition of concrete cover dimensions.

Design values for bond stress in Bulletin 72 were derived 
from Eq, 2 in a relatively simple manner, assuming a normal 
distribution in the variability of tests results, determining a 
95% lower bound characteristic value, and applying a partial 
safety coefficient of 1.5 to the characteristic value.

The derivation of design values for anchorage and lap 
length in FprEC2 has evolved through several stages since 
then. Mancini et al [10] subsequently performed a rigorous 
statistical analysis of the lap data compiled by fib TG4.5 
and demonstrated that no significant trends of variation are 
found on the database. They note, however, that a log-normal 
distribution provided a better representation of the measured 
to estimated strength ratio of test results. A probabilistic 
calibration of the mean strength expression was performed 
defining the related model uncertainties, grounded on the 
experimental database, following the reliability format 
defined by Taerwe [11]. Focusing on ordinary structures 
with 50 years of service life, the accepted target level of 
reliability was taken to be β = 3.8. The semi-empirical Eq. 2 
was processed accounting both for model uncertainties and 
random variability of concrete strength to derive a reliability-
based design expression, although it was noted that concrete 
cover might also have been treated as a random variable. 
They noted that with EC2 provisions in which a uniform 
bond stress independent of the bar stress to be developed is 
assumed, reliability index β becomes significantly higher than 
the target 3.8 in case of low-stressed bars, but could become 
unconservative for high strength bars, thus prompting a move 
away from a notional average design bond strength towards 
direct calculation of anchorage and lap length. The analysis 
assumed that the variability assumed for concrete strengths 
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TABLE 1.
Summary of fit of Eq. 2 to test results [5].

Database fib TG 4.58 Amin9

Laps with links Laps without links Anchorages with links
Anchorages without 

links
Anchorages without 

links

Mean 1.00 0.97 0.98 0.93 1.01

Coefft. of Variation 0.132 0.150 0.176 0.118 0.16

Minimum 0.68 0.62 0.63 0.76 0.61

5% char. ratio 0.78 0.73 0.70 0.75 0.75

No. of results 288 255 18 21 164



was sufficient to cover the weaker or less well compacted 
concrete found in ‘poor’ casting conditions, although this 
assertion appears not to have been verified against ‘top cast’ 
data available in the ACI408 database.

Vollum and Goodchild [12] refined the analysis of 
Mancini et al by dividing test results into four stress bands, 
namely fst,test < 300 MPa, 300 MPa ≤ fst,test < 400 MPa, 400 MPa 
≤ fst,test < 500 MPa and fst,test ≥ 500 MPa, where the stress fst,test  
is the measured lap strength. Each stress band was analysed 
following the procedure of Mancini et al. referred to in the 
preceding paragraph. It is apparent that the ratio of strength 
measured in tests to that estimated by Eq. 2 was greater and the 
scatter reduced for higher strength laps. They proposed a bond 
length coefficient of 67 for bars designed for the full 435 MPa 
design strength of Grade 500 bars, a lower value than that 
proposed by Mancini et al. However, for the weaker strength 
intervals as used in their analysis the reduced coefficient would 
provide insufficient safety. To allow for this a linear relationship 
between the stress developed and bond length was proposed 
for design strengths of less than 435MPa, the design strength 
of a Grade 500 bar. The difference in the proposals is shown 
schematically in Figure 2. The Vollum & Goodchild proposal 
is rather conservative for medium strength anchorages, and for 
a stress of 250 MPa would require an anchorage 43% longer 
than Mancini et al.

lbd /ϕ = 67 m (γc /1.5)0.64(25/fck)0.45(ϕ/25)0.36/(α2+α3) (3a)

m = Max{σsd  / 435, (σsd / 435)1.82} (3b)

α2 = (cmin /ϕ)0.5 (cmax/cmin) 0.15 (3c)

Where
lbd is the design value of anchorage length of 

reinforcing steel
67 is a dimensionless factor for calculating the 

design anchorage length.
ϕ is the nominal bar diameter

σsd is the design value of the reinforcing steel stress 
at the cross-section

fck is the characteristic concrete compressive 
strength

cmin and cmax are defined in Figure 1
α3 represents confinement from transverse or 

confining reinforcement

Equation 3 subsequently evolved, with modifications, into the 
design expression in FprEC2, Eq. 4. Indexes in Eq. 4 are rounded 
from those in Eq. 3: only nominal adjustments have been made 
to indices on concrete strength, bar size and minimum cover. 
Index nσ is a Nationally Defined Parameter [NDP] with a 
constant recommended value of 1.5 [NDP], thus moderating 
the conservatism of the Vollum & Goodchild proposal for 
bar stresses less than 435 MPa Bond length coefficient klb is a 
Nationally Defined Parameter (NDP). Vollum and Goodchild 
recommended a value of 67 as a bond length coefficient, 
Eq. 3a. Their analysis was based on a benchmark cover ratio of 
cd/ϕ =1.0 and a bar size factor (ϕ/25), whereas Eq. 4 {11.3} is 
based on a benchmark of cd /ϕ=1.5 and a bar size factor (ϕ/20). 
Making allowance for these differences results in an equivalent 
bond length coefficient klb = 67(1.0/1.5)0.5 (20/25)0.33 = 50.8 
and rounding leads to the recommended value of klb = 50 in 
Eq. 4. Parameter cmax /cmin has only a very modest influence on 
design anchorage length and has consequently been dropped. 
An evaluation of Eq. 4 is presented later.

nσ

435 cd

1.5ϕ
fck 20

σsd 25 ϕ
(4)[11.3]lbd = klb kcp ϕ ≥ 10 ϕ

1 11
2 23

nσ is the exponent to consider effect of steel stress on 
anchorage length, equivalent to m in Eq. 3. nσ = 1.5 
(recommended value) for persistent and transient 
conditions (formerly permanent and variable)

cd is similar to cmin in Figure 1 but with some additional limits
kcp is a coefficient accounting for casting effect on bond 

conditions
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Figure 2. Comparison of proposals by Mancini et al [10], Vollum & Goodchild [12] and FprEC2 [1].



25/fck represents the influence of concrete strength
ϕ/20 represents the influence of bar size
1.5ϕ/cd represents splitting resistance provided by concrete 

cover.

4.
anchorage lengths of straight bars in 
tension in fprec2 {11.4.2}

The format of design provisions in FprEC2 is markedly 
different from that in EC2. Anchorage length is calculated 
directly from material properties and geometric parameters, 
in contrast to EC2 provisions where an ultimate bond strength 
and a basic anchorage length are first obtained {from Eqs. 8.2 
and 8.3 respectively}, the basic anchorage length then being 
modified by a set of α coefficients related to concrete cover, 
confining reinforcement, and transverse compression. Design 
bond length is no longer directly proportional to the stress to 
be anchored. In EC2 factors α2, α3 and α5 for the contribution of 
cover, secondary reinforcement or pressure were multiplicative, 
in FprEC2 they are now summative, following the approach 
adopted in Bulletin 72, Eq. 2. The revised provisions do not 
require calculation of a notional bond strength as in the earlier 
version, and therefore provide a more direct route to design 
anchorage length.

The elimination of ‘bond strength’ from the revised provisions 
was made for several reasons. Firstly, the more direct approach 
should improve ease of use. More fundamentally, the concept of 
a ‘bond strength’ is potentially misleading and, it may be asserted, 
has already led to a reduction in the level of safety provided by 
current provisions. Figure 3 illustrates the relationship between 
the mean stress developed in a lap/anchorage and bond length. 
The solid line represents the observed relationship between 
mean bar stress developed for a specific set of material properties 
and geometric parameters and bond length ratio according to 
Eq. 2. The gradient of the broken lines represents the average 
bond strength over the lap/anchorage length required to develop 
the design strength of bars of various Grades: there is a different 

bond strength for each Grade. Neglect of this effect would 
mean that either longer bond lengths than necessary would 
be required for weaker bar Grades or that bond lengths would 
become increasingly non-conservative for stronger Grades. The 
concept of a bond stress on the perimeter of a bundle is also 
unsatisfactory, as discussed later.

Characteristic strength of ribbed bars was around 400MPa 
when MC78, which forms the basis of current EC2 design 
rules, was drafted. The main steel Grade in current practice 
is now 500MPa, an increase of 25%. To maintain a consistent 
level of safety, anchorages for Grade 500 bars should now be 
(500/400)nσ

 or (500/400)m
 times longer than those for Grade 

400 bars according to Eqs. 4 and 2 respectively. With nσ set at 
the recommended value of 1.5 (Eq. 4) or m = 1.82 (Eq. 3), 
this corresponds to 40% or 50% increases in bond length. The 
increase in bond length required by current EC2 provisions 
has been only 25%. An increase of between 12% and 25% in 
bond lengths over EC2 values must therefore be expected for 
this reason.

Tabulated values for anchorage length lb /ϕ are provided 
for Grade 500 bars in ‘good’ bond conditions covering a range 
of bar sizes and concrete strengths to cover the most common 
situations and facilitate application of these provisions, {Table 
11.1}. As coefficients. klb and nσ are both NDPs, tabulated 
values for lb /ϕ are therefore also NDPs and anchorage lengths 
given by {Table 11.1} apply unless the National Annex 
gives different values. Tabulated values are conservative for 
cd >1.5ϕ. However, if transverse reinforcement is provided 
or transverse compression is present, or if minimum cover 
cd >1.5ϕ, a reduced anchorage length may be obtained through 
substitution of cd,conf in place of cd in Eq. 4 (described later).

4.1.  Influence of concrete strength

The influence of concrete strength on lap length is less strong 
in FprEC2. Bond failure typically occurs by splitting of the 
surrounding concrete cover unless minimum cover exceeds 
approximately 3-4 times bar diameter, very dense transverse 
reinforcement is provided, or transverse compression is 
present. Bond failure is consequently dependent on the tensile 
strength of concrete, which varies with fck0.67 for concretes up 
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Figure 3. Influence of bond length on anchorage and lap strength.



to and including Grade 50, FprEC2 {Table 5.1}. Bond strength 
was directly linked to concrete tensile strength in EC2, hence 
design anchorage length varied with fck-0.67. The 0.67 index 
on fck is valid for short (5ϕ) bond lengths, but practical bond 
lengths commonly reach 40ϕ or longer. Bond stress along a 
long anchorage or lap is not uniform as suggested by Eq. 1 but 
varies over the bond length and is influenced by the bond-
slip stiffness, which is itself dependent on concrete strength. 
Figure 4 compares bond stress distribution over a 40ϕ lap 
length of size 25 bars for concretes Grades C25 and C75 for 
a bar stress of 400 MPa. Stresses have been calculated using a 
linear elastic analysis similar to that used by Tepfers [13] and 
by Micaleff & Vollum [7], with bond-slip stiffness based on 
the local bond slip model for a splitting mode failure as given 
in the fib Model Code 2010 [14], Figure 5. Anchorage failure 
initiates near ends of the lap where bond stresses are highest. 
The bar stress developed over the end 5ϕ is 34% greater in 
the higher strength concrete. Tensile strength of a Grade C75 
concrete is (75/25)0.67=2.1 times that of a C25 concrete. 
Making allowance for the difference in bond stress distribution 
means that the stress anchored will increase by a factor of 
only 2.1/1.34=1.6 as the ‘peakier’ bond stress distribution 

of the higher stiffness/strength concrete partially offsets the 
enhancement provided by its higher concrete tensile strength. 
This increase is commensurate with (75/25)0.45, and therefore 
consistent with Eq. 2.

The limitation that 25/fck ≥ 0.3 effectively sets a limit of 
83.3MPa to fck, a value derived from analysis of experimental 
data, and is an increase on the current restriction of C60/75.

4.2.  Concrete cover

Parameter (1.5ϕ/cd) represents the contribution of passive 
confinement from concrete cover and replaces parameter α2 in 
EC2 provisions. Parameter cd is similar to cmin in Figure 1 but 
shall not exceed 3.75ϕ in calculations. Figure 6 compares the 
influence of minimum cover ratio cd/ϕ on bond length in EC2 
and FprEC2. Note that the benchmark ratio of cd = 1.5ϕ for 
FprEC2 provisions differs from that for current EC2 provisions 
in which cd = ϕ. Figure 6 shows the revised provisions allow 
a more rapid reduction in anchorage length for smaller bars 
and higher covers. The upper limit to cover ratio cd =3.75ϕ 
corresponds to a change from splitting to pullout failure mode, 
above which the rate of increase in bond is probably negligible.
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Figure 5. Local bond slip model, MC201014.

Figure 4. Variation in bond stress throughout a lap length.



4.3.  Bar size

The parameter ϕ/20 in {Eq. 11.3} represents a size effect. It 
covers a wider range of bar sizes than parameter η2 in the 
current version of EC2 which only affects bars larger than size 
32, Figure 7. The requirement that (ϕ/20) ≥ 0.6 is derived from 
test data and effectively sets a lower limit of size 12 bars in the 
calculation and probably reflects the lower rib areas required 
for smaller size bars, FprEC2 Annex C. There are currently 
no provisions for indented bars larger than size 14 due to an 
absence of confirmatory test data, and there is a process to 
allow a country to extend the range via their National Annex 
once relevant data becomes available.

4.4.  Transverse and confining reinforcement and transverse 
compression

If transverse reinforcement, confining reinforcement or trans-
verse compression is present, or if minimum cover/spacing 
exceeds 1.5ϕ, a reduced anchorage length may be obtained 
through substitution of cd,conf in place cd in Eq. 4 {11.3}, Eq. 5 
{11.4}.

st 2
ϕ cs (5){11.4}cd,conf = min{cx;cy+25 ; ;3.75ϕ}+Δcd≤6ϕ

2
t

(5b)Δcd = (70 ρconf + 12 σccd / √ fck )ϕ

ρconf represents the density of confining reinforcement,
 
 

2
c (5c)ρconf =

nc  π ϕ
4 nb  ϕ sc

ϕt and st are size and spacing respectively of transverse rein-
forcement

ϕc and sc are size and spacing respectively of confining rein-
forcement 

nc is the number of legs of confinement reinforcement 
crossing the potential splitting failure surface

nb is the number of anchored bars or pairs of lapped bars 
in the potential splitting failure surface

σccd is the design value of the mean compression stress per-
pendicular to a free surface near bars to be anchored or 
spliced.

Confining reinforcement in which legs of links run perpen-
dicular to a potential splitting failure surface is more effective 
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Figure 7. Influence of bar size on anchorage length (based to a ratio of 1.0 for size 20).

Figure 6. Influence of minimum cover/spacing ratio cd /ϕ on anchorage length.



than a similar quantity of transverse reinforcement in the form 
of distribution reinforcement in planar elements, {Figure 11.5}. 
Legs of links must be no further than 5ϕ distant from the an-
chored bar to be considered effective.

FprEC2 permits a more rapid reduction in design an-
chorage length than EC2 as transverse compression increases. 
Figure 8 provides a comparison for a size 20 bar in a Grade 
C40/50 concrete where cd =30mm and no transverse or confin-
ing reinforcement is present. The reduction is both more rap-
id at low transverse pressures and has a lower limit at higher 
values. Factor α5 for transverse compression in EC2 appears to 
have been derived from tests in which a pullout failure mode 
predominated but this underestimates the enhancement for a 
splitting mode when cover is low, typically cd < ~3.75ϕ. 

FprEC2 resolves two unsatisfactory details in EC2 rules for 
transverse or confining reinforcement. Firstly, EC2 does not 
recognize the possibility of a splitting surface forming paral-
lel to transverse reinforcement through the plane of anchored 
bars which would not have intersected transverse reinforce-
ment thereby rendering its contribution ineffective. Second-
ly, coefficient α3 in EC2 for the contribution of transverse or 
confining reinforcement depends on the total area of that re-
inforcement within the anchorage or lap length. When link 
spacing has already been decided (to satisfy shear resistance 
for example) Ast and therefore α3 are dependent on anchorage 
length and can only be determined once the anchorage length 
is known.

FprEC2 does not specify how to deal with situations where 
transverse compression acts over only part of the anchorage 
length. In circumstances where the anchorage cannot be ac-
commodated within the bearing width lbw it is suggested that 
the anchorage will have adequate strength provided Eq. 6 is 
satisfied:

(6)
nσ nσ

lbp

lbw (lbd – lbw)
(lb0 – lbw)

+ ≥1.0

lbw is the length over which transverse compression is taken 
to act

lbp is the required anchorage length if pressure σccd acted 
over the entire anchorage length

lb0 is the required anchorage length if no transverse pressure 
were present. 

It may be assumed that transverse compression disperses 
through concrete cover at an angle of 45o from ends of the 
bearing to determine lbw, Figure 9.

Figure 9. Determination of bearing length lbw.

4.5.  Casting position

The definition of a ‘Poor’ casting position for bars with an 
inclination less than 45° to the horizontal has been slightly 
modified in FprEC2 and bars up to 300 mm from the bottom 
of the formwork are now classified as in a ‘Good’ position, 
50mm more than the value in EC2. Casting position factor 
kcp for a ‘Poor’ casting position has been set to 1.2; factor 
η1 = 0.7 on bond stress for a ‘Poor’ casting position in EC2 
effectively resulted in a casting position factor of 1/0.7 = 1.43 
and so FprEC2 reduces additional anchorage length for ‘Poor’ 
conditions by 16%. Although ‘top cast’ reductions exceeding 
50% are reported in some investigations, these are invariably 
obtained from tests on short bond lengths. Figure 10 provides 
a general plot of top cast ratios, i.e., the ratio of the anchorage 
capacity for a bar cast near the top of a pour to that of a similar 
bar cast near the bottom, reported in several investigations, di-
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Figure 8. Influence of transverse compression on bond length.



vided into three bond length ratio intervals. The lower bound 
to the top cast ratio is strongly dependant on bond length ratio. 
As the minimum anchorage length is set at 10ϕ, Eq. 4, results 
within the left column for lb/ϕ ≤ 10 are not of practical sig-
nificance. The average top cast ratio for bond lengths greater 
than 10ϕ comfortably exceeds 0.80. The lowest ratio in the 
middle interval is the average from two types of concrete from 
a 40 year old study, one of which had very high workabili-
ty achieved without plasticisers, and thus unrepresentative of 
mix design today. 

Recent work by Cairns and co-workers [15],[16], pub-
lished too late for inclusion in FprEC2, demonstrates that the 
softer bond-slip stiffness in a poor casting position results in 
the top cast effect reducing with increasing anchorage length, 
and concludes that kcp = 1.0 is reasonable for full strength laps 
of Grade 500 bars, with a higher factor required only for short-
er/weaker laps, hence kcp = 1.2 factor is conservative for full 
strength laps and anchorages of Grade 500 and above bars. 

Figure 10. Influence of bond length on casting position observed in 
various investigations.

4.6. Bundled bars {11.4.3}

Equation 7 {11.6} for equivalent diameter of a bar bundle has 
been revised to address bundles containing a mix of bar sizes. 
Provisions now explicitly state that the equivalent diameter 
is to be used only when two or more bars in the bundle are 
anchored at a section, and that for a single bar  forming part of 
a bundle the design anchorage length calculated by Eq. {11.3} 
should be based on its own diameter, covers, and confinement 
ratio for transverse/confining reinforcement. Research has con-
firmed that anchorage capacity is determined by the force to 
be transferred to/from a bar and not by a notional shear stress 
over the external perimeter of the bundle, hence equivalent 
diameter is only used when more than one bar is anchored at 
a section [17],[18]. 

π
4 (7)[11.6]ϕb=       As

where As is the total area of all bars contained in the bundle.

4.7.  Anchorage of bars with bends, hooks and U-loops  
{11.4.4, 11.4.5, 11.4.6}

As with bond, an end hook, bend or U-loop typically fails in a 
splitting mode unless concrete cover is relatively high, and its 
contribution is therefore controlled by the same concrete mate-

rial properties and geometric parameters as bond. Where a bar in 
tension terminates in a standard hook or bend anchorage length 
determined by Eq. {11.3} may be reduced by a length of 15 times 
the bar diameter and replaces the 30% reduction permitted by 
EC2 where minimum cover exceeds 3ϕ. The basis for the re-
duction is given in fib Bulletin 72. The revision generally permits 
shorter bond lengths where the stress to be anchored is below the 
design strength of a Grade 500 bar. It is not sensible that the con-
tribution increases with increased bar strength as in EC2. Slip at 
the start of the bend would tend to reduce as bond length increas-
es for higher strength bars, hence the contribution of the hook or 
bend would tend to reduce as bar stress increases. While it might 
be expected that a hook with αbend exceeding 135o might provide 
a greater contribution than a bend with αbend = 90o, this was not 
supported by experimental data and the same anchorage length 
reduction is therefore used for both shapes. A higher contribution 
of 20ϕ is permitted for U-loops however. Measurement of an-
chorage length is to the outside of the hook, bend or U-loop and 
is unchanged. As an alternative anchorage length may be based on 
the actual length of bar including the radiused part and the tail.

Anchorage of bars with welded transverse reinforcement 
{11.4.5} is treated in a similar manner to anchorage with 
hooks and bends, but as longitudinal and transverse bars may 
be of different diameter provisions are subject to a minimum 
amount of transverse reinforcement.

4.8. Anchorages with headed bars

This section is new. Provisions for headed bars have been de-
rived through approaches developed for fastenings to concrete 
[19]. The head may be taken to anchor the design strength 
of a Grade 500 bar if a set of ‘deemed to satisfy’ criteria for 
minimum cover and spacing are satisfied, or a more detailed 
calculation may be undertaken. Bond over a straight length of 
bar may supplement head resistance to achieve the required 
anchorage capacity. As head resistance and bond resistance 
generally peak at different slips their individual peak resistanc-
es cannot simply be summed. The design bond length to pro-
vide the difference between design bar force and head capacity 
is accordingly increased by 10% above that calculated by Eq. 4. 

4.9. Anchorage of bonded post-installed reinforcing steel 
{11.4.8}

This section is completely new. Straight lengths of bar may be 
installed by drilling an oversize hole into hardened concrete 
and bonding in an appropriate length of reinforcement with a 
suitable adhesive or mortar. Design provisions are broadly sim-
ilar to those for cast in place bars, although additional limits on 
minimum cover are introduced mainly for reasons associated 
with the installation process. Such installations are generally 
undertaken by specialist sub-contractors. Design and instal-
lation of post-installed rebar is covered in detail in specialist 
documents such as the EOTA Report on Bonded Fasteners for 
Use in Concrete which should be consulted [20].

4.10. Compression anchorages {11.4.2(6)}

End bearing enhances the anchorage capacity of bars in com-
pression, a contribution that FprEC2 now recognizes, and a 
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reduction of 15ϕ in the design anchorage length is permitted 
provided the end of the bar is no closer than 5ϕ (measured 
parallel to the bar axis) to a free surface, Figure 11: a shorter 
distance could result in an end cone failure at a reduced capac-
ity. EC2 does not permit any reduction for an end bearing con-
tribution. The basis for the reduction is given in fib Bulletin 72. 
Although there is no benefit to anchorage length in providing 
an end hook or bend to compression bars if the 5ϕ end distance 
criterion is satisfied, there may be a benefit for end distances 
between 3.5ϕ and 5ϕ. There may also be practical benefits for 
fixing reinforcement and in maintaining capacity in the event 
of accidental tension. There is some suggestion that an end 
hook or bend might be detrimental to anchorage as pressure in 
the hook could lead to prising off thin side covers; ACI318 [21] 
does not permit bends at the end of compression anchorages. 
Concrete cover, transverse and confining reinforcement, and 
transverse compression now influence compression anchorage 
length: this was not the case in EC2, presumably because of a 
lack of evidence when MC78 was drafted.  

Figure 11. Minimum distance from end of compression bar to free 
face.

5.
laps in tension and compression

Laps, lapped joint and lapped splice are equivalent terms 
used to describe situations where the force in one set of bars 
is transferred to another set via the surrounding concrete to 
provide continuity of reinforcement. Lap lengths lsd in FprEC2 
are also based on Eqs 4 & 5 {11.3 & 11.4}, the expressions 
used for anchorages. Camps et al [22] compared design ten-
sion anchorage and lap lengths calculated according to EC2 
and FprEC2. They noted that anchorages designed to FprEC2 
tended to be longer than those designed to EC2, but that 
laps tended to be shorter, in one example by as much as 48%. 
They concluded on the basis of precedent that there should 
be a distinction between the klb value for anchorages and laps. 
Anchorage length lbd in FprEC2 is multiplied by a factor kls, 
an NDP with a recommended value kls = 1.2, to obtain lap 
length, effectively a bond length coefficient of 60 for laps as 
opposed to the 50 for anchorages. This is a significant change 
from EC2 where lap length factor α6 depends on the propor-
tion of bars lapped at the section and varies from 1.2 where 
a maximum of 20% of the bars are lapped at a section to 1.5 
where more than 50% of bars are lapped. Values for α6 in EC2 
were moderated from those in fib MC90, which formed the 

basis of EC2 rules for bond, and had a maximum of α6 = 2.0. 
Early strength models by Tepfers [13] and by Ferguson [23] 
considered bond action to exert a hydraulic pressure around 
the bars, consequently the bursting force generated by bond in 
a direction perpendicular to a plane through the lapped pair 
would be double that exerted by a single anchored bar, Figure 
12. These analyses also assumed bond generates a radial stress 
proportional to the local bond stress, from which it was con-
cluded that in a splitting failure mode strength of a lap would 
be half that of an equivalent anchorage, and hence that lap 
lengths should be double those for single bar anchorages. Ex-
perimental evidence has since contradicted these models [24]. 
Investigations on tension laps by Cairns [25] and by Metelli 
[26] have demonstrated the proportion of bars lapped at a sec-
tion has no appreciable influence on lap strength. Cairns also 
noted that the greater stiffness of a lapped pair over the lap 
length (compared to that of a continuous bar over the same 
distance) caused a small strength reduction when allowance 
was made for the increase in spacing of lapped pairs due to the 
greater stiffness of the lapped bars attracting a greater share 
of the total force. However, both studies also noted lap failure 
became less brittle as the proportion lapped reduced (see also 
following section on ductility).

Figure 12. Historic hydraulic pressure analogy model.

Earlier drafts of FprEC2 did not include parameter kls for laps, 
but an evaluation carried out by Camps et al [22] at a late 
stage in the development of FprEC2 noted that this result-
ed in a lower safety margin for laps than for anchorages. The 
finding was not expected as Eq. 2, from which FprEC2 design 
expressions are derived, was found to be equally valid for both 
anchorages and laps, Table 1. Various North American studies 
have also moved away from the hydraulic pressure hypothesis 
and concluded that lap and anchorage lengths may be calcu-
lated by the same expression, and ACI 318 [21] allows lap 
lengths to be calculated using the same expressions as those 
for anchorages provided the area of reinforcement is at least 
double that required or no more than 50% of bars are lapped. 

It is not clear whether the need to introduce kls is due to 
systemic or accidental factors. The index on the ratio lbd /ϕ 
has been rounded down from the ‘accurate’ value of 1.82 pro-
posed in fib Bulletin 72 [5] to 1.5 in FprEC2 introducing some 
conservatism at capacities below 435MPa, Figure 2. The average 
stress developed in tests without links or transverse pressure is 
364MPa for anchorages, whereas that for laps is 424MPa. The 
difference in bar stress between the two groups may have pro-
duced a slight bias in favour of anchorages in Camps’ analysis. 
Approximations in the transition from Eq. 2 to Eqs. 4 and 5 
might accidentally have contributed to an apparent difference 
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between laps and anchorages. Eq. 2 must be rearranged to calcu-
late the bond length required to develop a given bar stress, and 
indexes and coefficients have then been rounded in Eqs. 4 and 
5 to obtain more ‘user friendly’ values. Due to the summative 
nature of the confinement terms in Eq. 2 this re-arrangement is 
not algebraically straightforward and is partly empirical. What-
ever the reason, the evaluations presented later show that the 
introduction of kls = 1.2 gives a more consistent margin of safety.

As with anchorages, where only a single bar within a bun-
dle is lapped at a section design lap length should be based on 
the bars own diameter, covers, and confinement by secondary 
reinforcement. 

In the calculation of bond lengths where only a portion of 
bars are lapped at a section, clear bar spacing cs is the dimension 
of concrete between lapped pairs. Figure 13, equivalent to Fig-
ure {11.10} in FprEC2, shows dimension cs where 50% of bars 
are lapped at a section and pairs of lapped bars are in contact.

Figure 13. Definition of cs where 50% of bars are lapped at a section.

The contribution of end bearing will frequently permit lap 
length of bars in compression to be reduced with no further 
reduction being gained by the presence of a hook or bend.

5.1. Laps using U-bar loops

U-bar loops are commonly used to provide tying and/or struc-
tural continuity between precast units. Failure may occur by 
crushing of the infill joint concrete or mortar within the loop, 
by splitting of the in-situ joint concrete in the plane of the over-
lapping loops, or by yielding and eventual rupture of reinforce-
ment. The design philosophy requires that concrete failure does 
not occur before yielding of reinforcement [27]. The force to 
be resisted by the concrete strut is influenced by its inclination, 
represented by the ratio cs / lsd, and its resistance is determined 
by the properties of the joint infill concrete and the area of con-
crete mobilised. A minimum area of confining reinforcement is 
to be provided perpendicular to the plane of the loops to equil-
ibrate the inclined compression struts, Figure 14.

Figure 14. Strut and tie representation of forces at a U-bar lap.

6.
ductility and requirements for robustness 

The splitting mode of anchorage and lap failure may be ex-
tremely brittle. It is good practice to locate laps where bar 
stress is relatively low whenever possible. If, however, advan-
tage is taken of moment redistribution or plastic analysis to 
improve structural efficiency, bars could be required to devel-
op strains exceeding yield. FprEC2 introduces new provisions 
for tension laps located in the vicinity of a plastic hinge or 
yield line. Three alternatives are available in FprEC2 to pro-
vide the requisite deformation capacity and avert the risk of 
sudden collapse of the member: 
1 increased confining reinforcement to counter the burst-

ing forces generated by bond action and thus limit rate of 
loss of anchorage capacity in the event of capacity being 
reached.

2 restrictions on the proportion of bars lapped at a section to 
ensure continuous bars to accept a share of the load taken 
by a failing lap are present. 

3 laps to be designed for a stress 20% above the design 
strength of the bar with the aim of ensuring that lapped 
bars can develop strains greater than εy the strain at which 
appreciable plastic elongation starts to develop.

While some aspects of alternatives 1 & 2 are present in EC2 
they appear to have been intended to address strength issues 
rather than deformation capacity.

7.
assessment {appendix i.11.4}

Equation 3 may also be used for assessment of anchorage and 
laps in existing construction. Cover and spacing dimensions 
from observations on existing structures may be used instead 
of those specified for construction. New expressions for an-
chorages and laps of hot-rolled plain surface bars are presented 
derived from work by Feldman et al [28].

8.
evaluation against test databases

This section evaluates design rules for laps and anchorages in 
FprEC2 against test databases. Eq. {11.3} (Eq. 4 of this paper) 
has been re-arranged to estimate bar stress σs from dimensions 
and concrete strength given in the fibTG4.5 [8] and Amin [9] 
databases, Eq. 8. Dimension lbd is the bond length in the test 
specimen. Characteristic concrete strength fck equals fcm - 5MPa, 
the margin of 5MPa conservatively substituted for the 8MPa 
given in FprEC2 to account for tighter control in laborato-
ry research compared to practical construction. Specimens in 
which fck < 12MPa or cd < 0.95ϕ have been filtered out as they 
lie outside the range covered by FprEC2 and normal practice, 
as do anchorage lengths lbd < 10ϕ and lap lengths lsd < 15ϕ, 
although lengths down to 7.5ϕ have been retained for anchor-
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ages subject to transverse compression in view of a scarcity 
of data for longer lengths. Results for tension anchorages are 
plotted in Figure 15 and for tension laps in Figure 16. Results 
which plot above the chain-dashed line of equality are “safe”. 
A statistical summary is given in Table 2.

(8)σs = 435 (klb kls)
–0.67

0.330.67 0.22 0.33fcklbd 20 cd

25ϕ ϕ 1.5ϕ

where
klb = 50, kls =1.0 and 1.2 for anchorages and laps respectively

Results for compression laps are presented in Figure 17. Here 
a length of 15ϕ is added to the lap length provided in tests, 
Eq. 9. Lap lengths down to 7.5ϕ and minimum cover down 
to 0.75ϕ are included in view of a scarcity of data for longer 
lengths and thicker covers. Two sets of results are plotted, one 
for specimens in which at least one link was located within 
the lap length and no further than 2ϕ or 50mm from the end 
of the lap {Figure 11.12}, the other for specimens in which 
this requirement was not satisfied. All results for specimens in 
which the link location limit was satisfied lie in the ‘safe’ zone, 
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Figure 15. Evaluation of FprEC2 design rules for straight tension anchorages.

Figure 17. Evaluation of FprEC2 design rules for compression laps.

Figure 16. Evaluation of FprEC2 design rules for straight tension laps.



but 2 out of the 15 results for specimens which did not satis-
fy the limit do not, and the average ratio of measured/design 
strength where links did not satisfy the limit is 20% below that 
for those which did.

+15 (9)σs = 435 (klb kls)
–0.67

0.330.67 0.22 0.33fcklbd 20 cd

25ϕ ϕ 1.5ϕ

The average ratio of measured to ‘design’ strength is consistent 
for all categories complying with FprEC2 provisions at around 
1.6, Table 2. Test strength fell below design strength in 2 out of 
a total of 201 anchorage specimens. The two transverse com-
pression tests falling below the equality line were from the 
same investigation with lbd/ϕ = 8.6 and a low concrete strength 
and do not comply with limits set in FprEC2. They only ap-
pear in this evaluation as the quantity of test data was some-
what limited. The single tension lap result in Figure 16 which 
falls below the equality line cannot be justified in a similar 
way and appears to be an outlier; the next lowest ratio is well 
above the equality line with a ratio of 1.07, and there is a clear 
gap between this individual result and the body of test data. 
This single result does not appear sufficient reason to further 
increase kls.

9.
impact of changes on anchorage length

As stated earlier, bond and anchorage capacity are dependent 
on many factors. Differences in the format of design expres-
sions between EC2 and FprEC2 means it is not possible to 
generalise the impact of differences between the two Codes. 
Selected comparisons for typical situations are presented here.

Figure 19 compares design anchorage lengths from EC2 
and FprEC2 for anchorages in the beam section shown in 
Figure 18 where transverse compression is not present. Com-
parisons are presented for two concrete Grades, C25/30 and 
C60/75, and two bar sizes, 12 mm and 25 mm. Minimum cov-
er cd =40 mm in all cases. Confining reinforcement is size 8 bars 
at 200 mm centres. Three design anchorage lengths are plotted 
for each combination of bar size and concrete strength: design 
length from EC2, design length from FprEC2, and the design 
length from EC2 had it been revised to reflect the adjustment 

to bond strength that should have been applied to maintain 
the margin of safety pertaining for a bar strength of 400 MPa 
after bar strength increased from 400 MPa to 500 MPa. An 
increase of 20%, midway between the values obtained for 
nσ =1.5 and nσ =1.82 has been applied.

Figure 19 shows that in good casting positions anchorage 
lengths have generally increased relative to EC2 where trans-
verse compression is absent. However, had EC2 bond strengths 
been adjusted to take account of the increase in steel strength 
between the time EC2 rules were developed and the present 
day, the new rules would reduce anchorage lengths of small 
bars by around 15% and lead to an increase averaging around 
10% for size 25 bars, with greater increases for larger sizes due 
to the wider range of influence of bar size in FprEC2, see Fig-
ure 7. Longer anchorage lengths are required in poor casting 
positions, Figure 20. Relative to current EC2 rules, anchorage 
lengths for small bars calculated to FprEC2 average around 
15% shorter while lengths for size 25 bars are around 10% 
longer.

 a)Anchorage b) Lap
Figure 18. Sample beam sections.

Results of an analysis using the same parameters but with 
transverse compression σccd =1.0 MPa are shown in Figure 21. 
As noted earlier, FprEC2 allows a more rapid reduction in 
bond length with increasing transverse reinforcement and 
transverse compression, and shorter anchorage lengths are per-
mitted in most cases of the parameters selected here. Shorter 
anchorage lengths will generally result for directly supported 
end anchorages under the revised rules (provided the mini-
mum anchorage length of 10ϕ is exceeded). 

Figures 22 and 23 compare lap lengths in tension and in 
compression respectively where all bars are lapped at the same 
section, using the same parameters as the anchorage compari-
sons in Figures 19-21. FprEC2 generally results in shorter ten-
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TABLE 2.
Statistical summary of design rules

Tension Anchorages Tension Laps Compression laps

σccd=0 σccd>0 Links No links End links No end links

Average 1.61 1.67 1.59 1.58 1.49 1.20

Std Dev. 0.31 0.35 0.20 0.28 0.16 0.26

CoV 0.19 0.21 0.13 0.17 0.11 0.22

Min 1.01 0.87 0.88 1.00 1.17 0.67

No. results 104 97 291 163 21 15

No. <1.0 0 2 1 0 0 2

% <1.0 0.0% 2.1% 0.3% 0.0% 0.0% 13.3%



sion lap lengths compared to EC2, and in all cases compared 
to EC2 adjusted for the increase in bar strength from 400 MPa 
to 500 MPa. There are marked reductions in all cases for com-
pression laps as EC2 took no account of the contribution of 
end bearing.

10.
conclusions

This article has traced the development of provisions for an-
chorages and laps in the forthcoming revision to Eurocode2 for 
design of concrete structures and explained the main reasons for 
change. The format of expressions for design have changed and 
the several parameters influencing strength are now combined 
in a summative instead of a multiplicative way. Design anchor-
age and lap length are no longer proportional to the stress de-
veloped and now vary with σsd

nσ. While the influence of concrete 
strength has been reduced in the revision, the influence of con-
finement from cover, secondary reinforcement and transverse 
compression has increased. The bar size effect is not restricted 
to sizes above 32 and now influences a wider range of sizes. The 
contribution of end termination by a hook or bend or of weld-
ed transverse bars in a tension anchorage or lap is now a fixed 
length of 15ϕ rather than a 30% reduction. Provisions for com-

pression laps have been made more consistent with those for 
tension laps and the contribution of end bearing is recognised.

Practical design of anchorages and laps has been and will 
continue to be based on an ultimate strength. However, it has 
been shown that bond-slip stiffness plays a significant role in 
performance and must be considered in the formulation of ul-
timate strength rules.

Revised design provisions are evaluated against two data-
bases, one for anchorages and another for laps, and shown to 
be safe.
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Figure 19. Comparison of design provisions, tension anchorages, good 
casting position.

Figure 21. Comparison of design provisions, tension anchorages with 
transverse compression in a good casting position.

Figure 20. Comparison of design provisions, tension anchorages, 
poor casting position.

Figure 22. Comparison of design provisions, tension laps, good 
casting position.

Figure 23. Comparison of design provisions, compression laps, good 
casting position.



A few comparisons show that in the absence of transverse 
compression the new rules may lead to increased anchorage 
lengths for larger bar sizes and lower covers but will otherwise 
tend to result in shorter bond lengths.

References

[1] CEN/TC 250/SC 2 “Eurocode 2: Design of concrete structures — Part 
1-1: General rules and rules for buildings, bridges and civil engineering 
structures”. FprEN 1992-1-1:2023 as submitted to CEN/TC 250 for FV, 
Feb 2023. * This document is available through the National members of 
CEN TC250/SC2.

[2] Eurocode 2: Design of concrete structures — Part 1-1: General rules and 
rules for buildings. BS EN 1992-1-1:2004. British Standards Institution 
London 2004. 225pp

[3] CEB-FIP Model Code 78. CEB Lausanne 1978

[4] CEB Bulletin 228. ‘High Performance Concrete - Recommended exten-
sions to the Model Code 90’. CEB Lausanne, 1995, 33 pp.

[5] fib, Technical report bulletin 72 - Bond and anchorage of embedded re-
inforcement: background to the fib model code for concrete structures 
2010, fib: Lausanne, Switzerland, 2014.

[6] Schoening J Anchorages and laps in reinforced concrete members under 
monotonic loading. PhD Dissertation, University of Aachen, 2018

[7] M. Micallef, R.L. Vollum, The effect of shear and lap arrangement on re-
inforcement lap strength, Structure 12 (2017) 253–264.

[8] fib TG4.5 bond test database : may be obtained from: http://fibtg45.
dii.unile.it/files%20scaricabili/Database_splicetest%20Stuttgart% 
20sept%202005.xls

[9] Amin, R., ‘End Anchorage at Simple Supports in Reinforced Concrete’, 
Thesis presented for the Degree of PhD. London South Bank University, 
November 2009.

[10] G. Mancini, V.I. Carbone, G. Bertagnoli, D. Gino, Reliability-based eval-
uation of bond strength for tensed lapped joints and anchorages in new 
and existing reinforced concrete structures, Structural Concrete (3/2018). 
635-636 https://doi.org/10.1002/suco.201700082

[11] Taerwe RL. Towards a consistent treatment of model uncertainties in reli-
ability formats for concrete structures. In: CEB Bulletin d’Information No 
219, Safety and Performance concepts, CEB, Lausanne; 1993. p. 5–61.

[12] Vollum R, Goodchild C. Proposed EN 1992 tension lap strength equation 
for good bond. Structures 19 (2019) 5–18, 2018 Institution of Structural 
Engineers. Elsevier Ltd.

[13] Tepfers, R. A. Theory of bond applied to overlapped reinforcement splices 
for deformed bars. Chalmers Technical University, Institution for Beton-
byggnad. Publication 73:2, 328 pp, Gothenburg, 1973.

[14] fib Model Code 2010. Ernst & Sohn, Berlin, 2013. 500pp. ISBN: 978-3-
433-03061-5

[15] Cairns J. Top cast effect: the influence of bond length. Structural Concrete 
2021;1–14 https://doi.org/10.1002/suco.202100376

[16] Cairns, J; Suryanto, B. Do design codes overestimate the influence of cast-
ing position? Proc Int Conf on Bond, Stuttgart, July 2022. IWB, Stuttgart, 
2022. pp 1052-1064. http://www.iwb.uni-stuttgart.de/publikationen/in-
dex.html

[17] Metelli G., Cairns J., Conforti A., & Plizzari G A. Local Bond Behavior 
of Bundled Bars: Experimental Investigation. Structural Concrete 2021. 
https://doi.org/10.1002/suco.202000576

[18] Cairns J., Lap Splices of Bars in Bundles. ACI Structural Journal. Vol 110, 
no. 2. Mar 2013

[19] Design of concrete anchorages in concrete. Fib Bulletin 58. Fib Lausanne, 
2011.

