October 2007

METHODOLOGICAL GUIDE w o o o e e e o o o o i o o o i o o o |

EUROCODE 2
APPLICATION
TO CONCRETE HIGHWAY BRIDGES




E ! EUROCODE 2 — APPLICATION TO CONCRETE HIGHWAY BRIDGES service d'Etudes

techniques

des routes

Libertd + Egalité » Fraternité
REPUBLIQUE FRANGAISE ef autoroutes

The following participated in the realization of this guide:

Writing group:
BRISARD Sébastien, Sétra (Service d’études techniques des routes et autoroutes Technical
Department for Transport, Roads and Bridges)
BUI Ngoc-Vu, Sétra
CHARLES Pascal, Sétra
DARRIEUMERLOU Jean-Marie, CETE du Sud-Ouest (Centre d’études techniques de [’équipement
Technical Engineering Centers for Infrastructure)
DAVI Denis, CETE Méditerranée
DIAS Fernando, Sétra
GUILLOT Daniel, CETE de I'Ouest
IMBERTY Florent, Sétra
LACOMBE Jean-Michel, Sétra
MARCHAND Pierre, Sétra
PAILLUSSEAU Pierre, CETE du Sud-Ouest
PERO Florence, Sétra
POULIN Benoit, Sétra

Revision group:
BONDONET Gaél, Sétra
BOUCHON Emmanuel, Sétra
CHAUVEL Guillaume, Sétra
DE-MATTEIS Daniel, Sétra
GUAL Jean, Sétra
LACOSTE Gilles, Sétra
LE FAUCHEUR Daniel, Sétra
PEYRAC Pierre, DREIF (Directions régionales de I’équipement Region level offices for infrastructure
lle de France)
PRAT Michel, Sétra

Design group:
JULLIEN Philippe, Sétra,
PERRIN Guillaume, Sétra
RECURT Alain, Sétra

Coordination and animation group:
BUI Ngoc-Vu assisted by
PERO Florence
IMBERTY Florent

Guide EC2 - Version V7 -2- Sétra, le dd/09/yyyy




techniques

E . EUROCODE 2 — APPLICATION TO CONCRETE HIGHWAY BRIDGES service d'Etudes

des routes

Libertd + Egalité » Fraternité
REPUBLIQUE FRANGAISE ef autoroutes

PREFACE 5
FOREWORD 7
CHAPTER 1 - INTRODUCTION TO EUROCODE 2 9
L INTRODUCTION oot etttttiiiiiteiiee oottt ettt e oot e ettt ettt eee ettt e eeeeeee et eeeeeeeeeeeeiteeeeeeeeeeeeeeeeiaeees 10
Tl NUMBERING PRINCIPLE. teutseeeeeiieiiiieieeieieie ettt ettt ettt e ee ettt et ettt et et ettt eeeeee ettt ettt eeeeeeeeeeeeeeeeeeetteeaeeeeeeeeeeeeeeeeens, 10
CHAPTER 2 - FUNDAMENTALS OF DESIGN AND JUSTIFICATION..cccceeeeeeeeecseuaeececsssansseesssssssssosssssanssssssssanssse 12
L. BASIC REQUIREMENTS ceeiiiitititieiiiit ettt ettt ettt ettt ettt ettt ettt ettt ettt ettt ettt ettt et eeeeeeeeeiieires 13
II. JUSTIFICATION PRINCIPLE. .eeieeieurseeteeiiinteeeeeeeieeee ettt ettt ettt ettt ettt ettt ettt ettt ettt ettt ettt et ettt eeeieeeeeeeineeeee 13
II1. JUSTIFICATION METHOD . eeeiiututiieiiiittteeeeeeieteeeeeeeetee oot eeeee ettt e ettt eeeeeee e ettt eettteeeeeeeetteeeeeeeeteeeeeeeeetteeeeeeietteeeeeeieiteeeeeeienens 14
V. ACTIONS AND COMBINATIONS OF ACTIONS ..utvveieiieiuseeeeeeiiteeeeeeieetteeeeeeeetee et e eeetteee et eeeeteeeeeeeeeeeeeeeeteeeeeeeeaeeeeeeeiiteeeeeeeanens 14
VII. JUSTIFICATIONS IN CONSTRUCTION STAGES .iiiiiiiiiieieieitetetttetteeeeeeeeeeeeeeeeeeeee ettt ettt ee ettt eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeiseeeeeeeees 20
X, STRUCTURAL ANALY SIS, teviiiiiuueeiiiiiiteeeieeeeieeee et ettt ettt ettt ettt et ee ettt e ee ettt e et eetee et e eeeeeeeeeeeiteeeeeeeiiteeeeeeiieeeeeeees 22
CHAPTER 3 - MAJOR PROJECT DATA 31
II. DATA RELATIVE TO EUROCODE 2.uuuuueeeeeeeeiieeieeiieieee ettt eeeeeeeeeeeee et eeeeee et ettt ee e et eeeeeeeeeeeeeeeeeeeeeeeeeeeeeieeseeeeeeees 32
IV. DATA RELATIVE TO ACTIONS iiiiiuuueiieiiiiiteteeeeeiittee et eee ettt ettt ettt ettt ettt ettt ettt ettt teee ettt eeeieeeeeeiireeeeeeiinnes 40
V. DIVERSE DATA . eutttiieiiiitt ettt ettt ettt ettt ettt ettt e eeeiaes 44
VI. DIMENSIONING CRITERIA . tutvteiiiiiettteieeiieieeeeeeeeteeeee ettt et e ettt et ettt e et eeteeeeeeeeeeeeeeeeiteeeeeeeeiteeeeeeeeiteeeeeeeeiaeeeeeeens 48
CHAPTER 4 - TIME DEPENDENT DEFORMATIONS OF CONCRETE: SHRINKAGE AND CREEP.............. 49
L SHRINKAGE teviiiiiiiiiiiiiiiiii oottt ettt ettt ettt e ettt e et et et e et eeeeiaeeeeeeiiaeees 50
T CREEP ittt ettt ettt ettt e e ettt e et e e e eeieeieeens 51
III. ELEMENTS FOR CALCULATION OF SHRINKAGE AND CREEP VALUES...eeiiiiiiiiiiiiiiiiiiieeitetteteeeeeeeeeeeeieeeeeieeeieeeeeeieeeieeeeeeeeeeeeeeeees 54
CHAPTER 5 - PRESTRESS 55
L 1. A TE OF THE PRESTRESSING KITS...eeeeeteureeeeeienneeeeeeienteeeeeeetisteeeeeteeee et e eeee ettt eee ettt eeee ettt eeeteee et eeniseeeeeeeiireeeeeeiinnes 56
III. PRESTRESS FORCE . .uuteeieeiieuuttieiiiieeeeeteet ettt ettt ettt ettt ettt ettt ettt ettt ettt ettt eee et eeet e eeeiieeeeeennns 58
LIV . P RESTRESS LOSSES. .ttt ettt ettt ettt ettt ettt e et et ettt ettt ettt et e e ettt eeeeeeeeeeeeeeeeeeeeeeeeeeitsseeeeeees 58
VI. REPRESENTATIVE VALUES OF PRESTRESS. .eteuureeteieiitseteeeieiteeeeeteeteeeeeeeetetteeeeeeieteeeeeeeeeteeeeeeeenteeeeeeeeeteeeeeeeiiteeeeeeiiteeeeeen 60
VII. PRESTRESS ADHERENCE ...uuuuususssueeeeeeeeeeeeeeeee et eeeee ettt e ettt et ee et e eeeeeee et eeee e e et eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeieieeaeeeees 61
CHAPTER 6 - JUSTIFICATIONS AT ULS 63
1. JUSTIFICATION RELATIVE TO BENDING . .eettttttieiiiiiitieieieieetteteteeeeeeeeeeeeeeeeeeeeee et ettt ee et eeeeeeeee ettt eeeeeeeeeeeeeeeeeeeeeiiteeeeeeeeeeees 64
II. JUSTIFICATION RELATIVE TO SHEAR...ueveeeeetteetteeeteeeee ettt ettt ettt et ettt eeeeeeee e ettt ee et eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeieieteeeeeeeeeeees 69
III. JUSTIFICATION RELATIVE TO TORSION L.vveeeteeiusseetetiiitseeeeeienteeeeeeeetteee et ettt ettt ettt ettt ettt eeee ettt eeeiee et eeaieeeeeiiieeeeees 81
IV. JUSTIFICATION RELATIVE TO PUNCHING ... uutteteetttsteeeeeieitteeeeeeeeeeee ettt et ettt ettt ettt et eee ettt eee et eee it eeeeeeieeeeeeeeinaee, 86
V. FATIGUE VERIFICATION . .o euuttteiiiietteeieeteeteeeee ettt et e ettt ettt e e eeetee ettt eete et e e eeeeee et eeteteeeeeeeetteeeeeeeeteeeeeeeeisaeeeeeeaneees 89
VI. JUSTIFICATION RELATIVE TO BRITTLE FAILURE. ... uuvveeietieeuteeeeeeeiitteeeeteeeteeeeeeieseeeeeeeeeeeeeeeeeteeeeeeieetteeeeeeeeitseeeeeeeiiseeeeeeiinens 93
VII. NON-LINEAR AND SECOND-ORDER ANALYSIS — STABILITY OF FORM OF A PIER...ceieieeeeeuuuuuueueeeeereeeeeeeeeeeeeeeeieieieeeiieieiiseeeeeees 101
CHAPTER 7 - JUSTIFICATIONS AT SLS 114
L STRESS LIMITATIONS . cieiiiiiiii ittt oottt et et ettt e ettt e ettt ee ettt eeeeeeeeeeeeeeeeeeeeieieieeeees 115
TL. CRACK CONTROL ceiiiiiiiiiiiiieeeee ettt e ettt ettt e e e ettt ettt ettt e et et eeeeeeeeeeeeeeeeeeeeeeeeeeeieieeaenes 117
III. RULES FOR PRESTRESS DIMENSIONING .. uurseeteeientseeeetieeitseeeeeeeiitseeeeeteet ettt eee ettt eeee ettt eeei ettt eeti et eeeiteeeeeeeieeeeeeenss 123
CHAPTER 8 - DETAILING RULES RELATIVE TO REINFORCEMENT ...ccccceeeeeeteeesssnneeeecsssnsessessssnssssossssansssscen 125
L. SPACING OF BARS..uvviiiiiiittiiiiiiieeeiii ettt e ettt eeee et ettt ettt e eeeet ettt eit ettt eeieeeeeeiinees 126
II. PERMISSIBLE MANDREL DIMAETERS FOR BENT BARS. . .iitteeeeunnneiteeeteetssssesssneeeeeeeeeeeesssssnsaeeeeeeseeseesseseseeeeeeeeeeereesseriaeeeeeezeeeees 127
1. ANCHORAGE OF LONGITUDINAL REINFORCEMENT . .uuuuuutssssseeeeeeeeeeteeeteeeeeteteeeeeeeeiteteeeeeeeeeeeeeeeeeeeeeeeeeieeeeeeeeseeetaeeaeeeeeeeees 131
IV. ANCHORAGE OF LINKS AND SHEAR REINFORCEMENT . seeeeeieiuseeeeieeieteeeeeeeieteeeeeeieieeeeeeeeeeeeeeeeeeenteeeeeeieneeeeeeeeineeeeeeeiieeeeeeee 138
N AP ettt ettt ettt e ettt ettt et e e e ee e e e et eeeeeieaes 138
VI, L ARGE DIAMETER BARS. .uuuuuutueeeeeeeeteteteteeeeeeeeee it e ettt ettt ee et e eeeee e et eeeeee ettt e ettt eeeeeeeeeeeeeeeeeeeeeeeeeeeeieeeseeeeeeees 144