[20] Bonded Fasteners for Use in Concrete. European Assessment Document 
EAD 330499-01-0601. December 2018. Accessed from EAD 330499-
01-0601 (eota.eu)

[21] ACI Committee 318, “Building Code Requirements for Structural Con-
crete (ACI318-19) and Commentary,” American Concrete Institute, 
Farmington Hills, MI, 2019

[22] Camps B, Schoening J, HeggerJ. Review of the design rules for anchorages 
and laps according to the draft of the second generation of Eurocode 2. 
Proc Int Conf on Bond, Stuttgart, July 2022. IWB, Stuttgart, 2022. pp490-
505.

[23] Ferguson P M, Thompson J N. Development for large high strength rein-
forcing bars. Proc. ACI. Vol 62 No.1, Jan 1965. pp 71-9 1.

[24] Reynolds G C, Beeby A W. Bond strength of deformed bars. Proc Int Conf 
on Bond in Concrete, Ed Bartos P. Applied Science Publishers, London 
1982. pp 434-445.

[25] Cairns J.Staggered lap joints of tension reinforcement. Structural Con-
crete, Vol 15 no. 1. March 2014. https://doi.org/10.1002/suco.201300041

[26] Metelli G, Cairns J, Plizzari G. The influence of percentage of bars lapped 
on performance of splices. Materials and Structures 48(9):2983-2996 • 
September 2015. https://doi.org/10.1617/s11527-014-0371-y

[27] fib Bulletin 43. Structural connections for precast concrete buildings. fib 
Lausanne, Switzerland 2008. 360pp.

[28] Feldman L, Cairns J. and Palmisano F. Codifying the development, splicing, 
and detailing of historical bar types for structural evaluation and rehabili-
tation. Proc Int Conf on Bond, Stuttgart, July 2022. IWB, Stuttgart, 2022. 
http://www.iwb.uni-stuttgart.de/publikationen/index.html pp956-967.

Cairns, J. (2023) Hormigón y Acero 74(299-300); 123-137 – 137

http://fibtg45.dii.unile.it/files%20scaricabili/Database_splicetest%20Stuttgart% 20sept%202005.xls
http://fibtg45.dii.unile.it/files%20scaricabili/Database_splicetest%20Stuttgart% 20sept%202005.xls
http://fibtg45.dii.unile.it/files%20scaricabili/Database_splicetest%20Stuttgart% 20sept%202005.xls
https://doi.org/10.1002/suco.201700082
https://doi.org/10.1002/suco.202100376
http://www.iwb.uni-stuttgart.de/publikationen/index.html
http://www.iwb.uni-stuttgart.de/publikationen/index.html
https://doi.org/10.1002/suco.202000576
https://www.eota.eu/download?file=/2016/16-33-1057/for%20ojeu/ead%20330499-01-0601_ojeu2020.pdf
https://www.eota.eu/download?file=/2016/16-33-1057/for%20ojeu/ead%20330499-01-0601_ojeu2020.pdf
https://doi.org/10.1002/suco.201300041
https://doi.org/10.1617/s11527-014-0371-y
http://www.iwb.uni-stuttgart.de/publikationen/index.html


M
on

it
or

iz
ac

ió
n

y
ev

al
ua

ci
ón

de
la

se
gu

ri
da

d
de

es
tr

uc
ru

ra
s

ex
is

te
nt

es

M O N O G R A F Í A

Grupo de Trabajo 5/2 
Estructuras con dispositivos 

antisísmicos

42

ESTRUCTURAS CON SISTEMAS
DE PROTECCIÓN SÍSMICA 

MONOGRAFÍAS

SECRETARÍA DE ACHE
Tel.: 91 336 66 98
www.e-ache.com

PRÓXIMAMENTE



Díaz-Pavón, E., Rodríguez, R., Ley, J., & López, P.  (2023) Hormigón y Acero 74(299-300); 139-150 – 139

Contributions of the Future Eurocode 2 for Assessment of Existing 
Concrete Structures

Aportaciones del futuro Eurocódigo 2 para la evaluación de estructuras 
existentes de hormigón

Eduardo Díaz-Pavón Cuaresma*,a, Raúl Rodríguez Escribanoa, Jorge Ley Urzaiza,
Pedro López Sánchezb 

a Dr. Ingeniero de Caminos, Canales y Puertos. INTEMAC. 
b Dr. Ciencias Químicas. INTEMAC 

Recibido el 8 de septiembre de 2022; aceptado el 17 de enero de 2023

* Persona de contacto / Corresponding author:
 Correo-e / e-mail: ediazpavon@intemac.es (Eduardo Díaz-Pavón).

Hormigón y Acero 2023; 74(299-300):139-150
https://doi.org/10.33586/hya.2023.3103 

Disponible en www.hormigonyacero.com

How to cite this article: Díaz-Pavón, E., Rodríguez, R., Ley, J., & López, P. (2023) Contributions of the Future Eurocode 2 for Assessment of Existing Concrete 
Structures, Hormigón y Acero 74(299-300): 139-150, https://doi.org/10.33586/hya.2023.3103 

a b s t r ac t

This article highlights the most relevant aspects of the new generation of Eurocodes for the assessment of existing structures, and in 
particular those governing concrete structures. In this respect, the latest Eurocode 0 will include a new section (prEN 1990-2. Basis 
of assessment and retrofitting of existing structures: general rules and actions) covering the approaches and analysis methods that must be 
included in this type of assessment, while Eurocode 2 (FprEN1992-1-1:2023 Design of concrete structures) includes Annex I: Assessment 
of existing structures, which is informative and covers particular aspects of the assessment of concrete structures.
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r e s u m e n

En el presente artículo se destacan los aspectos más relevantes de la nueva generación de Eurocódigos en lo relativo a la evaluación de 
estructuras existentes, y en particular, para aquellas de hormigón estructural. En este sentido el Eurocódigo 0 recogerá una nueva parte 
(prEN 1990-2. Basis of assessment and retrofitting of existing structures: general rules and actions) dedicada al planteamiento y análisis que 
deben recoger este tipo de evaluaciones, en tanto que el Eurocódigo 2 (FprEN1992-1-1:2022 Design of concrete structures) incorpora un 
anejo, el Annex I: Assessment of existing structures, de carácter informativo, en el que se recogen algunos aspectos particulares de dicha 
evaluación para las estructuras de hormigón.
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1.
introduction

The future Eurocode is sensitive, as it could not be otherwise, to 
the general interest in the evaluation of existing structures, while 
reflecting the current state of the art in relation to such evaluation.

In this regard, the new specification will subdivide Euroc-
ode 0 into two parts1. The first part would focus on design 

issues (update of EN1990: prEN1990:2020 [1]), while the 
second would cover the assessment of structures: prEN1990-
2. Basis of assessment and retrofitting of existing structures: 
general rules and actions [2]. The latter document has been 

1.- At the time of writing the enquiry stage currently is being completed and it is pos-
sible that some adjustments will be introduced before a final version is published. In 
particular, it is under discussion whether to include the provisions for existing struc-
tures in a separate part of EN1990 (in the current version, prEN199O-2: 2022. 
Basis of structural and geotechnical assessment of existing structures) or to include 
them in the current Eurocode 0, extending its scope and title to prEN199O: 2022 
Basis of structural and geotechnical design and assessment.
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prepared by a horizontal group of TC250, WG2 Existing 
Structures, who had previously drafted Technical Specification 
TS 17440 [3] forming the basis for prEN1990-2, dated July 
2020.

In addition, FprEn1992 [4] has included Annex I Assess-
ment of concrete existing structures with informative purposes. 
It also has another informative annex - Annex A Adjustment 
of partial factors for materials - which incorporate specifica-
tions for the formulation of partial factors in concrete and 
reinforcement and states particular aspects of the assessment 
based on core sample tests. 

This article aims to highlight the most relevant aspects of 
Annex I, as well as those of Annex A, logically based on the 
principles that should guide this type of assessment as set out 
in prEN 1990-2 [2].

Based on the above, the article is divided into 4 sections:
1) Preliminary considerations for the assessment of existing 

structures: here prEN1990-2 is referred, highlighting as-
pects that concern both the assessment and the investiga-
tion itself. 

2) The assessment of the strength of concrete in existing struc-
tures, in accordance with Annex A and notes in Annex I.

3) Aspects to be taken into consideration in the verification 
of existing concrete structures, listed in Annex I.

4) Considerations on the durability of existing concrete struc-
tures, also listed in Annex I.

Throughout this article, equations, tables, and figures have 
been numbered sequentially in citation order in it. Refer-
ences to equations, tables, and figures taken directly from 
FprEn1992 are additionally given. It does not reproduce sec-
tions of the Code in detail and is intended to be read along-
side the revised Code.

2.
preliminary considerations for the 
assessment of existing structures

 
The design of a new structure is based on a set of requirements 
from which the structure is calculated, which then must be 
built and maintained in accordance with current criteria. As the 
regulatory criteria used at the time of design the existing struc-
ture may be very different than those at the time of assessment, 
new insight in material behaviour can result in requirements/
regulations that differ from those applied during design in the 
past and should be taken into account in its assessment.

However, the information available will also differ, as it 
can usually be directly measurable, or at least, general infor-
mation can be verified by inspection on the completed struc-
ture. Therefore, depending on the design and construction 
records, performed investigations, etc., more precise than 
that considered for design purposes. It means uncertainties 
are usually lower.

Finally, considerations regarding the structure’s remaining 
service life are also different; and relative costs of an inter-
vention are usually higher when an existing structure needs 
to be strengthened. 

This means that assessments of these structures must be 
carried in a way different than that at the time of design.

The initial approach should entail the semi-probabilistic 
analyses that are normally used in the design of new struc-
tures, as they enable updating the overall safety level (β-value) 
and to update the partial factors based on additional infor-
mation.

For this approach prEN1990-2 [2] proposes different no-
menclature for capacities and loads in Section 8.1, with an em-
phasis on differentiating the concepts of assessment and design:

140 – Díaz-Pavón, E., Rodríguez, R., Ley, J., & López, P.  (2023) Hormigón y Acero 74(299-300); 139-150

 Figure 1. Design plan of a bridge and the bridge built: An important difference between the design of a new structure and the assessment of an 
existing structure is the amount of information available, which in the latter usually allows lower uncertainties.



Ea ≤ Ra (1)

where 
Ea is the assessment value of the effect of actions.
Ra  is the assessment value of the resistance
NOTE Ea and Ra can be expressed as functions of the as-

sessment values of the basic variables Xa (including 
the relevant partial factors, combination factors and 
conversion factors) as in formula (2) and (3)).

Ea = E {Xa1, Xa2, Xa3,…., Xaj} (2)

Ra = R {Xa1, Xa2, Xa3,…., Xaj} (3)

With regard to the aforementioned partial factors, it is 
known (and explicitly stated in Eurocode 0, [1]) that they 
are set based on a certain probability of failure (normally by 
means of a reliability index, β) which is considered accept-
able in terms of the consequences of such a failure (i.e. in 
terms of the accepted risk) over a given reference period. 
They also cover the uncertainties associated with the mate-
rials and actions, as well as those inherent to the resistance 
models and the effects of the actions included in the codes. 
As an example, for the design of new “conventional” struc-
tures within the framework of the Eurocodes (consequence 
class CC2), β=3.8 is generally considered for a reference 
period of 50 years and is associated with a service life fail-
ure probability of approximately 0.01%. In principle, this 
β-coefficient can be reduced in the case of a structure that 
has already been built by updating the safety coefficients; 
e.g. using the tools provided by Eurocode 0 [1] regarding 
reliability management. 

However, it is particularly important to bear in mind that 
existing structures may have been designed and built with ma-
terials, techniques and construction specifications that are very 

different to those covered by recent codes. Engineers must 
thus be particularly attentive to the validity of the verifica-
tion models and their underlying assumptions. Aspects such as 
construction quality, the ductility of materials, the robustness 
of the structures, durability, etc., did not have the importance 
that they now do, given the evolution of knowledge and con-
sequently of regulatory developments. Therefore, it requires a 
high degree of caution and experience to update the partial 
factors for assessment of existing structures.

In addition, other highly important aspects, especially for the 
assessment of existing structures, are not taken into account by 
means of these safety factors. They do not cover “human error”, 
which for designs are minimised through control activities (dur-
ing design and construction phases). As the example in Figure 2, a 
defect in the placement of the reinforcement steel (the transverse 
reinforcement was too low and therefore not effective) caused 
the failure of the slab, which fortunately was detected and cor-
rected despite the low warning capacity of punching shear failure 
(in this case, by demolishing and rebuilding the slab).

Therefore, a decisive aspect in the assessment of an exist-
ing structure is its investigation of its current condition. As 
specified in Annex A of prEN1990-2 [2]: Guidance relating to 
the assessment process, the investigation will depend on the 
type of structure (construction typology, period, etc.) and the 
information available, and should be carried out with the aim 
of updating knowledge about the structure, verifying its ad-
equacy with the information available, and complementing 
this information with respect to aspects that may be incom-
plete for the appropriate analyses. 

Furthermore, prEN1990-2 [2] supposes that such an in-
vestigation will be carried out by experienced and qualified 
personnel who are aware of the particular aspects that an 
assessment of each structure would entail.

Qualifications (experience and expertise) are essential to 
properly plan the investigation, whereby the configuration 
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Figure 2. Example of punching failure in a slab due to a mistake in the placement of the specified reinforcement.



of the structure to be assessed and its most likely failure 
modes are identified, followed by planning the appropriate 
on-site and office-based investigations. The quality of the 
results of the latter depends directly on the validity of the 
initial assumptions, which must be based on the structure 
itself. While for the analysis step, both the procedures and the 
calculation criteria are generally provided for in the stand-
ards, and the existing ones are generally applicable to design, 
these criteria are always qualitative in on-site investigations 
and are thus entrusted to the expert performing the assess-
ment. Apart from some noteworthy attempts, neither there 
are references nor the standards included how to evaluate the 
influence of this information in the assessment. As an exam-
ple, Section 3 of Eurocode 8, UNE-EN 1998-3 [5] propose 
specific values for the frequency of the investigation accord-
ing to different knowledge levels (KL), which are not usually 
practicable, and penalising the capacity of the structure by 
means of confidence coefficients (CF) when this investigation 
is not “complete”. Anyway assessment for seismic loads is not 
totally comparable to an assessment for static loads in ULS, 
and the knowledge level approach for ULS static design is 
still a challenge to be met. 

It is nonetheless highlighted that the future Eurocode, 
in particular with prEN 1990-2 [2]. Basis of assessment and 
retrofitting of existing structures: general rules and actions 
(with the format and/or location that is ultimately decided), 
together with Annex I of FprEN1992-1-1, are a first and great 
step towards assessment regulations, being one of the first 
design codes including a part on assessment and providing 
important tools for this type of concrete structure analysis.

3.
design strength of concrete

One of the key aspects in the evaluation of a concrete 
structure is the estimation of the concrete strength class, 
which is determined by measuring the concrete compres-
sive strength.

The future Eurocode 2 [4] provides formulation to the 
characteristic strength of the concrete based on results ob-
tained from cores, while allowing the engineer a more ac-
tive role with respect to the uncertainties that have to be 
taken into account when determining the partial factor for 
concrete. To this end, Annex A outlines the different issues 
involved in obtaining these partial factors, while Annex I 
covers particular aspects of an assessment of existing struc-
tures. 

Based on the formulation stated in the main text of 
FprEN1992-1-1 (5.1.6) and the contents of Annex A, it is 
worth noting the factoring of concrete strength as the re-
sult of different log-normal distributions, which in the case 
of compression and bending are: that of the material itself 
on site (fc), the effects of geometry (Ac), the effects on the 
strength model (θ) and that which takes into account cast-
ing of the concrete (ηis). This last coefficient allows the con-
version between the resistance in the control tests and the 
resistance in the element, fc,is. For each of them, the standard 
itself proposes bias coefficients, μ (or bias, i.e. ratio between 
the mean value and the characteristic value) and a variation 
coefficient, V (Table 1, which corresponds to Table A.3 of 
prEN 1992-1-1 [4]).
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TABLE 1.
Statistical data assumed for the calculation of partial factor defined in FprEN1992-1. This table corresponds to Table A.3 of FprEN 1992-1-1 [4].

 Coefficient of variation Bias factor a

Partial factor for reinforcement γS

Yield strength fy Vfy = 0.045 fym/fyk = exp(1.645Vfy)
Effective depth d Vd = 0.050 b μd = 0.95 b

Model uncertainty Vθs = 0.045 c μθs = 1.09 c

Coefficient of variation and bias factor of resistance for reinforcement VRs = 0.081 i μRs = 1.115 i

Partial factor for concrete γC

Compressive strength fc (control specimen) Vfc = 0.100 fcm/fck = exp(1.645Vfc) d

In-situ factor ηis = fc,ais/fc e Vηis = 0.120 μηis = 0.95
Concrete area Ac VAc = 0.040 μAc = 1.00
Model uncertainty Vθc = 0.070 f μθc = 1.02 f

Coefficient of variation and bias factor of resistance for concrete VRC = 0.176 i μRC = 1.142 i

Partial factor for shear and punching γV (see 8.2.2, 8.4, I.8.3.1, I.8.5)
Compressive strength fc (control specimen) Vfc = 0.100 fcm/fck = exp(1.645Vfc) d

In-situ factor ηis = fc,ais/fc e Vηis = 0.120 μηis = 0.95
Effective depth d Vd = 0.050 b μd = 0.95 b

Model uncertainty VθV = 0.107 g μθv = 1.10 g

Residual uncertainties Vres,v = 0.046 h –
Coefficient of variation and bias factor of resistance for shear and punching VRV = 0.137 i μRV = 1.085 i

(members without shear reinforcement)

a The values in this column refer to ratio between mean value and values used in the design formulae (characteristic or nominal).
b These values are valid for d = 200 mm. For other effective depths: Vd = 0.05(200/d)2/3 and μd = 1 − 0.05(200/d)2/3.
c The partial factor γS is calibrated for the case of pure bending according to 5.2.4 and 8.1.
d This formula replaces relationship given in Table 5.1 for the purpose of Annex A.
e In-situ factor ηis accounts for the difference between the actual in-situ concrete strength in the structure fc,ais and the strength of the control specimen fc. For strength 

fc,is assessed on extracted 2:1 cores according to EN 13791, see (7).
f The partial factor γC is calibrated for the case of axial compression according to 5.1.6 and 8.1.
g The partial factor γV is calibrated for the case of punching according to 8.4 and applies also for the case of shear without shear reinforcement according to 8.2.2 

(similar statistical values).
h The residual uncertainties refer to aggregate size, reinforcement area and spacing and column size.
i Based on the statistical values above and calculated using Formulae (A.2) and (A.3).



If the influence of these parameters in the design of a 
new structure are represented, the relationship shown in Fig-
ure 3 will be obtained as an expression of the coefficient of 
variation of concrete. Note the highly important influence of 
Eurocode 2 with respect to casting, a factor that logically dis-
appears when strength is assessed on the basis of core sample 
tests, as the standard itself states below. Effects of casting are 
included in Annex I as part of kμfc to obtain the characteristic 
strength, fck (see Table 3 further on). 

The material’s adjusted partial factor is thus obtained as 
shown below:

where
index M is S for reinforcement, C for concrete in compres-

sion, and V for shear;
αR is the sensitivity factor for resistance (0,8 accord-

ing to Table A.3 of FprEN1992-1-1);
βtgt is the target value of the reliability index for the 

remaining service life (for example, 50 years) and 
taken into account the design situation (persistent 
or transient, fatigue or accidental)

VRM is the coefficient of variation of the resistance 
which may be calculated from:

where the coefficients of variation of each uncertainty are 
defined in Table 1 (Table A.3 of prEN 1992-1-1 [4]), as men-
tioned before, or updated. 
μRM is the bias factor of the resistance and may be calculat-

ed from:

where the bias factors of each uncertainty are defined in Ta-
ble 1 (Table A.3 of prEN 1992-1-1 [4]) or updated. 

In Annex A, Item 7, it is specified that in the assessment of 
existing structures based on the results of core sample tests, 
the intervention of the ηis factor is not considered. The reason 
is that fc,is is of interest for calculation purposes and is being 
obtained directly from the core sample tests, while the coeffi-
cient of variation and the bias factor are corrected to consider 
uncertainties inherent to statistical inference. As mentioned 
before, effects of coring and casting are included in Annex 
I as part of kμfc (see Table 3, corresponding to Table I.2 in 
Annex I). In this case where compressive concrete strength 
is assessed according to EN 13791: 2019 [6], Clause 8, to 
obtained the adjusted partial safety factor γc, formulae (5) to 
(9) should be replaced by:

where VAc, Vθc, μAc, μθc are taken from Table A.3 of prEN 
1992-1-1 [4] or updated, and Vfc.is.corr and μfc.is, are defined as:
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Figure 3. Contribution (in %) of different issues to total coefficient of variation of concrete, VRC. VRC obtained as function of the coefficient of 
variation of the material, Vfc (in red). VAc = 0.04, Vθ = 0.07 and Vηis = 0.12 are considered.



where:
kd.n  is a parameter which depends on the number of sam-

ples, according to Table 2.
Vfc.is is the coefficient of variation of the core strength ac-

cording to EN 13791: 2019 [6], but not smaller than 
0,08. 

kn  is the parameter which depends on the number of 
samples and has been used to calculate fck.is according 
to EN 13791: 2019 [6]. See also Table 2.

TABLE 2.
Values of kn and kd.n as function of the number of test results n used to evaluate the 
in-situ concrete compressive strength in the test region. This table corresponds to 
Table A.5 of FprEN 1992-1-1 [4].

n 8 10 12 16 20 30 ∞

kn 2.00 1.92 1.87 1.81 1.76 1.73 1.645

kd,n(for αR βtgt=3.04) 5.07 4.51 4.19 3.85 3.64 3.44 3.04

This approach is consistent with EN 13791: 2019 [6]. This is 
because the uncertainty associated with inferring the strength 
of the population from sampling as above is finally normal-
ised, which when the dispersion of the concrete population is 
unknown (3rd row of Table 2) is done by means of Student’s 
t-distribution with n-1 degrees of freedom. This formulation 
is limited to the coefficients resulting from using a ß=3.8 re-
liability index, though this assumption is not explicitly stated 
in the standard.

Annex I proposes the use of clause (8) of the aforemen-
tioned EN 13791: 2019 [6] for the determination of the 
characteristic value of the in-situ compressive strength, fck,is, 
from cores. It points out that this strength must be correct-
ed to obtain the characteristic strength, fck (to which the en-
tire formulation of the articles including the strength of the 
concrete refers), by dividing it by a coefficient kμfc (equation 
(16)), which is always less than 1 (Table 3):

TABLE 3.
Parameter kμfc considering the representativeness of the in-situ compressive con-
crete strength assessed according to EN 13791: 2019 [6], clause 8. This table corre-
sponds to Table I.2 of prEN 1992-1-1 [4].

This factor kμfc is the link between in situ measured charac-
teristic strength and the characteristic strength to be used 

for design. It is an important contribution of Annex I, since it 
is not covered in EN13791 and EN1992-1-1. It incorporates 
both the effect of the “damage” in the extraction (ηcore-actual) 
and the effect of the casting (ηis). Specifically, it assigns an 
average value of 0.95 to the first of these, similar to that con-
sidered by the ACI (6%) [8] and somewhat more distinct to 
the 0.9 of the still recent EHE-08 [9] (currently replaced by 
Código Estructural, where in its art. 57.8 maintains the 10% 
difference between the concrete before placing and concrete 
in the cores, but including the effects of placing, as kμfc does); 
in the second case, the parameters are contained in prEN 
1992-1-1 [4]. 

Lastly, Section I.5.2.2. Assessment assumptions specifies 
the value of coefficients that influence the structural strength 
but depend on phenomena not directly related to concrete 
testing: one that accounts for the effect of brittle failure at 
non-uniform stress distribution in concrete, ηcc (not consid-
ered in current Eurocode), which in existing structures will 
normally have no influence (ηcc=1 for fck < 40 MPa [11]); and 
the other, ktc, which considers the combination of the fa-
vourable effect of concrete strength gain over time due to 
hydration of the cement paste together with the reduction 
of concrete strength to take account the effects of sustained 
loads . With respect to the latter (already specified in cur-
rent EN1922-1-1 as αcc, though with different values), it is 
assumed that there is a “certain reduction” only when the 
overloads represent less than 20% of the total load [12]. For 
example, ktc=0.85 in the limit case where permanent action 
(and/or variable actions of duration> 1 hour) represents 100 % 
of the total effect at assessment level. These values are con-
sistent with those reported in the JCSS Probabilistic Mod-
el Code [13], where these effects are taken into account by 
means of α(t, τ)= α(t) × α(τ).

Though not commented in this paper, in Annex A and I 
of FprEN1992-1-1 steel guidance are also given to update the 
partial factors.

In summary, FprEN1992 [4] allows the designer a greater 
level of intervention in the partial factors to be considered 
for the resistance of the materials, as it includes a formula-
tion and coefficients which, in the case of that obtained in 
concrete from the extraction of cores, are aligned with those 
used in other standards.

4.
verification of existing concrete structures

Section I.8 of Annex A includes some particular aspects of 
the ULS verifications that may have to be taken into account 
in the assessment of an existing concrete structure, while I.9 
covers those corresponding to the SLS. Following the num-
bering of the chapters in the main part of the code, section 
I.11 contains additional rules for reinforcement types (plain 
bars) and/or detailing of ribbed bars that do not meet mod-
ern code requirements.

4.1. Shear and punching

In Annex I, apart from some considerations of the effects of 
reinforcement corrosion which covered in the following sec-
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tion, probably the most relevant clauses of this Annex are 
those related to the shear and punching resistance. The for-
mulation proposed is based on the Critical Shear Crack The-
ory (CSCT) (Figure 4) [7], both in Annex I and in the main 
text of FprEN1992-1-1.

Treatment of concrete members without shear 
reinforcement varies widely across different national and 
international standards: For the Critical Shear Crack Theory 
(CSCT), a shear failure criterion depending on the actual 
strain in the longitudinal reinforcement is considered, so that 
the strain εv must be determined. 

According to Muttoni and Fernández Ruiz included in 
[7] for the strain in the reinforcement, εv, a linear relationship 
between the acting moment and the strain in the reinforcement 
can be assumed. εv can thus be calculated as:

where
ME is the acting bending moment at the control 

section;
VE is the acting shear force at the control section;
acs= ME /VE  is the effective shear span at the control section;
As is the area of the longitudinal reinforcement;
ρl is the longitudinal reinforcement ratio;
z is the effective level arm of the longitudinal in-

ternal forces;
Es is the modulus of elasticity of the longitudinal 

reinforcement.

Regarding the failure criterion, the original formulation used a 
hyperbolic failure [7]. 

In the case of shear, in I.8.3. Shear, the new formulation 
for elements without shear reinforcement is derived from that 
failure criterion. The shear stress resistance is computed as:

fck

1+24 γdef  εv

γdef

γV

τRd,c = 0.33    (18)
d

ddg

where
d is the effective depth.
εv is the strain in the longitudinal reinforcement at control 

section. For planar members, it refers to the principal 

direction of the shear force, a non-linear cross-sectional 
analysis of the structure may be performed and the ob-
tained internal forces as well as the strain εv may be aver-
aged over the same width. 

γdef is a partial safety factor which covers the uncertainties 
related to the calculation of the deformation

NOTE 
γdef = 1.33 unless a National Annex gives a different value.

The proposal includes, as does the more simplified formulation 
in the main text in FprEN1992, the following:
- The consideration of a specific concrete reduction coef-

ficient for the tangential stress verification, γV. This dif-
ferentiation is in accordance with the dependence of con-
crete strength against shear stresses with the cube root of 
compressive strength. As γV is smaller than γC, this would 
imply lower uncertainties regarding the concrete’s shear 
capacity.

- Consideration of the influence of the aggregate’s size.

Both factors mean that the formulation generally produces 
results that are somewhat higher than those of the current 
Eurocode 2, except in cases of very small aggregate sizes (10 
mm).

But as can be seen in formula (17), the formulation 
proposed in Annex I also takes into account the deformation 
of the tensioned reinforcement in the design section and not 
only with respect to the amount, as simplistically considered 
in most standards. This consideration is in line with the Model 
Code 2010 [14] and may be of particular importance when 
elements present relatively minor bending (end columns of 
floor joists, shear verifications at the exit of abacus in reticular 
slabs, etc.) or in relatively high overdesigned elements (changes 
of use with overload reductions).

The importance of the effect of the deformation of the 
tensioned reinforcement can be seen in the graphs in Figure 5, 
which shows the shear resistance as a function of the effective 
shear span (acs = Md / Vd) according to different formulations 
from current Eurocode 2 -EN1992-1-1:2004-; from the main 
text -FprEN 1992-1-1-; Annex I; and MC-2010. In all cases, a 
characteristic concrete strength fck=25 MPa, a effective depth 
d=0.27 m and a maximum aggregate size of ddg = 36 mm were 
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Figure 4. Theoretical principles of the mechanical model of Critical Shear Crack Theory: (a) kinematics of the critical shear crack at failure and 
resulting (b) internal stresses (extracted from the background document of FprEN1992-1 [7]).



considered. Regarding the partial factors, γV=1.4 is considered 
for prEN formulations, and γC=1.5 in the case of current 
Eurocode 2 and MC-2010. The results for two reinforcement 
ratios are shown, low (ρ1=0.008) and high (ρ2=0.015).

As shown in Figure 5, the proposed formulation has been 
found to be quite more favourable than the one in the current 
Eurocode. Furthermore, it is consistent with that of the Model 
Code (especially in the case of reduced effective shear span), 
although it gives substantially higher values for significant 
bending. 

It is also worth noting the good approximation of the 
formulation of the main text -FprEN 1992-1-1- to the proposal 
in Annex I, derived from the original failure criterion, though 
the first one is the result of a simplification in that hyperbolic 
failure criterion, as explained hereafter. 

Indeed, the formulation of Annex I implies that calculating 
the actual resistance, VRd, requires solving the set of formulae 
(17) and (18), which can be easily done iteratively, but it is not 
convenient for design.

For design purposes a closed-form expression is preferred. 
That is why FprEN1992-1-1 involves a simplification, using a 
parabolic curve instead of the hyperbolic one, which makes 
it possible to clear the resistant shear, τRd, as a function of the 
effective shear span, acs. This results in a formulation similar 
to that currently used in EN1992-1-1:2004 [15], (8.27) in the 
main text of FprEN 1992-1-1, although instead of depending 
on the effective depth of the section, d, it depends on the 
aforementioned acs (clause (3) of 8.2.1):

fck

fyd

0.66
γV

11
γV

τRdc =         100 ρl   fck            ≥ τRdc.min = (19)
ddg

av

ddg

d

av is the mechanical shear span

acs is the effective shear span.

where:
As a first approximation and on the safety side, acs = 4d is 
considered, so that av = d. In addition, a minimum shear 

resistance is given ((8.20) in the main text), which is obtained 
considering that the member reaches yielding of the flexural 
reinforcement and the shear resistance at the same load level.

Regarding punching, CSCT theory leads to a formulation 
in the articles which is completely different than the prior 
procedures in EN1992-1-1:2004 [15]. This entails changes 
even in the position of the verification section, which is now 
located 0.5d from the front of the column. 

As for shear, the strains in the reinforcement are considered 
by a parameter ap, obtained from the distances between the 
column axis and the locations where the bending moments 
in both directions are equal to cero. As a first approximation, 
a safe bound of ap = 8d is considered in the formulation from 
the main text (8.4.3), though it can be easily calculated (for 
regular slabs, api may be approximated as 0.22Li (where i refers 
to x and y axes); an elastic -uncracked- model is also proposed 
in the main text to obtain ap).

According to Annex I, that formulation from the main text 
(8.4.3) can be used for assessment of existing structures, where 
it can also be considered the favourable effect of compressive 
membrane action around internal columns without significant 
opening, inserts or slab edges at a distance less than 5dv from 
the control perimeter b0,5, multiplying parameter ap in formula 
by the following enhancement factor:

ηpm =           1.2              ≥ 1  (22)
fckh

d ρl   fyk

Alternative, as for shear, the general method from CSCT 
theory is allowed in Annex I, both in terms of failure criterion 
and general definition of the load-rotation relationship. The 
shear stress resistance for punching is computed as:

where 
ψ  in radians is the maximum rotation of the slab around 

the supported area. It may be calculated based on non-
linear analysis of the structure and accounting for cracking, 
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Figure 5. Effect of the effective shear span, acs = Md /Vd, in concrete shear resistance, τRd, with different formulations for a effective depth d = 0,27 m.



tension-stiffening effects, yielding of the reinforcement 
membrane action and other non-linear effects relevant 
for providing an accurate assessment of the structure. The 
governing value of ψ is the maximum relative rotation 
between centre of the supporting area and a distance 2dv 

from the control perimeter.
dv shear-resisting effective depth (potentially differing from 

the effective depth d to account for the penetration of the 
support and thus reducing the depth available to carry 
shear).

γdef is a partial safety factor which covers the uncertainties 
related to the calculation of the deformation.

 NOTE   γdef = 1.33 unless a National Annex gives a different 
value.

Though Eq (23) ((I.17) in Annex I) requires in general an 
iterative procedure to obtain the intersection between the 
hyperbolic curve of failure criterion and the load-rotation 
relationship, it produces more favourable results for small 
rotations ψ, as in the case of shear. In addition, for unusual 
geometries or reinforcement layout, a suitable load-rotation 
relationship can be obtained by non-linear analysis, taking 
into account slab continuity and membrane action, leading 
to a stiffer response of the slab, and then, higher punching 
resistance.

Regarding to slabs with punching shear reinforcement, 
some specifications are included that take into account the 
differences in the reinforcement details of existing structures 
in relation to the specifications in FprEN1992-1-1 [4].

4.2.  Serviceability Limit States

I.9 Serviceability Limit States indicates that in most cases SLS 
verifications may be performed using site-based observations 
and or measurements, instead of by calculations. 

It is also noteworthy that when a reliability index lower 
than that usually considered for design purposes (according 
to prEN 1990 [1]) is accepted in the ULS verifications, the 
stresses in the concrete and reinforcements under service 
loads (characteristic) must be within the values shown in 
Table 4.

TABLE 4.
Limits on reinforcement and the concrete stresses at the characteristic combination 
of actions. This table corresponds to Table I.6 of FprEN 1992-1-1 [4].

4.3.  Anchorage of plain bars

The formulation in the articles of the main part of FprEN1992-1 
is restricted, as in the current Eurocode, to ribbed bars and 
tendons. However, for plain bars, reference is made to Annex I.

Before commenting on the formulation of the above-
mentioned annex, it should be noted that the formulation of 
the main text in FprEN1992 is already significantly different 
from the existing one, although it basically takes into account 
the same parameters (in particular the effect of the cover 

-cd- and of the bond conditions conditions depending on the 
position of the bar; other effects, such as the confinement or 
the shape of the anchorage, are considered by modifying cd or 
the anchorage length itself - reducing it by 15Ф in the case 
of hooks). In addition, the type of situation for which the 
anchorage is checked (persistent and transient or accidental 
in nature).

This change in formulation takes into account the 
results of recent research findings [16] and [17], which are 
reliability-based. In practice, it results in a significant increase 
in anchorage lengths in most instances compared to the past 
formulae. For example, anchorage of a 20 mm diameter ribbed 
bar of a 250 MPa material (in FprEN 1992-1-1 is declared 
that due to the database used to calibrate the formulation, it 
is valid for tensile stress in the bar not greater than 300 MPa) 
with 30 mm cover, in good bond conditions, which under 
the prevailing Eurocode would require 429 mm of straight 
extension, entails an increase of almost 34%, to 575 mm 
using the new formulation. For larger cover dimensions, the 
difference is much lower. Comparing the new approach to the 
Spanish regulation, Código Estructural [10], which allow the 
formulae of previous national codes (EHE-08 [9]) under some 
conditions, is even higher (300 mm compared to 575 mm 
-in fact, this value almost corresponds to the basic anchorage 
length for a bar B500 with the described conditions, which 
results 600 mm-).

For plain bars, usually anchored by hooks, the situation is 
even more unfavourable:
- For example, the reduction in anchorage tension due to 

the effect of the hook in I.11.4.2 is somewhat less than is 
currently the case (0.7). This reduction of the contribu-
tion of the hooks is based in the latest test on plain bars, 
which have confirmed that the effect of hooks is not as 
relevant as expected.

- More significant than the small reduction due to the ef-
fect of the hook is the anchorage length that is normal 
in relatively old structures, where the reinforcement cov-
ers are usually similar to the bar diameter. For example, 
for a plain bar 20 mm in diameter with a 20 mm cover 
and good bond conditions, concrete C25 and 260 MPa of 
steel stress, the anchorage length is 1.477 mm. This value 
should be compared with that which would be obtained 
from the application of the 1990 Model Code, MC-90 
[18] (the most recent version, from 2010, does not in-
clude a formulation in this regard), whose formulation 
expressed 600 mm for this case, already somewhat high-
er than that which would result from the application of 
Instruction EH-68 [19] at a national level, the last one 
which considered the anchorage of plain bars (470 mm 
in the example). In this regard, the following graphs, ex-
tracted from the background of Annex I of FprEN1992-1 
[7], show the significant increase in anchorage length 
using the proposed formulation compared with that of 
MC-90 [18], at least for normal cases of relatively smaller 
covers. In fact, for poor bond conditions the differences 
become huge. 

It should also be kept in mind that previous standards (for 
example, EH-39 [20] in Spain) went so far as to consider the 
bar anchored from the end of the hook, while not considering 
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the offset effect of bending moment laws (this concept was 
not taken into account in design until the publication of the 
ACI code of 1963 and, in Spain, until the aforementioned 
Instruction of 1968 was issued). 

Under these conditions, the anchorage penalty found in 
the Annex I proposal may be of great importance. Of course, 
if for the assessment tensile stress the actual anchorage length 
is lower than lbd , it doesn’t mean that the relevant bars should 
not be taken into account for the verification but that the 
assessment stress should be reduced accordingly in order 
to have the actual anchorage length not lower than lbd. This 
means that all bars present in the structure should be taken 
into account in the verifications but assuming for them a 
maximum stress consistent with the actual anchorage length 
that should not be lower than lbd.

This only confirms that the reinforcement details of 
structures built with plain steel components (generally up 
to the 1960s), particularly those relating to anchorage and 
reinforcement overlaps, call for very strict reinforcement 
lengths, while raising significant uncertainties about the use of 
such reinforcements (e.g. in columns), which must be carefully 
considered in the assessment.

These results contrast with historic performance of 
concrete structures broadly, where no anchorage failures have 
been recorded. The surface oxidation that these bars generally 
present probably improves bond. This fact, combined with 
low stresses to which the anchoring components are normally 
subjected (especially at the end columns of beams and slab ribs 
or at overlaps), as well as the contribution of the hook at least 
in the ultimate limit state and given the presence of significant 
bending due to crushing of the concrete, are in principle much 
higher than those allowed by the standards (including EH-68 
[19]), could explain these differences. 

Anyway, all of the foregoing means that, in the opinion 
of the authors, it is necessary to warn of the need for an 
adequate analysis of aspects such as the contribution of 
all the reinforcement elements in horizontal structures, or 
of the longitudinal reinforcement in columns. The new 
formulation proposed in FprEN1992-2 is the most advanced 
one and it is consistent with the reliability-based approach 
of the Eurocodes reliability-based, so it could afford a good 
approximation.

5.
durability

Predictive methods for estimation of degradation processes in 
concrete are still under discussions and not generally accepted. 
This would lead to the situation that in engineering practice 
questions about remaining service life after presence of any de-
terioration or situations where, for instance, chloride fronts have 
almost reached the reinforcement, could not be predicted. 

Then, neither FprEN1992-1-1 [4] nor its Annex I lay out 
predictive methods for the estimation of the deterioration rates 
of an existing structure, and therefore of its residual service 
life, leading to the situation that for each specific case parties 
involved have to come to consensus on the required measures.

This is not a minor issue, as often in the structures under 
assessment -at least in Autor’s experience, mostly in Spain- the 
carbonation front of the concrete has reached the position 
of the reinforcement (an example is shown in Figure 7, 
where the depth of the carbonate front was measured with a 
phenolphthalein solution, as is normally done) and its service 
life would be endangered. The Eurocode service life model 
considers two phases: the time to corrosion initiation, ti (i.e. the 
time it takes for the attack front to reach the reinforcement), 
and the time to corrosion propagation leading to degradation, 
tp (time to significant degradation of the structural element). 
For the example shown, the ti has been consumed and since the 
latter depends mainly on the diameter of the reinforcement 
and the corrosion rate, measures must be taken to reduce it to 
the limits that allow the remaining service life to be admissible.

Figure 7. Example of a column where the carbonate concrete has 
reached the position of the rebars.
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Figure 6. Influence of c/Ф on lbd_AnnexI / lbd_MC90 for Good conditions position (GP, left) and Poor conditions position (PP, right), γc =1,5, σsd = 200 MPa 
(extracted from the background document of FprEN1992-1 [7]) .



Under these conditions, decisions to try to comply with such 
standards may be excessive and possibly require the generalised 
protection of the structure. Such protection may be necessary in 
certain areas with unfavourable humidity conditions (e.g. damp 
rooms with an XC3 environment), but probably not in elements 
where the corrosion rate is very slow (e.g. in XC1 environments) 
and thus where the risk of structural and aesthetic consequences 
that may affect the structure’s new service life are low.

The previous example highlights the differences between 
ULS and sustainability requirements. What actions are needed 
in each situation partly will depend on local building legislation. 
Fulfilling ULS requirements with sufficient confidence is 
generally what is stated in building legislation. Sustainability 
requirements are often less explicitly stated for existing 
construction, making it possible to distinguish between the 
different situations as described before.

Of concern are effects that must be considered in the 
assessment of structures deteriorated by durability defects 
(Section I.4.1.2): corrosion of reinforcements, sulphate attack 
(Delayed Ettringite Formation, DEF), Alkali-Aggregate reaction 
(AAR), acid attacks, etc. with some examples shown in Figure 8.

These effects can include:
• Reduction of the concrete section due to spalling.
• Reduction of the cross-section of the reinforcement 
• Reduction of its ductility. In the case of pitting corrosion, 

it may be necessary to stop its use because of the diffi-
culties in detecting pitting (as its effect is local and often 
not accompanied by other forms of corrosion; it may not 
manifest itself externally), and because of the concentra-
tion of stresses around the pitting.

• Stress concentration due to localised corrosion (e.g. in 
prestressed steel).

• Stress corrosion cracking (e.g. in prestressed steel).
• Reduction of the bond between the reinforcement and 

the concrete.
• The loss of the concrete’s properties (e.g. concrete’s elas-

tic modulus due to AAR).
• The loss of reinforcement properties (ductility from pit-

ting corrosion) in relation to those deduced from the for-
mulation of the articles.