Guide EC2 - Version V7 -3- Sétra, le dd/09/yyyy




techniques

E . EUROCODE 2 — APPLICATION TO CONCRETE HIGHWAY BRIDGES service d'Etudes

des routes

Libertd + Egalité » Fraternité
REPUBLIQUE FRANGAISE ef autoroutes

VII. BUNDLED BARS.uettiiiiittetiitiiiteiiei ettt ettt et e e ettt e et ettt eee ettt et eeeeeeeeeeeeteeeeeeeeeteeeeeeeaiaeeeeeeeiiteeeeeeeienees 145
CHAPTER 9 - DETAILING RULES RELATIVE TO MEMBERS.....ccccctccessssereeeessseeeeeecssssasescsssssssssssssssssssssssssansases 150
1. MINIMUM BENDING REINFORCEMENT ...utututsteteteeeeeeeeeteeeeeeeeeeeeeeeet et eteeeeeeeeeeeeeeeeeeeeeeeeeeeteeeeeeeateeeeeeeeeeeeeeeeeeeeeeeeeeeeienes 151
II. SURFACE REINFORCEMENT . .uttsteetieittttttee ittt eee ettt ettt ettt ettt ettt ettt ettt ettt ettt ettt eet et eeee e eeeiieeeeees 151
III. SHEAR REINFORCEMENT .eeetiutsettetieitttte ettt ettt ettt ettt ettt ettt ettt ettt ettt ettt et ettt et eee e eeeeieeeeeeineeee 152
IV. TORSIONAL REINFORCEMENT . ...uutssteetieitseeeeeeeetteeeeeetetteeeeeeeeteee e et eettteeeeeeeeteeeeeeteteeeeeetetteeeeeeeetteeeeeeentaaeeeeeeaiteeeeeeainees 154
CHAPTER 10 - SPECIAL PRESCRIPTIONS AND JUSTIFICATIONS ....ccccerseeeersuecessasecssascessasscssassossasssssssssessassens 156
L SHEAR STRESS. . eiiiiiutetiiiiiitiiii ettt ettt ettt ettt ettt et eee e et ee et e e et ettt ettt eeeieeeeeeeeees 157
II. STRUT AND TIE METHOD FOR ZONE OF DISCONTINUITY ..uusveeeeeietueeeeeiietseeeeeeeiteseeeeeeieteeeeeeieteeeeeeeeneeeeeeeeiieeeeeeeeiaeeeeeeeiieees 165
1. DIFFUSION OF PRESTRESSING FORCES...eieitititiiiiieieieeeeettetteeeeeeeeeeeeeeeeee et ettt ettt et e e e eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeees 170
IV, PLATE DESIGN . etiiiiiiiiiiii ettt ettt e et e et e eeee et et e ettt et et e eeeeeeeeeeeeeeeeeieieieeees 181
V. FOUNDATIONS e eeeiittttt ettt ettt ettt ettt eeie e 189
APPENDICES 191
ANNEXE I. STRUCTURES USED FOR DIGITAL APPLICATIONS ...vvvieeeeruurreeeeessuureeeeeessssereeesensussssessessssssssesssssseseessmsssessesssnsssesessensnees 192
ANNEXE II. (GEOMETRIC IMPERFECTIONS ...vvvveeeeiestereeeseesuseeeseeenuseseessenssessessensssssseseesnssssssessnsssssseseenssssssssesnssssssesssnssseesssnssnnees 197
ANNEXE III. SHEAR/TORSION JUSTIFICATIONS = DIGITAL APPLICATIONS ...uvvvveeeieuuereeeeeeinereeeesesssereeessnsesseessessssesesssssssesssssssssesees 200
JUSTIFICATIONS AT ULS RELATIVE TO FATIGUE.......uuvvevieeiiisteeeeeeeesiaeeeeseesesteeeeeesessessessessssssesssesissessssesssssssesssmsssssessomsssssessssnns 213
ANNEXE VIII. - JUSTIFICATIONS AT ULS RELATIVE TO BRITTLE FAILURE....uuuuuuvverreeeereeeeeeeeeeeeeeeeeesesssssssssssssssssssseseessseseesseesesenns 242
ANNEXE IX. VERIFICATION OF FORM STABILITY - SIMPLIFIED METHODS AND EXAMPLE OF TWO PIERS....uuvvvvvvreerrereeeeeeeeeeeesesssesessnnnns 249
ANNEXE XI. EXAMPLES OF CALCULATION OF CRACK OPENINGS AT SLS .. iiiiiiiiiiiiiec e 281
ANNEXE XTI, BIBLIOGRAPHY ......cciitviieeieeiitiee e eeeitteeeeeeeitreeeeeeeetteeeeeeeettaaeeeeeestasseeeeeseasseeeeeeasssseeeeeasssseseeeantssseeeeesnsseeeeeannrees 293

Guide EC2 - Version V7 -4 - Sétra, le dd/09/yyyy




E ! EUROCODE 2 — APPLICATION TO CONCRETE HIGHWAY BRIDGES service d'Etudes

techniques

des routes
ef autoroutes

Libertd + Egalité » Fraternité
REPUBLIQUE FRANGAISE

PREFACE I

Guide EC2 - Version V7 -5- Sétra, le dd/09/yyyy




techniques

E ! EUROCODE 2 — APPLICATION TO CONCRETE HIGHWAY BRIDGES service d'Etudes

des routes
ef autoroutes

Libertd + Egalité » Fraternité
REPUBLIQUE FRANGAISE

On December 6 2004, on the occasion of the National Symposium on Eurocodes, and in the presence of Patrice
Parisé, Director of Highways, the French engineering, construction and training professions announced a strong
and unanimous commitment to the quick implementation of Eurocodes in the field of engineering structures,
thus stressing the importance of a short period of coexistence between old and new regulations.

Involving institutional cooperation with Germany, a follow up to the implementation, Eurocode user guides,
heightened awareness of the client, training etc., this guide, like the others, is part of a complete and specific
totality of the actions of Sétra destined to the implementation of the Eurocodes in the field of engineering
structures.

Whereas the Eurocodes are written in an encyclopedic manner, this guide agreeably takes up the French
tradition of didactic regulation, linking texts, comments and national choices, accompanying the designer
through the different stages of their task. In an effort to meet the requested demand we decided to write and
distribute this guide quickly, drawing upon the strong involvement of engineers from the Scientific and
Technical community and Sétra’s knowledge of the philosophy of European texts. This guide may certainly be
improved upon. The writing team, having proposed the first French bases of bridge design to Eurocodes, will
be most satisfied that their work will give rise to a variety of fruitful discussions with the French and European
professions.

Finally, beyond the circle of the writing team, this guide also reflects the great work accomplished by experts in
standardization, particularly those who, like Ngoc-Vu Bui, a member of the Eurocode 2 European project team,
listened to, talked with and convinced others to produce texts accepted by all, without renouncing the basic
French positions.

Héléne Abel *

* At publication of this guide
Former Director of the Centre des Techniques Ouvrages d’Art
Director of AMOTMJ
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After many long and laborious years in gestation, the Eurocodes have finally arrived. Without changing things
too much, they do involve an important effort of familiarization, learning and appropriation on the part of the
technical community, before becoming a tool for everyday work.

This last part of the road is not without its difficulties, nor its importance. On the contrary, it is even decisive to
be able to legitimately crown with success such an ambitious program. Without a doubt many of the
preparations were planned and will be implemented for this final step. Sétra, for its part, will contribute fully
and will make guides on the subject of bridges available to the technical community. They will accompany the
designers through this delicate period between old and new regulations. This is the need that triggered this
guide “Eurocode 2 — Application to concrete highway bridges”.

The guide begins with chapters 1 to 3 that deal with the generalities and basics for dimensioning and
verification of projects.

It continues with discussions on concrete: shrinkage and creep in chapter 4 and prestress in chapter 5.

The justifications to be carried out at the ultimate limit states are then dealt with in chapter 6 where detail will
be found on classic subjects such as verifications on bending, shear stress, torsional stress, crushing stress and
fatigue stress. They are followed by a new subject: verification of brittle failure.

The justifications to be carried out on the service limit states are dealt with in chapter 7, where there are new
developments concerning control of cracking.

Constructive provisions are the subjects of chapters 8 and 9, the first relating to reinforcement and the second to
structural elements.

The last chapter, 10, brings together specific justification methods: verification relative to shear in special
cases, the use of connecting rods and tie rods for zones of discontinuity, study of the prestress diffusion,
‘sandwich method’ for plate design and particularly the bending-shear combination. Foundations, treated in a
very partial manner by Eurocode 2, should provide useful references for designers.

The guide finally ends with numerous and varied appendices. In effect, it likes to think it’s complete without
having been able to deal with everything, and to avoid burdening the reader with an excessive amount of
information; much non-essential information and detailed developments of examples of application are to be
found in the appendices.

The guide’s first objective is a detailed description of the instructions that are new relative to previous
practices. At this point of implementation of the Eurocodes, this development aims particularly to facilitate
their understanding and their use. The numerous pages of the guide given over to them are there to give the
maximum of explanation. It is however true that for certain instructions it is still too early to be able to well
define their field of use, to estimate their importance and to evaluate the results of their application.

A second objective is trying to make the designer feel at home in this new voluminous entity full of multiple
and diverse rules. Hence the reason for all this extra information, not only in Eurocode 2 itself, but also when it
is necessary and thus useful to other Eurocodes.

And finally, the austere nature of such a work is inevitable. It is also accentuated by the very large number and
diversity of the subjects treated. Further, a particular effort has been made to aim for simplicity and in the
reasoning, or the logic in the linking of subjects, with the aim of providing a relative ease of reading. The guide
will have succeeded in its aims if the designers quickly find it easy to use and practical, and if they refer to it
often. This should not, however, excuse them from referring to Eurocode 2.
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I.INTRODUCTION

The Eurocodes make up a collection of standards developed at the European level whose aim is to contribute to
the standardization of technical design regulations and of structure design. They also contribute to general
European harmonization and to the elimination of the various constraints that might exist to the free transfer of
products and delivery of services. Following a long gestation period leading to the appearance of experimental
European standards (XP ENV or ENV), the present Eurocodes (EN) are the result of the change over a
relatively short time of this collection of experimental texts. They have clearly become more consistent and
benefited from an updating of the latest technical and scientific developments.

The Eurocode 2 “EN 1992 Design of concrete structures” (at times designated by an EC2 suffix) deals
especially with design and calculation of concrete structures. The concrete may be reinforced or not,
prestressed, light or of normal density. Specific regulations for prefabricated concrete are also planned.

Eurocode 2 presently contains four parts:

e Part 1-1: General rules and rules for buildings

*  Part 1-2: Structural fire design

e Part 2: Reinforced and prestressed concrete bridges

* Part 3: Liquid retaining and containing structures
Parts 2 and 3 show rules that apply to each structure dealt with.

The complete treatment of a structure necessitates reference to other Eurocodes or parts of Eurocodes,
particularly Eurocode 0 “Basis of structural design” for principles, basic requirements and the combinations of
actions, the various parts of Eurocode 1 for actions, Eurocode 7 for geotechnical design and Eurocode 8 for
seismic design. This guide is limited to aiding in the use of Eurocode 2 applied to the design and calculation of
concrete highway bridges.

This guide is based on published texts, and others are being written as it appears. The values of
parameters taken from national annexes in preparation for the publication date of this guide are
likely to be modified later. This will be announced and it is always advisable to refer to published
documents.

Since total harmonization of the rules can only be achieved in practice after a certain period of use, it is planned
at the initial stage that the Eurocodes propose options or parameters whose choice will be the responsibility of
the various national authorities. These choices may give rise to different values than those recommended by the
European texts. For each Eurocode, where necessary, forms the object of a national annex where their values
are specified; this guide is based on French choices by referring to them and explaining them where
appropriate.

I1.NUMBERING PRINCIPLE

It is useful to present as a preamble the numbering principles of the clauses of the bridge section of Eurocode 2,
and particularly the association with the main part.
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The following principles have been adopted:

At the beginning of each section, Eurocode 2, part 2 contains the list of the clauses of part 1-1 which apply
to bridges.
= Next in the section are solely clauses that are new or have replaced clauses in part 1-1 following changes.

At times it is only the note of a clause that has been changed in Eurocode 2 part 2 (e.g. a
recommended value). Even in this case, the corresponding clause of Eurocode 2 part 1-1 is
considered as changed and is entirely taken up in Eurocode 2 part 2.

*  When a clause from Eurocode 2 part 2 is new, its number is obtained by adding 101 to the number of the
last clause of Eurocode 2 part 1-1 of the corresponding chapter.
When a clause from Eurocode 2 part 2 replaces a clause from Eurocode 2 part 1-1 (changed clause), its
number is obtained by adding 100 to the number of the clause it replaces.

Examples:

Clause 3.1.6 (101) of Eurocode 2 part 2 replaces clause 3.1.6(1)P of Eurocode 2 part 1-1 (the text is
identical, but the recommended value for a..is different).

Clause 5.8.4(105) from Eurocode 2 part 2 is a new clause that comes after clause 5.8.4(4) of Eurocode 2 part
1-1.

Section 113 of Eurocode 2 part 2 is a new section that comes after section 12.

The operation of the national annex of Eurocode 2 part 2 is based upon the following principles, mentioned in
the foreword to the national annex:

= The clauses cited are those from standard NF EN 1992-2: 2005;
When the NF EN 1992-2 makes applicable a clause from NF EN 1992-1-1, this clause is applicable with
the clause from the national annex of the corresponding NF EN 1992-1-1.
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I.BAsIC REQUIREMENTS

The basic requirements formulated by the Eurocodes for the design and dimensioning of a project are those
already found in previous regulations: They aim to assure for each structure adequate levels of strength, of
service properties and of durability. However, the requirement relative to durability is formulated in a more
explicit way and requires specification of a design working life that, for bridges, is generally taken as 100
years. Account is taken of the environment peculiar to each project via classifications of exposure, previously
defined according to the nature of risks of corrosion and attack; it is also assumed that normal maintenance is
planned and carried out.

The Eurocodes also assume that the design and the construction of structures are carried out by qualified and
experienced personnel and that the monitoring and quality control are effective.

The requirements concerning the execution and the implementation must also be satisfied. As regards concrete
structures, these requirements are dealt with in standard EN 13670.

I1.JUSTIFICATION PRINCIPLE

The justification principle based on verification of limit states linked to the use of partial factors (of safety),
now familiar to the designers, is retained and applied.

The limit states are classified in two categories:

The ultimate limit states (ULS) concerning the security of persons and of the structure, correspond to the
static equilibrium limit, the resistance limit or the limit of dimensional stability. To that is added the
fatigue limit state, and a resistance limit state reached under special conditions with service load levels.