• Cracking and expansion of concrete (e.g. due to DEF or 
AAR).
In addition, deterioration in the structure may influence 

the uncertainties of the strength models or the geometry itself. 

These aspects need to be taken into account when updating 
the safety coefficients in a semi-probabilistic analysis.

To address reinforcement corrosion, the following 
considerations for testing purposes are proposed in I.8.1:
• An initial distinction is made between homogeneous and 

pitting corrosion. In relation to the former, the parameter 
Px , Corrosion Penetration Depth is used. It is defined as the 
loss in cross sectional radius of the bar due to homogeneous/
uniform corrosion along the bar length; while pitting corro-
sion is defined as the form of localised corrosion that leads to 
the creation of cavities or crevices in the metal.

• For reinforcement subjected to compression where the 
stirrups or ties are heavily corroded, reduced strength is 
possible due to the bars buckling prematurely.

• In shear-stressed elements, there is the possibility of pre-
mature failure of the stirrups due to corrosion (due to 
carbonation or pitting).

• For corrosion rates Px ≥ 0.2-0.4, cracks with an opening 
larger than 1 mm, or in the case of pitting corrosion:
- A reduction of the maximum steel elongation is to 

be taken into account in the ULS verifications; as is a 
reduction of the concrete cross-section due to spalling 
of the cover.

- A concentration of stresses in the pits.
• For homogeneous corrosion and low to medium corrosion 

rates (Px < 0.2-0.4 or crack openings of less than 1 mm), it 
can be assumed that the stress-deformation diagram of the 
reinforcements is not affected and that the entire concrete 
section contributes to strength, although some reduced 
compressive strength due to cracking can be assumed.

In summary, though predictive methods for estimation of 
degradation processes in concrete are not included in a stand-
ard like Eurocode 2, the current draft of Annex I allows the 
assessment of structures without significant degradation.

6.
conclusions

In the previous sections, the most significant aspects of the 
assessment of existing concrete structures addressed in the 
future generation of Eurocodes have been presented. These 
are summarized as:
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Figure 8. Different causes of deterioration of reinforced concrete: pitting corrosion (left), AAR (centre), acid attacks (right).



• prEN1990-2 [2] sets out the criteria to be taken into ac-
count for the investigation and assessment of an existing 
structure and establishes differences with respect to the 
conventional design of new structures. In the opinion of 
the authors, particular importance should be given to 
knowledge of the structural configuration and most prob-
able failure modes in the existing structure, as this estab-
lishes an essential basis for planning and carrying out ver-
ifications that are most appropriate and necessary in each 
case to quantify the safety, durability and functionality of 
the structure.

• Annex I of FprEN1992 [4] complements these criteria for 
the specific case of concrete while emphasising the fol-
lowing aspects:
- In relation to the materials, the procedure for ob-

taining the design strength of the concrete from the 
extraction of core samples is set out, which comple-
ments that of Annex A. 

- In relation to the shear and punching resistance of el-
ements without transverse reinforcement, this Annex 
I proposes a formulation that in certain situations, 
like in the presence of elements with reduced rein-
forcement deformations, may allow for a greater con-
tribution from concrete. This formulation, based on 
the Critical Shear Crack Theory, is also included in the 
main text, with some simplifications.

- A particular aspect of existing concrete structures, 
and in particular those reinforced with plain steel 
bars, is the assessment of the anchorage conditions. 
In this regard, Annex I propose a formulation that, 
though is very advanced and consistent with the re-
liability-based approach of the Eurocodes, in the 
authors’ view, should be applied with caution. The 
formulation reduces the strength contribution of the 
reinforcement in horizontal structures or contribu-
tions of longitudinal reinforcement in columns, which 
is why caution is recommended in its use and reliance 
on the expertise of technicians charged with conduct-
ing assessments: all bars present in the structure could 
be taken into account in the verifications but assum-
ing for them a maximum stress consistent with the 
anchorage length given in the formulation proposed.

• When assessing existing structures, durability can be of 
particular importance. Annex I list some criteria that may 
guide considerations regarding structural deterioration. 
However, it does not propose a methodology for assessing 
the structure’s remaining service life or measures that can 
be used to extend it, which are again left to the expe-
rience and knowledge of the technicians performing the 
assessments.

The future Eurocode will therefore standardise, at a Europe-
an level, methods for the assessment of existing structures. 
Annex I is informative, so it depends on the adoption of 
individual countries as to whether this becomes the future 
standard in each one. This annex, together with prEN 1990-2. 
Basis of assessment and retrofitting of existing structures: general 
rules and actions, provide the basic principles of such assess-
ments that are being developed in numerous forums. Howev-
er, the proper application of this type of assessment requires 

knowledge of the historical context within each country with 
respect to prior building codes and construction practice, in 
addition to those currently under development, as shown in 
the previous sections.

It must be highlighted that these new frameworks 
are a great step forward since it would be one of the first 
international design codes to specifically address assessment. 
However, there is still a long way to go including aspects such 
as the treatment of deteriorated or damaged structures, the 
definition of predictive methods for estimation of degradation 
processes, the consideration of the level of knowledge in the 
assessment, etc., that need to be further analyzed for their 
practical implementation. Hopefully in the next version of 
EN1992-1-1 or a future amendment of the FprEN1992-1-1 
continued advancements can be made.
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a b s t r ac t

This paper aims to introduce the content of Annex J “Strengthening of Existing Concrete Structures with CFRP” of Eurocode 2 [1]. This 
is first time that the design of adhesively bonded reinforcement with CFRP has been introduced in the European regulations through 
an informative annex. Annex J considers two different bonded strengthening techniques: externally bonded reinforcement (EBR) that 
consists of bonding CFRP strips or sheets to the surface of concrete elements, and near surface mounted reinforcement (NSM) that 
consists of embedded CFRP strips or rods to the slot cut in the concrete cover. Since, the content of Annex J is new, a summary and 
background related to all aspects required for designing CFRP strengthened systems for concrete structures, are given in this paper..

keywordS: Strengthening, fibre reinforced polymer, externally bonded reinforcement, near surface bonded reinforcement, bond, reinforced con-
crete, prestressed concrete. 
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r e s u m e n

Este artículo tiene por objeto introducir el contenido del Anejo J del Eurocódigo 2 [1]: “Refuerzo de estructuras de hormigón existentes 
con CFRP”. Esta es la primera vez que el dimensionamiento de refuerzos adheridos con CFRP se introduce en la normativa europea a 
través de un anejo informativo. El Anejo J contempla dos técnicas de refuerzo adherido diferentes: el refuerzo adherido externamente 
(EBR) que consiste en pegar laminados o tejidos de CFRP a la superficie de los elementos de hormigón a reforzar, y el refuerzo insertado 
en el recubrimiento (NSM) que consiste en instalar el laminado o barra de CFRP en una ranura realizada en el recubrimiento del hor-
migón. Como el Anejo J en sí es una novedad, este artículo presenta un resumen de su contenido y algunos antecedentes relacionados 
con todos los aspectos necesarios para diseñar un sistema de refuerzo con CFRP para estructuras de hormigón.
palabraS clave: Refuerzo, polímeros reforzados con fibras, refuerzo adherido externamente, refuerzo embebido en ranuras, adherencia, hormigón 
armado, hormigón pretensado. 
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1.
introduction

Strengthening of existing reinforced and prestressed concrete 
structures might be necessary to restore or increase their 

load-bearing capacity due to different reasons: an increase of 
load demand caused by a change of use, a loss of carrying ca-
pacity due to deterioration or structural damage, or to elimi-
nate structural design or construction deficiencies. 
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During the 1990’s, fibre reinforced polymer (FRP) lami-
nates, which were related to other industries such aeronautics 
or sports, were introduced in the construction field to over-
come the drawbacks of steel plates bonded to the tensile con-
crete surface, which were corrosion and weight among others. 

FRP is the denomination of a composite material formed 
by a polymeric matrix reinforced with continuous glass 
(GFRP), basalt (BFRP), carbon (CFRP) or aramid (AFRP) fi-
bres. Recently, other composites formed by natural fibres or 
PBO (polyphenylene bezobisoxazole) with a cementitious 
matrix [2,3] have been introduced in the strengthening field 
but with limited research applications. The first application of 
FRP strengthening in Europe was in 1991, in the Ibach bridge 
(Switzerland), a historic wooden bridge that was strength-
ened by externally bonded CFRP laminates [4]. Since then, 
the strengthening technique consisting on adhesively bond-
ing a reinforcement (ABR) of FRP to an existing structure 
constitutes a well established technology. FRPs have been 
effectively applied as flexural strengthening, shear strength-
ening and confinement of columns (see Figure 1). There are 
many reasons of their increasing use, especially in aggressive 
environments, since they show a high strength-to-weight and 
stiffness-to-weight ratio, a potential high durability given by 
their resistance to corrosion, no need of scaffolding, reduc-
tion in labour costs, and versatility with practically unlim-
ited availability of dimensions. However, FRP strengthened 
systems present also some drawbacks such as their reduced 
ductility due to their linear elastic behaviour up to failure, 
possible degradation under high temperatures depending on 
the glass transition temperature of the resin, and the cost of 
the material itself.

The future version of Eurocode 2 [1] will include an in-
formative annex (Annex J) with the rules for strengthening ex-
isting plain, reinforced and prestressed normal weight concrete 
structures only with CFRP materials. This annex covers only 
CFRP materials because it is the most common fibre type in 
research and real applications. In addition, there is not enough 
experience in strengthening of special concrete structures, such 
as lightweight concrete or concrete with recycled aggregates.

Adhesively bonded reinforcement (ABR) gives wider ap-
plications for different methods and products. Annex J of Eu-
rocode 2 [1] considers two possible applications: externally 
bonded reinforcement (EBR) [5–8] and near surface mount-
ed reinforcement (NSM) [9–13]. EBR consists of strips or 
sheets bonded on the surface of a concrete support (see Fig-
ure 2a) and NSM consists of strips or bars applied in slot cuts 
in the concrete cover (see Figure 2b). Compared to EBR, the 
NSM technique provides better bond characteristics, the re-
inforcement can be anchored more easily to prevent debond-
ing and it is more protected against mechanical damage or 
vandalism. Other strengthening techniques such as Textile 
Reinforced Mortar (TRM) [14], embedded through the sec-
tion reinforcement [15] or other bonded configurations are 
not included in Annex J because there is not a consolidate 
experience with all of them. In addition, prestressed ABR is 
not considered for the same reason.

This paper aims to introduce the content of Annex J 
“Strengthening of Existing Concrete Structures with CFRP” of 
Eurocode 2 [1]. This is the first time that the design of CFRP 
strengthening systems has been introduced in European regu-
lations. Model Code 2010 [17] included FRP reinforcement in 
two sections 5.5 “Non-metallic reinforcement” and 6.2 “Bond 
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 a) b) c)
Figure 1. a) Flexural strengthening, b) shear strengthening, c) column confinement (courtesy of Mapei).

 a) b)
Figure 2. a) Externally bonded reinforcement (courtesy of Mapei), b) Near surface mounted reinforcement [16].
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of non-metallic reinforcement”, explaining the main principles 
of this technique. There are also some European guidelines 
such as DAfStb Heft 595 [18], TR-55 [19], CNR-DT-200 
R1 2013 [20], AFGC [21], SIA [22] and GRECO [23]. The 
fib Bulletin 14 [24] was published in 2001 and gave detailed 
guidelines on the use of FRP externally bonded reinforcement, 
practical execution and quality control, based on the expertise 
of the members of fib TG9.3 “FRP Reinforcement for concrete 
structures”. The advance of the state-of-the-art of the last two 
decades was updated in fib Bulletin 90 [16] by fib TG5.1 
(former TG9.3) in 2019. This document aimed to cover both 
externally bonded and near-surface mounted reinforcement 
for concrete structures. It was presented in a Eurocode-com-
patible format, with the objective of being also a background 
document for Annex J and to form the basis for the updating 
of the text on seismic retrofitting with composites in the next 
version of Eurocode 8. In addition, there is a background doc-
ument of Annex J [25] with more details about the derivation 
of the formulations included in this paper.

 

2.
basis of design, materials and durability

In general, the basis of design of concrete structures with 
conventional materials can be applied to reinforced (RC) 
and prestressed concrete (PC) strengthened with adhesively 
bonded CFRP reinforcement. However, there are some as-
pects such as the material safety factors that should be par-
ticularized for this case. Unless a National Annex gives dif-
ferent values, Table 1 complies the partial safety factors for 
ABR. As observed, safety factors are higher for in-situ wet 
lay-up sheets than for prefabricated strips and bars. These 
safety factors were obtained based on the regulations of prEN 
1990:2020 [26] and the products considered in the determi-
nation of these factors were those used in the structural tests 
used in the calibration of approaches included in the subsec-
tions of Annex J related to Ultimate Limit States, Servicea-
bility Limit States, Fatigue and Bond. The safety concept for 
bond is based on design assisted by testing. The safety factor 
for bond, γBA, was taken from [16], assuming failure in the 
concrete substrate or failure of the adhesive. This factor is 
the one specified in the main text of Eurocode 2 [1] for the 
design value of the ultimate bond stress.

TABLE 1.
Partial safety factors for ABR strengthening [1].

Design situation Tensile strength Bond strength

 CFRP strips and bars In-situ lay-up Failure
   CF sheets in concrete or 
    adhesive

Designation  γf   γBA

Persistent and transient 1.30  1.40 1.50
Accidental 1.10  1.15 1.15
Serviceability 1.00  1.00 1.00
Fatigue 1.30  1.40 1.50

In relation to the materials employed for strengthening, there 
is a different particularity in comparison with other construc-

tion materials. The system is made by the combination of 
fibres and a matrix, designed to work together, and with a 
specific binder applied to the surface of the support [16]. 
Therefore, only systems that have been tested and applied to 
real scale structures can be applied as ABR. In addition, the 
selection of the system type depends on the configuration and 
on the structure to be strengthened. A general description on 
FRP materials, systems and techniques can be found in fib 
Bulletin 90 [16]. The material properties should be given by 
the suppliers. The FRP strengthening systems shall comply 
with national or international product standards, such as ISO 
10406 [27] that specify their geometrical, mechanical and 
technological properties. Annex J gives recommended values 
of some parameters where test procedures are not standard-
ized yet. 

Test procedures for the essential characteristics of con-
struction products at European level, may be included in two 
types of technical specifications: European harmonised prod-
uct standards or European Assessment Documents (EAD). 
EADs are currently under preparation for CFRP strengthen-
ing systems.

The design rules included in Annex J are for CFRP sys-
tems that accomplish the following conditions:
. interlaminar shear strength of CFRP strips according to 

EN ISO 14130 [28] shall be equal or larger than the ad-
hesive bond strength for any system,

. mean modulus of elasticity of CFRP strips: 150 000 MPa 
≤ Ef ≤ 250 000 MPa,

. elastic stiffness per unit width of carbon fibre (CF) sheets: 
20 kN/mm ≤ Ef  Af  ⁄ bf  ≤ 400 kN/mm,

. total CF cross section per unit width of CF sheets in the 
total of all layers determined in the direction of the ten-
sion action effect applied to the system: 100 mm²/m ≤ 
Af  ⁄ bf  ≤ 1800 mm²/m.

 . characteristic tensile strength of the adhesive fAtk, de-
termined in accordance with EN 1504-4 [29] shall be 
fAtk ≥ 14 N/mm².

Annex J requires the definition of the following proper-
ties for CFRP strips and sheets that are going to be used as 
ABR strengthening systems: ffuk, characteristic short-term 
tensile strength of the ABR according to ISO 10406 [27]; 
ηf, reduction factor applied to the tensile strength; Ef, aver-
age mean modulus of elasticity of the ABR in the longitudi-
nal direction; εfuk, characteristic ultimate strain; and Af, cross 
sectional area. For strips Af is taken as bf ∙ tf (where bf is the 
width and tf is the thickness of the cross section). For sheets, 
Af is obtained from relevant production data, considering 
tf = nf 

kf Af  ⁄bf  being nf the number of layers, Af  ⁄bf the cross 
sectional area of the fibres per meter of a single layer of CF 
sheet, and kf = 0.85 if the number of layers is higher than 3, or 
1.00 otherwise. For the adhesive, Annex J requires the charac-
teristic compressive strength, fAck, and the characteristic tensile 
strength, fAtk, determined in accordance with EN 1504-4 [29].

FRP materials are linear elastic up to failure, as shown in 
the design stress-strain relationship in Figure 3.

The design tensile strength of the ABR system shall be 
obtained as: 



where: ffuk is the characteristic tensile strength, γf is the 
partial safety factor, and ηf is a reduction factor applied to the 
tensile strength of the ABR for the relevant exposure condi-
tions in accordance with ISO 10406 [27], and may be taken 
as 0.7 unless more accurate information is available.

In a similar manner to conventional RC and PC structures, 
durability of the strengthened structure, and in particular of 
the CFRP system and adhesive should be ensured during life-
time according to the exposure classes. The FRP-concrete in-
terface is the critical component of the system since the trans-
fer of stresses occurs through it, and bond quality is affected by 
the environmental conditions. Therefore, additional protective 
measures should be included to ensure durability if necessary.

Special attention should be paid to the exposure of the 
strengthened element to direct UV radiation, penetration of 
moisture and temperature.

3.
structural analysis

According to Annex J, members strengthened with ABR 
should not be analysed using linear elastic analysis with lim-
ited redistribution or plastic analysis, since the CFRP systems 
are linear elastic up to failure.

The glass transition temperature usually ranges from 50 to 
80oC for epoxy and for processed FRP elements ranges from 
130 to 140oC. This means that in the event of fire, protection 
systems may be required in such a way that service temper-
ature is limited with respect to the glass transition tempera-
ture. During fire, the CFRP strengthening system will be lost 
due to the weakening of the adhesive. If this is the case, the 
existing structure should bear this accidental design situation 
without collapse, complying with the robustness require-
ment. This is similar to other accidental situations such as 
vandalism, blast or impact, where the design engineer should 
verify the structure against accidental loss of FRP.

4.
ultimate limit states

4.1. Bending with and without axial forces

When strengthening in flexure RC or PC sections, the design 
of the required ABR area can be obtained by applying sec-

tional equilibrium and compatibility conditions, in a similar 
manner than conventional concrete elements but with an ad-
ditional reinforcement, assuming that the slip between the 
CFRP reinforcement and the concrete substrate is neglected, 
that is, full composite action between the CFRP and the sub-
strate. The strain state of the unstrengthened element before 
strengthening should be considered since the strains from ad-
ditional bending effects after strengthened should be super-
imposed to the existing ones when verifying the capacity of 
the strengthened element. Fib bulletin 90 [16] recommends 
the process given by the flow chart of Figure 4.

Figure 4. Design process when strengthening a section in flexure 
recommended by fib Bulletin 90 [16].

When designing the CFRP strengthening system, it is desir-
able that the strengthened element fails in a ductile manner 
after steel yielding. So, the governing modes of failure of a 
flexural element will be steel yielding followed by concrete 
crushing or steel yielding followed by FRP rupture. As ob-
served in many experimental programs, debonding of the 
CFRP strengthening system might occur before reaching 
a classical failure mode (see Figure 5). Debonding is more 
common in externally bonded reinforcement and might in-
itiate at any location different from the critical section con-
sidered to design the flexural strengthening system. To avoid 
this type of premature failure, debonding should be checked 
following the procedure described in Section 7 of this paper. 

Usually, the reason for strengthening is motivated by 
strength increase to comply with ULS requirements. Howev-
er, sometimes the serviceability limit state governs the design, 

Figure 3. Design stress-strain relationship for the CFRP strengthening system [16].
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and larger amounts of CFRP than those required for ULS 
should be applied.

Provisions of Annex J for flexural strengthening with and 
without axial forces for both EBR and NSM are in accordance 
with fib Bulletin 90 [16].

Figure 5. Debonding of the CFRP strengthening system [30].

4.2. Confinement

It is well known that confinement can enhance the load bear-
ing capacity of axial loaded members. 

Concrete confined by FRP behaves differently from con-
crete confined by steel. Due to the linear elastic behaviour up 
to failure, FRP apply an ever-increasing confinement pressure 
to the concrete core. The stress–strain behaviour of FRP-con-
fined concrete typically displays an approximately bilinear 
ascending response, and ultimate capacity is governed by 
tensile failure of the FRP (Figure 6). The ultimate strength 
of the confined concrete is closely related with the rupture 
strain of the FRP reinforcement. Many experimental studies 
have shown that the rupture strain values of FRP jackets are 
consistently lower than the ultimate tensile strain obtained 
by standard tensile testing of FRP coupons [31,32]. The ratio 
between the two values is called strain efficiency factor. There 
are a number of possible reasons for this premature failure of 
the FRP jacket, such as the multiaxial stress state, stress con-
centrations due to concrete failure, or the jacket curvature, 
especially at corners with low radius.

Figure 6. Failure mode of FRP confined concrete.

Current international design guidelines provide predic-
tive design equations to calculate the ultimate strength and 
strain of FRP confined concrete columns subjected to pure 
axial load, as a function of the confining pressure applied by 
the FRP jacket. It is known that the confinement of non-cir-
cular columns is less efficient than the confinement of circular 
columns [33–35] (see Figure 7a). In a circular cross section, 
the jacket exerts a uniform confining pressure over the en-
tire perimeter. In the case of a rectangular cross section, the 
confining action is mostly concentrated at the corners. The 
predictive equations found in the design guides are mostly 
based on approaches deduced for circular columns and then 
modified by a shape factor, usually defined as the ratio of the 
effectively confined area to the gross area.

Annex J gives provisions to consider the effect of concrete 
confinement achieved by bonding hoop CFRP around exist-
ing columns (see Figure 7b and 7c). Since the formulations 
have an empirical basis, Annex J limits them to columns with 
a diameter greater than 150 mm and with characteristic con-
crete strength less than 50 MPa. Experimental studies outside 
this range are scarce and show that the effect of confinement 
is very limited in high strength concrete.

In addition, the first-order eccentricity of the axial load 
must meet the condition e0  ⁄ Deq ≤ 0.20 and the slenderness 
satisfy the condition l0 ⁄ Deq ≤40.

For the application of the equations given in Annex J to 
rectangular sections the rounding radius of the corners must 
be rc ≥ 20 mm and the aspect ratio h ∕ b ≤ 2.

According to Annex J, the increase in compressive 
strength of concrete due to CFRP confinement can be calcu-
lated as follows:
For circular columns:

∆fcd  = 0                            for             < 0.07 (2)
tf ffud

D  fcd

∆fcd  =  kcc         ffud         for             ≥ 0.07 (3)
tf ffud

D  fcd

tf
D

with kcc = 2.5 unless more accurate information is available.
In the case of discontinuous and/or helical wrapping the 

value of ffud in equations (2) and (3) should be multiplied by 
the efficiency factor kh (see Figure 7b and 7c):

kh  =  1– (4)
(sf  – bf)

2 D

1

1+(tanβf)2

2

For rectangular columns:

∆fcd  = kcc            ke           kr  ffud   for        ke                       ≥ 0.07 (6)
tf  kr  ffud

D  fcd

tf
Deq

b
h

b
h

22

∆fcd  = 0             for           ke                < 0.07 (5)
tf  kr  ffud

Deq  fcd

b
h

2

where:
kcc = 1.5 unless more accurate information is available.

Deq = (7)2  b h
b + h

ke = 1– (8)
(b – 2 rc)2+(h – 2 rc)2

3  b h
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kr =  (9)

ke is the ratio between effectively confined area and gross 
area (see Figure 7a).

kr is a reduction factor that takes into account that, for rec-
tangular sections, the smaller the corner radius the lower 
the rupture strain of the FRP jacket.

For discontinuous and/or helical wrapping on rectangular 
columns the value of ffud in equations (5) and (6) should be 
multiplied by kh according to (10):

kh =  1–                 1– (10)
(sf  – bf)

2 b

1

1+(tanβf)2

(sf  – bf)

2 h

The above equations largely align with the provisions of fib 
bulletin 90 [16]. Equations (3) and (6) implicitly include a 
strain efficiency factor equal to 0.5, in accordance with [16], 
for circular and square or rectangular sections with a corner 
radius rc ≥ 50 mm.

However, while in [16] the factor kcc is 3.3, according to 
the original model of Lam and Teng [32], Annex J indicates 
that the value of kcc can be taken as 2.5 for circular columns 
and 1.5 for square and rectangular columns unless more ac-
curate information is available.

4.3. Shear

In a RC or PC element, the shear strength should be checked 
by following the general provisions of §8.2 of new Euroc-
ode 2 [1], without considering the flexural CFRP ABR (if 
this is the case) in the contribution of the longitudinal rein-
forcement. If the design shear stress is higher than the shear 
strength, then shear strengthening is required, and the sec-
tion can be strengthened by EBR or NSM techniques. 

Externally bonded CFRP shear strengthening can be 
performed in two different configurations (see Figure 8): a) 
sheets fully wrapping the section (closed wrapped); b) sheets 
or L‐shaped strips bonded on the lateral sides and the bot-
tom surface of the beam (open or U‐shaped systems). The 
side-bonded configuration, which consists of bonding sheets 
or strips in the lateral faces of the section is not allowed since 
they are prompt to debond at both sides of the critical shear 
crack once it opens and widens. The sheets and strips can be 
bonded in a continuous or discontinuous configuration.

Closed wrapped CFRP configurations fail due to fibre rup-
ture, sometimes initiated near the corner of the sections that 
have been rounded to avoid sharp zones that may lead to fibre 
rupture. Open or U-shaped configurations are susceptible of 
debonding once a critical shear crack opens and propagates. 
Then, if the bonded length of each strip at the upper side of 
the crack (for the U‐shaped) is not long enough to anchor 
the tensile force of the FRP, the laminate debonds suddenly 
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 a) b) c)
Figure 7. a) Effectively confined section in a rectangular section; b) confinement with discrete strips and c) with helically bonded strips, adapted 

from [16].

Figure 8. Shear strengthening configurations.



before reaching its ultimate tensile strength. This debond-
ing failure mode should be considered in the calculation of 
the shear capacity of the strengthened element and can be 
delayed or can be avoided by using appropriate anchorage 
devices. Annex J recommends the application of anchorage 
devices when strengthening T-shaped cross sections. 

The total shear strength of a section strengthened with 
CFRP may be taken as:

where: 
τRd is the design shear strength according to Section 8.2 of 

Eurocode 2 [1].

     =  (13)
for discrete CFRP strips or CF sheets

2tf   sinαf   for continuous CF sheets

Af

sf

2tf  bf

 sf

αf is the angle formed between the CFRP system and the 
longitudinal member axis; 

ffwd is the design shear strength of the CFRP system.
θ should be taken as 45 degrees for the calculation of τRd 

and τRd,f, unless more rigorous analysis is undertaken.

Formulations to assess the contribution of the CFRP strip or 
sheet to the total shear strength consider the different type 
of configurations. For closed CFRP systems, the design shear 
strength is defined as Equation (14).

ffwd  = 0.8 kr ffud (14)

Where:
ffud should be determined using Equation (1) and kr should 

be determined using Equation (9).

For open discrete CFRP systems, debonding should be tak-
en in consideration and the shear strength can be obtained 
through Equation (15) and (16), depending on the length 
of the strip above the critical shear crack and the maximum 
bond length, lbf,max,k. In any case, the shear strength ffwd is lim-
ited by Equation (14).

ffwd is determined by Equation (15) if the anchorage length 
into the compression zone of the member of all CFRP strips, 
lbf is less than lbf,max,k.

ffwd is determined by Equation (16) if the anchorage 
length into the compression zone of the member of some 
CFRP strips, lbf is less than lbf,max,k.

where the parameters m and n are defined in Equation 
(17) and (18), and in Figure 9. The maximum bond length 
lbf,max,k and the anchorage resistance fbfRd  shall be determined 
according to §8 of this paper.

The open continuous sheet system can be treated as a par-
ticular case of the discontinuous case with sf = bf ⁄ sinα. Then, 
n sf = hf (cotθ+cotαf), m sαf = lbf,max,k (cotθ + cotαf) sinαf and 
m ⁄ n = lbf,max,k sinαf ⁄ hf  [16].

D’Antino and Triantafillou [36] performed an assessment 
of five design guidelines (EN 1998‐3 [37], ACI 440.2 R‐08 
[38], DAfStb Heft 595 [18], TR‐55 [19], CNR‐DT/200‐R1. 
2013 [20]) and a new proposed model, based on the German 
guideline [18], which is very similar to the proposal included 
in Annex J. The assessment was performed with a database 
of 229 RC shear - strengthened beams that failed in shear. 
They concluded that all models tend to underestimate the 
FRP shear strength for the completely wrapped configuration. 
However, models were more accurate for the U‐shaped con-
figuration. The proposal gave conservative results (mean val-
ue of the experimental to theoretical ratio MV=1.77 and co-
efficient of variation COV=2.21 for U‐shaped and MV=3.51 
and COV=4.32 for wrapped).

In the framework of TG1, Oller and Kotynia presented 
in [39] an analysis of the performance of different existing 
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Figure 9. n and m parameters in a CFRP shear-strengthened beam [1].



formulations to quantify the FRP contribution to the shear 
strength of RC elements strengthened in shear by externally 
bonded FRP sheets [16,18–20,24,40–48]. A large database of 
555 tests (355 with rectangular section and 200 with T-sec-
tion) has been assembled distinguishing between the shape 
of the section, the existence of internal transverse reinforce-
ment and the FRP configurations. Selected beams with a/d 
higher than 2.5, that were well‐documented, and which had 
a rectangular (276) or a T (180) cross‐section, were externally 
strengthened in a closed (71 R + 68 T), open (114 R + 98 T) 
or side bonded (91 R + 14 T) configuration with FRP wet 
lay‐up or pultruded strips in a continuous or discontinuous 
manner, and with or without internal transverse steel rein-
forcement. In general, predictions for all models were more 
conservative for beams without transverse reinforcement. In 
some cases, predictions were unsafe for beams with transverse 
reinforcement, showing a possible interaction with the inter-
nal transverse reinforcement which is not considered in the 
experimental FRP contribution to the shear strength. 

For closed FRP configurations, models generally assumed 
failure at the bottom corner of the section and predictions were 
very conservative where failure was experimentally observed 
along the web. This is the case of the formulation included in 
Annex J, with a mean value of the experimental to the the-
oretical ultimate shear force ranging between 1.21 and 2.91 
for beams without transverse reinforcement and coefficient 
of variation (COV) ranging from 38 to 49%. For beams with 
rectangular section with internal stirrups and continuous CFRP 
configuration, the mean value is less conservative than for the 
remaining cases, 0.83 with a similar COV. For open configu-
rations, results depended mainly on the assumed bond model 
and are more accurate than in the previous case, showing for 

some models unsafe predictions for the continuous FRP system 
applied in beams with transverse reinforcement. This is the case 
of the formulation of Annex J, where MV = 0.85 and 0.53 for 
rectangular beams with internal stirrups and with a discontinu-
ous and continuous CFRP configuration, respectively.

According to fib Bulletin 90 [16], the contribution of an-
chored NSM reinforcement to the shear capacity of the ele-
ment can be approximately computed with the same model 
of EBR.

4.4. Torsion, Punching and Design with strut-and-tie models

Annex J doesn’t give provisions for CFRP strengthening in 
torsion or in punching-shear. There is not enough data in the 
literature to include provisions related to both torsion and 
punching-shear. 

5.
serviceability limit states

The verification of serviceability limit states (SLS) considers 
the limitation of stresses to avoid steel yielding, damage or 
excessive creep of concrete, adhesives or FRP, or creep rup-
ture of FRP, limitation of cracking and deflections. In some 
cases, SLS governs the design of the strengthening system, 
even the main purpose was the strength increase. The previ-
ous state of stresses and deflections should be considered in 
the verification of the SLS.

Under service load conditions, stresses in the concrete and 
in the longitudinal reinforcement of the strengthened struc-
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Figure 10. Example of cracking pattern after strengthening [30].



ture are limited according to the main text of Eurocode. As 
a result of the limitations of the longitudinal tensile steel re-
inforcement stresses, the stress in the FRP should be limited 
due to compatibility reasons. Therefore, under the character-
istic combination of loading, the stress in the EBR or NSM 
CFRP reinforcement should be limited to:

σf ≤ 0.8 fyk (19)Ef

Es

In relation to cracking, it has been observed experimentally 
that the presence of the CFRP strengthened systems induces 
the appearance of new cracks in between the existing ones 
due to the additional tensile stress transfer from the CFRP 
system to the concrete (see Figure 10). These new cracks usu-
ally show smaller crack widths and might be less conditioning 
than for the unstrengthened element.

The strengthened element should fulfil the deflection lim-
itations given by the main text of Eurocode 2 [1]. Deflections 
of beams or slabs strengthened with ABR may be estimat-
ed by ignoring the slip between the CFRP and concrete and 
transforming the area of CFRP to steel by taking account of 
the modular ratio, as considered in Annex J [1]. Deflections 
can be obtained for instance, by the double integration of 
the curvature, determined by a cross-section analysis along 
the RC element. In relation to long-term effects, they can be 
considered by considering the quasi-permanent load combi-
nations and the modular ratios that consider the creep coef-
ficient. However, there are limited existing studies about the 
long-term behaviour of concrete elements strengthened with 
FRP [49–51].

6.
fatigue

Fatigue damage is not significant if the strengthened struc-
ture is exposed to typical service load ranges, but damage 
can occur if the load range exceeds 60% of load at first yield 
[52]. For this reason, special care should be taken in consid-
eration, if the increase of service loading in the strengthened 
structures is significantly high. According to fib Bulletin 90 
[16], in such cases under fatigue loading, failure occurs due 
to fracture of the longitudinal tensile reinforcement. Despite 
that FRP has an excellent fatigue strength, fatigue of bond 
should be considered since the loss of bond may lead to high-
er stresses in the longitudinal reinforcement with increased 
number of cycles.

6.1. Fatigue of externally bonded reinforcement (EBR) sys-
tems

For EBR, Annex J presents a basic and a refined analysis for 
fatigue analysis for EBR CFRP systems, which is based on 
[18]. The basic analysis verifies that no damage due to cycling 
loading occurs, by limiting the increment of CFRP tensile 
forces in between cracks or at the laminate end to the elastic 
zone of the bond stress-slip relationship. Fatigue checking for 
EBR may be omitted if Equation (20) is accomplished. If this 
is the case, the upper load is limited by the load associated 

to the maximum bond stress. Then, strains are in the elastic 
range and no damage occurs.

ΔFfE,equ ≤ ΔFfRd,fat1 = 0.35 fctm,surf
1⁄4  fbfRd  bf  tf (20)

where:
ΔFfE,equ = max { bf  tf  ΔffEd,max ; FfEd,cr } (21)

fbfRd is the limiting design strength of the bond in the area 
being considered, calculated according Equation (33).

fctm,surf is the mean value of the tensile strength at the sur-
face that can be determined by testing or estimated by 
Equation (31).

ΔffEd,max is the maximum difference in CFRP stress under the 
relevant load combination between cracks given by 
Equation (39).

FfEd,cr is the force in the CFRP at the first crack of the 
strengthened area.

If Equation (20) is not accomplished, the refined analysis 
should be performed. In the refined analysis, the fatigue 
range S is used to obtain the tolerable number of cycles based 
on the S-N curve. As explained in [25], the refined analysis 
uses the S-N curve determined by some experimental data 
[53–58]. The number of load cycles needed for reaching a 
debonded length of 30 mm are calculated from the exper-
imental programs of [53,54,57,58] by linear interpolation 
using the bond length and the number of cycles until com-
pletely debonding. For fitting the curve S-N, the unified re-
lated load ranges So,i, at a lower load level of 0, and the cor-
responding number of cycles N30 is needed. So,i is determined 
in a projection analysis using the Goodman relation. So is the 
difference between the maximum and minimum load related 
to the monotonic quasi-static load carrying capacity of the 
interface. The curve S-N has been obtained fitted to the ex-
perimental data. 

Under the frequent combination, the following condition, 
Equation (22), should be checked:

where:
ΔFfEd,fat is the design force range due to forces at the crack 

edge, Δff,max – Δff,min

Δff,min is the minimum value of bf • tf • ΔffEd under the relevant 
fatigue load combination specified in Clause 10.2 of 
the main text of Eurocode 2 [1].

Δff,max is the maximum value of bf • tf • ΔffEd under the relevant 
fatigue load combination specified in Clause 10.2 of 
the main text of Eurocode 2 [1].

Δffk,B = bf  tf  ΔffEd where Δffk,B is calculated according Equation 
(44).

αfat = 0.35 (24)N*
2 106

1
kf 3

N* is the number of stress cycles.
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kf 3 =  (25)
23.2  for N*  ≤ 2 106

23.2   for N* > 2 106

6.2. Fatigue of near surface mounted reinforcement (NSM) 
CFRP strips

In relation to fatigue of near surface mounted reinforcement, 
there is a low number of available tests (see [59]). Therefore, 
it is not possible to specify an S-N curve for this case, and 
then it is not possible to extrapolate the number of load cy-
cles higher than that given in the tests results, which is 2·106 
cycles. Annex J states that near surface mounted strips are ad-
equate for fatigue under the frequent load combination given 
in Clause 10 of the main text, if the following conditions are 
accomplished:
1) The number of stress cycles is less than 2·106.
2) The maximum force in the NSM CFRP system, consid-

ering also the shift of the tension envelope into account 
does not exceed Ff,NSM,max given by Equation (26).

 Ff,NSM,max = 0.6  fbfRd  bf  tf (26)

3) The strip stress range Δσf accomplishes the condition gi-
ven by Equation (27).

7.
bond and anchorage of adhesively bonded 
cfrp systems

7.1. Anchorage of externally bonded reinforcement (EBR)

The existing experimental research in beams externally 
strengthened by plate bonding has commonly shown the 

appearance of premature failures due to loss of bond that 
involve the laminate debonding before reaching the design 
failure load (Figure 5). As mentioned in Oller et al. [60, 61], 
this debonding failure mode was observed in 375 well-doc-
umented FRP flexural strengthened beams without external 
anchorages assembled in a database. Bond failure implies the 
complete loss of bond between reinforcement and concrete 
substrate. Debonding can occur through the FRP, the adhe-
sive, or the concrete cover, or in the FRP-adhesive or adhe-
sive-concrete interfaces. The most common case is debonding 
along the concrete surface which is the weakest material in 
tension. 

In flexural strengthening, laminate debonding can initiate 
at an intermediate section along the span at flexural or flexur-
al-shear cracks along the span (intermediate crack IC debond-
ing) or at the laminate end (end debonding) (see Figure 11). 
Even though both initiation points are critical for design or 
verification purposes, tests results compiled in the database of 
Oller [30] have shown that IC debonding is more common 
(70% of specimens) than end debonding (30% of specimens). 
For IC debonding, the laminate detachment involves a thin 
layer of the concrete due to the predominance of bond stress-
es and propagates towards the laminate end. A shear induced 
crack separation can also be observed due to the movement 
of the crack edges produced by the sear force. This latter 
case, will be treated separately even it initiates along the span 
length. In relation to end debonding, two types of failures can 
be observed according to fib Bulletin 90 [16]. The first one, 
named interfacial debonding at the anchorage zone, is related 
to the combination of bond and normal stresses at the lami-
nate end, and usually involves the concrete layer adjacent to 
the adhesive interface and propagates from the laminate end 
to midspan. The second one is related to the shear deficiency 
of the RC element and is named end cover separation. This 
failure involves the ripping-off of the concrete cover along 
the longitudinal tensile reinforcement. Both failure modes 
can be avoided by providing end anchoring devices or shear 
strengthening in the second case. 
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Figure 11. Debonding failure modes: a) end debonding, b) intermediate crack debonding.



For bond verifications, two areas will be distinguished: the 
end anchorage zone and the remaining length of the element. 
At the anchorage zone, the force of the CFRP at the outermost 
bending crack should be anchored along the length from this 
point to the CFRP laminate end. This element can be assumed as 
a pure shear specimen. In addition, end cover separation should 
also be checked. In the remaining beam length, intermediate 
crack debonding should be checked in between each pair of sub-
sequent cracks. For each intermediate crack element, the incre-
ment of tensile forces in the CFRP laminate between both crack 
tips should be transferred by bond to the structural element.

The behaviour of a bonded joint can be described through 
the governing equations obtained from equilibrium and com-
patibility assuming a bond-slip relationship as the constitutive 
behaviour of the interface, which in this case can be assumed 
as a bilinear law (see Figure 12) defined by Equation (28). 

where:
τf 1 is the maximum bond stress. The characteristic value, 

τf 1k , is given by Equation (29).

τf 1k = 0.37 ksys,b1 (fcm  fctm,surf)0.5 (29)

sf1 is the slip associated to the maximum bond stress.
sf0 is the ultimate slip. The characteristic value, sf0k, is giv-

en by Equation (30).

sf0k = 0.2 ksys,b2 (30)

ksys,b1 is a constant that can be taken as 1.0 unless more ac-
curate information is available based on production 
data of the EBR system.

ksys,b2 is a constant that can be taken as 1.0 unless more ac-
curate information is available based on production 
data of the EBR system.

fcm is the mean concrete compressive strength.
fctm,surf is the surface tensile strength of the prepared concrete 

surface to be bonded. If it cannot be determined, it can 
be estimated as a function of the position during con-
creting (top, side or bottom) according Equation (31).

Figure 12. Bilinear bond-slip relationship for the interface.

7.1.1. End anchorage
Annex J presents two methods to check end debonding: a 
refined method and a simplified method. Both methodologies 
are based on the bilinear bond-slip law given in Figure 12.

a) Refined method
For the simplified bond-slip relationship, the tensile stress σf  

that can be anchored at the single crack may be determined 
as a function of the bond length x = lbf   (see Equation 32).

Ef  τf1 – sf0

τf
τf1

Ef  τf  sf0
fbf (lbf) =                   sin                  lbf (32)

Equation (32) can be replaced by a quadratic parabola as 
shown by Equation (33) where for design purposes, the char-
acteristic values affected by the partial safety coefficient of 
bond, ϒBA, are used.

The maximum characteristic tensile stress that can be an-
chored is fbfk,max given by Equation (34).

Values of ηcc, ktc, and ktt are defined in accordance with Sec-
tion 5.1.6 of [1].

The effective bonded length lbfk,max, given by Equation 
(35), is the bond length beyond which the transfer force re-
mains almost constant and is the minimum length that en-
sures the transfer of the maximum force or stress between 
the CFRP laminate and the concrete substrate.

where:

ksys,b3 is a constant that can be taken as 1.0 unless more ac-
curate information is available based on production 
data of the EBR system.

b) Simplified method
Equation (33) can be simplified with the following defini-
tions of the maximum characteristic tensile stress to be an-
chored fbfk,max and the effective bonded length lbf,max.
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The simplified approach was assessed on the basis of a 
wide experimental database with more than 280 bond tests 
[62] on concrete elements strengthened with FRP strips 
or sheets with the following parameters: mean concrete 
strength, fcm = 15-62 N/mm2; modulus of elasticity of the FRP, 
Ef = 82-400 GPa; FRP laminate thickness, tf = 0.083-1.6 mm ; 
1-3 layers of sheets, also used in the fib Bulletin 90 [16].

In any case, according to [26], the EBR shall be anchored 
from the section where the existing structure is able to carry 
the design load forces without any additional strengthening 
system.

7.1.2. Intermediate crack debonding
To avoid intermediate crack debonding, there are two ap-
proaches according to the state-of-the-art and the existing 
guidelines: a) to limit the maximum CFRP strain or stress 
[16,20,48,63–65] or b) to limit the increment of the tensile 
forces for each pair of adjacent cracks [60,61,66–69], which 
is a more accurate approach based on bond transfer. Annex J 
is based in the second approach. The formulation presented 
in this Annex to avoid intermediate crack debonding is based 
on a refined model included in the DAfStb [18] and in fib 
Bulletin 90 [16] with several simplifications. The mechanical 
model was developed by Finckh and Zilch [68] and its sim-
plification was developed in [70].

The anchorage capacity between flexural cracks shall be 
enough to transfer the increment of tensile forces along the 
crack spacing. Therefore, the design value of the increment 
of CFRP laminate tensile stresses in between two adjacent 
cracks, ΔffEd, should be limited to the bond strength in be-
tween these two sections, ΔffEd, according to Equation (38), 
which should not be applied if the strain in the CFRP lam-
inate exceeds 10 mm/m or if it exceeds the ultimate strain. 

ΔffEd ≤ ΔffRd (38)

where: 

being FfEd,a,FfEd,b the tensile forces at two adjacents cracks a 
and b, respectively.

According to Annex J, ΔffEd and ΔffRd should be calculated 
using the minimum crack spacing, scr,min, given by Equation 
(40) unless a more accurate analysis has been performed.

where:
Mcr is the cracking bending moment of the unstrength-

ened section according to [1].
Fbsm is the bond strength per length of the longitudinal re-

inforcing steel according to Equation (41).

Fbsm= ∑    ns,i  ϕi  π  fbsm    (41)

Fbsm=     (42)

n
i=1

kvb1 0.43  fcm2/3
     for ribbed bars

kvb2 0.28  fcm1/2
     for plain bars

kvb1 and kvb2 are parameters that depend on the bond con-
ditions (for good conditions kvb1=kvb2=1.0 and for medium 
bond conditions, kvb1=0.7 and kvb2=0.5.

The bond strength between two adjacent cracked sec-
tions, ΔffRd, can be obtained from Equation (43). It is constant 
for each pair of cracks, and considers the effects of bond fric-
tion, Δffk,F, clamping curvature of the beam, Δffk,C, and adhe-
sive bond resistance between cracks, Δffk,B.

where:
kh is a parameter equal to 2000 for reinforced concrete (RC) 

elements and 0 for prestressed concrete (PC) elements

hf = min{100 mm,h}

ηcc, ktc, ktt are defined in accordance with Section 5.1.6 of the 
main text of [1].

D’Antino and Triantafillou [36] performed an assess-
ment of 11 analytical models for evaluating the effective 
strain in FRP strengthening systems or the increment of the 
FRP force along the crack spacing to prevent intermediate 
crack debonding and the model. The assessment was per-
formed throudh the results of 154 RC beams collected from 
the literature. According to [36], the simplified and detailed 
approaches given by the German DAfStb [18], which is a 
similar approach to that given by Eurocode 2 [1] provide 
highly underestimated effective strain values. However, the 
German models were calibrated for applications of CFRP 
strips and do not cover other cases with different geometrical 
o mechanical characteristics of the strengthening system, that 
were inlcuded in the database.

Finck and Zilch [68] also applied their model, which is 
the original bases of the model included in DAfStb [18], to 
a database of 151 bending tests on single-span beams with 
CFRP strips that belong to a larger database of 473 tests with 
beams strengthened with CFRP sheets, steel or GFRP plates. 
Their comparison shows that the model fits very well with 
average tests values and that in most cases the mean values 
are not below the characteristic values. 

7.1.3. End cover separation
To avoid end cover separation, that is the detachment of the 
concrete layer beneath the reinforcement near the supports, 
the maximum design force at the end of the CFRP rein-
forcement should be lower than the value that generates this 
premature failure mode (see Equation (47)). The proposal 
included in Annex J for this limitation is in accordance to 
DafStb [18] and has been included in fib Bulletin 90 [16].
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where:
afe is the distance between the laminate end and the point of 
zero bending moment, and the remaining parameters are the 
longitudinal reinforcement ratio (ρl), the caracteristic com-
pressive concrete strength (fck), the web width (bw) and the 
effective depth (d).

If Equation (47) is not met, it is required to provide shear 
stregthening at the end of the longitudinal CFRP laminate 
with enough anchorage provisions (see Figure 13).

7.1.4. Shear induced separation
Shear induced separation refers to the delamination caused 
by the relative displacements in the crack tips between the 
crack edges due to the shear forces (Figure 14). This occurs if 
the strut and tie system is subjected to a high level of stresses 
(Figure 15). The CFRP laminate does not debond if Equation 
(48) and (49) are accomplished. 

τEd ≤ 0.33 fck
2/3 (49)

75  MPa     for ribbed steel bars

25  MPa     for plain round steel bars
              ≤ (48)
τEd   σswd

τRd

Where:
τEd and σswd can be calculated according to the provisions of 
the general document of Eurocode 2 [1].

Adhesively bonded reinforcement may be required if 
the previous equations are not met to ensure that the tensile 

forces are transferred to the compression zone of the mem-
ber. The design force for the shear EBR system can be ob-
tained as the maximum of two components. The first com-
ponent corresponds to the distribution of the design value 
of the total applied shear force over the elastic stiffness and 
the second one is the difference between the design value 
of the total applied shear force and the design value of the 
shear strength of the transverse reinforcement (see Equa-
tion (50)).

 
7.2. Anchorage of near surface mounted reinforcement (NSM)

In relation to the anchorage of near surface mounted re-
inforcement, the formulation of Annex J is based again on 
the German DAfStb guideline [18] an on the fib Bulletin 
90 [16]. As stated by Blaschko [71], it is assumed an effec-
tive composite action between the strengthening system and 
the concrete support that leads to a short anchorage length. 
Therefore, it is only required to check the anchorage length 
from the section where the near surface mounted reinforce-
ment is not needed for the load carrying capacity.

According to Annex J, the design bond capacity per strip 
should be defined by Equation (51).
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Figure 14. Shear induced separation, adapted from [18].



(51)

ar

70

0.95 bf τEd 4  ar  lbf (0.4 – 0.0015 lbf )   for lbf ≤ 115 mm

0.95 bf τbAd 4  ar  lbf (26.2 + 0.065 tanh (     ) (lbf –115)   for lbf >115 mm

FbfRd = 

being ar the distance from the longitudinal axis of the 
strip to the free edge, which may not be larger than 150 mm.

The maximum design strength of the adhesive for the 
NSM systems, τbAd can be obtained by Equation (52).

where: fAck and fAtk are the characteristic compressive and ten-
sile strength of the adhesively, respectively, defined in Section 
2 as a requirement of Annex for the design of ABR; αbA may be 
taken as 0.5 unless the more accurate information is available 
based on production data of NSM CFRP strips; and αbC may be 
taken as (ηcc∙ktc∙ktt )0.5 unless the more accurate information is 
available based on production data of NSM CFRP strips.

Factors 0.6 and 4.5 of Equation (52) have been calibrat-
ed by bond tests with CFRP strips with 10-30 mm width 
and 1-3 mm thickness. For found or square bars both factors 
should be recalibrated.

The NSM anchorage should accomplish the provisions 
for end cover separation given in 7.1.3 and shear induced 
separation given in 7.1.4.

8.
detailing and other rules

8.1. Detailing for flexural strengthening with adhesively bon-
ded reinforcement (ABR)

In the case of flexural strengthening with externally 
bonded reinforcement (EBR), Annex J recommends that 
the maximum spacing between strips, from centre to centre, 
should be lower than 0.2 times distance between points of 
zero moments; 3 times the thickness of the slab; 0.4 times the 
cantilever length and 400 mm.

The distance of the longitudinal edge of the strip from 
the member edge should be at least equivalent to the nomi-
nal concrete cover of the internal reinforcement.

Fib bulletin 90 [16] gives additional detailing rules on the 
location, arrangement and limitations for the FRP reinforce-
ment required. Some of these rules are important to avoid 
premature debonding of the strengthened system.

For NSM CFRP systems, slots cut into the cover con-
crete should be located such that the cover is not adversely 
compromised when considering the accuracy of installation 
equipment along with adequate tolerance for installation.

Annex J provides Table 2 with some geometrical recom-
mendations for NSM reinforcement. Slot dimensions, dis-
tance from the slot to the edge of the element and spacing 
between adjacent slots are important details to avoid prema-
ture debonding failure of the strengthened element.

8.2. Permissible parameters

Annex J give additional permissible parameters such as the 
radius of bending, the number of sheets and strips, and lap-
ping of the closed wrapped systems for shear strengthening 
or confinement.

In the case of straight prefabricated ABR CFRP bars, 
bending radius should be larger than 1000 times their thick-
ness, unless stresses that arise from the bending process are 
considered in determining the tensile strength ffuk.

In relation to the number of allowed layers, no more than 
five layers of CF sheets should be bonded for flexural or shear 
strengthening and no more than ten layers for column con-
finement. In the case of CFRP strips, no more than two layers 
should be bonded and the maximum thickness of the CFRP 
strip cross section should not exceed 3 mm (excluding ad-
hesive). For the NSM systems, no more than one strip or bar 
should be bonded per slot.

When strengthening beams in shear or in the case of col-
umn confinement with a closed wrapped system, overlapping 
of the sheets or slips should be considered.

Conclusions

This paper summarizes the content of the informative An-
nex J, developed by CEN/TC250/SC2/WG1/TG1 and Pro-
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ject Team 3, that for the first time incorporates in Eurocode 
2 provisions the design of strengthening existing concrete 
structures with CFRP adhesively bonded systems. More de-
tailed information about the formulations included in this 
Annex can be found in the fib Bulletin 90 [16], published 
in 2019, which was also intended to serve as a background 
document. 

CFRP laminates or bars are linear elastic up to failure. 
Therefore, linear elastic analysis with limited redistribution 
or plastic analysis are not allowed.

Annex J includes design provisions for strengthening ex-
isting reinforced or prestressed concrete structures in flexure, 
shear or confinement with passive EB or NSM CFRP rein-
forcements. When designing CFRP strengthening systems in 
flexure or shear, the laminate might debond before reaching 
the ultimate bending moment or shear force. This premature 
failure mode should be correctly predicted during design, 
especially in the externally bonded case, more prompt to 
debond than the NSM since it is only bonded by one side of 
the strip.

Despite the FRP system might be design to increase the 
strength of the existing concrete cases, SLS might governs the 
design and should also be checked.
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a b s t r ac t

The Annex L of FprEN 1992-1-1:2023 (EC-2) provides provisions for the design of Steel Fibre Reinforced Concrete (SFRC) structures. 
This Annex is supported by a comprehensive background document (BD) that gathers the main outcomes of the research carried out 
on SFRC during the last thirty years. This paper aims to cover the sections of Annex L and supplement those with scientific literature, 
to help readers reach a deeper understating of the fundamentals and specific details of the proposed formulations and rules.
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r e s u m e n

El Anexo L del FprEN 1992-1-1:2023 (EC-2) plantea disposiciones para el diseño de estructuras de hormigón reforzado con fibras de 
acero (SFRC). Este anexo está respaldado por un sólido documento de antecedentes (BD) que recopila los principales resultados de las 
investigaciones realizadas sobre SFRC durante los últimos treinta años. Este artículo tiene como objetivo cubrir las secciones del Anexo 
L y complementarlas con literatura científica para permitir que los lectores profundicen en los fundamentos y detalles específicos de 
las formulaciones y reglas establecidas.

palabraS clave: Hormigón reforzado con fibras, diseño, estandarización, Eurocódigo 2, fibras de acero. 
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1.
introduction

Provisions for the structural design of Steel Fibre Reinforced 
Concrete (SFRC) members were included in both FprEN 
1992-1-1:2023 (Annex L) [1] and FprEN 1992-1-2:2023 
(Annex B) [2]. This has been the result of increasing demand 
for regulations of this materials from the construction sector; 
well-stablished knowledge on the mechanical properties of 
SFRC derived from the research and wide variety of success-
ful existing applications (Figure 1) and the future perspec-
tives for the material [3].

In this regard, chronologically at European level, the 
DBV 2001 [4] was the first to introduce design provisions 
for SFRC structures in Germany, followed by the RILEM 
TC  162-TDF in 2003 [5], the Italian CNR-DT/204/2006 
in Italy [6] and the EHE-08 in Spain [7]. Within these 20 
years, other European countries have regulated the design 
of SFRC structures. Even, in some national regulations (i.e., 
Italy, Spain and Sweden [6–8]), the use of other types of fi-
bre materials (mainly synthetic-based) for partially replacing 
the ordinary steel reinforcement are regulated by including 
specifications related to the mechanical properties of these 
materials. In the same line, the fib Model Code 2010 [40], 
also covers the use of SFRC (and other types of FRCs). 

Furthermore, the type of reinforcement for concrete has 
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proved to have a significant impact on the sustainability perfor-
mance of the structure. Some researchers were focused on quan-
tifying the sustainability performance -considering economic, 
environmental and social indicators- of concrete structures rein-
forced with different types and configuration of reinforcements 
(including traditional RC, SFRC, and hybrid solutions) [9–11]. 
The outcomes of these analyses prove—and confirm—that the 
sustainability performance of SFRC and hybrid reinforced (steel 
fibres + steel rebar) concrete solutions are promising.
This paper is aimed to cover—not exhaustively—the features 
included in the Annexes L and B of the FprEN 1992-1-1:2023 
[1] and FprEN 1992-1-2:2023 [2], respectively (both referred 
to as EC-2 hereafter), and complement those with justifications 
and explanations supported by the Background Document 
(BD) to Annex L [12] and scientific literature, when necessary.

2.
design basis - safety format

The design approach for SFRC structures proposed in the EC-2 
is aligned with the partial safety format described in Eurocode 0 
[13]. In this regard, the material partial safety factor (γsf) for SFRC 
to be considered for both compression and tensile mechanical 
properties is established as 1.50 for both persistent and transient 
situation in ULS, 1.20 for accidental situations and 1.00 for SLS. 
These safety factors are equivalent to those suggested in the EC-2 
for reinforced and/or prestressed concrete structures. 

As acknowledged in the BD and other relevant literature 
dealing with the design basis FRC [12,14], the post-crack-
ing (residual hereinafter) tensile properties of this material 
are known to be subjected to several sources of uncertainty. 
Fibre distribution and orientation anisotropy are the domi-
nant sources of variability that lead to a total scatter in the 
notched beam test EN 14651 [15] ranging between 10% to 
30% [16,17] depending on the amount of fibres, fresh con-
crete properties, and other aspects [18]. This scatter observed 
in the EN 14651 beams tends to be superior to that observed 
in the final structure due to the usually larger volume of SFRC 
involved in the cracked areas of the latter. The combined use 
of: characteristic values of the residual flexural tensile strength 
(fR,k); orientation factors (ko) [19–21] and the factor kG for tak-
ing into account the decrease of variability with the increase of 
the size of cracked areas (with respect to the EN 14651 beam, 
125 × 150 mm2), allows for designs that meet the structur-
al reliability levels widely accepted for traditional reinforced 
concrete (RC) structures [22].

In specific structures or components, different partial safe-
ty factors might be required for optimization purposes or to 
meet other failure consequences classes (with other reliability 
levels associated). To this end, FORM [23] has been already im-
plemented to calibrate γsf for precast FRC tunnel linings [24] 
and for FRC elements without transversal reinforcement [25]. 
Alternatively, and specifically oriented to non-linear structural 
analysis, the method proposed in [26] to calibrate the global 
resistance safety factor -and reported in the Annex F of the 
EC-2- was satisfactorily used and implemented in SFRC flat 
slabs [27–29]. The test up to failure of the SFRC flat slab (200 
mm thickness, and four bays of 5 × 6 m) presented in [29] (see 

Figure 2) proved that the design carried out combining FE-
based non-linear models and the safety factor calibration ap-
proach [26] lead to safe-side results for the ultimate load [30].

(a)

(b)

(c)

Figure 1. Different existing applications of SFRC in (a) underground 
construction (tunnel vertical shaft in Barcelona, Spain), (b) building 

column-supported flat slab (LKS Headquarters Building in Mon-
dragón, Spain) and (c) architectural applications (Culvert of the 

Oceanographic Restaurant in Valencia, Spain).
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(a)

(b)

(c)

Figure 2. Real-scale test of the SFRC flat slab reported in [29]: (a) 
application of the live load, and final crack patterns of the (b) bottom 

and (c) upper sides of the slab.

3.
materials

3.1. General aspects

The EC-2 explicitly refers to steel fibres (SF) that follow 
the requirements of the EN 14889-1 [31] as concrete rein-
forcement with the capacity to replace or complement the 
ordinary steel reinforcement. SFs are seen as a material that 
enhances the residual capacity of the resulting SFRC com-
posite for both compression (confinement effect) and tension 
(cracking control, ductility and energy absorption capacity).

The adequate selection of both fibre geometry and strength 
for a specific mix design can lead to an efficient application. 
The best solution requires a compromise among the targeted 
effect of the fibres in different limit states. In this regard, and in 
general terms, short and thin fibres might be suitable for initial 
crack control while these not affect significantly the workabil-
ity of the composite. On the opposite, long and slender –with 
performant anchorages– fibres might be suitable when high-
er residual tensile strength of the SFRC is required for crack 
control in SLS and bearing capacity in ULS. In this case, the 
impact on workability may be significant. These tendencies are 
more evident for high fibres’ dosages, and the mechanical ef-
fects tend to be empowered with the matrix quality [32]. The 
workability reduction has to be compensated using plasticizer 
admixtures, and, for high fibres dosages, the mix design has to 
be adapted with finer granulometries. 

3.2. Strength and ductility classification

In general, the addition of fibres does not modify matrix prop-
erties as density, both compressive and tensile (pre-cracked) 
strengths, elastic modulus, and shrinkage for the range of 
strength classes (SC) identified in the Annex L (Table l.2). 

Concerning creep, both compressive and tensile (pre-crack-
ing) creep of SFRC can be computed according to 5.1 of the 
EC-2. However, if tensile-creep is expected to be a design de-
termining parameter in any limit state, tests must be conduct-
ed following a standardized testing configuration and proce-
dure [33–35] to quantify its time-dependent magnitude (see 
Figure 3). According to [36], tensile-creep of SFRC may be 
significant in elements with both low degree of redundancy 
and low amounts of longitudinal reinforcement.

Assuming these starting points, EC-2 typifies the SFRC SC 
based on the residual flexural strength (fR) of the composite 
determined according to EN 14651 [15] (see Figure 4). The 
characteristic values of the residual flexural strengths for crack 
mouth opening displacements (CMODs) of 0.5 mm and 2.5 
mm, fR,1k and fR,3k, are the relevant design, strength characteri-
zation and quality control parameters of the SFRC [37]. This 
statistical values of fR account for the sources of variability 
of samples of the same and of different batches. fR,1k and fR,3k 
shall be computed considering that: fR follows a log-normal 
probability density distribution according to EN 1990 [13] 
(5% quantile, 75% of confidence level); and that the standard 
deviation of fR is unknown unless explicitly agreed. Criteria to 
determine the statistic properties of fR and to assess the popu-
lation standard deviation could be found in [38,39]. 
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The value of fR,1k establish the strength class: SC (1.0; 1.5; 2.0; 
2.5; 3.0; 3.5; 4.0; 4.5; 5.0; 6.0; 7.0; 8.0) and the ductility class 
is denominated by a letter “a”, “b”, “c”, “d” or “e” when the 
ratio fR,3k /SC exceeds the values of 0.5; 0.7; 0.9; 1.1 or 1.3 
respectively. Figure 5 represents an example for those limits 
by means of a qualitative tensile stress-CMOD relationship.

This SFRC classification criteria is non-coincident with 
the initial proposal in the MC2010 [40], where the ductility 
class is defined, with the same limits, but based on the fR,3k /
fR,1k ratio instead of the fR,3k/SC ratio. In this sense, the EC-2 
criterion is oriented to accept the compensation of a low duc-
tility by an increase in strength. For instance, a concrete SC4 
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Figure 3. Test configuration for quantifying creep time-dependant phenomena in pre-cracked FRC beams subjected to long-term flexure [33–35].

Figure 4. Test setup according to EN 14651 [15].

Figure 5. Limits for the ductility classes in the EN 14651 [15]: (a) flexural test for a FRC corresponding to a SC 3, and (b) the resultant tensile 
stress/strain law evaluated according to EC-2.



b could be accepted as a SC3 d as shown in Figure 6.
Even if the EC-2 does not make any explicit mention, 

only for quality control (QC) purposes, alternative tests as 
the DEWS [41] and the Double Punching Test (DPT, or BCN 
test) [42–44] (see Figure 7) may be used provided an statis-
tically coherent and robust correlation [45] with the notched 
beam EN-14651 [15] has been established for the SFRC un-
der characterization.

3.3. Design assumptions for the material

As per cross-sectional analysis and design, the design values 
of the service and ultimate residual strength of SLS (fFtsd) and 
ULS (fFtud), respectively, should be computed with Eq. 1 and 
2, respectively.

fFtsd = fFts,ef /γSF
 = ko kG 0.37 fR,1k /γSF

 (1)

fFtud = fFtu,ef /γSF
 = ko kG 0.33 fR,3k /γSF  

(2)

where ko is the factor that relates the fibre orientation expect-
ed in the real structure with that existing in the notched beam 
EN-14651 [15] and kG is the factor accounting for the effect 
of member size. 

The Annex L suggests considering ko = 0.5 unless other-
wise is specified in the same Annex L or verified by testing, 
with final values always smaller than 1.7. Likewise, for bend-
ing, shear and torsion forces ko = 1.0 may be used when S2-S4 
consistency classes (according to EN 206 [46]) are achieved.  

The orientation factor can be assessed by means of rep-
resentative tests [20]: cutting and testing beams from the 
real structure and/or using non-destructive tests based on the 
inductive properties of the SFRC [47–50].  Concerning the 
latter, the SFRC flat slab constructed and tested up to fail-
ure reported in [29] was cored for characterizing the amount, 
distribution and orientation of fibres with a portable induc-
tive device (see Figure 8). The orientation factor pattern was 
posteriorly computed by means of the results obtained. An 
equivalent approach was conducted in SFRC slabs [46] with 
conclusive results towards the alternative use of these non-de-
structive techniques.

The size effect on the magnitude of variation coefficient 
of the SFRC residual tensile properties is considered through 
the coefficient kG (=1.0 + 0.5 Act ≤ 1.5), which depends on 
the area of the tension zone (Act) involved in the flexural fail-
ure mechanism –of the structural system in equilibrium. This 
consideration makes it possible to utilize the residual tensile 
capacity up to 90% of the average strength [22,40].  This as-
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Figure 6. Example of accepted FRC concretes when a SC3d class is prescribed.

Figure 7. Dimensions and boundary conditions for the DEWST and DPT.



sumption is based on the fact that the scatter of the residual 
tensile strength of the SFRC decreases with the increase of the 
volume of material subjected to tension involved in the fail-
ure mechanism (i.e., length of the yield line). For local failure 
mechanisms –independently of the structural redundancy- and 
small cracked areas, a kG = 1.0 shall be considered.

The relation fR,1k /fctk,0.05 ≥ 0.5 must be satisfied to guarantee 
material ductility to avoid either a fragile response in case of 
lightly reinforced elements or any crack localization. Consider-
ing that the characteristic value of the residual tensile strength 
for SLS (fFtsk) is 0,40 fR,1k (assuming ko = kG = 1.0), the ratio fR,1k 

/fctk,0.05 ≥ 0.5 results in fFtsk /fctk,0.05 ≥ 0.2 and, thus, that the re-
sidual tensile capacity of the SFRC must be equal or superior 
than 20% of fctk,0.05. 

In local analyses, for critical cross-sections responsible for 
the structural equilibrium –of part or the entire structure-, 
the contribution of fibres has to be disregarded. Likewise, this 
applies to tying systems for robustness of building (L.12.5) 
and for connections and supports subjected to compression 
(L.13.2).

3.4. Stress-strain relation for structural analysis

For structural analysis by means of using numerical tools, a 
tri-linear constitutive law is proposed (see Figure 9 and Eq. 
3-6) for simulating the uniaxial stress-strain of SFRC subject-
ed to tension. The pre-cracking and crack initiation stage are 

assimilated to the response of a plain concrete (PC), and the 
residual response is simulated through a linear strain softening 
or hardening—depending on the SFRC strength class—until 
reaching the ultimate tensile uniaxial strain of the material 
(εftu). This approach is similar  to that proposed in the fib Mod-
el Code 2010 and the fib Bulletin 105 [32,40].

fFt1,ef = ko kG 0.37 fR,1k (3)

fFt3,ef  = ko kG (0.57 fR,3k − 0.26 fR,1k) (4)

εF,0  = I 2 εctm = fctm / Ecm (5)

εF,0  =       ≤ 2.5        < εFud = 0.02 (6)wu mm
lcs lcs

In Eq. 3 and 4, ko is the fibre orientation factor and kG is the 
factor accounting for the effect of member size. In Eq. 6, 
the structural characteristic length lcs is obtained as lcs=min 
(h; sr,m,cal,F) for members subjected to combined axial and 
bending and as lcs = sr,m,cal,F for members subjected to uniaxial 
tension (sr,m,cal,F is the mean crack spacing, see Eq. 16). As it 
can be observed, lcs can be considered as a double factor con-
sidering size effect and synergy of the fibres and rebars con-
tributions. In structural elements with SFRC where cracking 
pattern is mainly governed by the rebars, lcs is computed as 
the cracks spacing. For low or not reinforced SFRC, lcs is eval-
uated as the element depth, as the equivalent hinge length. 
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Figure 8. Cored flat slab and inductive testing for determining the amount, distribution and orientation of fibres.

Figure 9. Tri-linear stress-strain constitutive law for simulating the mechanical response of SFRC subjected to uniaxial tension.



When EN 14651 [15] specimens are considered lcs = 125 mm 
as applied in Figure 9. The structural characteristic length lcs 
is considered jointly with the maximum crack opening (wu) 
adopted for ULS to transform the localized crack opening in 
equivalent strain.

In the case of the stress-strain relation of SFRC subject-
ed to short-term uniaxial compression, the same expression 
than for PC may be used, but by providing modifications in 
the compressive strain at mean compressive strength (εc1(‰) 
= 0.7fcm

1/3 (1+0.03fR,1k)) and in the ultimate compressive strain 
(εc1 = k εc1, where k = 1 + 20/√(82–2.2 fR,1k)) [51–53]. 

3.5. Properties of SFRC at high temperature

The Annex B of the FprEN 1992-1-2:2023 [2] provides addi-
tional provisions to FprEN 1992-1-1:2023 Annex L [1] for the 
design of SFRC subjected to high temperatures. Only in this 
subsection, the Clauses cited are specifically referred to FprEN 
1992-1-2:2023 [2].

Strength and deformation properties of SFRC in compres-
sion at elevated temperatures may be assumed as those for PC 
and computed according to the provisions provided in Clause 
5. As per uniaxial tension SFRC properties at elevated temper-
atures, the stress-strain relationships proposed in the Annex L 
of FprEN 1992-1-1:2023 [1] can be considered; nonetheless, 
the strength parameters (fctm, fFt1,ef and fFt3,ef) must be affected 
by a reduction coefficient fct,ɵ/fctk,0.05 (fct,ɵ being the uniaxial ten-
sile strength of concrete at temperature ɵ) to take into consid-
eration the degradation of the mechanical properties caused 
by high elevated temperatures. In any case, if design methods 
given in Clauses 6 and 7 are used, any contribution of fibres 
shall be neglected.

A formulation to compute the reduction coefficient fct,ɵ/
fctk,0.05 is proposed in Clause 5, nevertheless, alternative formu-
lations for deriving the constitutive law for SFRC subjected 
to uniaxial tensions at high temperatures may be considered 
provided the results are within the range of experimental 
evidence. To this end, the research and methods reported in 
[54–57] might be of reference for this purpose. Likewise, test 
procedures as those proposed in the RILEM Recommendation 
TC 129 MHT-part 4 [58] might also provide support to derive 
the pre- and post-cracking tensile properties of the SFRC sub-
jected to high temperatures.

4.
durability

The second generation of EC-2 brings a radically new concept 
of design for/verification of durability through the introduc-
tion of Exposure Resistance Classes (ERCs) based on perfor-
mance [1,12,59], introduced for carbonation and chloride-in-
duced corrosion (environmental exposure conditions XC, XD 
and XS). At the same time, an informative Annex P is offered 
to National Standardization Bodies (NSBs) that actually con-
tains the approach for durability of the current EC-2 [60]. 

Nonetheless, whichever approach is adopted by an NSB, 
the concrete cover due to durability requirements, cmin,dur, in 
the case of SFRC applies only to the embedded reinforcement. 

In other words, for a given element type and environmental 
exposure conditions, cmin,dur is unaffected by the presence of 
SFs. The only limitation placed on minimum cover in the case 
of SFRC is to avoid fibre accumulation. Therefore, a minimum 
cover of cmin = 20 mm to embedded reinforcement is pre-
scribed for SFRC elements.

Hence, a conservative approach has been adopted – any po-
tential benefit in terms of durability offered by SF inclusion has 
been neglected as cmin,dur is determined in the same way as for 
an equivalent RC element [61]. At the same time, even though 
SFs close to the element surface may corrode and cause rust 
stains, spalling of concrete is unlikely to occur since generated 
tensile stresses caused by corrosion-derived products from SFs 
are low due to the small diameter of the fibres [12,62].

However, the fact that an outer “layer” of fibres might cor-
rode in an SFRC element has caused the adoption of two de-
sign approaches which take this into account, differentiating 
between SFRC elements designed to be uncracked and cracked.

In the case of SFRC elements under environmental expo-
sure conditions XC2–XC4, XD1–XD3, and XS1–XS3, de-
signed to be uncracked at the serviceability limit state (SLS), 
when verifying those at the ultimate limit state (ULS), the 
tensile strength of SFRC at the greatest distance from the neu-
tral axis shall be disregarded within a “sacrificial” layer of cf,dur = 
10 mm from the exposed surface [1] (see Figure 10). It should 
be noted that this refers to the verification of ULS and the 
cracked state of the cross-section. The justification for such 
an approach for uncracked elements is found in recent studies 
that have shown a modification of bond between the fibres and 
the matrix in this outermost layer, in particular due to wet–dry 
exposures [63,64]. If this occurs, either a decrease/loss of bond 
may happen, or its increase, which may lead to fibre rupture.

In the case of SFRC elements under environmental ex-
posure conditions XC2–XC4, XD1–XD3, and XS1–XS3, 
designed to be cracked at the serviceability limit state (SLS), 
when verifying those at ULS and SLS, the tensile strength of 
SFRC at the greatest distance from the neutral axis shall be 
disregarded within a “sacrificial” layer of cf,dur = kdur∙cmin,dur from 
the exposed surface [1] (see Figure 10). The recommended 
value of kdur is 0.50, unless defined differently by a National 
Annex. This provision does not apply for stainless steel fibres 
nor during the construction phase. The provision rely on rela-
tively recent literature [63–65].

Figure 10. Definition of the “sacrificial” layer cf,dur.

One of the main benefits of SFRC, i.e. reduced crack widths, 
may be taken into account for reducing the depth of the “sac-
rificial” layer cf,dur:
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cf,dur  = kdur  cmin,dur                  ≥ 10 mm (7)
wk,cal

wlim,cal

where wk,cal and wlim,cal are the calculated and maximum per-
missible characteristic crack widths, i.e. the “sacrificial” layer 
depth can be reduced in proportion to the reduction of crack 
width relative to the limit.

 It should be noted that the adopted approach disre-
gards the potential corrosion of SFs on lateral surfaces of linear 
elements such as beams (i.e. no reduction of tensile strength is 
considered along the width of a section).

5.
structural analysis – plastic analysis

The combination of SFRC and longitudinal ordinary rein-
forcement –both with the suitable SC and quantity, respec-
tively- has proven to provide sufficient rotation capacity of 
the bending-controlling cross-sections to allow for bending 
moment redistribution in statically indeterminate structures 
[14,27,30,32,66].

In this regard, the Annex L allows for a non-linear structur-
al plastic analysis –or linear analysis with limited redistribution 
of forces– in ULS without a direct check of the capacity rota-
tion in elements without ordinary reinforcement in (1) foun-
dations and slabs supported directly on ground (even without 
ordinary reinforcement) and (2) for statically indeterminate 
rafts and pile-supported slabs. For the second group, a SFRC 
ductility class “c” is necessary and, if the member is needed 
for structural stability, a ratio kG·fR,3k /fctm,fl ≥ 1.0 (equivalent 
to bending-hardening response) is required. For this second 
group of elements, including elevated slabs, the rotation ca-
pacity is not necessary to be checked in (1) two-way systems 
with Lx/Ly ≤ 1.5 and As ≥ As,min, and (2) in both one- and two-
way systems with Lx/Ly > 1.5 and As ≥ αduct·As,min. As,min as per 
Clause L.12 (Lx/Ly). αduct to be considered as 2.0 unless other 
recommended values are provided within National Annex. 

For elements not fulfilling these sets of conditions, the 
compatibility between the ductility provided by the critical 
sections and that required for the plastic mechanism assumed 
(or redistribution level considered) must be checked accord-
ingly. To this end, analyses as conducted in [67] [68] could 
be used to quantify the rotational capacity of critical SFRC 
cross-sections. 

It must be remarked that, for members not fulfilling these 
conditions simultaneously, Annex L emphasizes that crack 
localization effects and, consequently, local reduction of the 
ductility could occur even if the minimum longitudinal rein-
forcement As,min (according to L.12.1) is guaranteed. This as-
pect has been proved experimentally [69–75] and numerically 
[68] for statically both determinate and indeterminate beams.

Furthermore, the potential local variations of the residu-
al tensile capacity of the SFRC should be considered appro-
priately as large cracked sections might present non-uniform 
ductility capacity.

6.
ultimate limit states

6.1. Bending

The Annex L provides two simplified stress-strain constitutive 
models for simulating the residual tensile stress-strain response 
of SFRC members: a rigid-plastic behaviour and a bi-linear be-
haviour (see Figure 11). 

(a)

(b)
Figure 11. Simplified stress distributions for SFRC: (a) rigid-plastic 

distribution; (b) bi-linear distribution. 

Referred to the bi-linear simplified stress distributions, the re-
sidual tensile strength  and  are defined according to:

fFt1d = fFt1,ef /γSF  
(8)

fFt3d = fFt3,ef /γSF  
(9)

The rigid-plastic approach proposed by the Annex L for flex-
ural ULS design is consistent with the rigid-plastic constitutive 
model provided by the fib Model Code [40], which identifies 
the unique reference value fFtud as fR3d/3 (Formula 5.6-4 in the 
fib Model Code [40]). This approach has proved to be reliable 
for evaluating the flexural strength of SFRC beams according 
to [76] and [71,77]. Based on the dataset of 53 SFRC beams 
assessed in [76], the mean of the model error (ratio of experi-
mental-to-estimated flexural strength) for the fib Model Code 
[40] is 1.011 (coefficient of variation of the model of 8.0%). 
In addition, the trend of this error reduces with the increase 
of the SFRC residual flexural strength. Regarding RC beams 
with fibres, the fib Model Code predictions are also consistent 
according to the experimental program reported in [71,77] 
carried out on 42 standard beams with different types of fibres 
and longitudinal reinforcement ratios. Moreover, only for low 
longitudinal reinforcement ratios (around 0.5%) the addition 
of fibres significantly improves the flexural strength at ULS. 
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This rigid-plastic approach can be used for ductility classes 
a, b and c; for classes d and e, this approach should only be 
used to determine the ULS moment capacity at the design 
tensile strain limit εFtud. 

For sectional analysis at ULS (see Figure 12), fibre effect 
in SFRC is considered as a constant stress under the neutral 
axis corresponding to the residual tensile strength in uniaxial 
tension (according to the rigid-plastic model). In compression, 
parabola-rectangle or rectangular stress distribution proposed 
for PC can be assumed for SFRC by modifying the compres-
sive strain at the peak stress (εc2 = 0.0025) and the ultimate 
compressive strain (εcu = 0.006). These modifications of com-
pressive strains are based on the studies carried out by Ruiz et 
al. [51–53] and de la Rosa et al. [78].

(a)

(b)

(c)

Figure 12. (a) Cross SFRC section; (b) strain distribution in SFRC 
section; (c) parabola-rectangle stress distribution in compression 

and constant stress in tension; (d) rectangular stress distribution in 
compression and constant stress distribution in tension. 

6.2. Shear 

The presence of steel fibres enhance the shear resistance of 
SFRC members since these are effective in controlling the 
opening of inclined cracks induced by shear stresses [79]. In 
fact, fibres allow a multiple and stable shear crack progression, 
delaying the formation of a single critical shear crack [80,81]. 
Hence, the addition of fibres improves the shear transfer across 
cracks, which results in an improvement of the aggregate inter-
lock capacity [82] and, as a result, in an increase of the shear 
strength of SFRC members, as it is shown in Figure 13 [80,83–
85] and Figure 14 [83,86].  

In the Annex L, the shear strength formulation provided 
for RC members without shear reinforcement is modified to 
consider the fibre effect in SFRC members according to: 

τRd,cF = ηcF τRd,c + ηF τFtud ≥ ηcF  τRdc,min + ηF fFtud (10)

where τRd,cF is the design shear stress resistance of SFRC mem-
bers without shear reinforcement, τRd,c is the design shear stress 
resistance of RC members without shear reinforcement,  is the 
design ultimate residual strength of ULS, τRdc,min is the mini-
mum design shear stress resistance allowing to avoid a detailed 
verification for shear, ηcF = max (1.2 – 0.5 fFtuk;0.4) ≤ 1.0 and 
ηF =1.0.

Figure 13. Increase in shear strength due to the effect of fibres in 
FRC members [87].

As it can be seen, the effect of fibres is described by an addi-
tional strength term fFtud and by introducing the parameter η 
to express that the fibre reinforcement term is not fully ad-
ditive to the ordinary reinforced concrete contribution [12]. 
As for this, the shear strength of RC members is derived from 
the original formulation of the Critical Shear Crack Theory 
(CSCT) [88], whose failure criterion describes the shear re-
sistance as a function of the reinforcement strain. 

According to the CSCT, the shear resistance of members 
without stirrups is dependent on the critical shear crack width 
and on its roughness, since both parameters —influenced by the 
strain of the reinforcement, the size effect and the aggregate 
size— govern the aggregate interlock capacity. On this basis, 
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close-form expressions for the calculation of the shear strength 
are proposed considering an improved general failure criteri-
on —based on the refinement of the mechanical of the CSCT 
[89]— in combination with the load-deformation relationship. 
These new expressions have been validated considering a da-
tabase with 669 shear tests resulting in good agreement when 
compared with test results and with no trends for the parame-
ters investigated —shear span-to-effective depth ratio, longitu-
dinal reinforcement, effective depth, width-to-effective depth 
ratio, compressive strength of the material, aggregate size [12]. 

Regarding the performance of SFRC members, a compre-
hensive shear database of 171 elements (93 in FRC and their 
78 related in RC) was analysed in [87] to allow the develop-
ment and validation of shear formulations. In this sense, it has 
been proved that the ratio shear span-to-effective depth ratio, 
the longitudinal reinforcement and the compressive strength 
of the material have similar influence on the shear strength 
both in RC and FRC members; however, it is different in the 
case of the size effect in shear. Related to this, the experimen-
tal results reported in [81] proved that fibres substantially mit-
igate the size effect in shear, showing that for effective depths 
above 1 m this effect is quite limited. Nevertheless, further 
studies are necessary to confirm this trend. 

For SFRC members with shear reinforcement, Annex L 
also considers the fibre effect by an additional strength  and by 
introducing the parameter fFtud to express that the fibre rein-
forcement and reinforced concrete contributions are not fully 
additive. The formulation provided results in:

τRd,sF = (ηsw ρw fywd + ηF fFtud) cot ɵ ≥ρw fywd cot ɵ (11)

where τRd,sF is the design shear stress resistance of SFRC mem-
bers with shear reinforcement, ρw is the shear reinforcement 
ratio, fywd is the design yield strength of the shear reinforce-
ment, fFtud is the design ultimate residual strength of ULS, ɵ is 
the angle of the compression field, ηsw = 0.75 and ηF = 1.0.

6.3. Punching shear

Several studies [90–93] have confirmed the effect of fibres for 
increasing the punching shear strength of SFRC slabs as well as 
their deformational capacity. This improvement is due to the 
bridging action of the fibres after the cracking of the concrete 
matrix [94]. Although this particular mechanical behaviour of 

SFRC slabs, code provisions have been adapted from the for-
mulation of the RC elements [94]. Nevertheless, several spe-
cific models for punching shear of slab-column connections for 
elements with fibres have been proposed over the last decades 
[91,95–97]. In this regard, [94] gathers 140 test results from 
13 different studies for assessing the punching shear strength 
of SFRC slab-column connections based on the CSCT [98,99]. 
It was confirmed that the concrete contribution to the punch-
ing strength decreases with the increase of the slab rotation, 
whereas the contribution of the fibres increases with it (see 
Figure 15).

Figure 15. Fibres contribution to the punching shear strength for 
elements tested by Swamy and Ali [100] as reported in [94].

In a similar way that in the case of shear, the Annex L provides 
a punching shear formulation based on the CSCT considering 
an additional contribution to the punching shear stress resist-
ance due to the presence of fibres. However, this contribution 
is not fully additive, as it is considered the parameter  = 0.4. 
For SFRC without shear reinforcement, the punching shear 
resistance is obtained according to:   

τRd,cF = ηc τRd,c + ηF fFtud ≥ ηc τRdc,min + fFtud (12)

where τRd,cF is the design punching shear stress resistance of 
SFRC members without shear reinforcement, τRd,c is the design 
punching shear stress resistance of RC members without shear 
reinforcement, fFtud is the design ultimate residual strength of 
ULS, τRdc,min is the minimum design punching shear stress re-
sistance allowing to avoid a detailed verification for punching 
shear, ηc ≤1.0 and ηF = 0.4.
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Figure 14. Shear crack patterns in prestressed beams with the same amount of transversal ordinary steel reinforcement for: (a) no fibres at 715 kN 
and SFRC for (b) 980 kN and (c) 1098 kN. [83,86].