- the service limit states (SLS) which concern the structure’s operation, its durability, the comfort of its
users and the appearance of the constructions, are defined by various appropriate limitations such as:

- the limitation of the concrete’s tension or its non-decompression,

- the limitation of the tension in the reinforcement to prevent their plasticizing or their
inelastic strain,

- the limitation of the width of the crack openings for control of cracking.

The partial factors are used to define the values of the calculations of the basic variables (actions, strength,
geometric data), and to cover in part the many uncertainties that exist, to give the required margin of safety to
the structure. Generally they act to increase actions and to reduce resistances.

The values of partial factors adopted by Eurocode 2 and those given in the ECO annexes are
considered as leading to structures of reliability classification RC2 [EC2-1-1 2.1.1(2), EC2 Anx. C
Tab. C.2]. For information, for bridges, a design and a road design in accordance with the various
Eurocodes correspond to a target reliability index [ in the order of 3.8 for the ULS resistance and
for a design working life of 100 years.
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II1.JUSTIFICATION METHOD

The justification method generally consists of a structural analysis to determine the design stresses, but also of
other characteristic values such as those of stresses, strains etc. Actions and/or combinations of actions are
introduced into the structure design models, actions defined for the limit state studied and the phenomenon
whose influence is under study. Then the results obtained from this analysis are compared with the values that
are characteristic of attainment of the limit state linked to the phenomenon studied.

111 1.Justification at ULS

At ULS, regarding resistance for example, justification is often done by showing that the design internal forces
and moments values (called actions effects, E, in the Eurocodes) are less than the design resistance.

This is shown by verification of the symbolic equation:
E, <R,
The values Eq of the actions effects are obtained after factoring the actions by the various y¢ . The values Rqof

design resistance are obtained after a decrease by the various yu of the properties of the materials figuring in
determination of their resistance.

1t should be noted that the guide adopts the simplified form of these partial factors, the form that
includes the partial factor taking into account the model uncertainties. In practice and for most
cases the numerical values supplied are normally given in this form.

I11.2.

111.3.Justification at SLS

At SLS, generally, the service aptitude is demonstrated by checking that the values of the selected actions
effects (E) do not exceed the limit value of the criterion (C) that characterizes the state limit considered.

This is done by verification of the symbolic equation in which the design values are found:

E,<C,

The application of the justification method thus calls upon actions, their various combinations and the structural
analysis that is defined and specified below.

IV.

V.ACTIONS AND COMBINATIONS OF ACTIONS

|| On the date of publication of this guide, the following national annexes appeared ||
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NF P06-100-2 Basis of design June 2004
NF P06-111-2 General actions — densities, self weight June 2004
NF EN 1991-1-2/NA  Actions on structures exposed to fire February 2007
NF EN 1991-1-3/NA  Actions on structures. Snow loads May 2007
V.1.Actions

The actions are the applied loads (forces and torque) or strains imposed on a construction. The more standard
classification is shown in the table below:

Permanent actions Variable actions Accidental actions
Self weight Operating loads Impacts from vehicles or boats
Prestress Loads during construction Explosions
Weight, thrust, pressure of earth | Snow, wind, temperature Earthquakes
or water
Differential support Fall of movable element or of a
displacements prefabricated segment

It may be noted that displacements of supports and temperature effects are also considered as indirect actions
or imposed deformations.

Shrinkage and creep may be considered as indirect actions but are dealt with separately as if
originating from properties of concrete.

* Certain actions such as snow and earthquakes may be considered as accidental and/or variable actions
according to the project site.

In France, for highway bridges, an earthquake is a solely accidental force. It is the subject of
specific justification regulations developed in Eurocode 8.

V.1.1.Definitions and notations of major actions

o Permanent loads

G in fact symbolizes the minimum characteristic permanent loads Gy .r and the maximum Gy, It also includes
the possible effects of subsidence Gs: and is broken down as follows:

Self weight:

The structure’s self weight may be represented by a unique characteristic value and may be calculated on
the basis of nominal dimensions and of mean unit masses [ECO 4.1.2(5)]. The specific density of
normally reinforced or prestressed concrete is taken as 25kN/m® [EC1-1-1 Anx. A Tab.Al]. The
Eurocode 1 national annex proposes a weighting of 3% on the self weight of thin, prestressed structures
(this clause does not generally apply to bridges).

Superstructure:

Eurocode 1 part 1-1: Actions on structures - Densities, self weight and imposed loads for buildings also
show the additional provisions peculiar to bridges [EC1-1-1 5.2.3].
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The lower and higher characteristic values of the weight of the pavement sealing and surface are
obtained by taking a range of +20% if the nominal value takes account of a surface following
construction and of +40% and —20% in the opposite case [EC1-1-1 5.2.3(3)]. The specific density of the
poured asphalt and of the bituminous concrete is between 24 and 25kN/m® [EC1-1-1 Anx.A Tab. A6].

The characteristic values of the self weight of tendons, pipes and service shaft are evaluated by taking
account of a range of £20% in relation to the nominal value [EC1-1-1 5.2.3(4)].

The characteristic values of the self weight of the other equipment (railings, gates, curbs..) are evaluated
by taking account of their nominal values, except where otherwise noted in the project [EC1-1-1
5.2.3(9)].
o Major variable actions :
These are defined in the various parts of Eurocode 1:

TS In-tandem type traffic load and UDL uniformly-distributed traffic load. These two loads are the
model for the LM1 major load [EC1-2].

Qs uniform footpath load [EC1-2]

gar; load group i, this idea allows clear definition of the various load model combinations to plan
for in view of their simultaneous application on the structures [EC1-2]

Fy wind force. F', represents the wind force in traffic and F.x the wind force in the absence of
traffic [EC1-1-4]

T temperature force. This force merits special treatment [Chapter 3-11.3].
Qsuk  snow force [EC1-1-3]

Aq accidental force

Agq seismic force

P a generic symbol, representing prestress as a probable value or as characteristic values
[Chapter 5-1V].
V.1.2.y factors for highway bridges

The actions (F) normally act in combinations, either in characteristic values or by other representative values
that are deducted from them after assignment of appropriate y factors:

e Y, for a combination value

e ¥ifora frequent value

» U, for a quasi-permanent value

The factors W,, Y, and Y, for highway bridges are given in table A2.1 of annex A2 of Eurocode 0 and are
shown in the following table:
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Load Symbol P P, g,
TS 0.75 0.75 0
grla UDL 0.40 0.40 0
footpath + cycle path 0.40 0.40 0
grlbl single axle 0 0.75 0
Traffic load gr2 horizontal force 0 0 0
gr3 pedestrian traffic 0 0 0
gr4 crowd 0 0.75 0
or5 special vehicles 0 0 0
F persistent situation (in service) 0.6 0.2 0
Wind forces v Transient situation (execution) 0.8 - 0
F, 1.0 : 0
Temperature Ty 0.6 0.6 0.5
Snow Qsnx during execution 0.8 - 0
Construction loads Q. 1.0 - 1.0

Note: the values in this table are subject to change in the national annex of Eurocode 0 Annex A2.

Design values of the actions are obtained from the partial yr factors and are combined between themselves
according to the design situations to be examined that are mainly of three types:

* persistent design situation (mainly, the structure at its service start date and at the end of its design
working life),

* transient design situation (e.g., the structure is being built or repaired),
* accidental design situation (mainly the structure is subjected to a shock, an earthquake).

Annex A of Eurocode 0 “Basis of structural design” define the rules and the methods adopted for establishment
of these combinations of actions. For bridges, it is annex A2; other types of structure have their own appendix
such as annex A1 for buildings, etc.

This guide restricts itself to definition of the major combinations most used for bridges.

V.2.Combinations of actions for ULS

V.2.1.Basic combinations for persistent and transient situations

Eurocode 0, for persistent and transient design situations allows a choice between the basic expression

z Y6,iGrj T VP +¥q.Qu, + z Ya.iWoiQu; [ECO Expr.(6.10)]

121 1>]

and the alternative expressions

gz Y6.iGx; T YpP + Y01 Qi Z Yo.iWoiQu;

=1 121

[ECO Expr.(6.10a) and (6.10b)]
EZ Eij,ij,j TYpP +Yq Quy t Z Y0.iWo.Qux;
= 1>
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The permanent loads Gy and the variable loads Qx are taken as characteristic values, whereas the prestress is
taken as a probable value for verifications at ULS [EC2-1-1 5.10.8(1)].

For application to highway bridges, railroads and foot bridges and for verification of structural elements
(STR) not subjected to geotechnical actions, the national annex requests the use solely of the basic
expression (6.10) that translated according to actions, partial and classic factors, takes the following major
forms [ECO Tab.A2.4(B)]:

0,35(TS + UDL +q, ) +1,50 Min(F., ;0,6 F,,)

O
O

,35 griizlb,2,3,4,5
%Z (1,35 de»,Sup +1,00 Gk’j,inf)D+ YpP + E,S T, +1,35(0,75TS+0,4 UDL +0,4q,,) @
E 2 E [
H.5F,, .

aas QSn,k

The alternative expressions [ECO Expr.(6.10a) and (6.10b)] should thus not be used for bridges and foot
bridges.

1

The partial factor relative to the prestress yp is valued at ypny = 1 if the prestress has a favorable effect, and
Yruntav = 1.2 if the effects are unfavorable for verification of local effects [EC2-1-1 2.4.2.2]. During verification
of the stability limit state in the presence of an external prestress, if the prestress may be unfavorable
Yrunfav = 1.3 must be considered (unless there are sufficient deviators along the buckled length, the national
annex specifies).

V.2.2.Basic combinations for accidental and seismic situations

2.2.0.a)Accidental situation

2.2.0.b)

The accidental combinaison at ULS is given by:

Z G +P+A +(Y, ou,)Q,, + Z W,; Qi [ECO 6.4.3.3]
2 >

or

E
U (GkJ,SUP +Gk,j,inf)%+P +Ad +0,6 Tk + Qc

=1

But generally speaking the precise definition of combinations such as actions to be taken account of may be
found in Eurocode 1 part 1-6 and its national annex [EC2-2 113.2] or in the contract documents of particular
projects.

An accidental situation, particularly for bridges built as balanced cantilever method is often envisaged and may
occur during construction when a segment or a mobile element falls [EC2-2 113.2 (103) and (104)]. The
combination of particular corresponding actions may be found in the national annex of Eurocode 1 part 1-6 or
in the guide on bridges built as balanced cantilever method.

2.2.0.c)Seismic situation

2 G ¥P A+ 5 1,Qy, [ECO 6.4.3.4]

121 121
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The combination is only mentioned in a formal way and for reference since its use as associated analysis
methods is special and peculiar to Eurocode 8 and it is strongly suggested the designer refer to it.

V.2.3.Combination for verification regarding fatigue

The combination that allows calculation of stress range is [EC2-1-1 6.8.3]:
CO + Qfat
and is thus broken down as:

* abasic combination C,y of non-cyclic loads, presented in Eurocode 2 as similar to the frequent
combination used for SLS expressed in the form:

. G = z Gk,j P+, Q, t Z W, Qs [EC2-1-1 6.8.3(2)P]

121 1>1

If the cyclic loads, which may be a traffic load or a wind action are excluded from this combination,
the only variable non-cyclic force left in this combination is the frequent value of thermal action. It
is thus the average state of the structure in service, under permanent loads and frequent
temperature variations, which serve as the reference point to determine the variations in stress
caused by the cyclic fatigue load.

* the cyclic fatigue load Qg that may be the traffic load or the wind force.

Except for special cases (structures sensitive to wind forces), the cyclic fatigue load Qg corresponds to the
passing of trucks and is represented by the fatigue load models [Chapter 6-V].

As for the prestress, in compliance with [EC2-1-1 5.10.9], it comes in the combination of verification by its
characteristic values. This is justified in this case by the verification process that uses SLS type stress
calculations and makes up an exception to the general rule decreed for all ULS type verification.

V.3.Combinations of actions for SLS

At SLS the prestress is to be taken into account with its characteristic values [EC2-1-1 5.10.9]. The permanent
loads Gy, integrate the subsidences G as well as the shrinkage and creep effects.

V.3.1.Characteristic combination

Z Gk,j +P+ Qk,l + z lIJO,i Qk,i
o« R >l [ECO0 6.5.3.a)]

Similarly, in terms of classic parameters, it may take the following forms:

E{Ts +UDL +q,, ) + Min(F, ;0,6 ka)g
[Bllia 0345 T 0,6 Ty

= H rlb
[l (Gk,j,sup + Gk,j,inf)D"' P+
Ek= E . +(0,75TS+0,4 UDL +0,4q,)

EFWk
g) Sn,k

moOoooOoomd

V.3.2. Frequent combinations
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D G *PHW, Qt Y Wy Qg
. =T [ECO 6.5.3.b)]

or in a more practical form

[0,75TS + 0,4UDL +q, ) + 0,50 T, )E

75gr4+0,5T, 0
E E H.75 grlb H
G, . G P+
% 2 (G jsup kit )OF Py 6T, E
D2 F,, O
g g
@,5 QSn,k E
V.3.3.Quasi-permanent combinations
Z Gk,j +P+ z qu,i Qk,i
. E =T [ECO 6.5.3.¢)]

or in a more explicit and practical form:

=
U (Gk,j,sup + Gyt E+ P, +0,5T,

=1

VI

VIIL.JUSTIFICATIONS IN CONSTRUCTION STAGES

VII. 1.Generalities

The justifications to be done in construction stages are not explicitly presented in Eurocode 2 part 1-1. On the
other hand, Eurocode 2 part 2 dedicates a special section, no. 113.