In the case of elements with shear reinforcement, the con-
tribution is also not fully additive and the punching shear re-
sistance is obtained as follows:

τRd,csF = ηc τRd,c+ηs ρw fywd+ ηF fFtud ≥ ρw fywd+ ηF fFtud (13)

where τRd,csF is the design punching shear stress resistance of 
SFRC members with shear reinforcement, τRe,c is the design 
punching shear stress resistance of RC members without shear 
reinforcement, ρw is the shear reinforcement ratio, fywe is the 
design yield strength of the shear reinforcement, fFtud is the de-
sign ultimate residual strength of ULS, ηc ≤1.0, ηsw = 0.75 and 
ηF = 0.4.

6.4. Torsion

The provisions for torsion follow the philosophy adopted for 
shear: consideration of fibres as a smeared/distributed rein-
forcement and a reduction of the reinforced concrete (RC) 
contribution to torsion resistance as it is not considered fully 
additive with the fibre contribution:

τt,Rd,swF = ηsw τt,Rd,swF + ηF fFtud  ≥ τt,Rd,swF (14)

τt,Rd,slF = ηsw τt,Rd,sl + ηF fFtud  ≥ τt,Rd,sl (15)

where τt,Rd,swF and τt,Rd,sw are the torsional capacities of SFRC 
and RC, respectively, when governed by the yielding of the 
shear reinforcement; τt,Rd,slF and τt,Rd,sl are the torsional capac-
ities of SFRC and RC, respectively, when governed by the 
yielding of the longitudinal reinforcement; fFtud is the design 
ultimate residual strength of SFRC; ηsw = 0.75 and ηF = 1.0. 
The torsional capacities τt,Rd,sw and τt,Rd,sl are calculated as for 
RC members according to the main text of EC-2 [1].

Additionally, when an SFRC member is subjected to a 
combination of torsion and shear and/or bending, two ap-
proaches are possible:
• considering that the fibre contribution is used to resist 

only torsional effects, or
• considering that the fibre contribution is used to resist 

only shear and/or bending effects (disregarding the fibre 
contribution to resisting torsional effects).

The provisions were tested on only a small number of available 
results [101], but a large safety margin was observed, justifying 
the approach [12].

6.5. Fatigue

Due to divergences found within the literature concerning the 
performance fatigue of FRC, the CEN/TC250/SC2 agreed on 
disregarding any potential contribution of steel fibres in com-
pressive and/or tensile fatigue-induced stresses unless this con-
tribution is proved by testing.

In this regard, there already exist SFRC structures de-
signed to be subjected to fatigue-inducing loads, and allowed 
to crack in service conditions, as for instance: (1) rail-tracks 
embedded SFRC platforms [102,103], (2) floors and pave-
ments [104] – the Spanish ROM 4.1-94 [105] allows the use 
of steel fibres as unique reinforcement of concrete pavements 
subjected to aggressive marine environments in combination 
with heavy static and dynamic loads–, (3) precast concrete 
towers for wind turbines [106], and others. Likewise, within 
the literature, there are several experimental programs and 
semi-probabilistic models on fatigue performance of cracked 
SFRC members subjected to direct tension [107,108], com-
pression [109,110] and flexural [111–115] fatigue. Exper-
imental constitutive crack mouth opening displacement 
(CMOD) - number of fatigue cycles (n) for pre-cracked 
SFRCs beams subjected to fatigue (Figure 16a) were pro-
vided in [114]. Likewise, several semi-probabilistic models 
(Figure 16b) that relate the load level (S) with the number 
of cycles to failure (N) were fitted based on experimental 
results.  

As noted by the CEN/TC250/SC2, the scientific liter-
ature and current state-of-art on fatigue performance of 
SFRC allow confirming the marked stochastic nature -spe-
cially in pre-cracked elements subjected to direct tension 
or flexure- of the fatigue response of SFRC. Likewise, it is 
confirmed that there are numerous variables (i.e., pre-crack 
width, frequency and load range, amount and type of fibres, 
and others) which makes it difficult, at the current extent 
of knowledge, the derivation of general and robust conclu-
sions and, thus, standardized provisions for fatigue of SFRC 
components. 
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 (a) (b)
Figure 16. (a) CMOD - n/N for different S and (b) different semi-probabilistic approaches for fitting the S - log N curves obtained experimentally.



7.
serviceability limit states (sls)

7.1. Crack control 

One of the most well-known and proven benefits of using 
SFRC is crack control – the decrease of crack spacing and 
consequent decrease of crack widths. The new EC-2 presents 
an updated refined control of cracking relative to the current 
version, but the verification philosophy remains the same: a 
characteristic crack width is obtained by multiplying the cal-
culated mean crack spacing sr,m,cal with the difference between 
the mean strain in the reinforcement and the mean strain in 
concrete (εsm – εcm) and multiplied by a factor kw (1.7 if not 
specified otherwise by a National Annex) converting the mean 
crack width into a characteristic crack width (in fact the new 
EC-2 introduces one more factor k1/r that takes into account 
the increase in crack width due to curvature).

For SFRC, two cases are considered: (1) a multi-crack pat-
tern associated to a presence of conventional reinforcement 
at a spacing ≤10Ø and (2) a single-crack pattern when the 
spacing of conventional reinforcement is larger than 10Ø. In 
the first case, the expression for sr,m,cal for RC is converted into 
sr,m,cal,F by multiplication of the second term of the original 
equation by (1 – αf):

τr,m,cal,F = 1.5 c +                      (1– ρf) (16)kfl  kb ϕ
7.2 ρp,eff

where c is the clear cover of the longitudinal reinforcement, kfl 
is a factor accounting for the cross-section area in tension, kb 
is a factor accounting for bond conditions, ϕ is the bar diame-
ter, ρp,eff is the reinforcement ratio of the effective tensile zone 
and (1 – ρf) is an expression accounting for the crack arresting 
effect of SRFC as:

αf =           ≤ 1.0 (17)fFt1,ef

fctm

In other words, the ratio of the effective residual strength asso-
ciated to SLS (and a strain 0.5/lcs) to the axial tensile strength 
determines the crack spacing reduction, with a minimum val-
ue of 1.5c at fFt1,ef = fctm. The performance of the expression was 
validated on experimental results [116].

In the second case of elements with a single-crack pattern, 
the calculated mean crack spacing is given simply as:

sr,m,cal,F = h – x (18)

where x is the depth of the compression zone.
A final important point is that the conversion factor kw 

is 1.7 and 1.3 for cases (1) and (2), i.e. multi-crack and sin-
gle-crack patterns, respectively (though these values can be 
changed as the Annex L is informative and clause 9.2.3(2) of 
the main text declares kw a nationally determined parameter 
with a recommended value of 1.7).

7.2. Deflection control

The Annex L does not explicitly deal with deflection control 
nor provide direct guidance or provision for indirect or direct 

deflection control of SFRC members. Considering that, except 
for lightly reinforced SFRC members subject to clause L.14, 
all SFRC members compliant with provisions of Annex L will 
be reinforced with at least the minimum longitudinal steel re-
inforcement, it is safe to assume that the general ς-method of 
interpolating curvatures (or deflections) [1] is applicable to 
SFRC members as well. 

In particular, at the fibre and fibre–matrix level, no signifi-
cant effect of steel fibre and fibre–matrix creep is observed at 
normal temperatures [117]. However, at the structural level, 
several phenomena should be considered. Firstly, the presence 
of steel fibres will affect the tension stiffening, i.e. the contri-
bution of concrete in tension between two cracks (affecting 
the ς interpolation coefficient), and secondly, the moment of 
inertia of a “fully cracked” SFRC section will be larger than a 
corresponding RC one due to the presence of fibres.

Although there is still no direct integration of these aspects 
into the ς-method, some research exists showing the way for-
ward. Namely, in [118] an extension of the so-called tension 
chord model (TCM) to SFRC to model the tension stiffen-
ing effect is proposed. This model allowed to define tension 
stiffening stresses for minimum and maximum crack spacing 
scenarios. Following this result, in [119] the TCM model for 
SFRC to calculating instantaneous deflections of members in 
bending was applied; however, not following the approach of 
the ς-method but the deflection calculation method originally 
proposed in [120].

Therefore, work remains in this regard, both at the exper-
imental level as full-scale sustained load tests on SFRC are 
scarce [121–123], as well as with regards to models that need 
to be developed.

8.
detailing of members and particular rules

8.1. General rules for minimum reinforcement

The residual bending capacity in ULS of a SFRC cross-section 
subjected to bending (and a concomitant design axial force, 
NEd) shall be superior to its cracking bending capacity (Eq. 19) 
to guarantee a ductile response immediately after the cracking. 

MR,min (NEd) ≥ Mcr (NEd)  (19)

For computing MR,min, the effective residual tensile strength 
of the SFRC in ULS (fFtu,ef) can be considered. The reduced 
As,min due to the contribution of the fibres that satisfies Eq. 19 
shall be compliant with the criteria presented in subsection 8.2. 

The similar approach shall be considered for cross-sections 
subjected to pure tensile axial force (MRd = 0) by computing 
As,min through the application of Eq. 19. NR,min and Ncr are the 
pure tensile capacity of SFRC in ULS and against cracking, 
respectively.

NR,min ≥ Ncr  (20)

Similarly, the effective contribution of fibres can be consid-
ered in ULS for shear and torsion resistant mechanisms. The 
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minimum shear reinforcement ratio (ρFw,min) in SFRC elements 
requiring shear or torsion reinforcement can be computed by 
means of Eq. 21.

ρFw,min = ρw,min –           ≥ 0 (21)fFtu,ef

fyk

where ρw,min being the minimum transverse reinforcement, fyk 
the characteristic value of the steel (bars) yielding strength, 
and fFtu,ef ≥ 0.08·√fck. 

The minimum torsion reinforcement ratio (ρFw,min) for 
SFRC requiring longitudinal and transverse reinforcement can 
be computed –for both types of reinforcements- according to 
Eq. 22.
ρFw,min ≥ ρw,min –           ≥ 0.3 (22)fFtu,ef fctm

fyk fyk

8.2. Particular rules for minimum reinforcement

For beams, the As,min –minimum longitudinal reinforcement as 
per sectional ductility according to 9.2.2 of EC-2)– should be 
always guaranteed independently of the structural redundancy 
level of the beam. Contrarily, both the shear and torsion rein-
forcement can be totally replaced by the contribution of fibres 
if fFtu,ef /fyk ≥ ρFw,min and the other general rules presented in 8.1 
are fulfilled. 

In case of slabs, the Annex L allows for partial replacement 
of the longitudinal reinforcement, and for a reduction of As,min 

so that As,min ≥ kAS As,min (0.5 unless a country’s National Annex 
establishes a different value). The secondary reinforcement in 
one-way slabs may be fully replaced by steel fibres. Regarding 
shear reinforcement, this may be fully replaced by steel fibres 
if the inequalities fFtu,ef /fyk ≥ ρFw,min and fFtu,ef ≥ 0.08·√fck are sat-
isfied.

Finally, for walls and deep beams, both vertical (As,min,v) 
and horizontal (As,min,h) minimum reinforcement computed 
according to Eq. 19 may be fully replaced.

9.
lightly reinforced sfrc structures

The Clause L.14 covers the design and detailing of structur-
al SFRC elements reinforced with longitudinal reinforcement 
inferior to As,min. This clause may be only applied to statically 
indeterminate structures -some of those are identified in the 
Clause L.14.1.

As per understanding of the authors of this paper, other 
elements as those (1) designed no to crack –in either transient 
or permanent loading situations– and (2) that both the SFRC 
SC and ductility are sufficient to prevent the element from a 
fragile response in the unlikely event of cracking could also be 
covered by Clause L.14. This would be the case of, for exam-
ple, precast SFRC segments for tunnel linings (Figure 17) since 
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Figure 17. SFRC segments subjected to loading transient situations inducing bending forces: (a) demoulding; (b) stacking; (c) manipulation and (d) 
final transport operation.

a)

c)

b)

d)



these undergo transient loading situations (i.e., demoulding, 
staking, transport, manipulation) in which the segments are 
statically supported and subjected to bending [124–129].  

It is remarked that ductility should be ensured -providing 
a suitable combination of fibres and longitudinal reinforce-
ment- to avoid structural collapse in case of brittle failure in 
members constructed with crack-controlling joints. Likewise, 
it is emphasized that –independently of the minimum longi-
tudinal reinforcement designed for both ductility and strength 
requirements– the reinforcement for SLS of cracking and for 
any local/global ULS must be designed accordingly.

For elements without longitudinal reinforcement, the re-
sidual shear strength of the SFRC in ULS (τRd,cF) may be taken 
as fFtud. Likewise, the Annex L remarks that lightly reinforced 
SFRC elements subjected to punching are not covered and 
have to be assessed by rigorous analyses. 

Apart from other provisions within this Clause L.14, the 
Annex L specifies minimum SFRC strength and ductility class-
es for foundations directly on ground (1b), foundations on 
piles (2c) and tunnel lining segments without additional lon-
gitudinal reinforcement (4c). The latter specification is aligned 
with the recommendations gathered fib Bulletin 83 [130] and 
with outcomes reported in [131–133].

10.
conclusions

Since the DBV 2001 [4], the first national standard regulat-
ing the structural use of steel fibres, to the recently approved 
Spanish Structural Code 2020 [134], the Annex L of the new 
EC-2 represents a compendium of experience and knowledge 
related to the structural use (design, execution and quality 
control) of SFRC and a reference for the European countries. 

The Annex L provides guide to design SFRC structures of 
any typology and of any structural responsibly (consequence 
failure class). Therefore, as SFRC has been introduced in the 
harmonized European guidelines for the first time, in order 
to adopt a prudent approach among the numerous member 
countries of CEN, the Annex L has the status of an Inform-
ative Annex and each CEN member has to decide its status 
within the country.

The scientific community is intensively researching on 
open topics to provide methods and tools that allow opti-
mized design of SFRC components by considering the resistant 
mechanisms more accurately, as well as improved quality con-
trol procedures. A significant part of this research is promoted 
and boosted by the construction sector, which has seen interest 
in this material due to the identified (and proved) technical 
benefits as well as the enhanced sustainability performance re-
spect to existing alternatives in a large variety of applications.

Notation 

Act    Tension area of the concrete cross section 
As    Cross-sectional area of ordinary reinforcement 
As,min    Minimum ross-sectional area of reinforcement 
Mcr    Cracking moment of the section in presence of the 

simultaneous axial force NEd  

MR,min   Bending strength of the section with As,min in presence of 
the simultaneous axial force NEd  

NEd    Design value of the applied axial force  
 Concrete cover 
 Minimum concrete cover c 
 Minimum concrete cover c due to durability requirement  
d  Effective depth of a cross section  
 Secant modulus of elasticity of concrete 
 Compressive strength of concrete
 Characteristic concrete cylinder compressive strength 
 Mean concrete cylinder compressive strength 
fctk,0.05 Characteristic axial tensile strength of concrete (5% 

fractile)
fctm Mean axial tensile strength of concrete 
fctm,fl	 Mean flexural tensile strength of concrete 
fct,θ		 Tensile strength of concrete at temperature	θ
fFts,ef  Effective value of the service residual strength (SFRC) 
fFtsd  Design value of the service residual strength (SFRC)
fFtsk  Characteristic value of the service residual strength 

(SFRC)
fFtu,ef  Effective value of the ultimate residual strength (SFRC)
fFtud  Design value of the ultimate residual strength (SFRC) 
fFtuk  Characteristic value of the ultimate residual strength 

(SFRC)
fR Residual flexural strength (SFRC)
fR,1d  Design value of the residual flexural strength for crack 

mouth opening displacements of 0.5 mm (SFRC)
fR,1k  Characteristic value of the residual flexural strength for 

crack mouth opening displacements of 0.5 mm (SFRC)
fR,3d  Design value of the residual flexural strength for crack 

mouth opening displacements of 2.5 mm (SFRC)
fR,3k  Characteristic value of the residual flexural strength for 

crack mouth opening displacements of 2.5 mm (SFRC)
fRk Characteristic value of the residual flexural strength 

(SFRC)
fyk  Characteristic value of yield strength of reinforcement 
fywd  Design yield strength of shear reinforcement 
h  Overall depth of a cross section 
kG  Factor accounting for the effect of member size (SFRC)    
ko  Fibre orientation factor (SFRC)    
lcs  Structural characteristic length 
sr,m,cal,F  Calculated mean crack spacing (SFRC)
wk,cal  Calculated crack width 
wlim,cal  Limiting crack width to be compared with the calculated 

crack width wk,cal 
wu  Maximum crack opening at the ultimate limit state 

(SFRC)
x  Depth of concrete in compression   
xu  Depth of the neutral axil at the ultimate limit state after 

redistribution    
γSF  Partial factor for fibers in concrete 
εc1  Compressive strain in the concrete at mean compressive 

strength     
εc2  Compressive strain in the concrete at the peak stress fc 
εcm  Mean strain in the concrete between cracks at the same 

level of	εsm    
εctm  Mean strain in the concrete at peak stress fctm     
εcu  Ultimate compressive strain in the concrete     
εF,0  Strain in the concrete equal to 2· εctm (SFRC)
εFtu  Ultimate tensile strain in concrete (SFRC)     
εFtud  Design value of the ultimate tensile strain in concrete 

(SFRC)     
εsm  Mean strain in the reinforcement closest to the 

most tensioned concrete surface under the relevant 
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combination of actions.     
ϴ  Angle between the compression field and the member 

axis 
ρp,eff  Tensile reinforcement ratio accounting for the different 

bond properties of reinforcing bars referred to the 
effective concrete area

ρw  Shear reinforcement ratio 
ρFw,min  Minimum shear reinforcement ratio (SFRC)
ρw,min  Minimum shear reinforcement ratio
ρRd,c Design stress resistance of members without shear 

reinforcement  
ρRd,cF Design stress resistance of members without shear 

reinforcement (SFRC) 
ρRd,csF  Design stress resistance of planar members with shear 

reinforcement (SFRC) 
ρRd,sF  Design stress resistance of members with shear 

reinforcement (SFRC) 
ρRdc,min Minimum shear stress resistance allowing to avoid a 

detailed verification of shear (SFRC) 
Ø  Diameter of a reinforcing bar
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a b s t r ac t

This paper describes the model for the compressive stress-strain behaviour of steel-fibre reinforced concrete (SFRC) in Annex L of the 
new Eurocode 2 (CEN, Eurocode 2: Design of concrete structures. Part 1-1: General rules – Rules for buildings, bridges and civil struc-
tures, prEN 1992-1-1: 2022; EC2 in short), developed within CEN TC250/SC2/WG1/TG2 – Fiber reinforced concrete. The model 
uses functions obtained from correlations with an extensive database comprised of 197 welldocumented SFRC compressive tests and 
484 flexural tests. We detailedly explain the model and derive the strain values for the parabola-rectangle model for ULS of SFRC in 
Annex L. In addition, we also use the model and the correlations with the database to provide a link between the compressive and the 
flexural performance classes in EC2, which allows a complete definition of any particular SFRC. Likewise, we derive parabola-rectangle 
strain values for each flexural performance class, which is mainly advantageous for the stronger flexural performance classes. Finally, we 
give an example showing the enhancement in strength and ductility of a composite steel-SFRC section endorsed with the new model, 
which results of 15% and 100%, respectively. 
keywordS: Compressive model for SFRC in Annex L of Eurocode 2, combined compression/flexural classification for any SFRC, relevant strains 
for ULS calculation, impact of the ductility and toughness enhancement of composite steel-SFRC sections on Eurocode 4. 

©2023 Hormigón y Acero, the journal of the Spanish Association of Structural Engineering (ACHE). Published by Cinter Divulgación Técnica S.L. 
This is an open-access article distributed under the terms of the Creative Commons (CC BY-NC-ND 4.0) License.

r e s u m e n

Este artículo describe la nueva ley tensión-deformación en compresión para hormigón reforzado con fibras de acero (HRFA) que 
propone el Anejo L del nuevo Eurocódigo 2 (CEN, Eurocódigo 2: Diseño de estructuras de hormigón. Parte 1-1: Reglas generales – Re-
glas para edificios, puentes y estructuras civiles, prEN 1992-1-1: 2022; en breve, EC2), desarrollado dentro del grupo de trabajo CEN 
TC250/SC2/WG1/TG2 – Hormigón reforzado con fibras. La nueva ley utiliza funciones obtenidas a través de correlaciones con una 
extensa base de datos compuesta por ensayos de HRFA bien documentados, 197 a compresión y 484 a flexión. En el artículo explicamos 
detalladamente la nueva ley, y deducimos los nuevos valores de deformación para la ley parábola-rectánculo en ELU para HRFA en el 
Anejo L. Además, también usamos la nueva ley y las correlaciones con la base de datos para vincular las clases de compresión y flexión 
del EC2, lo cual permite una definición completa de cualquier HRFA. Del mismo modo, deducimos nuevos valores de deformación para 
la ley parábola-rectánculo en ELU para cada clase de flexión, que añaden ductilidad a las clases de flexión más resistentes. Finalmente, 
incluimos un ejemplo que muestra la mejora en resistencia y ductilidad de una sección mixta de acero-HRFA calculada con la nueva 
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1
introduction

The superior ductility and toughness provided by steel-fibre 
reinforcement to flexural elements are well known, main-
ly due to the higher residual flexural tensile strength after 
cracking [1–6]. This is achieved because steel fibres give the 
capacity to the concrete to overtake tension, and this capac-
ity is increased in correlation with the fibres’ type, the steel 
wire tensile strength, and the dosage rate of steel fibres in the 
concrete mix. This enables the use of steel-fibre reinforced 
concrete (SFRC) in many structural applications [1, 3, 7–9], 
mainly when controlling the cracking processes is a must [1, 
10], like in tunnel lining segments [1, 11–20], industrial floors 
[1, 21, 22], elevated slabs, bearing rafts on ground, and on piles 
[23, 24], precast pipes [25] and others. This is why SFRC is 
included in several structural concrete design codes and regu-
lations [26–35], although they only consider the response to 
tension and its influence on bending.

It is also known that increasing the compression strength of 
the concrete involves an increase in the flexural strength, and 
in turn, the addition of steel fibres increases the capacity of 
deformation and ductility when the maximum flexural load is 
exceeded [36]. There is much research that analyzes the flex-
ural behaviour of SFRC in terms of tension, deformation and 
crack mouth opening displacement using relationships that 
take into account the characteristics associated with the rein-
forcement of the fibre [1, 2, 6, 37–47], principally the dosage 
rate, slenderness, and steel wire tensile strength.

On the other hand, the ductility and toughness increase 
after the maximum load of SFRC in compression has been 
thoroughly reported [48–64], and there are several compres-
sive stress-strain models developed so far [50, 52, 54, 57, 58, 
64–69]. Regrettably, most of them were calibrated with lim-
ited data, and their predictions failed when checked against 
other experimental sources, as pointed out by Bencardino et 
al. [70]. However, they reported that the model of Barros et al. 
[57] is very accurate. Indeed, it gave good results when used by 
Yoo et al. [36] to model the flexural and compressive strengths 
of concrete reinforced with amorphous steel fibres.

Disregarding the effective contribution of the fibres in 
compression when designing structural elements may lead to a 
waste of the capabilities of the material. For instance, addition-
al ductility and toughness in compression may facilitate that 
steel elements in composite sections can work at their limits 
[71, 72]. Besides, as flexural and compressive behaviours of 
SFRC are interconnected, it follows that proper classification 
of SFRC requires establishing a link between the compression 
and flexural strength classes, which is not done in the current 
normative [26, 27]. All the above considered, Task Group 
CEN TC250/SC2/WG1/TG2, responsible for the new Annex 

L on SFRC, decided to study the compressive capacities of 
the material and draft a model that could account for them 
in a technological fashion. The outcome is the model in the 
draft of Annex L of the new Eurocode 2 [73] (EC2 in short). 
It is based on functions obtained from correlations with an 
extensive database comprised of 197 well-documented SFRC 
compressive tests and 484 flexural tests [1, 56, 57, 61, 62, 70, 
74–88]. Detailed derivations of these functions are reported 
in [89–91].

The following section succinctly describes the stress-
strain model as it appears in Annex L of EC2 [73]. For the 
sake of consistency, along with brevity in the description, the 
new model is based on the σc-ϵc equation for plain concrete 
proposed by Sargin [92] and implemented in Formula 5.6 of 
Section 5.1.6 (3) of EC2 [73]. The new model just changes 
the expressions for some of the coefficients in Formula 5.6 to 
account for the increased toughness and ductility of SFRC due 
to fibres. Subsequently, we comprehensively explain the mod-
el in a closed form and justify the strain values given for ULS 
calculations (Section 3). In Section 4 we provide a discussion 
based on the link between compressive and flexural classifica-
tion (Subsection 4.1), the ductility in compression including 
the strain values defining the new expressions for each flexural 
performance class (4.2), and the impact of SFRC ductility on 
composite beams designed in accordance to Eurocode 4 [93] 
(4.3). Finally, we draw some conclusions in Section 5.

2
compressive behaviour of sfcr in annex l

2.1. Stress-strain relationship in compression for non-linear 
structural analysis of SFRC

The stress-strain relation for non-linear structural analysis of 
SFRC in Annex L of the new EC2 (version of November 10, 
2022) [73], section L.5.5.2 (2), reads as follows:
 “The relation between σc and ϵc in compression in For-

mula (5.6) may be used to model the response of SFRC 
to short-term uniaxial compression provided the fol-
lowing modifications in the parameters are made:

(1)ϵc1 (%0) = 0.7 f 1/3 (1 + 0.03 f R,1k)

and, for ϵc1 < ϵc ≤ ϵcu1:

(2)k  = 1+ and ϵcu1 = k ϵc1”
20

82 – 2.2 f R,1k

where fcm and fR,1k must be inserted in MPa in Eqs. 1 and 2.

ley, que resulta ser un 15% más resistente y un 100% más dúctil que la misma sección con hormigón sin fibras de la misma clase de 
compresión.
palabraS clave: Ley tensión-deformación en compresión para HRFA en el Anejo L del Eurocódigo 2, clasificación combinada compresión/flexión 
para cualquier HRFA, deformaciones relevantes para el cálculo de ELU, repercusión en la mejora de la ductilidad y tenacidad de secciones mixtas 
acero-HRFA en el Eurocódigo 4.

©2023 Hormigón y Acero, la revista de la Asociación Española de Ingeniería Estructural (ACHE). Publicado por Cinter Divulgación Técnica S.L. Este 
es un artículo de acceso abierto distribuido bajo los términos de la licencia de uso Creative Commons (CC BY-NC-ND 4.0).



2.2. Stress distribution for SFRC in compression in ULS

Annex L also allows accounting for the superior toughness and 
ductility of SFRC in ULS —as compared to plain concrete— 
by enlarging the strain parameters that define the stress dis-
tribution. This is done in Section L.8.1 (4), which reads as 
follows:

“The stress distribution according to Formula (8.4) 
may be modified for SFRC by applying ϵc2 = 0.0025 
and ϵcu = 0.006.”

These parameters are 0.0020 and 0.0035, respectively, for con-
crete without fibres.

3.
explanation and Justification of the 
compressive stress-strain model for sfrc in 
annex l

3.1. Stress-strain relationship in compression

The new σc-ϵc relationship for SFRC is built on the compres-
sive model for plain concrete proposed by Sargin [92] and 
implemented in EC2 [73], Formula 5.6, that is:

(3)=
σc kη – η 2

f cm 1+(k–2)η

where fcm is the mean compressive strength (given in Table 5.1 
of EC2 [73]); k is a parameter enforcing that the secant elastic 
modulus of the curve is Ecm, and is given by:

(4)k  = 1.05 ϵc1
f cm

Ecm

where ϵc1 is the compressive strain corresponding to the con-
crete strength, i.e. the peak of the curve, and is obtained as:

(5)ϵc1 [‰] = 0.7 f 1/3 ≤ 2.8‰

Equation 5 needs that fcm is in MPa. Note that k in Eq. 4 is 
non-dimensional whatever the system of units is used, but it 
would need that Ecm is in GPa and fcm in MPa in case ϵc1 is given 
in per mill as per Eq. 5.

Variable η  of Eq. 3 is the ratio between the compressive 
strain, ϵc, and the compressive strain at the peak, ϵc1:

(6)η =
ϵc

ϵc1

where ϵc has the following limit value:

(7)ϵc < ϵcu1[‰] = 2.8 + 14 (1– f cm /108)4 ≤ 3.5‰

which requires that fcm is in MPa. Having the above definitions 
into account, Eq. 3 describes a non-dimensional stress-strain 
curve whose abscissa and ordinate are η  and σc /fcm, respective-
ly. The dimensional stress-strain curve for plain concrete given 
by Eq. 3 is shown in Figure 1.

The new stress-strain relation for SFRC uses Eq. 3 but 
modifies the values of some of the parameters to account for 

the additional toughness and ductility provided by the steel 
fibres. The SFRC model keeps the values for fcm and Ecm of the 
base concrete since it is proven that fibres have little influence 
on them [89– 91]. However, the strain for the peak of the 
curve, ϵc1, is increased as expressed in Eq. 1. The unit increase 
of the strain for the maximum stress is 0.03fR,1k (fR,1k in MPa), 
as disclosed in [91]. The rest of the curve parameters in Eq. 3 
remain the same for the ramp-up part of the stress-strain 
curve, that is for ϵc ≤ ϵc1 (or η  ≤ 1).

The downward stretch of the curve after ϵc1 can also be 
represented using Eq. 3 provided a new value for the param-
eter k is taken, as expressed in Eq. 2. Note that with this new 
value for k the stress-strain curve has a maximum at ϵc = ϵc1 
(η  = 1), and intercepts the abscissa at ϵc = ϵcu1, where ϵcu1 = k ϵc1 
(η u = k). So, the new value for k in Eq. 2 represents the increase 
in the critical strain relative to ϵc1 [89, 91].

It bears emphasis that parameter k takes the following val-
ues for the two stretches —ascending and descending branch-
es— of the stress-strain curve:

20

82 – 2.2 f R,1k

(8)k  = 
f cm

Ecm1.05 ϵc1

1+

            for     ϵc ≤ ϵc1

(f R,1k in MPa)    for   ϵc1< ϵc ≤ ϵcu1

Report for TG2

Model for the compressive stress-strain relation

of steel-fiber reinforced concrete for non-linear

structural analysis

Gonzalo Ruiz & Ángel de la Rosa
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The relation between σ and � shown in Fig. XX may be used to model the response
of SFRC to short term uniaxial compression. It has two distinct stretches. The
first one goes from the axes origin to the maximum stress (curve 1 in Fig. XX)
and is described by the following equation:

σ∗ =
α �∗ − �∗ 2

1 + (α − 2) �∗
(1)

where:

σ∗ = σ
fcf

Non-dimensional stress

fcf Compressive strength of SFRC

α = 1.05 �cf
Ef

fcf
Non-dimensional coefficient

�cf Critical strain, i.e. strain that corresponds to fcf

Ef Elastic modulus of SFRC
�∗ = �

�cf
Non-dimensional strain
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2:1:

database that supports a few of the expressions of the model, together with a short
explanation of the response-surface methodology and the process followed in order
to obtain the responses.

2. σ-� relationship for non-linear structural analysis of SFRC

The relation between σc and �c in compression in Formula 5.6 (EC2, version 2021-
01) may be used to model the response of SFRC to short-term uniaxial compression
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Figure 2. Non-dimensional stress-strain relationship for SFRC.

The new stress-strain curve for SFRC is plotted in Figure 2. 
Note that Figure 2 includes the equations and variables to be 
applied for building the complete compressive stress-strain 
model for SFRC.

Ruiz, G., De La Rosa, Á., Poveda, E., Zanon, R. Schäfer, M., & Wolf, S. (2023) Hormigón y Acero 74(299-300); 187-198 – 189

Figure 1. Stress-strain relation for plain concrete in compression 
(Figure 5.1, EC2 [73]).

prEN 1992-1-1:2021 (E) 

68 

casting, and ktc = 0,85 for other cases including when fck replaced by fck(t) in accordance with 5.1.3(4), unless a 
National Annex gives different values. 

(2) The value of the design tensile strength fctd shall be taken as: 

𝑓𝑓ctd = 𝑘𝑘tt
𝑓𝑓ctk,0,05
𝛾𝛾C

 (5.5) 

where 

ktt is a factor considering the effect of high sustained loads and of time of loading on concrete 
tensile strength. 

NOTE  The value is ktt = 0,80 for tref ≤ 28 days for concretes with classes CR an CN and tref ≤ 56 days for 
concretes with class CS, and ktt = 0,70 for other cases including when fck(t) is determined in accordance with 
5.1.3(4), unless a National Annex gives different values. 

(3) The relation between compressive stress σc and strain εc shown in Figure 5.1 and described by the 
Formula (5.6) may be used to model the response of concrete to short term uniaxial compression. 

𝜎𝜎c
𝑓𝑓cm

=
𝑘𝑘𝑘𝑘 − 𝑘𝑘2

1 + (𝑘𝑘 − 2)𝑘𝑘
 (5.6) 

k = 1,05 Ecm ⋅ εc1/fcm (5.7) 

η = εc/εc1 (5.8) 

εc1 [‰] = 0,7fcm1/3 ≤ 2,8 ‰ (5.9) 

εc < εcu1 [‰] = 2,8 + 14 ⋅ (1 − fcm/108)4 ≤ 3,5 ‰ (5.10) 

NOTE  Simplified stress distributions in cross-sections used to determine the resistance to axial and flexural 
effects at the ultimate limit state are provided in 8.1.2. 

(4) Other idealised stress-strain relations may be applied, if they adequately represent the behaviour 
of the concrete considered. 

(5) Unless more precise values are available, the mean density of normal weight reinforced concrete 
for the purposes of design may be taken as 25 kN/m³, and for plain normal weight concrete as 24 kN/m³. 

(6) Unless more accurate information is available, the linear coefficient of thermal expansion may be 
taken as αc,th = 10 ⋅ 10−6 °C−1. 

 

Figure 5.1 — Stress-strain relation for concrete in compression 
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The database we used for the multivariate analysis and 
subsequent model derivation contains results of SFRC with 
hooked-end fibres only. Thus, the equations derived in papers 
[89–91] are valid for this type of SFRC. However, the com-
pressive σ-ϵ curve in Annex L is a function of fR,1k only (see 
Eqs. 1 and 2), which is a parameter that depends mainly on 
the compressive strength of the base concrete and the inter-
face properties of the fibre [90], and very little on the hooks 
at the ends or the shape of the fibre. Therefore, the new com-
pressive model can be used for SFRC reinforced with any 
type of steel fibre.

Previous versions of this stress-strain curve did not use Eq. 3 
for the descending stretch, but an inverted parabola with the 
maximum in the peak of the compressive strength [89–91], 
which expression is:

1
4

(9)= 1– 1–  (η–1)2
σRσc

f cmf cm

where σR was called the residual compressive strength and is 
the value that the stress takes for η = 3. It was defined so be-
cause there was not a single stress-strain curve in the database 
that did not reach at least a final strain three times larger than 
the strain at the peak, which served to define a reference point 
to obtain the energy per unit volume absorbed in the database 
tests, which were called Wc1 from 0 to ϵc1, and Wc2 from ϵc1 to 
3 ϵc1. Besides, it seemed reasonable to define a residual com-
pressive strength since it was analogous to the residual flexural 
strengths, fR,i, which are accepted as relevant SFRC parameters 
defining the tensile behaviour. The intercept of Eq. 9 with the 
η-axis is ηu (= k), and can be written as a function of σR as:

2

1 – σR      f cm

(10)ηu = 1+

Likewise, Eq. 9 expressed as a function of ηu is:

2
(11)= 1– 

η–1
ηu –1

σc

f cm
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The relation between σ and � shown in Fig. XX may be used to model the response
of SFRC to short term uniaxial compression. It has two distinct stretches. The
first one goes from the axes origin to the maximum stress (curve 1 in Fig. XX)
and is described by the following equation:

σ∗ =
α �∗ − �∗ 2

1 + (α − 2) �∗
(1)

where:

σ∗ = σ
fcf

Non-dimensional stress

fcf Compressive strength of SFRC

α = 1.05 �cf
Ef

fcf
Non-dimensional coefficient

�cf Critical strain, i.e. strain that corresponds to fcf

Ef Elastic modulus of SFRC
�∗ = �

�cf
Non-dimensional strain
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The compressive strength and corresponding strain plus the elastic modulus of
SFRC can be easily obtained by testing. These values can also be estimated using
the following equations:

fcf = fc0

�
1 + 3.877 �∗fφf

�
(2)

�cf = 0.007

�
fc0

f0

�0.31

[1 + 0.4823 λ (φf − 0.002606 �∗f )] (3)

Ef = E0 fE(�∗f , λ,φf ) (4)

where:

�∗f =
�f

�0
Non-dimensional fiber length

�0 = 30mm Coefficient to keep non-dimensionality
φf Volumetric fiber ratio
fc0 Compressive strength of the base concrete in MPa, which

is determined according to Table 5.1 of EC2
f0 = 1MPa Coefficient to keep non-dimensionality
λ Fiber aspect ratio
E0 Elastic modulus of the base concrete

The second stretch (curve 2 in Fig. XX) is a softening branch that goes from
the peak stress to zero. The equation defining the curve is the following parabola:

σ∗ = 1 − 1

4
(1 − σ∗

R)(�∗ − 1)2 (5)

where σ∗
R is the following function of the parameters that characterize the fiber:

σ∗
R = 0.5876 + 17.56φf − 0.002457 �∗fλ ≤ 1 (6)

Actually, σ∗
R is the non-dimensional stress corresponding to �∗ = 3, as represented

in Fig. XX, which implies that σ∗
R ≤ 1 as stated in Eq. 6. This second stretch

intercepts the x-axis at:

�∗u = 1 +
2�

1 − σ∗
R

(7)

Note that Eqs. 1 & 5 and related parameters consider that stresses and strains
are positive in compression. Likewise, the softening part of the curve, Eqs. 5–7, is
only valid for SFRC with hook-ended fibers.
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database that supports a few of the expressions of the model, together with a short
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This stress-strain curve for plain concrete is shown in Fig. 1.

The stress-strain relation for SFRC also uses Eq. 3, but modifies the values
of some of the parameters to account for the additional ductility provided by the
fibers. The SFRC model keeps the values for fcm and Ecm since it is proven that
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Figure 3. Schematic representation of the stress-strain relationship for 
SFRC previously proposed in [89–91].

Discussions within TG2 led to looking for an expression for 
the descending branch that allowed a very short description 
of the σc–ϵc model, with few or no new variables involved. 
This is why we opted for using Eq. 3 also for the second 

stretch of the new model since the curve is very similar to the 
parabola given by Eqs. 9 and 11. Eq. 3 has a maximum at η = 
1 and intercepts the η-axis at η = k, and so it was only neces-
sary to change the meaning of k after the peak, taking it as ηu 
(Eq. 10). Besides, detailed derivations using the response-sur-
face methodology —a multivariate regression tool— applied 
to the database disclosed that σR depends mainly on the char-
acteristic residual flexural strength for a crackmouth opening 
displacement of 0.5 mm, fR,1k, the expression for it being:

(12)= 0.1839 + 0.02203 f R,1k
σR

f cm

where fR,1k must be introduced in MPa (Eq. 16 in [91]). Such 
derivation was made by fitting the energy absorbed by the 
tests in the database between ϵc1 and 3 ϵc1, Wc2, which is relat-
ed to the residual compressive strength as:

(13)= –2σR 3Wc2

f cm 2 f cm ϵc1

Inserting Eq. 12 in Eq. 10 yields:

20

82 – 2.2 f R,1k

(14)ηu = 1+

which is the value that should be used for k in the descending 
stretch of the compressive stress-strain model given by Eq. 3.

3.2. Stress distribution in ULS

For the design of cross sections in ULS, EC2 Section 8.1.2 (1) 
[73] proposes using a parabola-rectangle stress distribution 
(see Figure 4c), defined as:

f cd [1– (1– ϵc   ϵc2)2]      for    0 ≤ ϵc ≤ ϵc2

f cd                               for    ϵc2 ≤ ϵc ≤ ϵcu

(15)ηu = 

where ϵc2 and ϵcu are 0.0020 and 0.0035, respectively, for con-
crete without fibres. Alternatively, a rectangular stress block 
distribution as given in Figure 4d may be assumed, as stated 
in section 8.1.2 (2).

Annex L accounts for the enhancement of toughness and 
ductility in compression provided by the fibre by increasing 
the strains defining the stress distribution, ϵc2 and ϵcu, to 0.0025 
and 0.0060, respectively.

These new values for ϵc2 and ϵcu for SFRC are based on the 
observed behaviour of the SFRCs in the database. In particu-
lar, the energy consumption up to ϵc2 increases 45% in average 
compared to the corresponding base concrete (see Table 1). 
As fibres have little effect on the compressive strength, the 
toughness increase up to the peak of the parabola, and sub-
sequently the new strain that corresponds with the peak, can 
be obtained by multiplying the strain for the peak stress of 
the base concrete —without fibres— times W◦f1 (= Wf1/Wc1, 
see Table 1):

o (16)ϵf2 = ϵc2 Wf1

where ϵf2 is the strain for the peak of the parabola for the con-
crete with fibres (we use subscript ‘f ’ instead of ‘c’ to specify 
that we refer to concrete reinforced with steel fibres). The re-
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sult is 0.0029, rounded down to 0.0025, which is finally taken 
as ϵc2 for ULS calculations in SFRC.

Regarding the value for ϵcu with fibres, it is figured out by 
enforcing that the rectangular part consumes the same energy 
as the post-peak stretch of the new stress-strain curve (Eq. 9) 
up to 3 ϵf2. The energy consumed in this stretch is, on average, 
2.83 Wc1, which is 183% more energy than consumed up to 
the peak by the corresponding base concrete, Table 1. For the 
parabola-rectangle law of Eq. 15, this can be expressed as:

o (17)Wf2 = =
Wf2 ffd (ϵfu – ϵf2)
Wc2 2 fcd ϵc23

where again we use subscript ‘f ’ instead of ‘c ’ to refer to SFRC 
(for instance, ϵfu means ϵcu for the SFRC). As stated above, the 
strength increase due to fibres is small and can be neglected 
(i.e. ffd = fcd in Eq. 17). Then:

ϵfu ϵf2

ϵf2 ϵc2

o (18)Wf2 = – 13
2

Table 1: Statistics of the unit toughness increase for SFRC.

o

Wf1 (=Wf1 Wc1) 1.45 (0.52) [0.91–3.73]

Wf2 (=Wf2 Wc2) 2.83 (1.09) [1.12–5.49]

 Mean (Std. dev.) [Min.–Max.]

where the ratio ϵf2/ϵc2 equals W◦f1 (Eq.16). Then, solving for 
ϵfu /ϵf2 in Eq. 18 we get:

(19)= +1
ϵfu

ϵf2

2
3

Wf2

Wf1

Introducing the values in Table 1 for W◦f1 and W◦f2 we get a 
ratio of 2.30. Taking ϵf2 (= ϵc2 for a SFRC) as 0.0029 (as derived 
above) we get that ϵfu (= ϵcu for a SFRC) is 0.0067, whereas for 
ϵf2 = 0.0025 we obtain ϵfu = 0.0057. So, finally we round the 
result and take 0.0060 as the value of ϵcu for a SFRC.