It is advisable to check the SLS and the ULS in construction as soon as
» the actions , other than those applied on the finished structure, are applied,

* The static diagram is modified between construction stages and the service phase and this causes a
redistribution of forces,

» the construction stages have an influence on the stability or the geometry or on the stresses in the
finished structure.
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The justifications in construction stages may essentially be distinguished from justifications in operating
phases, on the one hand by the nature and/or intensity of the applied loads and on the other hand by the type of
construction.

The specific loads to take into account are a series of site loads adapted to the method of construction of the
structure [EC1-1-6].

The simultaneousness of the loads should be adapted to the project site situation [ECO A2.2.1(8)]. In particular,
the combination of snow and wind loads with the site loads should be defined for each project.

" The combination of personnel and climatic actions (snow, wind) is not to be effected. ||

It must be noted that account should be taken of a differential vertical (that may rise and fall) and horizontal
wind, for non-exceptional structures, particularly in verifications during construction [EC2-2 113.2(102)].

A value of 200 N/m’ is recommended by Eurocode 2 but the national annex refers to Eurocode 1
parts 1-4 and parts 1-6 and their respective national annexes.

Eurocode 2 part 2 notes, without giving details, that it is advisable for through bridges to take account of the
strains imposed [EC2-2 113.2(105)].

The type of construction may also lead to a consideration of accidental situations, as for example in the case of
realization of a bridge beam constructed by balanced cantilever method where it is required to take account of
the fall of movable elements (case of construction of a deck cast in-situ) or of a segment (case of a
prefabricated segment deck).

Finally, we could also point to verifications of the resistance of the structure and verifications of static
equilibrium: the design situation to consider is a transient situation.

VII.2.Special combinations for construction stages

VIL 2. 1.Verification of structural resistance

The basic combination of the ULS is given by the national annexes of Eurocode 0 Annex A2 and Eurocode 1
part 1-6.

VII. 2.2.Verification of static equilibrium

The basic combination of the ULS is given by the national annexes of Eurocode 0 Annex A2 and Eurocode 1
part 1-6.

It is particularly necessary to verify the stability of the beams of the structures built by balanced cantilever
method. In this case the verifications of support struts and nailing tendons are similar to those described in the
Sétra guide on bridges built by balanced cantilever method, with the combinations given by the Eurocode 1 part
1-6 national annex.

VII. 2.3.Verification at SLS

Eurocode 2 part 2 requires that the same SLS verifications be done for the execution phases but specifies that
certain service aptitude criteria may not be applied or applied with less strict conditions, so long as the
durability and the appearance of the finished structure are not affected. The following criteria are cited:
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e strain limit [EC2-2 113.3.2(102)]
» tensile limit for concrete to be verified under a quasi-permanent combination [EC2-2 113.3.2(103)]

* control of cracking to be ensured under quasi-permanent combination [EC2-2 113.3.2(104)]

o It is clear that the service aptitude criteria should be adapted for the construction stages. It is necessary to
do likewise for the prestress design rules that were added to complete the first ones. The details of these
adapted rules are shown in [Chapter 7 - I1I].

VIII.

IX.STRUCTURAL ANALYSIS

The aim of the structural analysis dealt with in section 5 of Eurocode 2 is determination of distribution of
stresses, strains, deformations and structural displacements [EC2-1-1 5.1.1(1)P]. To this effect it is necessary to
do a modeling of the structure’s geometry, but also a modeling of its performance by means of assumptions on
the behavior of the materials, and on the connections with the outside environment

Eurocode 2 specifies that for most standard cases the structural analysis will serve mainly to
determine the distribution of stresses, strains and structural displacements. It is this more restrictive
definition that will be adopted in the follow-up to this guide to distinguish it from justification of the
sections.

Moreover, when they have a significant influence, the ground-structure interaction (as for deep foundations for
example) and the second order effects (as for structures sensitive to deformations) must be taken into account.

The structural analysis must be completed by local analysis for verification of special points. It is the case for
example of the verifications of junction zones or of zones where stresses are concentrated (an application of a
prestressed anchored force is given in [Chapter 10-111]).

In any event, the structural analysis must take account of the geometric imperfections that include discrepancies
both in relation to theoretical geometry of the structure and in the load positions. These geometric
imperfections are to be taken account of only in the ULS.

1t is specified that the discrepancies in the dimensions of the sections are in principle already taken
into account in the partial factors relative to the materials.

It may also be noted that the information to quantify the geometric imperfections [EC2-1-15.2] is
supplied for the elements subjected to a axial stress and to vertical structural elements subjected to
vertical loads. They are effectively the elements or structures that are most sensitive to these effects.

IX. 1.Geometric imperfections

There is no general rule in part 1-1 of Eurocode 2 that gives valid rules for buildings and elements subjected to
an axial compression or to vertical loads.
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The imperfections are thus represented by an inclinaison 6, [EC2-1-1 5.2(5)].
For the bridge elements subjected to the same conditions described above, part 2 of Eurocode 2 changes this
value and gives:

6, =6, xa, [EC2-25.2(105)],

=1
. EGO AOO valeur de base
with [J

2 . . . iy .
W= T <1 coefficient de réduction avec L longueur de I'élément en métre
L

From the inclinaison the effects of the imperfections may be taken into account by an eccentricity equal to:
L,

e, =6, EY [EC2-1-1 5.2(9)],

for application to bridge piers, Lois the buckling length.

The following examples illustrate this rule, and show that the eccentricity to take into account is not necessarily
equal to the inclination multiplied by the height:

€ Ci €;
N T
H H
Ly=0,7H
Lo=2H Ly=H
\
\
\
\
\
\
\
\
\
\
\
\\
Pier embedded at base and free at  Pier supported at top and embedded Pier embedded at top (on deck but
top at base free to move ) and at base
L,=2H L,=0,7H L,=H
2H 0,7H H
eizeixuzeiXH eizeix( ):0,359i><H ei=6ix3=0,59ixH
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Fig./Tab.1.1)Geometric imperfection: case of a pier

For a pier perfectly bi-embedded, the buckling length is % and hence the eccentricity value to apply is

H
€; =9ixé=0,256iXH .

1

For arch bridges, part 2 of EC2 adds the following supplementary rule:

"It is advisable to establish the form of the imperfections at the horizontal and vertical levels from the
deformation of the first mode of horizontal and vertical buckling respectively. Each modal deformation may be

L
represented by a sinusoidal profile whose amplitude is equal to a =6, 3 where L is the "half wave-length"

[EC2-2 5.2(106)].

The wavelength of the buckling mode of an arch corresponds to the period of the sinusoid representing the
modal deformation. In the case of a double-jointed arch and for the first mode of buckling, this length is equal
to the developed length of the arch. The half wave-length generally corresponds to the buckling length, and
hence the amplitude “a” to take into account corresponds to the equivalent eccentricity given in this general
case.

L, longueur de  Ly=oL =longueur

flambement W
. longueur

/

L/_— ¢
P
)
L = longueur développée =
longueur d'onde de 1'arc
Arch double jointed at its ends: Arch double embedded at its ends:
L L L aL
eizei_():ei_ ei:ei_ozei_
2 4 2 2
Fig./Tab.1.2)Geometric imperfection: case of an arch
Longueur de flambement Buckling length
Longueur d’onde Wave length
Longueur développée = longueur d’arc Developed length = length of the arch

L
As with part 1-1 of Eurocode 3, it is possible to generalize the rule e; =6, 70 for all types of structure. The

major difficulty, for a complex structure, lies in determining the buckling length value, in order to determine
the initial imperfection.

IX.2.Modeling of geometry of structures
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The geometry is normally modeled by considering the structure as made up of linear elements, plan elements
and on occasion walls, or in the language to which designers are accustomed beams, slabs, plates and walls.

In certain special cases, it may be interesting for the designer to base himself on some simple
criteria given for buildings [EC2-1-1 5.3.1(3) to (7)]to be able to consider a voluminous element
such as a slab or a beam. The idea of a beam- shear wall is also explained..

IX.2.1.Contributing width

The contributing width of the compression flange of a T section or an angle is to be calculated.

Clause [EC2-1-1 5.3.2.1] gives a detailed illustration of the contributing width of the compression flange for a
T section with several continuous spans. This width varies according to whether spans or an intermediate
support are used. But where extreme accuracy is not required and for a structural analysis, a constant width may
be adopted and taken as equal to the value used in spans.

This definition may also be used for an independent span or for the lower member of a box girder.

This participating width intervenes in the dimensions of the sections adopted for the structural
analysis, but also for stress calculation.

IX.2.2.Gross sections

The concrete sections resulting from the design document serve to determine the gross sections that may
generally be used in structural analyses and for determination of self weight stresses.

IX.2.3.Effective span

The rules for determination of the effective span l, for different support conditions of the building elements,
are given in [EC2-1-15.3.2.2]. These rules proved to be interesting for bridge elements and are made
applicable by Eurocode 2 part 2.

IX.3.Modeling of structure behavior

The two major categories of behavior model used for structural analysis — the linear performance or the non-
linear performance — stem particularly from consideration of theoretical or actual stress-strain diagrams of the
materials.

Only stress-strain diagrams of materials used for structural analysis are shown in this chapter,
since Eurocode 2 distinguishes between these diagrams, for example [EC2-1-1 3.1.5] for concrete)
and those to use for verification of sections ([EC2-1-13.1.7] still for concrete) that will be
described during treatment of calculation of sections [Chapter 6-1]. Similarly, the specific diagrams
used by special methods of analysis will be dealt with during description of these methods.

IX.3.1.Stress — strain diagrams

3.1.0.a)For a model of linear-elastic behavior

The hypothesis of a linear and elastic behavior of steel and concrete is assumed, which corresponds to
a theoretical situation allowing particularly the use of linear stress-strain diagrams. Further, the
sections of the elements are assumed not to be cracked and the structural analysis is carried out using
the values of deformation moduli E; for the reinforcement, E, for prestressing steel and E.r, for the
concrete.
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3.1.0.b)

3.1.0.c)For a model of non-linear behavior

The hypothesis of a non-linear but elastic performance of steel and concrete is assumed, which is
nearer to their actual performance when stresses increase. Further, cracked concrete is not taken into
account and the structural analysis is carried out using the stress-strain diagrams shown below:

o Stress-strain diagram of concrete
U L
R

O.C — fcmg cl cl E
O+ (k-2 %:» EE
] o O

tana = 1,05xE_,

O * -

gcl gcul &

C

Fig./Tab.1.1)Stress-strain diagram of concrete

where
& relative variable compressive strain of concrete
L= LOSE, [e]|
me
€, (%o) = min(0,7 (fck + 8) o3t 2,8) strain at peak stress
) pour f, <50MPa[]
€eur [ %0) = E 98 - (f, +8)C1 E relative ultimate strain
“ 2.8 +27 & pour f, =50MPap
g H 100 H .
fom =Ty +8 mean compressive strength of concrete at 28 days
3
+8
E,. = 22000%% mean value of secant elastic modulus of concrete
O O

o Stress-strain diagrams of prestressing steels
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Fig./Tab.1.2)Stress-strain diagrams of prestressing steels

The diagram on the left has a linear part with a slope E, to 6 < 0,9 ;0,1 followed by a curve having as equation:

gp :£+10()BL—0,9S

Ep p0,1k E

The diagram on the right is developed from coordinate limits of the two branches (8, 0) :

e An elastic branch grigflk 5 fpo,1k E
p

*  Anupper inclined branch (suk ; fpk)

with, according to the appropriate EN10138 or the ATE (Agréments techniques européans Technical European
Agreements) , g, elongation under maximum load

fix 1s the tensile strength

fr0,11 1s the conventional yield strength at 0.1%

. . pY, _
and in the absence of a precise value one may use F 0,9
pk

For both these diagrams a value of E, may be taken as equal to 195 GPa for the strands [EC2-1-1 3.3.6(3)].

The two linear and non-linear behavior models are used in four kinds of structural analysis:
= elastic-linear analysis,
v clastic-linear analysis with limited redistribution,

» plastic analysis

* non-linear analysis.

" = Stress-strain diagram of steels for reinforced concrete "
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£ / Eq &

Fig./Tab.1.3)Stress-strain diagram of steels for reinforced concrete

With no clear recommendation from Eurocode 2, the diagram used was defined consistent with that given for
prestressing steels. It is developed with the coordinate limits of the two branches (8, 0)

* An elastic branch Ey ls( s fo E
*  An upper inclined branch ( Euc >k fyk)
with
ik yield strength
€uk strain and k according to reinforcement classification
for classification B Eu 25% k=1,08
for classification C Eu 27,5% L15<k <1,35

and a value of E, that may be taken as equal to 200 GPa [EC2-1-1 3.2.7 (4)].