Note that values for W◦f1 and W◦f2 in Table 1 are the average 
values of the stress-strain curves of the database disregarding 
dependencies on fibre content, fibre quality, etc., and we as-
sume that the toughness of the parabola-rectangle curve for 
plain concrete increases according to them. In other words, 
we get ϵc2 and ϵcu for an SFRC by enforcing that the parabola 
and the rectangle yield the same energy enhancement as the 
average of the curves in the database. Observe that absolute-

ly none of the SFRC specimens in the compressive database 
broke before reaching a strain of 3 ϵf1, and most of them con-
tinued deforming way ahead of this value. Therefore, the mean 
values for W◦f1 and W◦f2 in Table 1 are on the safe side, and thus 
the new strain figures for SFRC in the curve defined in Eq. 15, 
namely 0.0025 and 0.0060, are on the safe side too.

4.
discussion

4.1. Compressive and flexural SFRC classification

The new model for the compressive stress-strain behaviour in 
SFRC in Annex L allows a complete description of the ma-
terial response, as can be seen graphically in Figure 5. The 
upper part plots the flexural stress versus the crack opening 
curves in non-dimensional format for several of the flexural 
performance classes (see Table 2, which reproduces Table L.2 
of Annex L). These are called performance classes, but actually 
they only depend on the residual flexural strengths fR,1k and fR,3k 
experimentally determined according to EN 14651 [35]. The 
classification is based on a number —called SC (or σSC in this 
paper) for strength class— that corresponds to the minimum 
value required for fR,1k in MPa, and a letter associated to the ra-
tio fR,3k /σSC. For instance, class 4.0 b means that σSC = 4.0 MPa 
≤ fR,1k < 4.5 MPa and 0.7 ≤ fR,3k /σSC < 0.9 (see Table 2).

The lower part of Figure 5 plots the new compressive 
stress-strain law in Annex L as described in Section 2 and 
explained in Section 3. The plot is in a non-dimensional for-
mat, the abscissa and ordinate representing ϵc /ϵc1 (= η) and 
σc /fcm, respectively. Note that the intercept of the curve with 
the horizontal axis is equal to ηu (=k). Since both ϵc1 and k 
depend directly on fR,1k through Eqs. 1 and 2, respectively, it 
would seem that there is no reason to add any additional num-
ber or letter to the SFRC classification. However, an SFRC has 
to define the compressive class along with the flexural perfor-
mance class since it is apparent that the compressive stren-
gth correlates with the residual flexural strengths. The new 
compressive model in Annex L does not contain information 
about this correlation per se, but the multivariate analyses 
reported in [89–91] provide it. There it was found that the 
expression for the residual compressive strength as a function 
of the flexural behaviour is:
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Figure 4. Stress distributions within the compression zone: a) cross section; b) assumed strain distribution; c) parabola-rectangle stress distribution; 
d) rectangular stress distribution. (Figure 8.2, EC2 [73])
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Figure 5. Description of the flexural/compression behaviour of SFRC and meaning of the material classification.

residual flexural strengths:

= + + +f f6.260 0.06039 0.0171 0.0518 715.7R cuf f f,1k (17)

= + + + +f f8.87 0.07501 1.058 0.0562 655.3R cuf f f,3k (18)

where fcuf enters in MPa, the rest of the parameters are non-dimen-
sional, and the results are in MPa; note that there is no problem in using
Eq. (17) in spite that f is not significant; on the contrary, as stated
above, f is clearly significant for fR,3k. The only unknown of this
system of two-equations (Eqs. (17) and (18)) is f , and the corre-
sponding minimum solution is 0.81%, that is 63.6 kg/m3 of fibers (we
could get a 6.0b class using up to 66.7 kg/m3). With this fiber content,
the values of the parameters that permit building the constitutive model
in compression and tension (sketched in Fig. 13) for this particular
6.0b-class SFRC are: =f 48cf MPa ( =f 40cfk MPa), = 17R MPa (Eq.
(12); the characteristic value is given by Eq. (15) and is = 11Rk MPa),=f 6.0R,1k MPa and =f 5.1R,3k MPa.

4. Conclusions

This paper has studied the relationship that exists between the re-
sidual flexural strengths for different values of crack mouth opening
displacement ( =f w, 0.5R M,1k mm and =f w, 2.5R M,3k mm) and residual
compressive strength once the peak load has been surpassed ( R, de-
fined as the tension resisted when the strain is three times that reached
under the maximum load) in steel fiber-reinforced concrete (SFRC).

By means of a simple model in a technological format proposed by
Ruiz et al. [72] for the non-linear calculation of structural SFRC com-
pressive elements, the expression of R is calculated (deduced from a
data base created with uniaxial compression tests on SFRC cylindrical
specimens). Applying the Response Surface Methodology to a new da-
tabase created with three-point flexural tests on SFRC notched prisms,
values of R associated with resistant classes defined by Eurocode 2
draft (Table L.1 at Annex L) are calculated. In this manner, the me-
chanical response of a structural SFRC element is completely defined
when considering the compressive energy absorption capacity that the

Fig. 13. Illustration of the compressive/flexural strength classes as defined in Table 5.

Fig. 14. Distribution of the results in the flexural database thoughout the flexural classes defined in Table L.1.
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(20)σR = –1.77 + 1.807 f R,1k + 9.12
f R,3k

f R,1k

where the residual flexural strengths are introduced in MPa 
to obtain σR in MPa. Both fR,1k and fR,3k are the only significant 
parameters to get σR. Interestingly, they are also the parameters 
defining the flexural performance class.

On the other hand, Eq. 12 already expresses the result ob-
tained for σR /fcm. It should be noted that only fR,1k was disclosed 

as a significant parameter to obtain the non-dimensional ver-
sion of σR in Eq. 12. Combining Eqs. 12 and 20, the relation 
between the compressive strength and the residual flexural 
strengths follows as:

(21)f cm =
–1.77 + 1.807 f R,1k + 9.12

f R,3k

f R,1k

0.1839 + 0.02203 f R,1k

TABLE 2.
Performance classes for SFRC in MPa as defined in Table L.2 of EC2 [73].

Ductility classes
Strength classes SC ( fR,1k	≥	SC)

Analytical formulae
1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 6.0 7.0 8.0

a 0.5 0.8 1.0 1.3 1.5 1.8 2.0 2.3 2.5 3.0 3.5 4.0 fR,3k	≥	0.5	SC

b 0.7 1.1 1.4 1.8 2.1 2.5 2.8 3.2 3.5 4.2 4.9 5.6 fR,3k	≥	0.7	SC

c 0.9 1.4 1.8 2.3 2.7 3.2 3.6 4.1 4.5 5.4 6.3 7.2 fR,3k	≥	0.9	SC

d 1.1 1.7 2.2 2.8 3.3 3.9 4.4 5.0 5.5 6.6 7.7 8.8 fR,3k	≥	1.1	SC

e 1.3 2.0 2.6 3.3 3.9 4.6 5.2 5.9 6.5 7.8 9.1 10.4 fR,3k	≥	1.3	SC

TABLE 3.
Performance classes for SFRC related with their residual flexural and compressive strengths (in MPa).

Ductility classes
Strength classes SC ( fR,1k	≥	SC)

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 6.0 7.0 8.0

a:  fR,3k 0.5 0.8 1.0 1.3 1.5 1.8 2.0 2.3 2.5 3.0 3.5 4.0

fcm 22 25 28 30 32 35 36 37 40 43 46 48

σR 4 5 6 7 8 9 10 11 12 13 15 17

b:  fR,3k 0.7 1.1 1.4 1.8 2.1 2.5 2.8 3.2 3.5 4.2 4.9 5.6

fcm 31 34 36 38 40 42 43 45 46 49 51 53

σR 6 7 8 9 10 11 12 13 14 15 17 19

c:  fR,3k 0.9 1.4 1.8 2.3 2.7 3.2 3.6 4.1 4.5 5.4 6.3 7.2

fcm 40 42 44 46 47 49 50 51 53 55 56 58

σR 8 9 10 11 12 13 14 15 16 17 19 21

d:  fR,3k 1.1 1.7 2.2 2.8 3.3 3.9 4.4 5.0 5.5 6.6 7.7 8.8

fcm 49 51 52 53 55 56 57 58 59 60 62 63

σR 10 11 12 13 14 15 15 16 17 19 21 23

e:  fR,3k 1.3 2.0 2.6 3.3 3.9 4.6 5.2 5.9 6.5 7.8 9.1 10.4

fcm 58 59 60 61 62 63 64 64 65 66 67 68

σR 12 13 14 15 15 16 17 18 19 21 23 25



where residual flexural strengths are introduced in MPa to ob-
tain fcm in MPa. This formula depends on the ratio fR,3k /fR,1k, and 
thus it is only valid for SFRC with hooked-end fibres since the 
database in [89–91] contain results for this type of SFRC only.

Equation 21 gives an estimate of the compressive strength 
needed to obtain a definite flexural performance class with 
SFRC with hooked-end fibres, defined by the desired residu-
al flexural strengths. Table 3 arrays all the estimates given by 
Eqs. 20 and 21 for each flexural performance class of Annex 
L. In each cell of the matrix, we give the estimate for the 
compressive strength fcm needed to obtain the desired flexural 
performance class along with an estimate for the residual com-
pressive strength. For instance, Table 3 indicates that you need at 
least a C35/45 (whose minimum fcm is 43 MPa) to produce a class 
4.0 b, whereas the expected minimum value for σR is 12 MPa. So, 
the complete classification of this SFRC should be C35/45 4.0 b. 
It bears emphasis that obtaining flexural performance class 4.0 b 
with a compressive class below C35/45 may be rather difficult.

4.2. Ductility in compression

The deformability in compression of SFRCs of each perfor-
mance class can be estimated using the new stress-strain model 
in Annex L. Indeed, Eqs. 1 and 2 allow obtaining ϵc1 and ϵcu1 
values for each flexural performance class, see Table 4 (we use 
subscript ‘f ’ instead of ‘c ’ to name parameters of a SRFC). 
Note that these strain values depend jointly on the compres-
sive strength and the residual flexural strengths.

As aforementioned, Annex L follows the core of EC2 [73] 
in providing two constant values for the strains determining 
the parabola-rectangle used in ULS, namely ϵf2 and ϵfu (again, 
subscript ‘f ’ is for SFRC). It is done so for the sake of brevity 
and consistency since mirroring the structure of EC2 [73] for 
plain concrete avoids new formulas or parameters and subse-
quent definitions. However, it is also possible to give defining 
strains for the parabola-rectangle model for each performance 
class. It is appropriate to do so since ULS calculations may also 

benefit from having selected a flexural performance class for 
the SFRC element or structure under study. To do this, we as-
sume that ϵf2 takes the same value as ϵf1. Then, we can use Eq. 19 
to calculate ϵfu for each class, but in its dimensional version:

(22)= +1
ϵfu

ϵf2

2
3

Wf2

Wf1

where Wf1 and Wf2 are now calculated with the complete 
stress-strain model (Subsection 3.1) but assuming that the up 
and down stretches are perfect parabolas. Additionally, as Wf2 
is the energy per unit volume absorbed between ϵf1 and 3 ϵf1, 
we assume that the detracted area between 3 ϵf1 and k ϵf1 can 
be calculated as if it was a triangle. The result for ϵfu is:

(23)= (k–1) –     (k–3) +1
ϵfu

ϵf2

2 3
3 4

σR

f cm

where k is the value for the downward stretch of the curve 
(Eq. 2), which coincides with the nondimensional strain of the 
intercept with the abscissa (k = ηu). Table 4 arrays the results 
of Eq. 23 for each performance class.

The constant values for ϵf2 and ϵfu that Annex L, section L.8.1 
(4), proposes, namely 0.0025 and 0.0060, roughly coincide with 
these of classes 3.0 a, 2.0 b, and 1.0 c. So, using the proposed 
constant strains leads to slightly overestimating the ductility for 
weaker classes and underestimating it for the stronger ones, ac-
tually the majority of them. For instance, these strains for class 
1.0 a are 0.0020 and 0.0050, whereas for class 8.0 e are 0.0035 
and 0.0091. It bears emphasis that all these strain values are on 
the safe side since absolutely none of the SFRC specimens in the 
compressive database broke before reaching a strain of 3ϵf1, and 
most of them continued deforming way ahead this value [89–91].

4.3.  Outlook about the impact of SFRC ductility on Eurocode 4

The benefits of an increased concrete ductility conferred by 
the addition of steel fibre reinforcement have consequences 
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TABLE 4.
Performance classes for SFRC related with their relevant strains both for the parabola-rectangle model in ULS, ϵf2 and ϵfu, and for the stress-strain general model, ϵf1 and ϵfu1, (strains in 
‰; SC in MPa).

Ductility classes
Strength classes SC (fR,1k	≥	SC)

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 6.0 7.0 8.0

a: ϵf2 = ϵf1 2.0 2.1 2.3 2.4 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.2

ϵfu 5.0 5.3 5.6 5.9 6.1 6.3 6.6 6.8 7.0 7.4 7.7 8.1
ϵfu1 6.6 7.0 7.4 7.7 8.1 8.4 8.7 9.0 9.3 9.9 10.4 11.0

b: ϵf2 = ϵf1 2.3 2.4 2.5 2.5 2.6 2.7 2.8 2.8 2.9 3.0 3.1 3.3

ϵfu 5.6 5.9 6.1 6.3 6.5 6.7 6.9 7.1 7.3 7.7 8.0 8.4
ϵfu1 7.4 7.7 8.0 8.3 8.6 8.9 9.2 9.5 9.8 10.3 10.8 11.4

c: ϵf2 = ϵf1 2.5 2.5 2.6 2.7 2.8 2.8 2.9 3.0 3.0 3.1 3.2 3.4

ϵfu 6.1 6.3 6.5 6.7 6.9 7.1 7.3 7.4 7.6 8.0 8.3 8.6
ϵfu1 8.0 8.3 8.6 8.9 9.1 9.4 9.7 9.9 10.2 10.7 11.2 11.7

d: ϵf2 = ϵf1 2.6 2.7 2.8 2.8 2.9 3.0 3.0 3.1 3.1 3.2 3.3 3.5

ϵfu 6.5 6.7 6.9 7.1 7.2 7.4 7.6 7.7 7.9 8.2 8.6 8.9
ϵfu1 8.5 8.8 9.1 9.3 9.6 9.8 10.1 10.3 10.6 11.1 11.6 12.1

e: ϵf2 = ϵf1 2.8 2.8 2.9 3.0 3.0 3.1 3.1 3.2 3.2 3.3 3.4 3.5

ϵfu 6.9 7.0 7.2 7.4 7.5 7.7 7.9 8.0 8.2 8.5 8.8 9.1
ϵfu1 9.0 9.3 9.5 9.7 10.0 10.2 10.4 10.7 10.9 11.4 11.9 12.4



which reach beyond concrete structures according to Euroc-
ode 2 [27]. For instance, the maximum compression strain of 
plain concrete in concrete (ϵcu = 0.0035 for normal strength 
concrete in accordance with Eurocode 2 [27] and EC2 [73]) 
plays a relevant role also for the design of steel-concrete com-
posite structures in accordance with Eurocode 4 [93].

For several composite cross-section configurations in fact 
the concrete component may reach its ultimate compressive 
strain before the structural steel component develops enough 
strain to reach yielding in most of the steel section, thus full 
plastic capacity may not be reached.

This aspect is explicitly considered when the strain-based 
resistance of the cross-section is performed (a recent review 
of strain-limited design method for composite beam sections 
is given by Zhang [71] and Schäfer et al. [72]). The described 
phenomenon depends on different effects that impact the 
rotation capacity, as the position of the plastic neutral axis, 
material strength and geometry of the cross-section. Thus 
when reaching the concrete ultimate strain before the plastic 
moment resistance of the steel section is attained, a concrete 
compression failure may occur in the compression zone even 
if the cross-section satisfies the Class 2 requirements (criteria 
to prevent local buckling effects in the steel sections prior to 
reaching of the plastic resistance, EN1993-1-1 [94]). On a 
general basis, a strain-based resistance with the stress-strain 
curves in accordance with EN 1992-1-1 [27] for concrete 
and reinforcement steel and EN1993-1-1 [94] for the stress-
strain curve of structural steel would be required to consider 
the limited rotation capacity of the section due to the restric-
tions by the concrete. In addition, for composite beams with 
partial shear interaction, the strain discontinuity appearing 
in the composite connection shall be considered. To avoid 
this effort for practical design, Eurocode 4 [93] provides a 
simplified design method based on the full-plastic cross-sec-
tion moment resistance introducing a reduction factor β. The 
reduction factors were derived by a large parametric study 
comparing the plastic and strain-limited resistance for a large 
spectrum of composite cross-sections and material combina-
tions. For current Eurocode 4 [93] this study was provided by 

Hanswille et al. [95] and newer investigation for the second 
generation of Eurocode 4, prEN1994-1-1 [96], can be found 
in Schäfer et al. [97].

Furthermore, the use of steel grades such as S500 or high-
er (already foreseen in product standards [98], design codes 
for steel structures and the second generation of Eurocodes) 
requires developing higher strains to reach yielding. At increas-
ing strain the cases of premature compression concrete failure 
become even more relevant, reducing the interest of high steel 
strength with composite structures.

The following configurations may lead to a limitation of 
the plastic moment resistance (a more detailed discussion of 
the configurations is given in [99]):

1. composite beam with a limited effective width of the con-
crete flange (e.g. edge beams, due to openings in the slab, 
use of precast slab elements);

2. composite beams with high strength steel (in particular for 
S420 or higher grades);

3. composite beams with an intensive concrete contribution 
(e.g. for partially encased composite beams with a large 
amount of reinforcement, fully encased composite beams 
such as filler beam decks and shallow-floor beams);

4. composite beams with asymmetric steel sections having a 
bottom flange area significantly higher than the top flange;

5. composite beams with hybrid steel sections having a bottom 
flange resistance significantly higher than the top flange;

6. concrete encased composite columns without external 
steel tube.

To quantify the impact that higher concrete ductility obtained 
by steel fibre reinforcement would bring for steel-concrete 
composite structures a calculation example is proposed cor-
responding to case 2 of above list. A typical composite beam 
cross-section with a standard profile and a concrete flange on 
top of the upper steel flange is considered (see Figure 6). Com-
plete interaction with full shear connection is assumed. The 
example considers sagging bending moment, therefore with 
the concrete component being entirely under compression.
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Figure 6. Steel-concrete composite section considered in the example.

Composite cross-section considered as example:

ULS Sagging bending resistance Normal concrete slab
C35/45

SFRC slab
C35/45  4.0b

Full-plastic resistance: 3132 kNm

Simplified method: EN1994-1-1 (2005)
2662 kNm
(Reference)

Simplified method: prEN1994-1-1 (2021)
2818 kNm

+5.9%

Advanced method: prEN1994-1-1 (2021)
2864 kNm

+7.6%
3071 kNm

+15.4%

150mm

850mm

Steel section: HEM400  S460

Concrete flange 

Full shear connection

σ

ε0.20% 0.35%

fcd = 19.8 MPa σ

ε0.25% 0.60%

fcd = 19.8 MPa



The simplified method is based on a plastic stress block dis-
tribution assuming the whole cross-section attaining the plas-
tic resistance, whereas the reduction factor β for the deep-lying 
neutral axis is applied as in the current design provisions of 
current Eurocode 4 [93] for the normal strength concrete. The 
simplified method is also applied with the reduction factor β 
proposed in the future version of the design code based on 
Schäfer et al. [97].

The advanced method foresees an integration of the 
material laws over the cross-section. The calculation is per-
formed both with the non-linear stress-strain relationship ac-
cording to subsection 3.1 as well as for the parabola rectangle 
explained in subsection 3.2, and with fcd obtained following 
the provisions in the draft of the new Eurocode 4 [96] for 
calculation of the resistance of a cross-section of this type 
[97], for a compressive strength class C35/45. The results 
have a maximum difference of 2% (the energy consumption 
of both models is the same for the selected class C35/45 4.0 
b) and for sake of simplicity only the ones obtained with 
the parabola-rectangle are reported in Figure 6. For the steel 
material, the quadrilinear stress-strain relationship has been 
used according to [97].

Since steel is very ductile and can reach very large elon-
gations before rupture, in this kind of cross-sections under 
sagging bending moment the maximum resistance is reached 
when the top fibre attains the maximum admissible concrete 
compressive strain (ultimate strain). Figure 7 shows that be-
side an improvement of the bending moment resistance, a 
remarkable increase of the section ductility is achieved. This 
leads to significant higher cross-section rotation capacity in 
plastic hinges when using SFRC than the one of plain concrete 
thanks to a pronounced yielding plateau which is more than 
doubled. The beneficial effects of this increased ductility will 
not be discussed here, but is focus of ongoing research and is 
hinted that it may contribute in redistributing bending mo-

ments in continuous systems and ensuring ductility of specific 
shear connection configurations.

As a conclusion, the increased concrete ductility achieved 
by SFRC in compression is promising for the optimization of 
some specific steel-concrete composite structures. For a future 
deployment of higher strengths for the structural steel sections 
(both for columns and beam applications) and the more and 
more widespread use of cross-section configuration with lim-
ited rotation capacity an increased concrete ductility appears 
essential.

It shall be reminded that the considerations exposed in this 
chapter have focused on the impact of the improved compres-
sion behaviour of SFRC compared to concrete without fibres: 
other advantages are of course expected by the improved ten-
sile behaviour (crack limitation, durability, shear connection 
resistance), possibly an additional reason to combine these ma-
terials in steel-concrete composite structures.

5.
conclusions

Annex L of the new EC2 [73] considers the enhancement in 
ductility and toughness in compression due to fibres. It propos-
es to use the same stress-strain formulas for the compressive 
behaviour of plain concrete in the core of EC2 [73] but chang-
es the strain parameters to account for the ductility increase. 
In particular, parameter k is used to define the initial slope of 
the curve in the ramp-up stretch, up to the stress peak, but 
changes after the peak to represent the intercept of the down-
ward curve with the strain axis, and so it defines the energy 
consumption of the material after the peak. Similarly, Annex L 
also enlarges the strain values needed for the ULS calculation 
of SFRC sections. In this paper, we give detailed derivations 
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Figure 7. Moment-curvature diagram of the cross-section of Figure 6 with different types of concrete slab.



of all the expressions in Annex L related to the compressive 
SFRC behaviour, which are based on a multivariate analysis of 
a large database [89–91].

In addition, we provide formulas to calculate the compres-
sive strength needed to get a desired flexural performance class 
since the compressive behaviour of a base concrete is correlat-
ed with the residual flexural strengths of the corresponding 
SFRC. We give compressive strength values for each flexural 
performance class defined in Annex L of the new EC2 [73], 
which may be very useful to design a SFRC.

Regarding the strain values for ULS calculations, Annex L 
mirrors the approach for plain concrete and gives constant values 
of the parameters defining the parabola-rectangle model, ϵc2 and 
ϵcu, for any SFRC. However, we propose particular values of these 
parameters for each flexural performance class, to take better ad-
vantage of the ductility increase of SFRC in stronger classes.

Finally, we highlight the importance of accounting for 
the real SFRC ductility in composite structures since the low 
deformation capacity of plain concrete makes that steel ele-
ments cannot be used to their limits. We provide an example 
of a composite beam with a deep neutral axis and high steel 
strength, which resists 15.4% more load and duplicates its ro-
tation capacity with the new provisions in Annex L.
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Nomenclature

CMOD Crack mouth opening displacement
Ecm Mean elastic modulus of concrete/SFRC in 150 

300 mm2 cylinders
EC2 New Eurocode 2 (final draft, version 2022-11) [73]
 fcd Design value of concrete/SFRC compressive 

strength
ffd Design value of SFRC compressive strength1

fcm Mean compressive strength of concrete/SFRC in 
150 x 300 mm2 cylinders

fR,1k Characteristic residual flexural strength for a crack 
mouth opening displacement of 0.5 mm

fR,3k Characteristic residual flexural strength for a crack 
mouth opening displacement of 2.5 mm

k Coefficient
SC Strength class
SFRC Steel-fibre reinforced concrete
ULS Ultimate limit state
Wc1 Volumetric deformation work in pre-peak branch 

of concrete/SFRC in 150 × 300 mm2 cylinders 
(from ϵc = 0 to ϵc = ϵc1)

1 Annex L does not use parameters with subscript f for referring to SFRC but 
uses subscript c for plain concrete and SFRC. However, the complete defini-
tion and derivation of the compressive model need to differentiate between 
both types of materials since we require to refer to a base concrete (c) and 
the SFRC resulting from reinforcing it with steel fibres ( f ).

Wc2 Volumetric deformation work in post-peak branch 
of concrete/SFRC in 150×300 mm2 cylinders (from 
ϵc = ϵc1 to ϵc = ϵcu1)

Wf1 Volumetric deformation work in pre-peak branch 
of SFRC in 150 × 300 mm2 cylinders (from ϵf = 0 to 
ϵf = ϵf1)

Wf2 Volumetric deformation work in post-peak branch 
of SFRC in 150 × 300 mm2 cylinders up to 3 ϵf1 
(from ϵf1)

 Non-dimensional volumetric deformation work in 
pre-peak branch of SFRC

 Non-dimensional volumetric deformation work in 
post-peak branch of SFRC

wM Crack mouth opening displacement, CMOD
w◦=1mm  Coefficient to keep non-dimensionality
ϵc Compressive strain in concrete/SFRC
ϵc1 Compressive strain in concrete/SFRC when the 

stress reaches the compressive strength in the 
stress-strain model for non-linear analysis

ϵcu1 Ultimate compressive strain in concrete/SFRC in 
the stress-strain model for non-linear analysis

ϵc2 Compressive strain in concrete/SFRC when the 
stress reaches the compressive strength in the ULS 
model

ϵcu Ultimate compressive strain in concrete/SFRC in 
the ULS model

ϵf Compressive strain in SFRC
ϵf1 Compressive strain in SFRC when the stress reach-

es the compressive strength in the stress-strain 
model for non-linear analysis

ϵf 2 Compressive strain in SFRC when the stress reach-
es the compressive strength in the ULS model

ϵfu Ultimate compressive strain in SFRC in the ULS 
model

ϵfu1 Ultimate compressive strain in SFRC in the stress-
strain model for non-linear analysis

 Non-dimensional compressive strain in concrete/
SFRC

 Non-dimensional ultimate compressive strain 
in concrete/SFRC in the stress-strain model for 
non-linear analysis

σc Stress in concrete/SFRC
σcd Design value of compressive stress in concrete/

SFRC
σf Stress in SFRC
σNk Characteristic nominal/flexural stress
σR Compressive residual strength
σSC Strength class, SC
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a b s t r ac t

The new version of Eurocode 2 will include for the first time an informative annex, Annex R “Embedded FRP reinforcement”, to 
design reinforced concrete structures with fibre reinforced polymer (FRP) reinforcement. FRP embedded reinforcement has some 
advantages such as their low susceptibility to corrosion, high-strength, and low life-cycle cost. FRP rebars can be used as longitudi-
nal or transverse reinforcement in a similar way than conventional steel rebars. However, in the design of FRP reinforced concrete 
structures, some particular aspects related to the reinforcement properties must be taken into account, among which it is worth 
highlighting their linear elastic behaviour until failure, their relatively low modulus of elasticity or their behaviour under sustained 
stresses. Since, the content of Annex R is new, a summary and background related to all aspects required for designing with FRP 
reinforcement are given in this paper.
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r e s u m e n

La nueva versión del Eurocódigo 2 incluirá por primera vez un anejo informativo, el Anejo R “Armadura embebida de FRP”, para 
diseñar estructuras de hormigón armado con armaduras de polímeros reforzados con fibras. Estas armaduras tienen ventajas como 
su baja susceptibilidad a la corrosión, elevada resistencia y bajo coste de ciclo de vida. Las barras de FRP se pueden utilizar como 
armadura longitudinal o transversal de manera similar a las barras de acero convencionales. No obstante, en el cálculo de las estruc-
turas de hormigón armadas con barras de FRP, hay algunos aspectos específicos que deben ser tenidos en cuenta, entre los que cabría 
destacar su comportamiento elástico lineal hasta rotura, su relativamente bajo módulo de elasticidad o su comportamiento con carga 
mantenida a largo plazo. Dado que el contenido del Anejo R es nuevo, en este artículo se proporciona un resumen del mismo y los 
antecedentes relacionados con todos los aspectos necesarios para dimensionar con armadura de FRP.

palabraS clave: Armadura interna de FRP, polímeros reforzados con fibras, hormigón armado, Eurocódigo 2. 

©2023 Hormigón y Acero, la revista de la Asociación Española de Ingeniería Estructural (ACHE). Publicado por Cinter Divulgación Técnica S.L. Este 
es un artículo de acceso abierto distribuido bajo los términos de la licencia de uso Creative Commons (CC BY-NC-ND 4.0)

1.
introduction

Fibre reinforced polymer (FRP) embedded reinforcement can 
be an alternative to conventional steel reinforcement in con-

crete structures exposed to aggressive environments, where 
magnetic neutrality is required, or in some applications where 
good cuttability may be an advantage (for instance, a “soft 
eye” area of a diaphragm wall that will be cut by a Tunnel 
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Boring Machine). Its low susceptibility to corrosion leads to 
longer service life, less maintenance and low life-cycle cost. 
Additionally, they present low density (ease of handling) and 
high fatigue endurance [1–5]. FRP rebars appeared in the 
market in the early 1990s. The first design guidelines for FRP 
reinforced concrete (RC) were introduced in Japan in 1997 
[6]. Most initial applications of FRP reinforcement in con-
crete were made in Japan but nowadays there are applications 
worldwide (see Figure 1).

FRP reinforcement consists of continuous fibres of glass 
(in the case of GFRP), carbon (CFRP), basalt (BFRP) or 
aramid (AFRP) embedded in a polymeric resin. The fibres 
contribute with a high-strength and high-stiffness, and the 
matrix bind the fibres together and transfer the forces be-
tween fibres. FRP embedded reinforcement bars are usual-
ly manufactured through a pultrusion process where fibres 
are pulled and impregnated in a resin bath before curing 
by heat. To increase bond between bar and concrete, there 
are different surface treatments, such as sand coating, per-
forming surface indentations, over-moulding a new surface 
on the bar or a combination of these techniques [4,7] (see 
Figure 2).

The basic principles of design for steel RC can be applied 
to FRP RC elements, however, the changes in properties of 
FRP reinforcement may have a different influence on the de-
sign [10,11]. Unlike steel, FRP reinforcement behaves linear 
elastic up to failure and does not yield. Additionally, FRPs 
subjected to constant stresses may present creep rupture, i.e. 

failure at a lower strength than the short-term strength, which 
can be influenced by adverse environments [4,12]. The linear 
behaviour of the FRP reinforcement up to high failure stresses 
leads to a different response of FRP RC members.

The modulus of elasticity of the FRP embedded rein-
forcement, and in particular for GFRP or BFRP, is much low-
er than that of steel. This affects bending and shear design, 
as well as serviceability conditions. Despite the absence of 
yielding, a proper design leads the FRP RC members to ex-
hibit large deformability at failure. However, the low stiffness 
of FRP reinforcement may result in large crack widths and 
deflections, making the design often governed by serviceabil-
ity requirements [13]. 

In recent years, concrete structures with embedded FRP 
reinforcement have successfully been applied in many pro-
jects all over the world, nevertheless, the lack of codes and 
standards equivalent to those for steel has been recognized 
as a limitation for its normalized use. Annex R of Euroco-
de 2 (FprEN 1992-1-1:2021) [14] is an informative annex 
that includes guidance for the design of new RC structures 
with FRP embedded reinforcement in the form of bars or 
mesh. Despite the several types of fibres, only glass (GFRP) 
and carbon (CFRP) reinforcement is covered by this annex. 
Although there are some recommendations for the use of 
prestressed FRP reinforcement [15,16] in the final version of 
Annex R it has been considered that there is not enough ex-
perience to cover it. Annex R applies only to normal weight 
concrete elements and not to lightweight concrete or con-
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Figure 1. Real applications of FRP embedded reinforcement. a) Metro of Paris (courtesy of Schöck), b) Tramway in Liège (Belgium) (courtesy of 
Sireg), c) Highway sea wall in Maui (courtesy of Owens Corning) [8].

Figure 2. FRP reinforcement [9].
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crete with recycled aggregates, as well as elements subjected 
predominantly to static loads, that is, with a maximum stress 
range of 10 % of fftk,100a (long-term tensile strength,  see Sec-
tion 3) with a maximum stress 0.5fftk,100a for a maximum of 
2x106 cycles.

This paper aims to introduce the content of Annex R 
[14] since this is the first time that the design of FRP em-
bedded reinforcement has been introduced in Eurocodes. 
Model Code 2010 [17] already introduced FRP reinforce-
ment in the chapter of Materials (section on Non-metallic 
reinforcement) and Interface characteristics (section on Bond 
of non-metallic reinforcement). There are also some existing 
guidelines or codes such as the ACI 440.1R-15 [3] (which is 
currently developed as a Code), CSA S806-12 [18], CNR-
DT 203/2006 [19] and JSCE [6]. The fib Bulletin 40 [4] 
was published in 2007 and gave the background of the main 
physical and mechanical properties of FRP reinforcing bars, 
as long as the design models to verify the ultimate and ser-
viceability limit states. This fib bulletin was based on the ex-
pertise of the members of fib TG9.3 “FRP Reinforcement for 
concrete structures”. In addition, there is a background doc-
ument of Annex R [20] with more details about its content.

2.
basis of design

In general, the basis of design of concrete structures with 
conventional materials can be applied to concrete structures 
reinforced with FRP longitudinal rebars or transverse stir-
rups. However, there are some aspects, such as the material 
safety factors, that should be particularized for this case. Un-
less a National Annex gives different values, Table 1 gives the 
partial safety factors for FRP reinforcement that consider also 
model uncertainty.

These partial safety factors have been obtained assuming 
a reliability index β = 3.8 and are based on the characteristic 
long-term strength of the FRP reinforcement, fftk,100a, which 
will be defined in §3, and on the short-term strength, fftk. Ac-
cording to the mentioned background document of Euroc-
ode 2 [20], a reduction can be applied if the supplier can 
demonstrate the required reliability. 

For beams with FRP transverse reinforcement, it has been 
observed experimentally that the strength in the bent area 
reduces in comparison to that in the straight part of the stir-
rup [21–24]. This reduction is a function of the geometry, 
the material properties and the manufacturing process. Long 
term reductions between straight and bent shapes are ex-
pected as well. 

TABLE 1.
Partial safety factors for FRP embedded reinforcement [14].

Design situation γFRP  
  
  

ULS (Persistent and transient) 1.50 

Accidental 1.10

Serviceability 1.00

3.
materials 

The design rules in Annex R are for members reinforced with 
embedded FRP reinforcement that meet the following con-
ditions:
∙ Minimum modulus of elasticity of EfR ≥ 40000 N ⁄mm2 
∙ Ratio of fftk,100a ⁄ EfR ≥ 0.005
∙ Minimum long term bond strength of fbd,100a ≥ 1.5 MPa
∙ Characteristic compressive strength of concrete fck≥20 MPa
∙ Members with longitudinal reinforcement ratio ρlf ≤ 0.05

The previous limits have been selected to reflect the values 
of testing specimens used for the calibration of the formu-
lations. These values correlate with products widely availa-
ble on the market and cover all usual types of reinforcement 
(ARFP, GFRP, CFRP, BFRP). The limit for the ratio of the 
long-term strength and the elastic modulus is given to avoid 
brittle failure. The lower limit on compressive strength of 
concrete results from the limit on the parameter fbd,100a. The 
maximum reinforcement ratio ρlf was introduced to avoid an 
excessive amount of reinforcement and facilitate constructa-
bility and placement of concrete.

Annex R requires the definition of the following proper-
ties of FRP systems for design according to Eurocode 2 [14]: 
fftk,0, characteristic short-term tensile strength of the FRP and 
EfR tensile modulus of elasticity of the FRP, both determined 
according to ISO 10406-1 [25]; and nominal diameter.

When designing a concrete structure with FRP reinforce-
ment, the designer should specify the following properties, 
that should be provided by the manufacturer to ensure a 
performance as assumed in design: section sizes and toler-
ances; minimum characteristic short-term and long-term ten-
sile strength (fftk,0 and fftk,100a, respectively); tensile modulus of 
elasticity, EfR ; long-term bond strength, fbd,100a ; strain at design 
tensile strength of FRP shear reinforcement, εfwRd ; installation 
temperature; maximum and minimum temperature of the 
FRP reinforcement for the design lifetime of the structure; 
exposure classification; and durability requirements.

The provision of the design properties that should be 
considered by the manufacturer is given in the Annex be-
cause there is not yet a European Standard or execution 
standard, or European Assessment Document (EAD), for 
FRP reinforcement.

As previously mentioned, the behaviour of FRP rein-
forcement under tension is linear elastic and should only be 
considered as tension reinforcement. In addition, due to the 
effect of creep rupture under sustained stresses, there might 
be a significant reduction in the strength over the time.

For this reason, in relation to the design assumptions for 
the mechanical properties of the embedded FRP reinforce-
ment, the design tensile strength of embedded FRP reinforce-
ment shall be taken as:

where:
fftk,100a is the design long-term strength, that can be obtained 
through tests or either by eq. (2) when it is not directly deter-



mined by production data. The long-term tensile strength is 
evaluated as the characteristic value of the stress leading to a 
5% probability of a failure under 100 years of sustained stress 
in 40°C wet concrete.

fftk,100a = Ct  Cc  Ce  fftk0 (2)

Ct is the factor that considers the temperature effects and 
can be defined as:

Ct = 1.0 for indoor and underground environments,
Ct = 0.8 for outdoor members if heating through solar 

radiation cannot be excluded;
Cc is the ratio between the strength under sustained load 

and the strength under short-term load, that may be deter-
mined according ISO 10406-1 [25]. This value shall be taken 
as 0.35 for GFRP reinforcement and 0.8 for CFRP reinforce-
ment, unless more accurate values are determined.

Ce is the ratio between the strength before ageing and 
after ageing, and may be determined according to the test 
concept in ISO 10406-1 [25] with exposure to 60°C for a 
duration of 3000 h. The value shall be taken as 0.7, unless 
more accurate values are determined.

The design long-term tensile strength considers the decrease in 
the short-term tensile strength due to sustained stresses, time, 
temperature and environmental influence. The previous coeffi-
cients are conservative and more accurate values can be obtained 
by performing tests defined in the EAD to directly obtain them. 
The background document of Eurocode 2 [20] describes tests 
methods to obtain in a direct way the value of fftk,100a, following 
tests setups from ISO 10406-1 [25] or comparable international 
standards [20]. These methods are based on the principles of lin-
ear reduction of the residual tensile strength in a time logarithmic 
scale and the time-temperature shift (i.e. an increase of temper-
ature in the test is equivalent to a certain increase of time in the 
original temperature). This way fftk,100a, can be extrapolated from 
tests results with shorter times (i.e. some months)

Without tests and by using eq. (2), a typical design value 
for the long-term strength of a GFRP rebar in an outdoor ele-
ment and in a persistent ULS situation might be calculated as 
indicated in eq. (3). A conservative value for design is obtained.

The stress-strain relationship for FRP embedded reinforce-
ment is linear elastic up to failure. Figure 3 shows the char-
acteristic short-term tensile stress fftk0, the long-term tensile 
strength fftk,100a and the design value of the tensile strength, fftd.

 

Figure 3. Stress-strain relationship for FRP embedded reinforcement.

Annex R gives also mean values of the FRP density for 
design purposes (2000 kg/m3 for GFRP and 1650 kg/m3 for 
CFRP reinforcement) and the coefficient of thermal expan-
sion in the longitudinal direction (5·10-6 K-1 for GFRP and 0 
for CFRP bars).

4.
durability

Durability conditions for design are defined by the main text 
of Eurocode 2 [14]. However, Annex R gives some provisions 
related to the concrete cover for reinforced concrete struc-
tures with FRP reinforcement. The nominal concrete cover, 
cnom, is the sum of the minimum value, cmin, plus an allowance 
in design for deviation, as for steel RC members, Δcdev The 
minimum concrete cover is defined as eq. (4).

cmin = max {cmin,dur + ∑Δ c ;cmin,b ;10 mm} (4)

In particular, for FRP reinforcement, cmin,dur, which is the min-
imum cover required for environmental conditions, is set to 
zero because corrosion induced by carbonation or chlorides 
does not occur for FRP reinforcement.

Unless more accurate information based on tests is avail-
able, the cover for transmission of forces by bond between 
reinforcement and concrete should be taken as cmin,b ≥ 2ϕ, 
being ϕ the bar diameter. At least the minimum cover for the 
FRP reinforcement shall be taken as cmin,b ≥ 1.5ϕ and cmin,b ≥ 10 mm. 
The concrete cover due to bond requirements may be high-
er than for steel reinforcement (where the minimum is 1ϕ), 
because of possibly higher splitting forces. According to the 
background document [20], for the same force to be an-
chored, higher slip values and higher splitting forces may oc-
cur for FRP reinforcement because of the lower modulus of 
elasticity and the bar surface.

One issue to keep in mind regarding corrosion is that 
CFRP reinforcement can form an electrical circuit which can 
cause corrosion in steel reinforcement in case of an electrical 
conductive contact. For this reason, direct contact of CFRP 
and steel reinforcement should be avoided.

Annex R does not address directly all the effects that 
might induce the deterioration of FRP in concrete (effect of 
water, chlorides, alkali, sustained stress, ultraviolet radiation, 
carbonation, acid attack, thermal actions). This might be jus-
tified by the limited design data available that can be used by 
design engineers related to this topic as mentioned in fib Bul-
letin 40 [4]. This is due to the lack of international agreement 
on FRP durability test methods, variability in production and 
variability in fibres, resin and FRP types.

5.
structural analysis

As explained in §3, FRPs are a linear elastic material up to 
failure. Therefore, linear elastic analysis with limited redis-
tribution and plastic analysis shall not be undertaken for the 
case of RC elements with FRP embedded reinforcement. In 
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addition, design with strut and tie models and stress fields for 
concrete elements with FRP reinforcement are not covered 
by this Eurocode [14].