" For the choice of the classification of reinforcement to use see [Chapter 3] of this guide. ||

IX.3.2.Elastic-linear analysis
o The elastic-linear analysis [EC2-1-1 5.4] is done using the elastic-linear model and serves in the vast
majority of cases, for both SLS and ULS. The basic hypotheses seen in [EC2-1-1 5.4(2)] assume:
* An elastic behavior of materials
* Non-cracked sections
* Linear stress-strain relationships for both concrete and steel
*  Mean values of elasticity modulus Es, E, et Eq .

o The process of ULS justification is generally done, once the stresses are determined, by a verification of
sections’ strength, carried out using stress-strain diagrams used for this purpose [I 6-1].
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Clause [EC2-1-1 5.4(2)] allows the used of reduced rigidities corresponding to cracked sections in
an elastic-linear analysis for the effects of thermal strain, subsidence and shrinkage at ULS .This
allows, where applicable, moderation of the thermal gradient effects when this force proves to be a
disadvantage [Chapter 3-11.31V.3].

IX.3.3.Elastic-linear analysis with limited redistribution

The elastic-linear analysis with limited redistribution [EC2-1-1 5.5] starts with an elastic-linear analysis but
ends with a redistribution of forces (generally speaking support moments and consequently an increase in span
moments) respecting the equilibrium conditions and if applicable the conditions relative to the rotation capacity
of the sections. Destined to be used for a ULS justification, it continues, once the stresses are redistributed, by a
verification of the resistance capacity of the sections as explained in the previous paragraph.

o This type of analysis is not normally available for bridges. If the stresses must be determined more
accurately including all aspects of redistribution (by creep, by cracking or by plasticizing), non-linear
analysis may be used.

In practice this method is used to justify, in an operating situation and at the ULS, the midspan
structural sections built by balanced cantilever method. The redistribution is then done by transfer
of one part of the bending moments to the sections with intermediate support that have been more
often dimensioned during the construction stage and hence have strength in reserve.

1X.3.4.Plastic analysis

Plastic analysis [EC2-1-1 5.6] is strictly for the only justifications of the ULS and for an infrequent use in
France on bridges. In practice, this is done almost uniquely by use of the yield lines method (a cinematic
method of the theory of plasticity) for verification of slabs.

It may be noted that the justifications regarding shear stress and torsional stress in Eurocode 2 are
also in part based upon plasticity theory and that the connecting rod and tie rod method is one
application of it. They are based more on the “resistance model” aspect of this theory.

IX.3.5.Non-linear analysis

It is understood that a non-linear analysis of a structure takes account of the non-linear performance of the
materials basing on more realistic stress-strain diagrams. [EC2-1-15.7(1)]. Also considered is a greater
deformability of concrete when the compression level to which it is subjected increases, as with that of steel
above its conventional yield strength. Concrete, moreover, when it is in tension, is not considered in the
calculations. It is thus the non-linearity of the materials that is taken into account.

Non-linear analysis:

* uses non-linear stress-strain diagrams, for concrete as for steels for reinforced and prestressed concrete
that are described in [3.1.0.c],

* ignores the resistance of concrete in tension,

* and may be used for SLS and ULS.

In principle, the complete justification process is similar to that using linear analysis: for example, for ULS, it
begins by a non-linear structural analysis [EC2-1-1 5.7, 5.8.6(1)P, 5.8.6(2)P, start of 5.8.6(3)] to determine the
ultimate stresses. This is then completed by a verification of the resistance capacity. In this second stage the
stress-strain diagrams of the material used are modified, particularly by incorporating the various partial factors
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for the materials, ym. Similarly, a separation is found between the structural analysis strictly stated and the
verification of the sections.

Two general non-linear analysis methods are proposed in Eurocode 2. The first, classical, is given
in Eurocode 2 part 1-1. The second, proposed for bridges in Eurocode 2 part 2, is more innovative.
These two methods will be applied to verification of stability of bridge piers [VII].

1t will be noted that Eurocode 8 also develops specific non-linear analysis methods.

IX.3.6.First and second order analysis

Structural analyses may also be classified according to whether they are carried out as first order or as second
order. In a first-order analysis, the hypothesis of small displacements applies and the state of equilibrium of the
structure is obtained in its initial geometry. In a second-order analysis, the equilibrium of the structure is
verified in its deformed geometry, or what is known as geometric non-linearity and the consideration of
additional effects of the forces created by deformations of the structure.

The various types of analysis may thus combine, covering a range from the simplest, first-order analysis to the
most complex and complete, the non-linear second-order analysis (at the same time non-linearity of materials
and geometric non-linearity).

Generally, the simplest combination that gives first-order linear analysis may be used in the majority of cases at
SLS and ULS.

Eurocode 2 gives a criterion to ignore or take into account second-order effects: they may be ignored if they
represent less than 10% of the corresponding first-order effects [EC2-1-1 5.8.2(6)]. This general rule is seen in
practice by simplified criteria relative to the slenderness ratio [EC2-1-1 5.8.3.1] to firstly quickly identify the
elements for which a second-order analysis is not necessary; unfortunately they apply only to isolated elements.

The limit of 10% of development of first-order effects is conventional and serves as a basis for
grading the simplified rules relative to the slenderness ratio.

When the second-order effects are taken into account, the equilibrium and the resistance should be verified in
the deformed state. The non-linear performance model should be used for the structural analysis [EC2-1-
1 5.1.1(7)]. The strains should be calculated in taking account of cracking (where the tensile strength fom is
exceeded, tensioned concrete is ignored), of the non-linear properties of the materials and of creep [EC2-1-
1 5.8.2(2)P]. It is for example a study of form stability, with justifications, that might logically be done at SLS.

Second-order effects should be taken into account at SLS in the case of very deformable materials.
The verifications to be carried out concern classic criteria of stress limitations, of crack opening or,
if the case arises, of deformations. Unlike the ULS justifications, the analysis is carried out with no
consideration for the initial imperfections and with the hypothesis of the linear elasticity of the
materials. Concrete in tension is still not considered if the tensile stress value is greater than fum.
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I1.DATA RELATIVE TO EUROCODE 2

I11.

Eurocode 2 emphasizes the durability of concrete structures by devoting all its fourth section, entitling it, albeit
simplistically, “Durability and cover to reinforcement”. This durability, in effect, that is understood from the
point of view of technical performance for a given design working life, is closely linked to various other
aspects of the project such as the concrete quality (refer to EN 206-1), the environmental conditions (the
physical and chemical conditions to which the structure is exposed) or the structure’s maintenance program.

Eurocode 2 wished to contribute even more decidedly to the durability objective, by establishing a link between
the environmental conditions (through the definition of exposure classifications) and the protection of
reinforcement (via the rules concerning cover). It must be remembered that the major part of the SLS dealt with
in Chapter 7 of this guide is also meant to obtain ongoing projects, as the major constructive provisions.

11. 1. Exposure classifications

The first important elements of a project are clarification of the exposure classifications for the various concrete
walls of the elements of the structure according to their environmental conditions. Six categories of exposure
classification are proposed in table 4.1 [EC2-1-1 4.1], in compliance with EN 206-1.

Designation of | Description of environment: Examples illustrating the choice of exposure classifications
classification
1 No risk of corrosion nor attack

Non-reinforced concrete; no embedded
X0 metal parts: all exposures except
freeze/thaw, abrasion and chemical attack

. . Concrete inside buildings where humidity of ambient air is very low.
Concrete reinforced or with metal parts B Y Y

embedded: very dry
2 Corrosion caused by carbonation

XCl1 Permanently dry or wet Concrete inside buildings where humidity of ambient air is very low.
Concrete permanently under water

XC2 Wet, rarely dry Concrete surfaces subjected to long-term contact with water
Large number of foundations

XC3 Moderate humidity Concrete inside buildings where humidity of ambient air is moderate
or high
Concrete outside, sheltered from rain

XC4 Cyclic wet and dry Concrete surfaces in contact with water, but not same exposure

classification as XC2

3 Corrosion caused by chlorides
XD1 Moderate humidity Concrete surfaces exposed to airborne chlorides
XD2 Wet, rarely dry Swimming pools

Concrete elements exposed to chloride-bearing industrial waters

Guide EC2 - Version V7 -32- Sétra, le dd/09/yyyy




E ! EUROCODE 2 — APPLICATION TO CONCRETE HIGHWAY BRIDGES service d'Etudes

techniques

: . . o des rout
Liberté « Egalisé » Fraternité Chapter 3 - Ma_]()r pr()]ect data e::lor::tes

REPUBLIQUE FRANGAISE

XD3 Cyclic wet and dry Bridge elements exposed to sprays containing chlorides
Pavements
Car park slabs
4 Corrosion caused by chlorides from sea water
XS1 Exposed to air containing sea salt, but not in | Structures on or near a coast
direct contact with sea water
XS2 Permanently immersed Elements of marine structures
XS3 Zones of tidal range, zones subjected to sea | Elements of marine structures
spray
5. Freeze/thaw attack
XF1 Moderately saturated in water, without de- [ Vertical concrete surfaces exposed to rain and freezing
icing agents
XF2 Moderately saturated in water, with de-icing | Vertical concrete surfaces of road construction exposed to freezing
agents and to air carrying deicing products
XF3 Heavily saturated in water, without de-icing | Horizontal concrete surfaces exposed to rain and freezing
agents
XF4 Heavily saturated in water with de-icing Bridge roads and decks exposed to de-icing agents
agents or sea water Vertical concrete surfaces directly exposed to de-icing agents spray

and to freezing
Zones of marine structures subjected to spray and exposed to

freezing
6. Chemical attack
XAl Low-level chemical attack environment Natural soils and ground water
according to EN 206-1, Table 2
XA2 Moderate-level chemical attack environment | Natural soils and ground water
according to EN 206-1, Table 2
XA3 High-level chemical attack environment Natural soils and ground water

according to EN 206-1, Table 2

Fig./Tab.I.(1): Exposure classifications according to environmental conditions in compliance with
EN 206-1 [EC2-1-1 Tab.4.1]

Classification X0 would only under exceptional circumstances corresponds to bridge situations. In effect, it is
the case of concrete assumed to be sheltered inside constructions where the humidity in the air is maintained at
a low level and where there is little risk of corrosion of the reinforcement.

The last two classifications (XF or XA) that characterize additional specific risks linked to freezing and thaw
conditions (classifications XF1 to XF4) or chemical attack (classifications XA1 to XA3) are juxtaposed to the
other classifications when these risks exist, and have the effect of requesting appropriate measures to do with
the concrete composition [EN 206-1 Anx.F]. Determination of the cover is done exclusively from the
remaining classifications.

Thus one turns generally to one of the three categories of classifications XC, XD or XS, depending on whether
the concrete reinforcement may be subjected respectively to risks of corrosion by carbonation, by chlorides or
by chlorides from sea water.

The final exposure classification XCi, XDj or XSk may thus be determined according to the last column of
table 4.1, using examples given for information. The national annex makes this column normative and gives it
very useful information via a series of notes to facilitate and better target the choices.

As regards the structural choices, there is linked to each environmental classification a
classification indicative of a minimum strength the concrete must have [EC2-1-1 Anx.E Tab.E.IN].
Attention is drawn to the fact that the choice of a concrete of a durability required for its own
protection and for the protection of the reinforcement, may lead to a compressive strength of the
concrete greater than that required by the design of the structure from the resistance viewpoint.
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The major additional information concerning bridges and contained in the national annex [EC2-1-1/AN] is
given in the notes in table 4.1. It is repeated below.

Note 3: In XC4 the overhead parts of the engineering structures are to be classified, including the returns of
these parts by passage and/or splashing of water.

The classification in XC4 takes account of an external environment where even the parts sheltered
from the rain are likely to be subjected to runoff or spray, and where the level of carbonic gas in the
air around the structure is quite high.

Note 6: In France, the exposure classifications XF1, XF2, XF3 and XF4 are shown on the map giving freezing
zones [EN 206-1/AN NA4.1 Fig.NA.2 and Note].

For these exposure classifications XF, and subject to respect of the provisions linked to concrete (EN 206-1 and
national standard documents), the cover will be determined by reference to an exposure classification XC or

XD, as shown in 4.4.1.2 (12).

The reference classifications to consider, for cover only, are the following:

Exposure classification
XF1 XF2 XF3 XF4
Type of salting Infreque | XC4 Not applicable For formulated concrete | Not applicable
(cf. Freezing | 0t No air-entraining agent
recommendations XC4
2003) With air-entraining agent
XDl
Frequent | Not XDl1, Not applicable XD2,
applicable | XD3  for highly XD3 for highly
exposed elements™ exposed elements *
Very Not Not applicable Not applicable XD3
frequent |applicable

* for bridges: cornices, longitudinal anchor beams of retaining devices, coverings of expansion joints

The correspondence by the national annex from classes XF to classes XC or XD is relevant only if
the reference classification obtained is more severe than the concomitant classification XC or XD.
In the case of an XS classification concomitant with an XF there is no correspondence and it is the
XS classification of the origin of the project that serves to determine the cover.

Example of a bridge at the seaside

Determination of the environment classifications is done by faces:

o for exterior faces:
*  XC(C4 corrosion caused by carbonation, wall subjected to an environment cyclic wet and dry;

* XSI corrosion caused by chlorides present in sea water, wall exposed to air carrying sea salt, but not in
direct contact with sea water.

o Under the waterproofing layer [EC2-2 4.2(105)]:
e XC3

o For interior faces [EC2-2 4.2(104)]:

Guide EC2 - Version V7 -34 - Sétra, le dd/09/yyyy




7
E’ ..

Libertd + Egalité » Fraternité
REPUBLIQUE FRANGAISE

EUROCODE 2 — APPLICATION TO CONCRETE HIGHWAY BRIDGES

Chapter 3 - Major project data

senvice d'Etudes
techniques

des routes
ef autoroutes

*  XC3 (chosen not to classify the interior of the box girder in XS1, but this is according to particular

project ).

I1.2.Cover

XC4,
XS1

e

KC3

Fig./Tab.1.(2): Example of a bridge at the seaside

At first sight, determination of cover values to adopt for reinforcement seems complicated.

In effect two successive steps must be taken:

* determination of exposure classifications ( use of table 4.1 as seen above)

* determination of structural classification [EC2-1-1 4.4.1.2(5)],

of 50 years .

The structural classification is defined in a conventional manner for determination of the cover It is
based upon the design working life that is characterized by a category defined according to various
types of construction [ECO0 2.3 Tab.2.1] , but also on other factors like for example the
classification of the strength of concrete.

The reference structural classification recommended is S4, and corresponds to a design working life
The classifications of concrete resistance are at least equal to those given in
[EC2-1-1 Anx.E]. It is then modulated according to particular project choices (use of table 4.3N
modified by the national annex in 4.3NF below).

working life

increased b
y2

increased b y
2

increased b y
2

increased b y
2

increased b
y2

increased b
y2

Criterion Exposure classification according to table 4.1
X0 XCl1 XC2/XC3 XC4 XD1 / XS1|XD2 / XS2|XD3 / XS3
/ XA1Y / XA2% / XA33
Design 100 years: | 100 years: 100 years: 100 years: 100 years: | 100 years: | 100 years:

increased b
y2

25  years
and less:

reduced by
1

25 years and
less:

reduced by 1

25 years and
less:

reduced by 1

25 years and
less:

reduced by 1

25 years
and less:

reduced by
1

25 years
and less:

reduced by
1

25 years
and less:

reduced by
1
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Resistance >C30/37 |=C30/37 > C30/37 > (C35/45 > (C40/50 > (C40/50 > (C45/55
classification 1 | and and and and and and and
< C50/60: |<C50/60: < (C55/67: < C60/75: <C60/75: |<C60/75: |<C70/85:
reduced by |reduced by 1 |[reducedby 1 |reducedby 1 [reduced by |reduced by |reduced by
1 1 1 1
> (C50/60: |=C50/60: > (C55/67: > C60/75: > C60/75: |=C60/75: |=C70/85:
reduced by |reduced by 2 |[reduced by 2 |reduced by 2 [reduced by |reduced by |reduced by
2 2 2 2
Type of matrix Concrete of | Concrete  of | Concrete  of
cement class> C35/45 | class> C35/45 | class> C40/50
base of CEM |base of CEM |base of CEM
I without fly[I without fly|I without fly
ash: ash: ash:
reduced by 1 |[reduced by 1 |reduced by 1
Compactness | Reduced Reduced by 1 [ Reduced by 1 | Reduced by 1 [ Reduced by | Reduced by | Reduced by
of cover ? by 1 1 1 1
1) For the sake of simplicity, the resistance class here is an indicator of durability. It may be judicious to adopt, on the basis of more
fundamental indicators of durability and of associated threshold values, a specific justification of the structural classification adopted, by referring
to the AFGC guide “Design of concretes for a given life of structures”, or to standards documents based on the same principles
2 This criterion applies only in the case of elements for which a good compactness of the covers can be guaranteed, namely:
- Formwork face of element plans (easily assimilated to slabs, possibly ribbed), cast horizontally on industrial formworks.
- Elements industrially prefabricated: elements extruded or drawn, or formwork faces of elements cast into metal frameworks.
- Under face of flagstones of bridge, possibly ribbed, subject to accessibility of bottom of framework with vibration devices.
3 For exposure classifications XAi, this correspondence is indicative subject to a justification of the nature of the aggressive agent.

Fig./Tab.1.(3): Modulations of the recommended structural classification, in view of the
determination of the minimum cover Cpinqaur in tables 4.4N and 4.5NF [EC2-1-1/AN Tab. 4.3NF]

¢ determination of the minimum cover,

* and finally, the taking into account of the execution tolerances [EC2-1-1 4.4.1.3] that allow stipulation
of nominal cover, the final value to be specified in the plans.

With use the designer will find that with Eurocode 2 he has at his disposal rules that enable him to be more
precise in his choices and that the efforts leading to a better quality are in turn rewarded. This may prove to be
economically advantageous in materials particularly where repetitive industrial operations are involved.

On the other hand, direct adoption of the proposed values gives roughly the same results as previous practices.
The examples given later illustrate this well.

11.2.1.Determination of minimum and nominal cover
The minimum cover is defined as being the greatest of three values Cuminb, Cmindor and 10mm.
Cmin = MAX { Crminp; Cmindur; 10mMm }

For bridges, in practice, the value 10mm does not apply and it is the values Cminp, value required regarding
adherence and Cpinaur, value required regarding durability that come into play.

2.1.0.a)Minimum cover relative to adherence
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Cminp 1S the minimum cover necessary to guarantee a good transmission of adherence forces. It is defined by
table [EC2-1-1 4.4.1.2 Tab.4.2] and repeated in the two following tables for reinforcement and for prestressing

steel.
Cminp fOr reinforcing steels
Biggest aggregate < 32mm Biggest aggregate > 32mm
Individual reinforcement [0} @+ 5mm
Bundles * @ equivalent @ equivalent + SMM

* For determination of equivalent diameter in the case of bundles of bars, refer to chapter 8 of this guide.

Cminp fOr prestressing steels

Tendons in round tube min {@; 8 cm}, @ diameter of tube
Tendons in flat tube max {a; b/2}, (a,b) dimensions of tube and b>a
Prestressing steel max {2¢; diameter of biggest aggregate}

¢ diameter of strand, smooth wire or deformed wire

Fig./Tab.1.(4): Values of cnin for reinforcing and prestressing steels

2.1.0.b)Minimum cover relative to durability
Cminaur 18 the minimum cover [EC2-1-1 4.4.1.2] necessary to guarantee protection of the reinforcing steel against
corrosion. It is defined for reinforcement by the non-modified table 4.4N of Eurocode 2 and for prestressing
steel by table 4.5N of Eurocode 2 modified by the national annex. Both tables are shown below. Cminqr depends
on the structural classification " Sn " and the exposure classifications of the structure faces.

Environmental requirement for ¢minqur (Mmm)
Exposure classification according to Table 4.1
Structural
classification | X0 | XCl | XC2/ XC4 XD1/ | XD2/ [XD3/XS3
XC3 XS1 XS2

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

Fig./Tab.1.(5): Minimum cover values Cminaur required regarding durability for reinforcement in
reinforced concrete in compliance with EN 10080 [EC2-1-1 Tab.4.4N]

Environmental requirement for ¢pingur (Mmm)

Structural Exposure classification according to Table 4.1

classification o T 1 T xC2/XC3 | XC4 | XDUXS] | XD2/XS2 | XD3/XS3
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s 10 15 25 30 35 40
s2 Rt 25 30 35 40 45
$3 2 | 20 30 35 40 45 50
S4 2 | 2 35 40 45 50 55
s5 “ 30 40 45 50 55 60
s6 35 45 50 55 60 65

Fig./Tab.1.(6): Minimum cover values Cpinqr required regarding durability for reinforcement in
prestressed [EC2-1-1/AN Tab.4.5NF]

These tables should be read as follows:

o The recommended reference structural classification S4 serves as a start; it corresponds to a design
working life of 50 years and has served as a calibration basis of the cover values in the table.

o Table 4.3N of Eurocode 2 modified by the national annex is then used to effect structural classification
changes taking account of special project conditions:

*  Over-classification of two classifications for the structures whose expected design working life is 100
years,

»  Under-classification of two classifications by taking account of concrete durability performances by
means of criteria based upon the concrete resistance classification, the type of the matrix cement or the
compactness of the cover.

o Once the final structural classification is obtained, the minimum cover values Cminar t0 consider may be
taken directly from the two tables 4.4N or 4.5NF shown previously according to the exposure
classifications accorded to the case studied.

The application of table 4.4N or 4.5NF, according to whether cover for reinforced concrete or for prestressing
steels is in question, leads to a value cminar that it is advisable to modulate, where applicable, according to other
additional aspects. This is the case where an increased safety margin is required, when stainless steel or
additional protection is used [EC2-1-1 4.4.1.2(3) et (6) to (13)]. But generally there is no need to modify Cmin dur
[EC2-1-1/AN 4.4.1.2].

2.1.0.c)Nominal cover

Once cmin is obtained by taking the maximum of the values required regarding adherence cminp and regarding
durability Cminaur,: added to this is a margin called the execution range Acqy to take account of the execution
tolerances [EC2-1-1 4.4.1] and to obtain the nominal cover that must be specified in the plans:

Cnom = Cmin + ACdev

Eurocode 2 recommends a standard value of 10mm for Acg., . The national annex confirms this value but sets
special conditions that may allow a reduction in this value.

For example:

* if the quality assurance system includes monitoring and measurement of the cover, the value may be
reduced to Smm,
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Smm < Acgey < 10mm

* if, where prefabrication is involved, there is a guarantee of accurate measurements and the possibility
of rejection in the case of non-compliance, it may be reduced to zero:

Omm < Acgey < 10mm

11.2.2. Example of application

Example of a bridge at the seaside
Reminder of environment classifications previously obtained:

= Environment classifications for exterior faces :
- XC4 corrosion caused by carbonation, wall subjected to an environment cyclic wet and dry

- XS1 corrosion caused by chlorides present in the sea water, faces exposed to air carrying sea salt but
not in direct contact with sea water

= Environment classifications for interior faces and under the waterproofing layer:
- XC3 according to [EC2-2 4.2(105)]
= Structural classifications:
Initial structural classification = S4
Modulation of this classification
+2 for a design working life of 100 years

+0or-1 according to the concrete resistance classification used compared to the resistance
classification recommended according to the exposure classification

+0or-1 according to the concrete resistance classification which should also be a base of CEM I
without fly ash.

-1 for compact cover on the underside of the slab
Hence for exterior faces, underside

4 + 2 (100 years) — 1 (concrete C35/45 MPa for XC4) — 0 (CEM 1 but resistance insufficient)— 1
(compact cover) = S4

4 + 2 (100 years) — 0 (concrete C35/45 MPa for XS1) — 0 (CEM I but not applicable)- 1 (compact
cover) = S5 . It is the classification in XS1 that gives the most severe result.

(web faces do not benefit from the reduction for compact cover)

For interior faces other than the underside of upper slabs

4 + 2 (100 years) — 1 (concrete C35/45 MPa for XC3) — 1 (CEM I and sufficient resistance)— 0
(compact cover) = S4

Nominal cover for reinforcing steels:

Hypothesis of a standard case: the biggest aggregate is less than or equal to 32 mm, et @ steel <25
Outside faces, Interior faces (except
underside underside of upper slab)
Environment classifications XC4/XSl1 XC3
Structural classifications S5 S4
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Min cover /adherence Cuminp = Qucier [Fig./Tab.1.(4)] 25 mm 25 mm
Min cover /durability Cminau [Fig./Tab.1.(5)] 40 mm 25 mm
Crmin = MAX { Crinb; Crnin,dur § 40 mm 25 mm
Execution tolerances Acq., (measurement of cover) 5 mm 5 mm
Nominal cover Crom = Cmin + ACdev 45 mm 30 mm

|| In practice, an effort will be made to limit the number of cover values. ||

I11.

IV.DATA RELATIVE TO ACTIONS

At the date of publication of this document, a methodological guide to the actions on bridges is
being prepared by Sétra. It will be advisable to refer to it for more details.

1V.1.Traffic classification

It is advisable to define the traffic classification to be adopted for the structure according to information from
the national annex of Eurocode 1 part 2.

1V.2.Exceptional transport

1V.2.1.Generalities

In compliance with the national annex of Eurocode 1 part 2, informative annex A of this Eurocode relative to
special vehicles does not apply.

It is replaced by:
- French regulations on exceptional transport for definition of “standard” special vehicles,

- the "Guide pour la prise en compte des véhicules spéciaux sur les ponts routiers", appended to the national
annex of Eurocode 1 part 2 for definition of design rules to consider for the special vehicles moving alone or

mixed with normal road traffic.

1V.2.2.8pecial vehicles taken into account

The individual project might possibly define the special vehicles to be taken into account and clarify their
conditions of movement.
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For special civil vehicles, the project may:
- either consider “standard” special vehicles defined by French regulations on exceptional transport,

- or define particular special vehicles likely to use the structure.

Similarly, the project might show special military vehicles to be taken into account, for example a convoy of
Leclerc armored cars, tanks of 72 or 110 tons etc.

The project specifies the conditions of movement of these vehicles:

- movement at low speed (less than or equal to Skm/h) or at normal speed (in the order of 70km/h),
- special vehicles alone on the structure or mixed with normal traffic,

- number and spacing of special vehicles,

- movement according to an imposed traffic corridor,

- movement possible on emergency stop lane or on a leveled lane (if not signed, the vehicle is assumed to be
able to move on the whole width of the pavement),

- frequency of movement on structure.