6.
ultimate limit states

6.1. Bending with and without axial forces

The design of longitudinal FRP embedded reinforcement for 
bending, follows equilibrium and compatibility as in a rein-
forced concrete elements with conventional reinforcement 
[3,4,10]. FRP RC sections may fail either by crushing of 
the concrete or FRP rupture and both modes of failure are 
accepted in Annex R. The main particularities are that FRP 
reinforcement does not yield as in the case of steel and addi-
tionally it is available in a large variety of properties (short-
term strength, long-term strength, modulus of elasticity) all 
of them having incidence on the design [11]. The absence of 
yielding limits the tensile strain in FRP reinforcement to the 
design rupture strain, εfRd (see Figure 3).

Compression reinforcement is assumed to not contrib-
ute to the strength of the element. For columns or elements 
subjected to compression axial forces, unless more rigorous 
analysis is undertaken the benefit of the confining effect of 
FRP reinforcement should be reduced by the ratio EfR ⁄ Es  in 
any direction that confinement is considered. This is because 
confinement is less effective for materials with lower modu-
lus of elasticity [20,26].

6.2. Shear

Existing studies [27–31] have shown that the same shear re-
sisting mechanisms can be assumed to develop in beams with 
FRP reinforcement and in beams with conventional steel re-
inforcement. However, the resisting mechanisms degrade at 
higher rates than in conventional RC beams because, FRP 
reinforced beams develop larger and deeper cracks [32], and 
less shear can be transferred by aggregate interlock. There-
fore, provisions of §8.2 of the main text of Eurocode 2 [14] 
can be applied to elements with FRP longitudinal reinforce-
ment by applying some modifications that are explained 
in this section. As a summary, the procedure to verify the 
shear strength of linear members and the out-of-plane shear 
strength of planar members consists of three different steps:

Step 1. If the design average shear stress over the cross-sec-
tion, τEd, is lower than the minimum shear resistance, τRdc,min, a 
detailed verification of the shear resistance may be omitted.

τEd ≤ τRdc,min (5)

where:
τEd is the average shear stress defined as eq. (6):

being:
VEd the design shear force at the control section for linear 

elements
VEd the design shear force per unit width at the control sec-

tion for planar elements
bw is the width of the cross-section of linear members and 

is the smallest width of the cross-section between the 
tension chord and the neutral axis for sections with var-
iable width.

z is the lever arm defined as z = 0.9 d, where d is the 
effective depth, that is the distance between the most 
compressed fibre to the centroid tensile reinforcement.

τRdc,min is the minimum shear resistance of elements with FRP 
longitudinal reinforcement without transverse stirrups, 
based on the Critical Shear Crack Theory (CSCT) and 
is given by eq. (7):

where:
γv is the partial safety factor defined in Table 1 of §2.
fck is the characteristic value of the concrete compressive 

strength.
fftk0 is the characteristic short-term strength of the FRP em-

bedded reinforcement given by the manufacturer (see 
Figure 3).

EfR is the modulus of elasticity of the FRP reinforcement.
ddg is a size parameter that describes the failure zone 

roughness, which is a function of Dlower, the smallest 
value of the aggregate size.

Step 2. If the design average shear stress over the cross-sec-
tion, τEd, is lower than the design value of the shear resistance, 
τRd,c, no calculated shear reinforcement is required (see §8.2.2 
of [14]).

τEd ≤ τRd,c (9)

In this case, for elements without shear reinforcement, the 
formulas provided in §8.2.2 of the main text of Eurocode 
2 [14], to obtain the ultimate shear strength, can be adapt-
ed for the FRP embedded reinforcement by reducing the 
longitudinal reinforcement ratio ρlf by the ratio EfR⁄Es. This 
is to account for the lower stiffness of the FRP reinforce-
ment in comparison with conventional steel. This modifica-
tion is also applied in other codes or guidelines such as the 
ACI440.1R-15[3], CNR-DT203/2006 [19] and JSCE [33]. 
Therefore, τRd,c, can be obtained as eq. (10):

where:

ρlf =  (11)

Af,l is the effective area of the FRP longitudinal embedded 
reinforcement.



In the presence of tensile forces, equations given in §8.2.2 
should not be applied if the height of the compression zone 
in the cracked state of the section is less than 0.1d.

Step 3. If eq. (9) is not satisfied, shear reinforcement is 
required. Then, provisions of §8.2.3 of the Eurocode [14] 
can be applied, but with the following modifications in order 
to adapt the formulation to the case with FRP longitudinal 
and transverse embedded reinforcement. 

First of all, the shear stress resistance perpendicular to 
the longitudinal member axis shall be calculated according 
to eq. (12):

τRd,f = τRd,c + ρw ffwRd cot θ ≤ 0.17 fcd (12)

where:

ffwRd = ffwk,100a  ⁄  γFRP ≤ εfwRd EfwR (13)

ffwk,100a is the characteristic long-term shear strength of the 
FRP shear reinforcement

γFRP is the partial safety factor given in Table 1.
EfwR is the modulus of elasticity of the FRP shear reinforce-

ment.

εfwRd = 0.0023 + 1 ⁄15 EfR Afl (0.8 d)2 10-15 ≤ 0.007 (14)

θ is the inclination of the compression field, and cotθ 
should be considered as eq. (15):

cotθ = 0.8 (15)

For the inclination of the struts, θ, Kurth et al. [34,35] de-
veloped a formula to determine this inclination based on the 
compression field theory. The calculated inclination ranged 
between 20° and 50°. The cotangent of the inclination is then 
used to compute the contribution of the shear stress resist-
ance provided by the shear reinforcement. In a pragmatic 
sense, the cotangent of the inclination may be taken as 0.8, 
since this is a value on the safe side.

As explained in the background document [20], a data-

base of shear tests without transverse reinforcement, com-
piled by Kurth [34], has been used to verify eq. (7). The ex-
perimental ultimate shear strength has been compared to the 
minimum shear resistance, with mean values for the material 
properties and without applying the partial safety factor, ob-
taining a safer estimated for longitudinal reinforcement with 
characteristic short term tensile strengths of 1400 N/mm2. In 
addition, the experimental shear strength has been compared 
with the predicted value obtaining a good agreement. There 
are also other published database, such as that of [36] and 
[37]. In this paper, the same comparison has been done but 
with the database compiled in Marí et al. [36], observing the 
same conservative trend for the minimum shear resistance, as 
shown in Figure 4a. When predicting the shear strength with 
the database of beams with longitudinal FRP reinforcement 
and without FRP stirrups, a good agreement is observed (see 
Figure 4b). The mean value (MV) of the experimental aver-
age shear stress to the theoretical shear strength ratio is 1.07 
and the coefficient of variation (CoV) is 17.59%. 

The formulation for the shear resistance in convention-
al RC elements with transverse reinforcement is based on a 
strut-and-tie model, where the concrete contribution is in-
cluded through the cotθ and the shear capacity is limited by 
stirrups yielding and by the carrying capacity of the struts. 
This approach cannot be directly applied to the FRP shear 
reinforcement because of it is linear elastic up to failure. In 
addition, it has been observed in some tests that a shear com-
pression failure can occur before failure of the FRP transverse 
reinforcement. To take this into account, the shear strain in 
the reinforcement should be limited. Kurth et al. [35] pro-
posed a strain limit that depends on the flexural stiffness. In 
addition, the capacity of the compression struts is modified 
because the larger deformations expected when using FRP 
reinforcement. Therefore, the efficiency factor for the capac-
ity of the concrete strength is reduced to ν = 0.35.

For elements with transverse FRP reinforcement, and 
based on the previous statements, an initial formulation 
which is a modification of the strut-and-tie model was firstly 
developed. However, when applying this formulation to the 
database compiled by Kurth [34], results are very conserv-
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ative, especially for small shear reinforcement ratios, where 
sometimes it was lower than the strength given by eq. (10). 
Then, to avoid an uneconomical design, an additive approach 
derived by Kurth et al. [34,35] and given by eq. (12) has been 
included in Annex R.

According to the experimental program performed by 
Sczech and Kotynia [38] of 22 beams, very small values of 
the shear strength are obtained when neglecting the concrete 
contribution to the shear strength of beams with FRP stir-
rups. The real θ achieved in their tests was much lower than 
the assumed cotθ = 0.8. So the calculated shear stresses ob-
tained according eq. (12) are within a safe range.

Eq. (12) has been applied to the database compiled in 
Oller et al. [39] obtaining a mean value of the experimen-
tal shear stress to the theoretical shear strength ratio of 1.93 
with a coefficient of variation of 36%, which is conservative. 
Figure 5 shows this ratio plotted as a function of the shear 
span to effective depth ratio and as a function of a modified 
transverse shear reinforcement ratio (ρ*

w = ρw EfwR ⁄Ec) observ-
ing a decreasing trend in this last case. In addition, almost all 
the specimens show a conservative ratio above 1.0.

For shear between web and flanges, provisions in §8.2.5 
of [14] may be used by replacing fyd by fftd, cotθ = 1.0, and 
ν = 0.35.

In relation to shear at interfaces, §8.2.6 of [14] may also 
be used but after applying some changes. As mentioned in 
[14], the shear at the interfaces should be checked if the 
static equilibrium depends on the shear transfer across a giv-
en interface. Then, the shear transfer should accomplish eq. 
(16):

τEdi ≤ τRdi (16)

where:
τEdi is the design value of the shear stress in an interface given 
by:

τEdi =
 

 (17)

VEdi is the shear force parallel to the interface.

Ai is the area of the interfaces according to §8.2.6.
τRdi is the design shear resistance at the interface that can be 

calculated by eq. (18) if reinforcement is not required.

where the definition of the parameters can be found in §8.2.6. 
Finally, the provisions of the main text of Eurocode 2 re-

lated to not ensure yielding of the reinforcement crossing the 
interface due to insufficient anchorage do not apply for FRP 
reinforcement.

6.3. Torsion

The provisions for torsion of the main text of Eurocode 2 
[14] are valid for elements with FRP reinforcement but after 
applying some changes, related to the definition of the lon-
gitudinal and transverse strength of the FRP rebars, because 
of their linear elastic performance. These changes mainly 
consists of replacing the longitudinal steel yielding fyd by the 
design tensile strength of the FRP reinforcement, fftd, and the 
transverse steel yielding fywd by the design strength value of 
the FRP transverse reinforcement, ffwRd. 

Therefore, for a single cell, thin-walled section of a 
sub-section with a constant effective wall thickness, teff, the 
design torsional strength can be calculated as eq. (19):

τt,Rd = min {τt,Rd,sw ; τt,Rd,sl ; τt,Rd,max} (19)

where:
τt,Rd,sw = cotθ   ffwRd (20)

τt,Rd,sl =
 

 (21)

τt,Rd,max =
 

 (22)

being:
cotθ = 1.0 (23)

Figure 5. Experimental average shear stress to shear strength ratio for elements with FRP longitudinal and shear reinforcement vs a/d (a) and vs ρ*
w, 

including trends.



ffwRd is given by eq. (13), but should be limited to ffwRd ≤ 
0.004 EfwR.

fftd is given by eq. (1), but should be limited to fftd ≤ 0.004 
EfR.

uk is the perimeter of the area Ak, which is the area en-
closed by the centre-lines of the connecting walls, in-
cluding inner hollow areas.

teff is the effective wall thickness that may be taken as A ⁄u, 
being A, the total area of the cross-section, including 
inner hollow areas and u, the outer perimeter of the 
cross-section.

ν = 0.35 (24)

For combined shear and torsion, the compatibility of strains 
has to be ensured because different approaches have been 
applied for shear and for torsion. In addition, the transverse 
reinforcement should be the sum of the reinforcement re-
quired for shear and for torsion.

6.4. Punching

The provisions for the punching-shear for slabs without shear 
reinforcement of §8.4.3 of [14] and with shear reinforce-
ment of §8.4.3 of [14] shall not be applied to concrete slabs 
with longitudinal FRP reinforcement. This is because there 
is not enough database to validate any proposal. There are 
only few existing studies related to punching-shear with FRP 
embedded reinforcement.

7.
serviceability limit states (sls)

Since the behaviour of FRP RC members is governed by the 
same principles of steel RC [2,11], the general equations in 
the main text of Eurocode 2 [14] apply. Again, the possible 
difference in the design solution will be due to the different 
properties of FRP reinforcement with respect to steel one. 
The design of FRP concrete is often controlled by SLS due 
to the lower modulus of elasticity in comparison with steel 
reinforcement.

7.1. Stress limitation and crack control

Stresses in concrete and reinforcement are limited in a simi-
lar way to steel RC members.

For elements with FRP embedded reinforcement, crack-
ing shall be usually limited for appearance conditions to 
wlim,cal = 0.40 mm. In the absence of appearance conditions 
this limit may be relaxed.

Table 2 and Table 3 provide the verifications, stress and 
crack width limitations for elements reinforced with FRP 
according to Annex R. These tables are an adaptation from 
Tables 9.1 (NDP) and 9.2 (NDP) from the main text [14]. As 
observed, since FRP embedded reinforcement does not have 
corrosion problems, there is no need to limit the crack width 
for durability reasons, only for appearance, or in environ-
ments with freeze/thaw, and where wheel loads are present. 

TABLE 2.
Verifications, stress and crack width limits for appearance according to Annex R 
[14].

Verification Calculation of  Verification of Verification of
 minimum width according reinforcement
 reinforcement to §9.2.3 stresses to
 according to  avoid failure at
 §9.2.2  SLS

Combination of Cracking forces Quasi-permanent Characteristic
for calculating σf according to combination of combination of 
 §9.2.2

 

Limiting value of σf  ≤ fftd wlim,cal = 0.4 mm σf  ≤ 0.8 fftd 

σf   σf  ≤ fftd 

TABLE 3.
Verifications, stress and crack width limits for durability according to Annex R [14].

Exposure class Concrete members with FRP reinforcement

 Combination of actions

 Quasi-permanent Characteristic

XC, XF, XD wlim,cal =0.4 mmc) σc ≤ 0.6 fck a),b)

a) No limitation in serviceability conditions is necessary for stresses under 

bearings, partially loaded areas and plates of headed bars.

b) The compressive stress σc may be increased to 0.66 fck if the cover is 

increased by 10 mm or confinement by the transverse reinforcement is 

provided.

c) In absence of appearance conditions, fasteners, punctual wheel pressure, 

lap splice or freeze thaw, this limit may be relaxed to values up to 0.7 mm.

The provisions relevant to steel reinforcement for the calcu-
lation of minimum reinforcement areas (§9.2.2) and refined 
control of cracking (§9.2.3) may be applied to concrete with 
FRP reinforcement by replacing the parameters correspond-
ing to steel reinforcement by those corresponding to FRP, un-
der the assumption that the bond behaviour of both types of 
reinforcement are similar.

7.2. Deflection control

Existing equations for the calculation of deflections of FRP 
RC members are based on the same principles as for steel RC 
structures. Being the deformability an issue of major impor-
tance for FRP RC structures, a significant number of stud-
ies about their short-term deflections have been carried out 
[13,40–43]. With different levels of approximation, either 
double integration of curvatures or constant average stiffness 
along the member, the proposals lead to acceptable predic-
tions [3,44–46].

Although less work has been done on long-term deflec-
tions, some proposals have also been presented [47–51]. 
Since long term curvatures (and deflections) of RC members 
are highly dependent on the reinforcement stiffness, Ef Af, 
differences in behaviour with respect to steel RC arise from 
possible changes in that value. Similarly to short-term deflec-
tions, application of general analytical procedures provides 
reasonable predictions [51]. A practical alternative consists 
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on the use of multiplicative coefficients to obtain long-term 
deflections from the short-term ones. Some proposals of mul-
tiplicative coefficients have been presented, either empirical-
ly modifying the values for steel RC [3,52] or analytically 
deducing factors from the general equations [47,51]. Some 
larger deviations may appear in the case of empirical meth-
ods [51].

Annex R proposes the application of the general meth-
od for deflection calculations in §9.3.4 of Eurocode 2 [14]. 
The simplified approach for deflections of steel RC building 
structures given in §9.3.3 of Eurocode 2 does not apply to 
FRP embedded reinforcement.

Likewise, the limits of span to effective depth ratios 
calibrated for steel RC flexural members given in section 
§9.3.2 do not apply to FRP RC structures. Some proposals 
with different levels of approximation and different frame-
work (i.e. ACI, Eurocode) can be found in the literature as 
in [3,43,53,54].

8.
bond and anchorage of frp reinforcement

According to Annex R, the provisions related to detailing 
with FRP reinforcement apply only to straight rebars. The 
main text of Eurocode 2 [14] is valid for spacing between 
FRP embedded rebars.

In relation to the permissible mandrel diameters for bent 
rebars, the minimum diameter shall avoid damage of the FRP 
reinforcement and failure in the concrete inside the bend of 
the bar (crushing, splitting or spalling). To accomplish the 
first condition, the mandrel diameter may be found in the 
Technical Product Specification and should be at least:

ϕmand,min = { 4ϕ   for ϕ ≤ 16 mm  
 7ϕ   for ϕ > 16 mm 

(25)

The verification of the concrete inside the bend may be 
omitted (provided that fftd ≤ 25fcd and γc ≤ 1.5): for stirrups 
that accomplish conditions described in §12.3.3 of [14]; for 
standard hook and bend anchorage; if cx ≥ 1.5ϕ from an edge 
parallel to the bent and a clear distance between bars cs ≥ 3ϕ 
according to Figure 6c of [14]; or for all bends with an angle 
αbend ≤ 450 at a clear distance cx ≥ 2.5ϕ from an edge parallel 
to the bent, a clear distance between bars cs ≥ 5ϕ and a length 
≥ 2ϕ of the straight segments between multiple bends.

For the remaining cases, the design value of the stress in 
the FRP rebar should accomplish eq. (26) to avoid concrete 
failure inside the bend area.

σftd  ≤ 25 fcd (26)

One of the main limitations of the thermosetting rebars, 
which are the commercial FRP rebars, is bending at the 
construction site or re-bending which is not possible. The 
thermosetting based bars cannot bend once the matrix has 
solidified because they are fully cross-linked. Then, these 
thermosetting rebars should be manufactured with the re-
quired length and their bent configurations, and bending 

should only be done under controlled factory and controlled 
temperature conditions. There are also some additional limi-
tations related to the number of bends per rebar, to the bent 
radius and to the spacing between two successive bends. Lap 
splices are required to overcome these problems which con-
sume more material [55].

When anchoring FRP reinforcement in tension and com-
pression, provisions of the main text of Eurocode 2 [14] may 
be applied except for the modifications included in Annex R. 
It is only possible to anchor the rebars by following only 3 of 
the 6 methods described in [14]. These methods are anchor-
age of straight bars, bend and hooks and loops (see Figure 6).

 

Anchorage of straight bars
 

Anchorage of bends and hooks

 
U-bar loops

Figure 6. Methods for anchoring FRP reinforcement [14].
Eq. (27) can be applied to determine the anchorage length of FRP 

reinforcement.

where:

ησ = { 1.0  for σftd ≤ 217 MPa  
 1.5  for σftd > 217 MPa 

(28)

fbd,100 a may be taken as 1.5 MPa unless there is more accurate 
information based on production data. This value has 
been conservatively defined for fck = 20MPa.

cd = min {0.5 cs ; cx ; cy}  (29)

Figure 7 gives the definition of the parameters cover and 
clear distance between rebars, to obtain cd.

 

Figure 7. Concrete cover and clear distance between rebars to calcu-
late cd [14].



kcp is a coefficient that accounts for casting effects on 
bond conditions. kcp =1.0 for bars with good bond con-
ditions, kcp =1.2 for poor bond conditions, and kcp=1.4 
for all bars executed under bentonite or similar slur-
ries.

klb is equal to 50 for persistent and transient design sit-
uations or 35 for accidental design situations unless a 
National Annex gives different values.

If the clear distance between FRP reinforcement bars cs<7.5ϕ, 
concrete cover spalling shall be prevented by limiting the de-
sign strain to εfRd ≤ 0.0035 in straight bars or with confining of 
the anchorage zone.

Laps splices for FRP reinforcement shall be placed in the 
zone where the stress in the reinforcement at ultimate limit 
state is less than 80% of the design strength.

The provisions of §11.4.4 of [14] for anchorage with 
bents and hooks, of §11.4.6 and of §11.5.4 for anchorage 
and lap splices with U-bar loops, respectively, may be applied 
with the assumption, that only the straight part is considered 
determining the anchorage length and that the design long-
term tensile strength ffwRd is considered.

The general provisions for bundles in anchorage or lap 
splices should not be applied for FRP reinforcement. 

Provisions of this section have been checked in the 
background document [20] through a database of 126 
available tests from 15 authors with GFRP-reinforced lap 
splices. Part of this database was previously analysed by 
[56]. According to this data, the influence of concrete 
strength and diameter is similar to that of reinforcing steel. 
Due to different surface preparations and to the different 
products tested, it is not clear enough the influence of the 
concrete cover and the bar spacing. The maximum strain 
limit for unconfined lap splices was given according to this 
database.

9.
detailing of members with frp reinforcement

Detailing of the RC elements with FRP reinforcement should 
be consistent with the design models and rules included in 
Annex R. In general, detailing given in the main text of Eu-
rocode 2 [14] can be applied except for the specific modifi-
cations given in Annex R, after applying the following chang-
es: steel yielding, fyk, is replaced by the design FRP tensile 
strength, fftd; the elasticity modulus of steel, Es, is replaced 
by the modulus of FRP, EfR; and the area of tensile steel re-
inforcement, As, is replaced by the area of FRP, Af. Annex R 
only provides rules for straight FRP rebars.

The minimum area of FRP reinforcement for elements 
under pure tension is given by eq. (30).

Af,min = Ac  fctm ⁄ fftd  (30)

The minimum reinforcement shall be anchored and lapped 
following the previous section and considering a stress level 
of fftd.

9.1. Beams

In the case of beams with FRP longitudinal and transverse 
embedded reinforcement, reinforcement should be detailed 
following the requirements of Table 12.1 (NDP) of the main 
text of Eurocode 2 [14], but using smax,l < 250 mm.

Some rules are given for the minimum reinforcement: 
1) it should be distributed over the width and proportion-
ally over the height of the tension zone; 2) it should be fully 
provided between the supports; and 3) the area required for 
lever arm must be provided for the total length of the lever 
arm.

When distributing the longitudinal reinforcement, for 
members with constant depth, the bending moment law 
should be shifted at a distance al, that for members with and 
without shear reinforcement, it may be assumed al = d.

The shear reinforcement shall only consist of a combi-
nation of stirrups/links (enclosing the longitudinal tension 
reinforcement and the compression zone) or cages/ladders 
properly anchored in the compression and tension zones

Anchorages with headed bars or welded/connected trans-
verse reinforcement are generally not considered for FRP re-
inforcement. 

Laps on legs of stirrups in shear reinforcement may be 
used and designed according to the previous section of this 
paper and considering a stress level equal to the design tensile 
strength, fftd.

Annex R does not give provisions for the additional sus-
pension reinforcement for indirect support of loads (i.e. in-
tersection of primary and secondary beams or hanging loads).

9.2. Slabs

In the case of slabs with FRP longitudinal and transverse embed-
ded reinforcement, reinforcement should be detailed following 
the requirements of Table 12.2 (NDP) of the main text of Euro-
code 2 , but using smax,slab , smax,l ,smax,bu ,smax,tr < 250 mm.

The minimum height of the concrete slab is 200 mm if 
shear reinforcement is provided.

In relation to the shear reinforcement, the maximum lon-
gitudinal spacing smax,l of shear stirrups is 0.3d instead of 0.75d.

Annex R does not give provisions for the minimum area 
of reinforcement for robustness in case of progressive col-
lapse utilising FRP reinforcement in slabs. In addition, some 
of the rules for shear reinforcement do not apply in the case 
of FRP, in particular, rules are not provided for using FRP 
reinforcement for punching-shear, since there is not enough 
experience.

9.3. Columns and foundations

Although design criteria for columns and foundations can be 
found elsewhere (e.g. ACI 440.11-22 [57]), the new Euroco-
de 2 [14] does not provide rules for using FRP reinforcement 
under compression of for their use in foundations.

9.4. Other elements

For walls and deep beams, provisions of the main text can be 
used but using smax,l < 250 mm. No changes are required with 
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respect to the main text, when using FRP reinforcement for 
tying systems for robustness of buildings, supports, bearings 
and expansions joints.

For precast concrete elements and structures, the rules 
given in §13 of the main text, can be applied when using FRP 
reinforcement with some restrictions. Most of them are re-
lated with the fact that prestressing with FRP is not covered 
by Annex R.

10.
conclusions

The purpose of this paper is to summarize the content of 
the informative Annex R, developed by CEN/TC250/SC2/
WG1/TG1 and Project Team 3, in the new Eurocode 2 [14] 
provisions for the design with embedded FRP reinforcement. 
In addition, there is also a background document [20] that 
provides additional explanations and supporting information 
about Annex R. 

The provisions of Annex R for verifying the ultimate limit 
states are an adaptation of the main text to the particular 
case of FRP reinforcement.

The main differences between FRP and conventional 
steel reinforcement are that FRPs are anisotropic linear elas-
tic up to failure and have lower modulus of elasticity. The 
design tensile strength of the FRP rebar is defined as the long-
term tensile strength affected by a safety factor. This long-
term tensile strength considers the decrease in the short-term 
tensile strength due to time, temperature and environmental 
influence.

For the ULS of shear, for elements with transverse rein-
forcement, an initial formulation which was a modificacions 
of the strut-and-tie model was firstly developed. However, 
results were very conservative when applying the formula-
tion to a database compiled by Kurth [34]. To avoid an une-
conomical design, an additive approach, derived by Kurth et 
al. [34,35] was included, in Annex R.

Due to the lower modulus of elasticity, serviceability lim-
it states may often govern the design of FRP RC members. 
Limitation of cracking is mainly due appearance conditions, 
since FRP rebars present low susceptibility to corrosion.
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s u m m a ry

Since 1997, the design of fastenings for anchoring in concrete has been regulated at European level by Annex C of the European 
Technical Approval Guideline and the subsequently published, supporting and referenced “Technical Report” TR029 and TR045 
or by the pre-standard series CEN/TS 1992-4. The new EN 1992-4 standard, which is published in 2017 and has been formally 
accepted by the CEN members in the voting process. It summarizes the existing design rules while taking into account state of the 
art and applies to all main fasteners used in construction engineering. It is far more comprehensive in terms of the fastening systems 
it covers, and the load conditions it takes into consideration. Consequently, it represents an important and necessary step in harmo-
nizing the design of fasteners for use in concrete. The following paper briefly presents the contents of the new European Standard 
EN 1992-4 “Design of fasteners for use in concrete” and the major changes that have been introduced compared to CEN/TS 1992-4 
and ETAG 001, Annex C.

There is an added chapter regarding “post-installed rebar anchorage length”, which is covered by FprEN 1992-1-1:2023 [15]. This 
application is used for design of rigid connections between concrete members.

keywordS: EN 1992-4, EN 1992-1-1, concrete fasteners, post-installed rebar, anchor.
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r e s u m e n

Desde 1997, el diseño de las fijaciones para el anclaje en hormigón está regulado a nivel europeo por el Anexo C de la Directriz Eu-
ropea de aprobación técnica y los “Informes técnicos” TR029 y TR045 publicados posteriormente, de apoyo y referenciados o por la 
serie prenorma CEN/TS 1992-4. La nueva norma EN 1992-4, que se publica en 2017, ha sido aceptada formalmente por los miem-
bros del CEN en el proceso de votación. Resume las reglas de diseño existentes teniendo en cuenta el estado de la técnica y se aplica 
a todos los principales anclajes utilizados en la ingeniería de la construcción. Es mucho más completo en términos de los sistemas 
de fijación que cubre y las condiciones de carga que tiene en cuenta. En consecuencia, representa un paso importante y necesario en 
la armonización del diseño de anclajes para su uso en hormigón. El artículo presenta brevemente el contenido de la nueva Norma 
Europea EN 1992-4 “Diseño de fijaciones para uso en hormigón” y los principales cambios que se han introducido en comparación 
con CEN/TS 1992-4 y ETAG 001, Anexo C.

Hay un capítulo añadido con respecto a la “longitud de anclaje de las barras corrugadas post-instalada”, que está cubierto por la nueva 
EN1991-1-1. Esta aplicación se utiliza para el diseño de conexiones rígidas entre elementos de hormigón.

palabraS clave: EN 1992-4, EN 1992-1-1, fijaciones en hormigón, barras corrugadas post-instaladas, anclaje.
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with welded steel plates, mechanical fasteners such as met-
al expansion anchors, undercut anchors, concrete screws and 
post-installed chemical fasteners such as bonded anchors and 
bonded expansion anchors. Cast-in place systems, which are 
embedded in precast concrete elements under controlled pro-
duction, and which are only used temporarily for the lifting 
and transportation of pre-cast elements, are covered in the 
document CEN/TR 15728: 2008 [5] “Design and use of in-
serts for lifting and handling precast concrete elements”.

2.1.1. Anchor channels, headed bolts and headed anchors
Anchor channels consist of a cold-formed or hot-rolled, 
V-shaped or U-shaped steel profile with special anchoring el-
ements that are attached directly to the inside of the form-
work (Figure 1). The open steel profiles are filled with foam 
or provided with environmentally compatible foam filling 
with pull-out tape to prevent concrete from penetrating the 
channel during the casting process. Once the filling has been 
stripped and removed, the fixtures can be attached using spe-
cial T-headed bolts. Anchor channels are usually held in place 
by headed bolts or studs which are either welded, forged or 
screwed on. Depending on the product, the anchor channel 
can only be loaded perpendicularly to the axis of the channel 
because transferring forces along the length of the channel is 
only achieved by way of friction between the T-headed bolt 
and the lip of the rail, and the magnitude of friction is uncer-
tain. To transfer loads along the length of the channel there are 
special channels or special T-headed bolts to guarantee an in-
terlock connection which transfers the loads. EN 1992-4 [18] 
does not cover shear in the direction of the longitudinal axis 
of anchor channels.

Headed stud anchors consist of a steel plate with a headed 
studs welded on it. Headed studs are also made of ribbed or 
profiled rebar and are arc-welded to the anchor plate.

2.1.2. Mechanical fasteners
The fasteners covered by EN 1992-4 [18] can be divided into 
different groups:
- Metal expansion anchors (Figure 2a/2c)
 In the case of torque-controlled fasteners (Figure 2a) a 

hole is drilled, the fastener is inserted into the drill hole 
and anchored by tightening the screw or nut with a cal-
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Figure 1. Anchor channel before installation (left) and after installation (right).

1.
introduction 

Since 1997, the design of fastenings for anchoring in concrete 
has been regulated at European level by Annex C of the Euro-
pean Technical Approval Guideline [1] and the subsequently 
published, supporting and referenced “Technical Report” TR029 
[2] and TR045 [3] or by the pre-standard series CEN/TS 1992-
4 [4]. The new EN 1992-4 standard [18], which was published 
in 2017, has been formally accepted by the CEN members in 
the voting process. It summarizes the existing design rules while 
taking into account state of the art and applies to all fasteners ei-
ther cast into concrete or installed in hardened concrete. It is far 
more comprehensive in terms of the fastening systems it covers, 
and the load conditions it takes into consideration. Consequent-
ly, it represents an important and necessary step in harmonizing 
the design of fasteners for use in concrete. The following paper 
briefly presents the contents of the new European Standard EN 
1992-4 “Design of fasteners for use in concrete” [18] and the 
major changes that have been introduced compared to CEN/TS 
1992-4 [4] and ETAG 001, Annex C [1]. 

There is an added chapter regarding “post-installed rebar 
anchorage length”, which is cover by FprEN 1992-1-1:2023 
[15]. This application is used for design of rigid connection 
between concrete members.

2
en 1992-4 [18]

2.1. General

While the CEN/TS series 1992-4 [4] consists of 5 parts with ap-
proximately 170 pages, EN 1992-4 [18] is considerably shorter 
but technically much more comprehensive. The abridged back-
ground information will be still available as supplementary doc-
uments as part of the CEN/TR 17080 “Anchor channels – Sup-
plementary rules”, CEN/ TR 17081 “Design based on plasticity 
theory” and CEN/TR 17079 “Redundant systems”. 

EN 1992-4 [18] applies to cast-in place systems such as 
anchor channels, headed bolts, headed studs in combination 



ibrated torque wrench. A tensile force is produced in 
the bolt, the cone at the tip of the anchor is drawn into 
the expansion sleeve and forced against the sides of the 
drilled hole. Deformation-controlled anchors (Figure 2c) 
comprise an expansion sleeve and cone. They are set in 
place by expanding the sleeve through controlled defor-
mation. This is achieved either by driving the cone into 
the sleeve or the sleeve over the cone.

- Undercut anchors (Figure 2b)
 As with cast-in-place systems, undercut anchors develop 

a mechanical interlock between anchor and the base ma-
terial. To do this, a cylindrically drilled hole is modified 
to create a notch, or undercut, of a specific dimension at 
a defined location either by means of a special drilling 
apparatus, or by the undercutting action of the anchor 
itself. In case of self-undercutting the undercut is gener-
ated using the expansion element inserted into the pre-
drilled hole. Use of rotary-impact action permits the ex-
pansion element to simultaneously undercut the concrete 
and widen to their fully installed position. The cone bolt 
provides at its end space for the drilling dust which accu-

mulates during formation of the undercut. This process 
results in a precise match between the undercut form and 
the anchor geometry.

- Concrete screws (Figure 2d)
 Concrete screws or screw anchors are typically hardened 

to permit the thread to engage the base material dur-
ing installation. They are installed in drilled holes. The 
thread pitches at the tie may be provided with special 
cutting surface and or geometries in order to assist the 
process of cutting threads in the wall of the drilled hole. 
They may be driven by mean of special impact driver or, 
in other systems with a conventional drill equipped with 
an adapter. The diameter of the drilled hole is matched to 
the geometry of the screw so that the thread cuts into the 
concrete and an external force can be transferred to the 
concrete through this positive interlocking connection.

2.1.3. Chemical fasteners
- Bonded anchors:
 Bonded anchors are available in various systems. A dis-

tinction is made between anchors in which the mortar 
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a) Torque-controlled expansion anchors b) Undercut anchors c) Deformation-controlled expansion anchors d) Concrete screws

Figure 2. Mechanical fastening systems. Load transfer to concrete mechanism. Source [19].

 a) Torque-controlled expansion anchors b) Undercut anchors c) Deformation-controlled expansion anchors d) Concrete screws

Figure 2. Mechanical fastening systems

 a) Bonded anchors, b) Torque-controlled
 cartridge system bonded anchors

Figure 3. Chemical fastening systems.

 a) Bonded anchors b) Torque-controlled
  bonded anchors and mode
  of action

Figure 3. Chemical fasteners. Load transfer to concrete mechanism. 
Source [19].



is contained in plastic or glass capsules (Figure 3a) and 
injection systems in which the mortar is delivered in 
cartridges. Irrespective of the system, forces are applied 
from the threaded rod to the mortar via mechanical inter-
locking and to the anchor base via micro-interlock, fric-
tion and bonding between the mortar and hole wall.

- Torque-controlled bonded anchors:
 Torque-controlled expansion anchors use an anchor rod 

with multiple cones (Figure 3b). They are coated and 
can be protected with a wire sleeve if necessary. When a 
tension force is applied to the anchor rod, the cones are 
drawn into the mortar, which acts as an expansion sleeve. 
This results in expansion and frictional forces between 
the mortar and the borehole wall, sufficient enough to 
induce a tensile force to the base material regardless of 
the adhesive effect of the mortar.

2.2. Field of Application
The basic requirement for the usage of EN 1992-4 [18] is an 
European Technical Approval ETA (until June 2013), called 
Assessment (since July 2013) of the covered fastening systems 
on the basis of the applicable European Technical Approval 
Guideline ETAG [6] (until June 2013 ), called European As-
sessment Document (EAD) [7] (since July 2013). 

The Guideline or Assessment document specifies the re-
quirements and acceptance criteria which must be fulfilled by 
the fastening system. Based on this approach, tests need to be 
carried out in order to assess the suitability of the system and 
determine the permissible conditions of use. The tests involve, 
among other things, low-strength and high-strength concrete, 
with tests being carried out on both cracked or non-cracked 
concrete, depending on the intended application range. The ef-
fects of possible deviations during installation of the fastening 
system, such as borehole tolerances, level of borehole cleaning, 
extent of expansion, positioning of anchors with respect to 
reinforcing bars (reinforcing contact), the impact of moisture 
and concrete temperature on the load-bearing behavior of the 
fastener should be checked specifically, where relevant. The 
tests also take into account the impact of sustained and/or var-
iable loads on the fasteners. 

Gross installation errors cannot and are not be covered by 
these tests. EADs are produced by the European Organization 
for Technical Assessment (EOTA). The EOTA works closely 
with the European Committee for Standardization CEN.

The design in accordance with EN 1992-4 [18] is based 
on the characteristic resistance and spacing of the fasteners 
as specified in the Approval/Assessment. EN 1992-4 [18] is 
intended for the design of fastenings which connect structural 
and non-structural components with structural components, 
in which the failure of fastenings will: 
- result in a complete or partial collapse of the structure.
- cause risk to human life or
- lead to significant economic loss.

The design in accordance with EN 1992-4 [18] can be ap-
plied to both new buildings and existing structures which are 
covered by EN 1992 (Eurocode 2, concrete structures) and 
EN 1994 (Eurocode 4, composite structures). For applications 
where special conditions may apply, e.g. nuclear power plants 
or civil defense structures, modifications and supplements of 
the design may be necessary.

Fastenings can be designed as both single fasteners and 
groups of fasteners for anchoring in concrete, whereby it is 
assumed that only fasteners of the same type, manufacturer, 
diameter and anchoring depth are used within a group. With 
the introduction of EN 1992-4 [18], the permissible concrete 
strength classes C20/25 to C50/60 [6] will also be extended to 
C12/15 to C90/105 if the fasteners qualify for these concrete 
strength classes in accordance with [7].

For a group of fastenings, the loads are transferred to the 
individual anchors by means of a common fixture – usually a 
steel plate. Although the design of the fixture itself is not con-
sidered in EN 1992-4 [18], the design must, nevertheless, cor-
respond to the standard to be applied. The load transfer from 
anchor group to the supports of the reinforced concrete struc-
ture has to be verified for both the ultimate limit state and the 
serviceability limit state in accordance with EN 1992-1-1 [8]. 

Fasteners must be designed for static, quasi-static, dynam-
ic (fatigue and earthquakes) and fire actions. Whether and to 
what extent a fastener qualifies for the above-mentioned ac-
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Figure 4. Verifications for different fasteners in accordance with EN 1992-4 [18].



tion effects can be derived from the product-related approval/
assessment (ETA). Figure 4 shows the verifications that will 
be covered taking account of the different types of fastening 
systems in accordance with EN 1992-4 [18].

The load-bearing characteristics of fasteners can be signifi-
cantly influenced by cracks due to tension loads. Fasteners can 
generally be qualified and approved for cracked and/or non-
cracked concrete. It is therefore up to the designer to decide 
which national standards need to be taken into consideration 
and, consequently, which usage conditions need to be assumed 
for specific reinforced concrete components. In the design of 
flexural or tension components, it will be prudent to assume 
that concrete is cracked. Tensile Stresses caused by restraint 
will often exceed the low tensile strength of concrete.

If non-cracked concrete conditions are assumed and fas-
teners with an ETA for non-cracked concrete are selected, ver-
ification needs to be provided in accordance with EN 1992-4 
[18] that no cracks will appear in the anchorage area of the 
fastener for the entire service life of the fastener. To avoid such 
complex verification – if this is at all possible – fasteners suita-
ble for use in cracked concrete are generally preferred. 

2.3. Basis of design

Verification for the following two states needs to be performed:
- Ultimate limit state.
- Serviceability limit state.

For the ultimate limit state, it must be shown that the value 
of the design actions does not exceed the value of the design 
resistance, whereby the failure mode with the mathematically 
lowest resistance value is decisive for the design.

In the serviceability limit state, it shall be shown that the 
displacement occurring under characteristic actions is not 
larger than the admissible displacement. The admissible dis-
placement depends on the item to be fastened and must be 
specified by the structural engineer. The functionality of the 
component being fastened also needs be observed when sub-
jected to displacement. The characteristic displacements as 
given in the approval/assessment can generally be interpolated 
linearly, but in the case of combined tension and shear loads 
they should be added vectorially. 

Optimum and sufficiently safe utilization of the fastener is 
only possible if the design takes into account the loading di-
rection (tension load, shear load, combined tension and shear 
load) as well as the type of action (predominantly static, dy-
namic, variable, etc.) and differentiates the different modes of 
failure. In 1995 the Committee Euro-International du Béton 
(CEB) published a design method based on the CC-method 
[9] (concrete capacity) that meets the above requirements. In 
1997 this design concept was fully adopted by the EOTA. This 
basic approach or its philosophy to other fastening systems can 
be found in the European standard EN 1992-4 [18].

For post-installed mechanical and chemical fasteners un-
der tension loads, the CC method [9] differentiates between 
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steel failure, pull-out failure, concrete cone failure, splitting as 
well as blow-out failures of headed studs near to an edge. For 
shear loads, the differentiated modes of failure include steel 
failure (bolt shearing or bending failure), concrete edge fail-
ure and pry-out failure. Where existing reinforcement in the 
concrete member is utilized in the design for the above-men-
tioned fasteners, such reinforcement also needs to be verified 
against steel and anchorage failure.

The CC method [9] optimally utilizes the performance 
capabilities for the given marginal conditions but can also be 
considered as relatively complex as the load-bearing capaci-
ty of fasteners is described for all loading directions and all 
modes of failure. This is illustrated in Figure 5, which shows 
schematically the flowchart for the required verifications for 
anchor channels.

Various manufacturers have developed design software to 
simplify the design process. Such design programs make it is 
possible to solve almost every fastening task quickly while op-
timizing the utilization rate and thus the required number of 
fasteners.

Unlike CEN/TS [4] or [2], EN 1992-4 [18] is adapted 
to the current state of the art and the regulatory framework 
of the Construction Products Ordinance. This has resulted in 
both minor and major changes. In the following section, only 
the major differences will be discussed.

2.4. Technical changes

2.4.1. Consideration of the effect of sustained tension loads
Fasteners must ensure a safe load transfer over many years. 
Therefore, its long-term behavior is of interest. In case of ver-
ification of the failure mode “combined pull-out and concrete 
cone failure” of chemical fasteners, EN 1992-4 [18] contains 
an additional coefficient ψsus (not present in [1] and [4]), 
which is intended to take account of the effect of a tension 
load acting permanently on the fastener (sustained loading). It 
decreases the adhesive strength of the chemical fastener and 
therefore the resistance. The coefficient is product-specific and 
should be given in the product-related European Technical 
Assessment (ETA). It is included in the design by considering 
the ratio of the value of sustained loading related to the value 
of short-term loading. If no value is specified in the ETA for 
chemical anchors, a default coefficient of ψsus = 0,6 is assumed. 