The characteristic values of the loads associated with the special vehicles are the nominal loads of these
vehicles multiplied by 1.1.

1V.2.3.Consideration of special vehicles in combinations of actions

The load group corresponding to special vehicles is called group 5 and noted gr5.

With "LM3" designating the characteristic value of the special vehicle considered in the individual
project, "LM3 braking" designating the corresponding braking actions and 0 designating the
coefficient of dynamic increase of the vehicle, group 5 is defined as follows:

- with no concomitant road traffic: group 5=gr5=Q 1m3 X 0+ Q "Lm3 freinage”

- with concomitant road traffic: group 5= gr5=Q w3 X 0 + Q "Lu3 freinage” + Q 0.4upL + 07578

The combinations of actions to consider for the special vehicles are the following:

ULS Basic combination for persistent and Z (135G o, + LOOG, () + YpP + 1,35gr5
transient design situations 5 e b
SLS Characteristic combination (Gijaup + Gigint) + Py + g5 + 0,6T,
121
SLS  Frequent combination Z(ij’sup +G i) * P+ U, grS

121
(with Y; = depending on the frequency of movement of special vehicles likely to use the structure.
[ECO Anx.A2/AN]

1V.3.Thermal gradient
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A complete description will not be given here on Eurocode 1 part 1-5 devoted to the thermal loads of climatic
origin, but the designer’s attention will be drawn to the major elements that distinguish this text from previous
practices and to highlight the special Eurocode 2 rules regarding consideration of the thermal gradient.

In the absence of more accurate information, the coefficient of thermal expansion of concrete may
be taken as equal to 10 x10°/°C [EC2-1-1 3.1.3(4)].

1V.3. 1. Definition of the thermal action

The thermal action T gives rise to a certain temperature distribution in the section AT(y), and may be broken
down into three components:

* A component of uniform temperature variation. This leads to an extension or a shortening of the
structure’s deck, and possibly a axial stress; this component is noted as ATy,

* A component called thermal gradient, that corresponds to a temperature difference between the upper
and lower deck fibers. It leads to a curvature of the deck, and possibly also to a bending moment; this

component is noted as ATy,

A transverse linear gradient component may normally exist in a concomitant way with the previous
one; it is not explained to simplify the description.

* A component called balanced, and noted as ATg. It is the temperature field deducted by subtraction of
the two previous fields:

AT, (y) = oT(y) - AT, -AT,, DE

where h represents the height of the section , and y is nil on the level of the neutral axis. This balanced
component leads to no stress in the structure (even hyperstatic): only auto-stresses are formed; they have as
expression (compression counted positively): Oz =E_,, [0 [AT; . By definition, the balanced component A
Tk is not "linear" in the section; similarly the auto-stresses it creates Ore. Most of the verification rules stated in
the Eurocode materials are thus no longer directly applicable.

The first component ATy is considered in a classical manner and presents no particular difficulty. Its value is
determined from the table of the national annex relative to clause 6.1.3.2(1) Eurocode 1 part 1-5. Further, in
order to prevent reading errors on the part of the designer, the curves in figure 6.1 are replaced by a table
(strictly equivalent).

On the other hand, two methods are suggested for consideration of components ATy and AT that depend on
the type of structure, and the thickness of the cladding.

* Inmethod 1 [EC1-1-5 6.1.4.1], the fixed values of ATy are specified in Eurocode 1 part 1-5; the
balanced component is simply ignored and no value is given.

* Inmethod 2 [EC1-1-5 6.1.4.2], the values of components ATy and ATg are deducted by integration
from a temperature profile AT(y) varying in the height of the section and given in the tables. This
second method is more laborious, but it gives, in most cases, a component ATy lower than that from
method 1.

It is generally acknowledged that the balanced component should not be taken into account in
section calculations. For concrete bridges its effects are covered by an adapted surface
reinforcement.
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1V.3.2. Thermal gradient sign

The thermal gradient ATy is normally considered to be positive when the upper fiber of the deck is warmer than
the lower fiber of the deck. This case (which corresponds to a direct warming by the sun’s rays, during the day)
is the only one of the previous practices considered. The hyperstatic moments generated by a positive thermal
gradient tend to compress the upper fiber of a beam.

Eurocodel part 1-5 also requires consideration of a negative thermal gradient (of an absolute value lower than
the previous one). In this case the lower fiber of the deck is warmer than the upper fiber. This case corresponds
to the cooling of the deck during the night (the heat losses are greater on the upper face than on the lower). The
hyperstatic moments generated by a negative thermal gradient stretch the upper fiber of a beam.

1V.3.3.

1V.3.4.Thermal force: short-term force

The distinction between components of quick and slow variation, introduced in previous practices, has not been
used in the Eurocodes. The integrality of the thermal force should be considered as a short-term force and thus
calculated with the tensile modulus E.n. Such a provision may be justified by a creep coefficient calculation as
in annex B of Eurocode 2 part 1-1.

For this the slab made up of the upper transverse beam of a reinforced bridge, 16 m wide in total,
and 38 cm thick, is considered When this structure is fifty years old (half its design working life), an
imposed strain is applied for four months (seasonal temperature variations). A simple calculation of
the creep coefficient shows that then:

(50 years + 4 months, 50 years) =0,25

A more unfavorable value, calculated at the beginning of the design working life, at two years for
example from being put into service would be:

(2 years + 4 months, 2 years ) =0,47

Put another way, the creep deformations are low, and the stresses resulting from the thermal
actions may be calculated with the value E.., of Young’s modulus.

1V.3.5.Consideration of the quasi-permanent combination of actions

It is good to stress that in compliance with annex A2 of Eurocode 0, the thermal action intervenes in all
combinations of actions of SLS, thus equally in the quasi-permanent combination (contrary to the
specifications of previous practices). The thermal action at ULS could moreover be ignored [EC2-1-1 2.3.1.2].

1t should be noted that in certain cases, not only should the temperature not be ignored at SLS but
may even intervene as a basic action (e.g. case of a lowered arch).

1V.3.6.Calculation of stresses due to thermal actions

Only the components ATy and ATy are dealt with here, since it has already been mentioned that the component
ATg possibly taken into account created neither an axial force nor a bending moment (balanced component).

Generally, calculation of stresses may be done by assuming a linear-elastic performance of the structure [EC2-
1-1 5.4(2)] (the geometric characteristics are those of gross sections).

Eurocode 2 however offers the possibility of taking account of the state of cracking of the section
for the calculation of the effects of the thermal force [EC2-1-1 5.4(3)].

Guide EC2 - Version V7 -43 - Sétra, le dd/09/yyyy




E ! EUROCODE 2 — APPLICATION TO CONCRETE HIGHWAY BRIDGES service d'Etudes

techniques

: . . o des rout
Liberté « Egalisé » Fraternité Chapter 3 - Ma] or pl‘OJ ect data e::lor::tes

REPUBLIQUE FRANGAISE

This leads to a reduction in the bending moments due to the thermal gradient by redistribution but
causes serious complications in calculation. Safety may be put first by evaluating the increased
stresses, obtained from non-cracked sections.

In normal structures in reinforced concrete in France, up to now the effects of the thermal gradient
were traditionally ignored for no particular reason. One could base oneself on the clause cited
above to consider the favorable effect of cracking in order to minimize the impact of consideration
of the thermal force in these structures.

In the simple and particular case of a bent reinforced concrete structure (no axial stress) with a
constant ratio of cracked and gross inertias, the reduction in the bending moment corresponds
directly to the reduction of the thermal gradient or the curve deducted from ATy by this same value.

a 1
w=-—00- AT,
brute

|| (the curve being considered positively when it leads to a lengthening of the lower fiber). ||

As an example, one may consider the slab made up of the upper transverse beam of a reinforced bridge and
in which the axial stress is ignored. The following data are used:

concrete C35/45, E., = 34 GPa

total width b= 16 m,

total height h = 0,38 m,

distance from the upper fiber to the lower bed of steels d = 0,34 m,

transverse section of reinforcement of the lower bed A, = 38,1 cm*m (2HA20 every 0,165m).

The inertias obtained are as follows:

Gross concrete section (reinforcement ignored): Ipne = 73,16 x 107 m*,

Cracked section (concrete in tension and compressed reinforcement ignored): Ins = 25,96 X107 m*.

Or a factor of 2,8 between the two inertias and a reduction of stresses due to the thermal loads in the same
ratio.

V.DIVERSE DATA

V.1.Definition of sections and equivalence coefficients

The various sections to use are not introduced explicitly in Eurocode 2, since “regulation” ideas are not in
question. They remain however valid and practical and it is useful to remember their exact definition:
V.1.1.Gross/net section

These first two sections do not make for intervention of reinforcement or of prestressing steel.

o Gross sections: these are concrete sections only, as they come from formwork designs, without
deduction of hollows, undercuts and ducts to receive the prestressing steels or their anchors, often used
for structural analyses as seen in [1X.2.2].
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o Net sections: these are obtained by subtracting from the gross sections the hollows such as holes,
undercuts and ducts arranged for the passage or the anchoring of the prestressing steels, even if these
hollows are subsequently filled

V.1.2.

V.1.3.Cracked or non-cracked section

The choice between calculations in cracked or non-cracked sections is made case by case, according to the
maximum tensile stress in the section resulting from a first calculation in a non-cracked section [EC2-1-1
7.1(2)].

o If Omin > -fuerr , calculations are done on a non-cracked section if the case arises.*

o Ifnot, the calculations are done on a cracked section, i.e. ignoring the tensioned concrete.
The value of fi to use for the calculation of the stresses may be taken as equal to fm Or fomn
For application to bridges f. e =fem is systematically used.

*In the first calculation the maximum tensile stress that is likely to be applied to the structure at SLS
must be considered. In effect, once the section is cracked it no longer has any tensile strength.

Hence for example for a frequent SLS verification, even if 0>0 . >—1 it is advisable to do the

calculation on a cracked section if O, <—f ., at the characteristic SLS.

V.1.4.

V.1.5.Homogenous section / homogenous reduced

These last two sections bring in reinforcement and/or prestressing steel insofar as these latter adhere to the
concrete through the coefficients of equivalence n that are the ratios of their strain modulus to the strain

E
modulus of the concrete, or E% and % . They are distinguished according to whether they are in

cracked section or in non-cracked section.

o Homogeneous sections: these come into the calculations in non-cracked sections and are obtained by
adding to net sections the section of the reinforcement and/or prestressing steel multiplied by a
coefficient of equivalence.

It will be remembered that the non-cracked sections are those sections where the tensile stress does
not exceed —f.,, under characteristic SLS combination.

o Reduced homogeneous sections: these come into the calculations as cracked sections for which
concrete in tension is ignored; they are homogeneous sections obtained with the only compressed part
of the concrete.

The sections are cracked in service when they do not meet the criteria of non-cracked sections (they
are generally sections in reinforced concrete and here a section of prestressed concrete is known as
partial prestressing).

V.1.6.Sections for calculations of stresses at SLS
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Calculation of stresses is done using the following basic hypotheses:

= cross-sections stay level,

= tensioned concrete either resists tension (calculation in non-cracked section) or is ignored (calculation in
cracked section),

= the materials undergo no relative slippage (the reinforcement have the same linear variation as the concrete

at the same level),
= both the reinforcement and the concrete obey Hooke’s law

1.6.0.a)Calculations of stresses in reinforced concrete sections

Since the sections are generally cracked, it is the reduced homogeneous sections that are used for the stress
calculations.

Moreover the way to factor for creep is not explained, but the simplified method using an effective concrete
strain modulus, Ec.x [Chapter 4-11.1.111.1.1], is acknowledged. The effects of creep may thus be taken into

account in a set manner by using a coefficient of equivalence n, intermediate between % and % o
cm c,e

and depending on the proportion between permanent loads and variable loads. One more step in the
simplification could involve reverting to previous practices and adopting a fixed value for n.

Generally one could take n =15 for ordinary concretes and n =9 for high-performance concretes, (
fy =55MPa ), a more accurate calculation being possible.

E
A second “short-term” calculation with 1 = % may be necessary when the compressive stress
cm

of the concrete obtained by the previous calculation is near to the acceptable limit. It is then
advisable to verify that the acceptable compression is not exceeded in the “short-term” calculation.

1.6.0.b)Calculations of stresses in sections of prestressed concrete

For non-cracked sections in service:

» The stresses due to permanent actions are generally calculated in net section.

This method of working may serve for a simple manual calculation in predimensioning. In practice
in the case of constructions with stages using elaborate software and consideration of creep by a
scientific method, the homogeneous sections come into play when there is an injection of certain
prestressing steels that make them adherent relative to the later applications of permanent loads.

The stresses due to variable actions are calculated in a homogeneous section, with a coefficient of equivalence
Een for reinforcing steels and Een for prestressing steels

For cracked sections in service, the calculation of stresses is done as before for permanent loads and in reduced
homogeneous section for variable actions. The stresses in the reinforcing steels and the over-stresses in the

prestressing tendons from the permanent state are calculated with a modular ratio % for reinforcing steels
cm

E
and % for prestressing steels.
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The previous practice distinguished the part of over-stresses of prestressing steels going with the
return to zero of the adjacent concrete stress, and the part of later over-stress , by giving them
different coefficients of equivalence. This distinction on the coefficient of equivalence has no
grounds, it is thus not used.