There is currently no qualification guideline to describe 
how this value must be derived. As long as this remains the 
case, the design in accordance with EN 1992-4 [18] for a spe-
cific product with the total effect of the sustained load results 
in a load reduction of 40% compared to [1] and [4].

2.4.2. Consideration of the excess force on the concrete break-
out body subjected to a moment
When a fastening consisting of two anchors is subjected to a 
bending moment, a couple is set up consisting of a tensile force 
in the anchor and a compressive force beneath the fixture (Fig-
ure 6). If the tensile force in the anchor exceeds the concrete 
cone breakout capacity, then a concrete cone failure will occur. 
In this situation however the concrete cone failure load may be 
influenced by the adjacent compression stress block beneath the 
fixture. According to [10], the impact depends to a large extent 

on the lever arm between the resulting tension and compression 
forces (z) in relation to the radius of the expected breakout cone 
(r = 1.5 hef, with hef = anchoring depth of the fastener). 

Figure 6. Impact of a bending moment acting on the anchor plate on 
the concrete breakout load of the tensioned fasteners [10].

Figure 7. Impact of a compression force beneath the anchor plate 
on the concrete breakout load as a function of the ratio between 

the inner lever arm z and the anchoring depth hef due to an applied 
bending moment.

It is determined using the coefficient ψM,N (= 2- z /1.5hef).The 
smaller the difference between the resulting compression and 
tension force, the greater the increase in the load required to 
precipitate concrete cone failure (Figure 7). The coefficient 
can be between 1.0 and 2.0 in accordance with EN 1992-4 
[18]. This behavior can only be incorporated to a limited ex-
tent in the design and only in the cases of large edge distances, 
for example. Important studies have already been made in this 
regard in [8], [10] and [11].

2.4.3. Consideration of the supporting effect of a mortar bed 
(shimming)
When designing a fastener or providing verification for steel 
failure under an acting shear load, a distinction must be made 
between a “shear load without lever arm” and a “shear load 
with lever arm”. Until now, the design method for “shear load 
without lever arm” can only be used if the fixture is made 
of metal and positioned directly against the concrete. Com-
pensation layers or shims were only covered up to t = 3mm 
while this value was already increased to d/2 in [1] and [4] 
(d = nominal diameter of the anchoring element [mm]). If this 
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was not the case, the design had to be assumed as “shear load 
with lever arm”, which results in significantly lower resistance 
values   with respect to “steel failure” due to bending stresses. 

EN 1992-4 [18] provides the option of taking account of 
the supporting effect of a mortar bed under the fixture up to 
a maximum thickness of t = 40 mm. This only applies if it can 
be demonstrated that no cracks can be expected in the con-
crete (non-cracked concrete). In accordance with EN 1992-4 
[18], verification will be provided within the limits of the lay-
er thickness of 0.5d <t <40 mm as “shear load without lever 
arm” where the resistance value for this type of failure is linearly 
reduced within the said limits. For a mortar layer thickness of 
t = 40 mm, there will be a 40% reduction in the resistance val-
ue compared to a shear load without a lever arm and without 
shims. (Figure 8).

a) Fixture can be rotated freely.

b) Supporting effect of the mortar bed up to t = 40mm, schematic, 
non-cracked concrete.

c) Example for Anchor Diameter 16 mm.

Figure 8. Fastening under shear load with lever arm.

If the value of the characteristic cylinder compressive 
strength fck of the mortar being used is less than 30 N/mm2 
(MPa), the linear reduction is already within the limits of 

0 < t < 40 mm.
For a ratio of embedment depth (hef) to diameter (d) hef / d 

< 5 and a concrete strength class less than C20/25, a reduction 
in the resistance value for the failure type “steel failure without 
lever arm” of 20% is recommended.

2.4.4. Consideration of failure modes under combined ten-
sion and shear loads
The load-bearing behavior of fasteners under combined ten-
sion and shear loads lies somewhere between the behavior for 
centric tension and shear loads and depends on the angle of 
action. The same modes of failure occur as for tension or shear 
loads. The following failure combinations are possible:
a) Steel failure under tension and shear load
b) Concrete breakout failure under tension load and steel 

failure under shear load
c) Concrete breakout failure under tension and shear load
d) Steel failure under tension load and concrete failure un-

der shear load.
 
Until now, the individual modes of failure under combined 
tension and shear loads have not been fully considered on the 
basis of a trilinear interaction equation (Figure 9). According 
to EN 1992-4, the combined action should be calculated sep-
arately, once for concrete-related failures and once for steel 
failures, with the smallest value of both interaction curves 
providing the design value. This technically correct approach 
results in significantly higher resistance values   (Figure 10) than 
in the original equation ([1] and [4]).

Figure 9. Trilinear interaction diagram for fasteners based on [1], 
taken from [13].

Figure 10. Interaction diagram in accordance with EN 1992-4 taking 
into account the different modes of failure, taken from [13].
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2.4.5. Consideration of edge reinforcement for the concrete 
edge failure
Fasteners close to the edge under shear load perpendicular 
to the edge can fail due to concrete breakage (concrete edge 
failure) before reaching the steel load-bearing capacity. Co-
efficient ψre,V in EN 1992-4 takes into account the increase in 
the concrete edge failure load based on the type of edge rein-
forcement in place. If there is no available edge reinforcement 
or shear reinforcement, the coefficient is 1 (Figure 11a). The 
approach is identical to [1] and [4]. Whereas in [1] and [4], 
when edge reinforcement is provided, the basic characteris-
tic resistance for the failure type “concrete edge failure” is in-
creased by 20% (ψre,V= 1.2), in EN 1992-4 [18], the effect of 
edge reinforcement is ignored (Figure 11b) because there is no 
a clear strut & tie model to verify how it happens when a shear 
reinforcement is available (Figure 11c) . If staggered shear re-
inforcement is available (a ≤ 100mm and a ≤ 2c1 with c1 = edge 
distance in [mm]) and verification is provided for cracked con-
crete, the basic value is increased by 40%. This corresponds to 
the approach of [1] and [4]. 

a) Without edge, shear or hanger reinforcement.

b) Straight edge reinforcement.

c) Edge and close-meshed shear reinforcement.

Figure 11. Type of edge reinforcement and its impact on the concrete 
edge load.

2.4.6. Consideration of the concrete edge load for shear loads 
parallel to or at an angle to the edge
The coefficient ψa takes into account the angle a that the acting 
shear force forms with the direction perpendicular to the free 
edge. If the force acts parallel to the edge (a = 90°), the fail-
ure-inducing force acting perpendicular to the edge in accord-
ance with [11] is approximately 50% of the load. This means 
that the shear force that can be absorbed when applied parallel 
to the edge with the same edge distance is approximately twice 
as great as the load applied perpendicular to the edge. To date, 
the approach in accordance with [1] and [4] resulted in a 2.5-
fold shear force under the above-mentioned marginal condi-
tions. In accordance with EN 1992-4 [18], the original value of 
90 ° in [11] is reverted while the equation for the calculation of 
the coefficient ψa 

has been modified accordingly. Consequently, 
the concrete edge failure load for a shear force acting obliquely 
to the edge produces up to 20% (90°) less resistance values ac-
cording to EN 1992-4 [18] compared to [1] and [4], and as the 
angle decreases, the difference becomes smaller.

 
2.4.7. Impact of the conversion of the original concrete com-
pressive strength measured on cubes with an edge length of 
200mm
The original equations for determining concrete-related failure 
loads, such as concrete cone failure and concrete edge failure, 
were determined by taking into account the concrete com-
pressive strength measured on concrete cubes with an edge 
length of 200 mm. In the context of transferring the design 
concept to other fastening systems or guidelines, the corre-
sponding equations were given with reference to a concrete 
compressive strength – measured on concrete cubes with an 
edge length of 150mm. 

As part of the revisions made to the European Standard, 
the equations in question were adjusted to reflect the cylinder 
compressive strength (150mm x 300mm). Based on this ad-
justment, up to 4% lower resistance values   are calculated than 
for [1] and [4] in accordance with EN 1992-4 [18] – using the 
equation referred to.

3
fastening design in fpren 1992-1-1:2023 [15]

There is a fastening application which is not covered by 
EN1992-4 [18]. This application is the rigid connection be-
tween structural concrete elements using post-installed rein-
forcement bars. This application is covered, as a novelty, in 
FprEN 1992-1-1:2023 [15] (Art. 11.4.8). These connections 
are made with deformed reinforcement bars (fyk ≤ 500 MPa) 
and mortars (epoxies, vinylesters, etc) in existing concrete 
structures to resist mainly static loads. (Figure 12).

The reason for not covering these topics in EN1992-4 
is that the approach, in relation to the classical theory of 
anchors on which EN1992-4 is based, is different. The two 
main differences are:

Post-installed reinforcement bars (Rebar) are stressed by 
tension-compression loads. Not shear loads as an anchor.

Concrete cone failure or combined pullout and concrete 
cone failure, which are typical failure mode in classical the-
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ory of anchors, are prevented by the existing reinforcement, 
which takes tension loads as an overlap with post-installed 
rebar or by a compression strut. (Figure 13).

This sketch clarifies this last topic

Figure 14. Sketch Anchorage of bonded post-installed reinforcement. 
Source [15].

The start of anchorage refers to the cross section where the 
reinforcement force is fully transferred to the concrete in 
compression. (Figure 14).

3.1. Design Anchorage length calculation

Calculation of design anchorage lenght for post-installed re-
bar is described in Art. 11.4.8 FprEN 1992-1-1:2023 [15].

Formula (1) is used according to [15]:

(1)lbd,pi = ≥ 10ϕ αlb
lbd

kb,pi

Where:
lbd,pi is anchorage length for a post-installed rebar with ᴓ 

diameter.
kb,pi is bond efficiency factor. This factor depends on 

bonding properties of mortar, which are evaluated with 
test regarding European Assessment Document EAD 
330087-00-0601. This factor appears in European 
Technical Product Specification (European Technical 
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Figure 12. Examples of post-installed rebar connections include EAD 330087-00-0601”Systems for Post-Installed rebar connections with mortar”. 
Source [16].

Figure 13. Situations to avoid concrete cone failure or combined pullout and concrete cone failure with post installed rebar. Source [19].
a) Overlap. b) Compression Strut.

Key
lbd design anchorage length
1 start of achorage



Approval) (ETA) of mortar. This factor could take 
values between 0.71 to 1.

αlb factor accounting for cracks along the bar which may be 
taken as αlb = 1,5 in general or as given in the European 
Technical Product Specification of mortar.

lbd is the anchorage length for a cast-in rebar with ᴓ 
diameter. There are important changes regarding this 
topic in FprEN 1992-1-1:2023 [15]. There are two 
calculation methods:

Simplified Method: Using Table 1 based in fck of concrete and 
Table 1. Anchorage length of straight bars. (It corresponds to 
Table 11.11 in [15])

Detailed Method: Design anchorage length should be calcu-
lated with formula (2) according to [15].

(2)lbd = klb  kcp  ϕ ≥ 10ϕσsd 25 ϕ 1.5ϕnσ 1/2 1/2

435 fck 20 cd

where:
cd is the concrete cover. This is Min (0.5 cs, cx, cy) (Figure 

15). 

Figure 15. Concrete cover definition. Source [15].

σsd is the tension/compression stress in rebar in MPa.
fck is the characteristical concrete strength in MPa.
ϕ is the diameter rebar in mm.
kcp is the coefficient accounting for casting effects on 

bond conditions.

klb is the factor depending design situation (50 for persis-
tent and transient design situations. 35 for accidental 
design situations).

3.2. Post Installed Rebar Installation

It is important to note that design of post-installed reinforcing 
bars according to FprEN 1992-1-1:2023 [15] assumes that the 
installation is performed according to the manufacturer´s instal-
lation instructions by qualified personnel and inspection of the 
installation is carried out by appropriately qualified personnel.

Installation procedure of post-installed rebars involves 
the realization of drill holes in the concrete. The realization 
of drill holes close to each other or close to the concrete edge 
can cause cracks in the concrete that could significantly re-
duce the tension strength of post-installed rebars.

That is why Article 11.4.8 [15] indicates minimum dis-
tances at the concrete edge of the post-installed rebars de-
pending on the drilling method used (rotary percussion 
drilling with electropneumatic hammer, rotary drilling with 
diamond coring, compressed air drilling), if drilling is guided 
with a drilling aid, etc. (Table 2 and Figure 16).

Figure 16. Example of drilling aid. Source [16].

There are also limitations with the minimum distance 
between post-installed rebars cs.pir=max (4ϕ; 40 mm) and be- 
tween post-installed and cast-in rebars cs = max (2ϕ; 20 mm).
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These minimum distances could be specified in European 
Technical Product Specification of the mortar. (Figure 17)

conclusions

EN1992-4 represents the state of the art regarding the de-
sign of concrete fasteners, being fully consistent with the rest 
of the Eurocodes series.

The design according to EN1992-4 [18] is only possible for 
those fasteners with an ETA approval, in which EN1992-4 
[18] is specified as the design method.

At the technical level, EN1992-4 [18] does not introduce very 
significant changes in relation to ETAG 001 [1] or CEN/TS 
1992-4 [4], which it replaces, however, the level of acceptance 
and mandatory compliance will necessarily be higher.

There are two new aspects to take account in design of fas-
teners in concrete:
- Consideration of the effect of sustainied tension loads for 

chemical anchors due to creep effect.

- Consideration of strenght contribution of reinforcement 
close to fasteners. 

FprEN 1992-1-1:2023 [15] includes, as a novelty, anchorage 
lenght calculation of post-installed rebars, not included in 
EN1992-4 [18], which is used for design of rigid connections 
between concrete members.
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1
introduction

The revision process of Eurocode 2 [1] relating to concrete 
structural design is ready for the final step, the Formal Vote in 
CEN TC 250 Structural Eurocodes at the beginning of 2023. 
This paper summarizes the main changes and new develop-
ments presented by this revision in prEN 1992-1-2 [2] about 
the version currently in force.

2
structure and general issues of pren 1992-1-2

It has a structure very similar to the rest of the Eurocodes, with 
the particularities of the design of concrete structures against 
fire. It can be summarized in the following sections:
• Chapter 1. Introduction.
• Chapter 2. Scope.
• Chapter 3. Normative references.
• Chapter 4. Terms, definitions and symbols.
• Chapter 5. Basis of design.
• Chapter 6. Material properties.
• Chapter 7. Tabulated design data.
• Chapter 8. Simplified design methods.
• Chapter 9. Advanced design methods.
• Chapter 10. Detailing.
• Chapter 11. Rules of spalling.
• Annex A (normative): Lightweight aggregate concrete.
• Annex B (informative): Properties at high temperature of 

steel fibres reinforced concrete.
• Annex C (informative): Recycled aggregate concrete 

structures.

• Annex D (normative): Buckling of columns under fire 
conditions.

• Annex E (informative): Load-bearing solid walls – com-
plementary tables.

• Bibliography.

One of the premises to be fulfilled in this revision of the Euro-
codes was the reduction of Nationally Determined Parameters 
(NPDs) to a minimum. In the introduction, the parameters of 
national determination that are contemplated in [2] are defi-
ned, having been reduced from eighteen to four as could see 
in Table 1.

3
changes concerning basis of design and 
material properties

In the next bullet list, the main changes in basis of design and 
materials properties are listed:
• In Chapter 4, one important change should be highlight-

ed: the introduction in the project guidelines of a section 
on spalling where a definition of severe spalling is intro-
duced and reference is made to chapter 10 where rules to 
avoid it are given.

• Chapter 5, in its general section, introduces lightweight 
aggregates (material properties and specific rules for 
spalling in Annex A), steel fibres for concrete reinforce-
ment (design rules in Annex B) and recycled aggregates 
(design rules in Annex C).

• In [1], for the evaluation of the characteristic strength 
of normal concrete as a function of temperature and for 
application in the simplified methods at sectional level, 
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Table 1. Former and current NPD.



there is a curve that represents the coefficient as a func-
tion of the type of aggregate.

  On the other hand, there is a table giving the reduc-
tion strength factor for High Strength Concrete (HSC) 
for the three different classes of HSC. In the new version 
there is only one table (Table 2) for the reduction fac-
tor kc,ϴ, and other parameters of stress-strain relationship 
with two columns for normal concrete (under 70 MPa) 
for calcareous aggregates and for siliceous aggregates and 
the third column is for HSC (from 70 to 100 MPa).

 One reference for these changes, could be [3].
• In [4], a specific informative annex is provided specifying 

the strength of concrete during its cooling phase. To har-
monize the different parts of Eurocodes, the Horizontal 
Fire Group has suggested incorporating the informative 
annex in EN1992-1-2 [1]. This one has been adapted to 
cover both siliceous and calcareous aggregates and has 
been simplified to become one unique clause. The deci-
sion was taken by an agreement between the members of 
the Horizontal Fire Group.

• Another interesting new feature is the introduction of 
values for the concrete strength in the cooling phase, de-
pending on the maximum temperature reached during 
the heating phase (Extract 1 in Appendix to this paper).

• In [1] two different curves for thermal conductivity 
at elevated temperatures are provided and finally an 
interval of values is adopted but giving the possibility 
to take any specific curve within the interval in the 
scope of national annex (NDP). This situation has led 
to many curves across Europe. The new curve present-
ed as an analytical expression is included in Extract 2 
of the Appendix to this paper. For further information, 
see 5.2.2 in the Background Document for prEN 1992-
1-2:2022.[5]

4
changes concerning tabulated data

In chapter 6, new tables have been introduced for ease of use. 
The following general rules are given:
Concretes of usual density between 2000 and 2600 kg/m3.
• If the cross-section is variable along length, the minimum 

dimensions and axis distance of reinforcement shall be 
applied for the most unfavourable cross-section.

• For concretes with fck ≥ 70MPa, they should only be 
checked for R-values up to R120.

• There is a risk of severe spalling if the limitation rules to 
avoid spalling (Chapter 10) are not complied with.

• If the minimum values of the tabulated data are taken, 
no additional checks for torsion, shear, and reinforcement 
anchorage should be carried out.

• All tables in Chapter 6 are calculated with a load level 
ηfi = 0.7.

The design Table 5.2a in EN1992-1-2 [1] gives in some cases 
results on the unsafe side compared to advance design meth-
od, see explanations according to Method A. Thus the table 
is restricted to columns with l0,fi /l0 = 0.5. To increase the 
ease of use for designing columns, a rule defining a fictitious 
replacement effective length is established and the tables and 
Formula (6.7) in [2] may be used for other values of this 
ratio. Then,  should be calculated according to Formula (6.6) 
in [2] using the value of axial resistance of the column at 
ambient temperature conditions NRd for a modified effective 
length l0´ = 2l0,fi.

For columns, there is a definition of the effective column 
lengths to consider second order effects in case of fire (Figure 1). 

Carrascón, S., Robert, F., & Villagrá, C. (2023) Hormigón y Acero 74(299-300); 223-234 – 225

Table 2: New version of reduction factor for concrete strength in compression. Reproduction of Table 5.1 of FprEN1992-1-2:2023 [2].



According to 6.1 (2) of [2], Tabulated design data is con-
sidered to generally give conservative results compared to 
relevant tests or simplified or advanced design methods. 
This is in line with the concept of Levels-of-Approxima-
tion, presented e.g. in FIB Model Code 2010 in the Section 
“Basic Principles” [6]. Several studies with comparing cal-
culations indicate that Method A in tendency leads to less 
conservative results than other design methods for l0,fi = l0, 
and also for l0,fi= l0. Furthermore, the extensively validated An-
nex D is available for columns with l0,fi = l0, and for l0,fi = 0.7l0.

In method A, two tables are provided (one for columns 
with fire exposure on four faces and one for a single exposed 
face) for l0,fi /l0 = 0.5, the number of μfi values having been 
increased for ease of use (Table 3).

A new methodology has been set up to develop tables for 
braced or unbraced columns given in Annex D when l0,fi = 0 
or l0,fi = 0.7l0.

To increase the ease of use for designing load bearing walls 
exposed to fire, the tabulated data for load bearing walls were 
extended. The table for load bearing walls in [1] contains three 
load degrees and two different maximum lengths at ambient 
temperature linked to different maximum lengths in case of 
fire. The table was transferred from DIN 4102-4 [7] without 
justifying the load degrees. For further information, see 6.4 in 
the Background Document for prEN 1992-1-2:2022 [5].

In walls, the table for solid load-bearing walls exposed to 
fire on one or two sides has been modified, increasing the val-
ues of μfi for ease of use (Tables 4 and 5) and splitting the table 
according to the effective length.

5
changes concerning the treatment of 
spalling

A new chapter 10 has been added which clarifies the rules to 
assess spalling.

Many tests have been performed on concrete structur-
al elements these last decades. However test reports on fire 
resistance tests on structural elements with detailed concrete 
mix and characteristic strength are not so well documented or 
publicly available. Further to a state of the art performed with-
in CEN TC 250/SC2/WG1/TG5 and then the threshold of 
concrete strength for which no experimental evidence or addi-
tion of polypropylene is asked, is switched from C80 to C60.

In [1], moisture content is a key parameter to consider the 
occurrence of explosive spalling. Moisture content is undenia-
bly one of the main parameters influencing fire spalling of con-
crete, but it cannot be taken as the only parameter and many 
arguments are in favour of eliminating the moisture threshold:
• It is controversial, below which moisture content spalling 

is “unlikely to occur”. Since a European agreement for the 
value of  could not be reached, the decision was left to 
national annexes (in the present version of EN1992-1-2 
[1], varies from 2% to 4%).

• Scientific results indicate that spalling may appear from 
different moisture content values depending on the con-
crete composition, strength, section geometry, load… 
At first glance, a general fixed moisture limit for spalling 
seems like a good idea but this is not supported by the lit-
erature as so many inter-dependent factors are involved in 
the phenomenon. For further information, see chapter 10 
in the Background Document for prEN 1992-1-2:2022 [5].

• Even if the temperature, relative humidity (climate histo-
ry) and age of concrete are known, it is a very difficult task 
to determine the moisture content of the concrete.

• While moisture gradients do appear instead of uniform 
moisture contents, nothing is said about where (at the 
surface, in depth…) and when (3 months after casting, at 
equilibrium?) the moisture content should be measured 
or estimated.

• The designer has difficulties predicting what will be the 
moisture content in the built element, and cannot influ-
ence it.
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Figure 1. Effective length l0,fi for columns. Reproduction of Figure 6.3 [2].
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It is favoured to delete the moisture content threshold and 
to give general recommendations when a high moisture con-
tent is expected.

Firstly, Table 6 shows the spalling verification rules ac-
cording to the requested fire resistance, the environmental 
circumstances of the structure and the compressive strength 
of the concrete and the types of concrete additions.
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Table 3. Tables of method A for columns exposed to fire on four sides (upper table) and one side (lower table). Reproduction of Tables 6.1 and 6.2 [2].

Table 4. Minimum dimensions and axis distances for load-bearing reinforced concrete walls exposed on one long side (left) or on both sides (right) 
with l0 ≤ 4.5 m for ambient temperature conditions and l0,fi ≤ 2.5 m for fire situations. Reproduction of Table 6.4 [2].

Standard
fire

resistance

Minimum dimensions

(mm) (mm)

Wall thickness hw/axis distance a Wall thickness hw/axis distance a

0,2µ =fi 0,5µ =fi 0,7µ =fi 0,2µ =fi 0,5µ =fi 0,7µ =fi

Exposed on one side Exposed on both sides

1 2 3 4 5 6 7 8

REI 30 100/10 110/10 120/10 R 30 100/10 120/10 130/10

REI 60 110/10 120/15 130/20 R 60 120/15 155/20 170/25

REI 90 120/20 135/25 140/30 R 90 140/20 185/30 210/35

REI 120 135/25 150/30 160/35 R 120 165/30 210/40 240/45

REI 180 155/35 170/40 180/45 R 180 200/45 250/50 280/55

REI 240 180/40 200/45 210/50 R 240 250/50 305/55 340/60

Minimum dimensions

Standard
fire

resistance



In Extract 3 of the Appendix to this paper, content from 
[2] is included that is referred to Table 6.

In a second table (Table 7), the specific cases in which spe-
cial measures have to be taken for beams with small web di-
mensions are shown.

6
changes concerning simplified design 
methods

The major change in chapter 7 related to simplified design 
method is that the Isotherm 500 method disappears as such. 
However, an improved version of the “zone method” is given.

In [1], the zone method consists of dividing the section 
into strips of equal width (zones), determining the average 

temperature of each zone and, from this, determining the 
strength of the concrete. From the contributions of each zone, 
the resistance capacity of the section is determined, disregard-
ing a rim zone, determined by the parameter az. The contribu-
tion of the reinforcement is evaluated considering the exact 
temperatures in the rebars.

The major drawback of this method is the determination of 
the section temperatures. In [1], different temperature profiles 
at different time instants are given for several typical cross-sec-
tion profiles. Some of these profiles are shown in Figure 2. The 
problem with this method is that the determination of the 
temperatures at each point is not very precise, which leads to 
some uncertainty in the calculation of the temperature of the 
reinforcement, for example. On the other hand, if the section 
considered in the project does not coincide exactly with one of 
those recorded in the current Annex A, it is difficult to make 
an accurate estimate of the temperature and the associated 
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Table 5. Minimum dimensions and axis distances for load-bearing reinforced concrete walls exposed on one long side (left) or on both sides (right) 
with l0 ≤ 2.5 m for ambient temperature conditions and l0,fi ≤ 1.25 m for fire situations. Reproduction of table 6.6 [2].

Verification for spalling

R15 Verification of spalling may be omitted except Clause 10(2)
— structures in a water saturated

environment
— insulating permanent

formwork which prevents
concrete from drying

Specific assessment of spalling should be undertaken or
polypropylene fibres should be specified
See Clause 10(7), (8), (9) or (10)

fck < 70 MPa and silica fume
content < 6 % by weight of cement

Verification of spalling may be omitted except Clause 10(3)
and (5)

fck < 70 MPa and silica fume
content ≥ 6 % by weight of cement
or
fck ≥ 70 MPa

Specific assessment of spalling should be undertaken or
polypropylene fibres should be specified
See Clause 10(7), (8), (9) or (10)

Table 6. Overview of the rules for spalling. Reproduction of Table 10.1 [2].

Table 7. Special rules for isolated members with thin web. Reproduction of Table 10.2 [2].



resistance. With this approach, the calculation using the zone 
method is really laborious.

This is where one of the most important changes of [2] 
appears. Now, the calculation of the temperature is done em-
ploying analytical expressions. The proposed models allow the 
most common cases to be solved: rectangular section elements, 
cylindrical section elements, walls and slabs… The other major 
change is the determination of the parameter az, which is used 
in the improved zone method. Previously it was done from a 
series of abacuses (Figure 3), while now it is calculated from 
analytical expressions1.

Although the az parameter is also defined in [2], it appears 
that its definition is a bit different from [1]. In the current 
version, it simply appears as a parameter in the calculation. In 
[2] it is called “rim zone” and, according to [5], for a wall of 

1 Strictly speaking, in [1] the calculation of az is already done using analytical 
expressions (from which come those of [2]). However, these expressions de-
pend on the terms kc(θi), the reduction coefficients for concrete. The calcula-
tion of kc(θi) is complex because it depends on the temperature in the centre 
of the zone, which, as mentioned above, must be calculated graphically.

thickness 2w with both sides exposed, az can be determined 
with the following expression:

(1)(2w – 2az)•  fc (θM) =     fc(θ (x)) dx
w

–w

The idea behind equation (1) is that az gives the thickness of 
a strength-equivalent element with reduced cross-section, by 
deducting the thickness az from the original cross-section. For 
supports exposed on all four sides, [5] gives an analogous ex-
pression. Equations (8) and (9) are the analytical approxima-
tion of (1).

6.1.  Calculation procedure in the new Eurocode [2]

In the new Eurocode, for the verification of the fire resist-
ance, the following procedures are given:
• Tabulated methods (chapter 6).
• Simplified methods (chapter 7), which are divided for the 

cases of bending and bending and axial load in:
  - Simplified verification.

Carrascón, S., Robert, F., & Villagrá, C. (2023) Hormigón y Acero 74(299-300); 223-234 – 229

Figure 2. Isotherms (t =90min) and Isotherm 500 positions for different times. Reproduction of Figures A5 and A6 [1].

Figure 3. Reduction in cross-section az, of a beam or slab using siliceous aggregate concrete (left). Reduction in cross section az, of a column or wall 
using siliceous aggregate concrete (right). Reproduction of Figure B.5 [1].
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  - Refined verification.
• Advanced methods (chapter 8).

The changes in the tabulated methods have already been list-
ed in section 4.

As indicated in the introduction, the most significant 
change has been in the simplified methods. What used to be 
the Isotherm 500 method and the zone method have con-
verged into analytical methods, with two levels of complexity.

Finally, the changes in advanced methods are mainly due 
to changes in material models. As in [1], what is set out in 
Chapter 8 are general guidelines for the calculation of tem-
peratures and structural response by numerical methods, 
based on the models established in Chapter 5.

Assessment by simplified methods
The new Eurocode, as in the current version, considers the 
cases of bending, bending and axial load, shear and torsion. 
However, it focuses on bending and bending-compression be-
haviour, leaving shear and torsional verification as a series of 
additional checks.

The procedure is almost the same for both bending and 
bending and axial load checks:
1. Determination of temperatures
2. Structural analysis

1. Calculation of the reduced cross-section (determina-
tion of the parameter az). In the case of bending, the 
az parameter is determined by dividing the section 
into parallel zones of equal width, while in the case 
of bending and axial loading, the cross-section of the 
member should be discretized into a grid of small el-
emental zones (see Figure 7.9 of [2]) each character-
ized by area Acij.

2. Verification of the structural behaviour:
 •   Simplified verification
 •   Refined verification

This procedure is basically the same as the one to be followed 
in [1]; the key changes are in how both the temperatures and 
the rim zone are determined. In both cases, there has been a 
move from graphical methods to analytical methods.

Calculation of section temperature
In [2], it is now possible to calculate the temperature of each 
point of the section utilizing a series of analytical expressions.

Equations (2) to (7), which reproduce part of equations 
(7.1) to (7.11) of [2], do not actually have a physical mean-
ing, but are mathematical expressions that try to adjust the 
temperature values of a section to those calculated by numer-
ical methods from the material models of [2]. In particular, 
according to the background document [5], the conditions 
adopted are:
• emissivity of concrete surfaces, 0.7 (5.2.1 of [2])
• convection factor of exposed surfaces, 25W/(m2K) (7.2.1. 

(3) of [2])
• thermal conductivity of concrete is as given in 5.2.2 of [2]
• specific heat of concrete is as given in 5.2.3 of [2] with 

moisture content 1.5%. 

• density of concrete is as indicated in 5.2.4 of [2]; the ref-
erence value at 20ºC is 2300 kg/m3.

In addition, in [5], it can be seen that the fit between the 
numerical and the analytical model is rather good, with an 
error threshold for both concrete and steel strength of 0.1. 
Temperature deviations, when they occur, are always on the 
safe side.

For sections with a rectangular cross-section2:
•  Unidirectional temperature distribution:

(2)θ1(x,t) = 345 • log10 expo –x+1 •

7(t – ∆t)
60

k
t

where:
•  t is the duration of the standard fire (in seconds), t≥1800 s;
•  x is the distance from the exposed surface (in m);
•  Δt represents a delay between the temperature in the fire 

compartment and the concrete surface temperature as an 
approximation for the effects of convection and radiation, 
Δt=720 s;

•  k is an adjust coefficient as a function of density of con-
crete. It should be taken as k=3×106 s/m2. Additional in-
formation is given in the background document [6].

•  Fire on two opposite sides:

(3)θ2 (y,t) = θ1(y,t)+θ1(b–y,t)

(4)θ2 (z,t) = θ1(z,t)+θ1(h–z,t)

In these equations, x and z refer to the two directions (horizon-
tal or vertical, respectively) of the section under consideration. 
Each equation therefore represents the temperature distribu-
tion in each direction (cases A and B of [2], 7.2.3 (1)).
•  Four-sided fire:

(5)θ (y,z,t) = θ2(y,t)+θ2(z,t) – +∆θ(y',z',t)+20ºCθ2(y,t) •θ2(z,t)
θ1(0,t)

•  Three-sided fire:

(6)θ (y,z,t) = θ2(y,t)+θ1(z,t) – +∆θ(y',z',t)+20ºCθ2(y,t) •θ1(z,t)
θ1(0,t)

In the above equations, the term Δθ considers the increase in 
temperatures due to the effect of the corners:

(7)345 log10 +1∆θ(y',z',t)= – θ1(0,t)8t (ac–y')(ac–z')
60 ac

where the term ac is a parameter that depends on the dura-
tion of the fire under consideration.

Calculation of the reduced cross-section
In this part, there are also considerable changes compared to 
[1]. On the one hand, what has been done is a generalization 
of the zone method of [1]. On the other hand, the parameter  
az is now determined by the following expressions:

2 Similarly, the temperature can be calculated analytically for elements with 
a circular cross-section. For simplicity, the expressions for circular cross-sec-
tions have not been included in this article, as they are similar to those for 
rectangular cross-sections
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t–27

t–27

w
27

27

0.0125
(8)az= 

0.011 for 0.075 ≤ w < 0.20

for  ≥ 0.02

1+

1+40.011

which in [2] is used to determine az in a simplified way. Here,  
az depends uniquely on the time considered, t, and the w pa-
rameter3. In [1], w was obtained from an abacus, whereas 
now its determination has been simplified and is taken di-
rectly from a Figure, as appropriate case (Figure 4). It is im-
portant to note that in this expression, az does not depend on 
zone division. However, az can be determined more precisely 
by dividing the section into strips (or squares in the case of 
columns).

The expressions to determine az from the zones are simi-
lar to those that already existed, with the difference that now 
they are expressed in a more compact form and depend solely 
on the resistance of the concrete at each point. For the case of 
division into vertical zones, the next equation is used:

0.02
n

n fcd,θ(θM)
fcd,θ(θi)Σ (9)az  = w 1–

1–

where n is the number of zones into which the section is 
divided, fcd,θ(θi) is the concrete strength at temperature θi at 
the centroid of the zone i. fcd,θ(θM) is the concrete strength at 
point M, the centre of the section. This expression is actually 
not new, but brings together in a more compact form several 
expressions that were already present in [1].

3 w is a cross-sectional dimension used to obtain the reduced cross-section 
depending on the fire exposure and the cross-section geometry.

As can be seen, the advantage of using this expression com-
pared to [1] is, except for the w parameter, that the rest of the 
values can be calculated directly and accurately, which allows, 
in addition to speeding up the calculation, to test different op-
tions in the search for an optimum solution. In addition, the 
parameter w is constant for each case analysed and is obtained 
in a simple way from Figure 7.5 of [2] (Figure 4).

Verification of the structural behaviour

Bending.
Once the temperatures and the thickness of the section area 
to be discounted have been determined, the last step is to 
calculate the resistant capacity of the section. A simplified 
assessment and a refined verification method are provided.

The expression for the calculation of the bending capacity, 
in the simplified form of [2] is:

γs As,prov

γs,fi As,reqnst  fyk

fsy,θ,iΣ (10)MRd,fi = MEd

With this expression4, what is done is to correct the calcula-
tion moment in normal situation, with the relation between 
the resistance in case of fire against temperatures, the ratio 
between the steel area designed strictly (to building code 
specifications) and the real one, and the relation of the partial 
coefficients of the material. It must be considered that to be 

4 In [1] there is an equation very similar to (10) (eq. (E.4)). The resisting 
moment is evaluated by correcting the bending moment by, among other 
factors, the ratio (d–a)/d, where a is a parameter that homogenizes the rein-
forcement, depending on temperatures and corner effects. As explained abo-
ve, it is difficult to obtain the precise temperature in the bars, and corner 
effects are considered as a simple correction. In [2], this correction is made 
by calculating the steel strengths as a function of temperature, which can 
now be accurately determined.
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Figure 4. Determination of parameter w. Reproduction of Figure 7.5 [2].
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able to evaluate the resistance capacity of a section by this 
method, a series of conditions must be fulfilled. The main one 
is that As,prov/As,req<1.3 to make sure that the compression zone 
is not decisive.

If the conditions are not met, or if a more accurate verifi-
cation is desired, then the refined verification method must be 
used. This consists of evaluating the equilibrium of forces in 
the section, considering the loss of resistance capacity of the 
reinforcement, the rim zone to be discounted, and taking as 
the strength of the concrete that which is reached at the point  
as a function of the temperature ( fc,θ(θM)). The parameters 
to be considered are those shown in Figure 5. The maximum 
section strain and the depth of the compressed block are also 
given.

This method is basically the convergence between the 500 
Isotherm method and zone method of [1]. The zone to be 
discarded is now given by az and not by the 500 °C isotherm. 
The residual strength value of the entire undamaged zone is 
fc,θ(θM), instead of fcd,20.

Bending and axial loading
In the case of supports, there are also expressions for the 
calculation by the simplified and refined method. However, 
these are no longer as simple as in the case of simple bending. 
The simplified method would be equivalent to the refined 
method for the bending case, where the equilibrium of forces 
in the section has to be evaluated, considering the proper-
ties of the materials in case of fire, and the different compo-
nents of the eccentricity (first order, geometric imperfections, 
thermal…). The refined method is basically the same as the 
one already present in [1]. It consists of determining the mo-
ment-curvature curve of the section and, from this, ultimate 
moment capacity (MRd,fi), as a combination of the ultimate 
first order moment (M0,Rd,fi) and the nominal second order 
moment (M2,fi). The main difference with [1] is that, as the 
temperatures of each point of the section can be calculated 
analytically, it is much easier to establish the moment-curva-
ture diagram of the section at a given instant.

7
conclusions

The following key changes of the new draft [2] can be high-
lighted:
•  harmonized structure / table of contents [2] with other 

fire parts;
•  amended and improved simplified design methods, es-

pecially the determination of the temperature through 
analytical expressions, makes it possible to simplify and 
automate the calculation. In addition, it allows the search 
for optimal solutions and more precise results to be ob-
tained because new tables for columns and walls with 
more parameters are included;

•  ensured consistency between tabulated design data, sim-
plified and advanced design methods;

•  properties of steel fibre reinforced concrete at high tem-
perature;

•  properties of recycled aggregate concrete at high temper-
ature;

•  specific rules for avoiding / controlling spalling.

Moreover, through the reduction of the number of alterna-
tive application rules, the clarification of the use and scope 
of tabulated data, the reduction of NDPs, and the reduction 
of the volume of text by about 25%, ease of use has been 
enhanced.
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appendix

extracted text of fpren 1992-1-2:2023.

(6) For thermal actions in accordance with prEN 1991-1-2:2021, 5.3 (Physically based models), when
considering the cooling phase, the strength of concrete heated to a maximum temperature θc,max and
having cooled down to 20 °C may be taken according to Formula (5.8):

fc,θ,20 °C = φ fck (5.8)

where for:

— fck < 70 MPa

φ = fc,θmax/fck for 20 °C ≤ θmax < 100 °C (5.8a)

φ = (−0,0005 × θmax +1,05) (fc,θmax/fck) for 100 °C ≤ θmax < 300 °C (5.8b)

φ = 0,9 (fc,θmax/fck) for θmax ≥ 300 °C (5.8c)

Extract 1: Concrete strength in the cooling phase. Text extract taken from article 5.2.3 (2) [2].

(1) The thermal conductivity λc of concrete may be taken as:

λc = 2 − 0,2451 (θc/100) + 0,0107 (θc/100)2 W/(m K) for θc ≤ 140 °C (5.1a)

λc = −0,02604 θc + 5,324 W/(m K) for 140 < θc < 160 °C (5.1b)

λc = 1,36 − 0,136 (θc/100) + 0,0057 (θc/100)2 W/(m K) for 160 °C ≤ θc ≤ 1 200 °C (5.1c)

Extract 2: Definition of conductivity λc function of temperature ɵc. Text extract taken from article 5.2.2 (1) [2].
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(2) For performance requirements R15, verification for spalling may be omitted except for isolated
members with webs thinner than 80 mm and fck ≥ 70 MPa.

(3) A specific assessment of spalling should be undertaken (see (7), (8) or (9)), or polypropylene fibres
should be specified for the concrete mix according to (10), under any one of the following conditions due
to the expected high moisture content or specific behaviour:

— structures in a water saturated environment;

— insulating permanent formwork which prevents concrete from drying.

(4) When using tabulated design data (Clause 6), verification of spalling may be omitted for
fck < 70 MPa, provided that the maximum content of silica fume is less than 6 % by weight of cement
except for (3) above.

NOTE 2 Tabulated data have been developed based on fire tests or on calculations calibrated against full scale
fire resistance tests, including tests where spalling occurred. Hence the effects of spalling are covered by tabulated
data.

(5) When using simplified design methods or advanced design methods, verification of spalling may be
omitted for fck < 70 MPa, provided that the maximum content of silica fume is less than 6 % by weight of
cement except in the case of (3) and in the case of isolated members with three sides exposed, whose
dimensions do not comply with Table 10.2. In these cases, a specific assessment of spalling should be
undertaken (see (7), (8) or (9)), or polypropylene fibres should be specified for the concrete mix
according to (10).

NOTE 3 When columns are highly loaded, it can result in higher susceptibility to spalling.

(6) For fck ≥ 70 MPa or contents of silica fume above 6 % by weight of cement, a specific assessment of
spalling should be undertaken (see (7), (8) or (9)), or polypropylene fibres should be specified for the
concrete mix according to (10).

(7) The application of protective layers may be used to mitigate severe spalling (see 4.12).

(8) The effect on performance (R and/or EI) due to severe spalling may be taken into account by
considering the loss of strength either at member or at structure level. This loss of strength may be
assessed using a reduced effective cross-section, where the spalled layer of concrete is omitted when
calculating the strength. The extent of the spalled layer of concrete may be based on experimental
assessment according to (9).

(9) When assessment based on experimental evidence is required, it should be obtained from tests
representative of the conditions of the structural member in terms of geometry, stress and moisture
content.

(10) When polypropylene fibres are used to mitigate severe spalling, a minimum content kpp of
monofilament fibres with diameter less than or equal to 50 µm should be specified for the concrete mix.
Alternative contents or diameters may be specified if experimental evidence according to (9) is provided.

NOTE 4 The value of kpp is 2,0 kg/m3, unless the National Annex gives a different value.

Extract 3: Clauses referred in Table 6. Text extract taken from article 10 [2].
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