1t is moreover recalled that the differences in adherence between reinforcement and prestressing
steels may have to be taken into account if appropriate [Chapter 3-1.2].

V.2.

V.3.Design working life

The design working life is the period during which a structure must be used with normal maintenance but with
no major repairs. A value of 100 years is expected for concrete bridges whose projects are established using
Eurocodes.

It must be borne in mind that the minimum cover, an important aspect of the project, has a value that depends
directly on the choice of design working life. It is determined with Eurocode 2 as shown in [Chapter 3-1.2].

In case the client has a special need for a different design working life, the Eurocodes offer no
complete solution because they allow a change in the level of reliability in only a small number of
variables, as for example the representative value of the actions and the partial factors. Other
measures are available nonetheless, outside the scope of Eurocodes, such as quality management,
assurance of effective maintenance, etc. Finally, specific measures of prevention or protection favor
structure longevity.

V.4.Mean relative humidity

V.5.

In the absence of more accurate data, for open-air structures the following values may be taken for the mean
relative humidity, RH, expressed in percentage of relative humidity:

RH = 55 in south-eastern France.
RH = 70 in the rest of France

The simplified method of determination of the coefficient of creep in Eurocode 2 [EC2-1 Fig.3.1] is
given for values of RH of 50% and 80%. It is understood that it is allowed to make linear
interpolations.

V.6.0ther data

Other data relative to the materials and necessary for the calculations are as follows:

o for concrete: the characteristic compressive strength of concrete at 28 days fu (bearing in mind, if
applicable, the minimum previously required) and thus all the other parameters stemming from it fon,
fem, Eem etc.(see table 3.1).

It will be remembered that the modulus E, depends particularly on the type of aggregate.

Eurocode 2 gives indicative values on the corrections to be made to E ., [EC2-1-1 3.1.3(2)]. When
the value of the modulus has a strong influence on the results of the calculations, it is recommended
that tests be carried out.
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o for reinforcement: high-adherence bars and wire are used and the steel required is characterized by its
conventional yield strength and ductility classification. For bridges, Eurocode 2 recommends using
only steels of high and very high ductility B and C [EC2-2 3.2.4(101P)]. So in principle steels BSO0B
are generally used, and B5S00C steels where very high ductility is required: for example for a design
aimed at resistance to earthquakes. Nevertheless, the use of class A shear and torsion reinforcement is
accepted by the national annex. Further information may be found in standard EN 10080.

o for prestressing steels: it is advisable to use a high-strength steel with particular emphasis put on its
tensile strength fx and its relaxation classification (classification 2 of relaxation Eurocode 2 [EC2-1-
13.3.2 (4)P)).

o For cement there is a choice between the three classifications of cement S, N et R on which depend
certain data that form part of the calculation of the increase in strength of concrete during the first 28
days (characterized by the coefficient B..) [EC2-1-1 3.1.2(6)], or again in the calculation of coefficients
of creep and shrinkage [EC2-1-1 Anx.B 3.1.4]

For normal projects cement classification N may be used. When design of the structure requires
tensioning of the prestressed of a new concrete, it is often necessary to use a concrete of R
classification to shorten the waiting time before tensioning.

VI.DIMENSIONING CRITERIA

It is advisable to recall that Eurocode 2 is mainly a structure verification standard with some basic elements for
design. The design rules are thus presented in verification form and practically not in dimensioning form.

This point is particularly important as regards dimensioning of the prestress. In effect, several levels of
prestressing are possible in a structure, from a minimal partial prestressing to a full prestressing. Eurocode 2
merely sets a minimum level of prestressing according to environmental conditions, then shows how to justify
the quantity of reinforcing steels required.

It is plain to see that the choice of prestressing level is the responsibility of the designer. It is thus advisable
to define for each project the desired level of prestressing; the economic optimum depends upon the type of
structure and it is not possible to give general rules.

Previous regulations followed the same logic: 3 prestressing levels were defined with their
verification rules. The choice of level for each and every project was left to the designer.

Eurocode 2 has not renewed the definition of discontinued levels: it goes progressively from a partial
prestressing to a full prestressing, giving the designer total freedom. In order to limit the choices, the
[Chapter 7] gives information on the levels of prestressing possible in service.

The same ideas should be applied to the construction stage: it is advisable to define the acceptable tensions
according to the load types and the stages considered. Here too, Eurocode 2 gives certain information that may
be adapted according to the project. Reference should be made to [Chapter 7] for a description of these rules.
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The time dependent deformations of concrete due to shrinkage and to creep are to be taken into account in the
SLS justifications and generally ignored in the ULS, except when their effects are significant, as for example
for the ULS verifications for stability and form, for which the second-order effects have a special importance
[EC2-1-12.3.2.2].

1t may be generally stated that shrinkage and creep are very complex phenomena that still today are
not under complete control.; codified models of these phenomena that allow calculations, despite
their apparent sophistication, are still far from representing reality. Further, the intensity of these
phenomena depends largely on such parameters as ambient humidity, the dimensions of the
elements, and the composition of the concrete. So care must be taken with regard to the accuracy of
the results of the calculations.

Previous practices disregarded shrinkage and creep for design of sections in reinforced concrete:
creep is factored in a set manner by the coefficients of equivalence, and shrinkage by expansion
joints and appropriate reinforcement.

On the other hand, the effects of creep and shrinkage on the prestress are important and
significantly decrease the prestressing forces initially introduced into the structure. Also, for
indeterminate prestressed structures, the deformations due to creep may cause large redistribution
of stresses. Further, for structures in prestressed concrete, it is truer to say that the shrinkage and
creep effects are taken into account for both the SLS and ULS verifications. More precisely,
normally, their effects determined for the SLS verifications could be retained for the continuing ULS
verifications.

I.SHRINKAGE

Shrinkage is a reduction in the volume of non-loaded concrete that starts during its hardening and continues
until its definite maturing. Eurocode 2 mainly deals with two kinds of shrinkage according to their origin::
endogenous shrinkage (or shrinkage early in its life) of chemical origin, that starts very early and ends quite
quickly after several days and which is due to a reduction in volume of the cement paste during its hydration;
desiccation (or exogenous) shrinkage, due to a variation in internal hygrometry, which doesn’t practically begin
until formwork removal and is a slow, long-lasting process.

It is the total shrinkage deformation that must be taken into account in the calculations. As such, the risk of
cracking following deformations produced by thermal and endogenous shrinkage in a young cast concrete in
contact with hardened concrete is particularly high to be emphasized by Eurocode 2 [EC2-1-1 3.1.4(6)].

Factoring of shrinkage in structural analysis was mentioned at the beginning of this chapter for
determination of stresses.

For calculation of stresses:

= the effect of shrinkage no longer intervenes in the general case where loads other than shrinkage
are applied.

= Conversely, the effect of shrinkage and delayed shrinkage is a cause of cracking and merits a
special study, reference is made to the calculation given in [Appendix VII] of this guide.
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I1.CreEp

Creep in concrete is the phenomenon according to which deformation of concrete subjected to a constant load
continues to increase with time. Creep also depends upon the factors cited above, on the maturity of the
concrete at its first loading and the duration and the intensity of the applied load. The simplifying hypothesis of
a linear creep of concrete is normally acceptable providing it limits the compressive stress in the concrete to
0,45 fi (or 0,45 fu(to) if the concrete is loaded at an age to) under a combination of quasi-permanent actions
[EC2-1-1 3.1.4(4) et 7.2(3)].

I1.1. Taking into account of creep by an approximate method

Where great accuracy is not required Eurocode 2 gives in figure 3.1 [EC2-1-1 Fig3.1] a quick method of
estimating the final value of the coefficient of creep §(oo,ty) in standard conditions of ambient temperature
(-40°C,+40°C) and relative humidity (40%<RH<100%).

to represents the age of the concrete when the load is applied. In these approximate calculations it is
understood that the concrete is sufficiently aged for its characteristics at age 28 days to be used.
Interpolations are allowed from the given values.

A final value, a little more accurate, of the coefficient of creep may also be obtained from the laws of creep as a
function of time, given in annex B of Eurocode 2 Part 1-1 or for high-performance concrete in annex B in part 2
of Eurocode 2.

The final value of the coefficient of creep is used to take account of the effects of creep in an approximate
calculation with a small difference according to whether linear or non-linear analysis is used.

The effect on creep where concrete is subjected to a thermal cure is dealt with in
[EC2-1-110.3.1.2]

IL.1.1.Linear analysis

The taking into account of creep is done by use of the effective modulus of concrete [EC2-1-1 7.4.3(5)], an
equivalent of the differing modulus that is not explicitly used in Eurocode 2 for stress calculations but which is
defined for calculations of deformations [EC2-1-1 Expr.(7.20)]:

E

cm

E =_____“n
c,eff 1+ (I)(OO,tO)

E
Eurocode 2 defines from that an effective coefficient of equivalence by . = % . but does not

make use of it in its other specifications.

This method of working is valid at SLS as at ULS. It may be specified that for structures entirely of concrete
and built without stages it has no effect on the stresses and affects solely the strain results. Conversely for the
structures built in stages or for composite steel-concrete structures, the stresses are obviously also modified.

For the structures built in stages, a calculation with scientific creep will give more accurate results
(see later). For composite structures, Eurocode 4 gives values of coefficients of equivalence to use
according to the type of force.

The method of factoring creep at SLS in the stress calculation in a cracked section is not detailed in
Eurocode 2. In the absence of a more accurate calculation, the coefficients of equivalence, used in
the determination of reduced homogeneous sections, may be reused. [Chapter 3-111.1].
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11.1.2. Non-linear analysis

A simplified way of factoring creep is using an effective coefficient of creep ¢ [EC2-1-1 5.8.4(2)] and [EC2-
1-1 Exp.(5.19)]. This applies only to simple cases and when great accuracy is not required.

moment QP
1°" ordre
M
_ 0Eqp
i),e—fl - ¢ (oo ’t 0) M
fluage fluage OEd
effectif final moment de la combinaison

1

considérée 1 ordre

It is also possible to define 9 from total bending moments and M 4 but this requires a repeat and
a verification of the stability under the permanent state with ¢ =9(,t,) [EC2-1-1 5.8.4(2) note]

If the ratio of the moments varies in the element or the structure, the ratio for the maximum moment
section may be calculated by using an representative mean value [EC2-1-15.8.4(3)].The
representative mean value will be favored if it may be easily determined, since it is the deformation
of the overall structure that is important..

/\ contrainte
[loi avec affinité déformation |
|Ioi sans affinité de’formation|
fcd
,-—""E‘:--_..\_
"--n..\‘\.IL
Eel Ecul
{=
Se1(1+(Pen Sout(1+(Def)
D éformation relative
Fig./Tab.Il.(1) : Stress-strain diagrams and creep factor]
Contrainte Stress
Déformation relative Strain
Loi sans affinité deformation Law without strain affinity
Loi avec affinité déformation Law with strain affinity
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The effect of creep is thus considered as taken into account by use of the stress-strain diagram of concrete
obtained by multiplying all the strain values by a factor (1+¢.r) [EC2-1-1 5.8.6(4)].

A non-linear analysis proceeds generally to a ULS verification, which explains the definitions of
Mok that is the bending moment from a quasi-permanent combination and Mogq that is the bending
moment of a basic ULS combination. An adaptation of the method to SLS consists of taking a
characteristic combination moment for this last value.

11.2.Taking into account of creep by a ‘scientific’ method

For constructions with stages it is necessary to use elaborate software to obtain good accuracy. Taking account
of creep involves an iterative calculation, taking account of the laws of the evolution of creep
[EC2-1-1 and EC2-2 Anx.B] and of the properties of concrete with time. It is also the case with studies of
stability of form involving the non-linearity of the materials and the second order effects. The sections should
be modeled by a sufficient number of fibers and their strains are reconstituted at each moment from those of the
fibers while ignoring the fibers in tension. The time dependent deformations of the sections are obtained by one
of the methods recommended by Eurocode 2, incremental, superposition, etc.

For bridges in prestressed concrete the scientific method is used from a detailed project because a
relatively accurate calculation of losses of prestress is necessary. For this same reason clause
[EC2-1-12.3.2.2(2)] must agree that for ULS the effects of creep are significant and are evaluated
under the effect of the probable prestress and the permanent loads (as for an SLS verification) and
are retained [EC2-1-12.3.2.2 (3)]. The follow-up of the ULS verification continues by application

Guide EC2 - Version V7 -53- Sétra, le dd/09/yyyy




E ! EUROCODE 2 — APPLICATION TO CONCRETE HIGHWAY BRIDGES service d'Etudes

techniques
e - tgan - rere | Chapter 4 - Time dependent deformations of concrete: shrinkage SesToutes
REPUBLIQUE FRANGAISE ef autoroutes
and creep

of ad hoc variables. The increase in load of self weight (0,35 G)is considered as an additional
overall load that is applied in a normal manner to the static diagram of the finished structure,
without it creating further creep.

III.ELEMENTS FOR CALCULATION OF SHRINKAGE AND CREEP VALUES

II1.1. ‘Average radius’

The determination of shrinkage and creep values requires an ‘average radius’ (notional size) of the structure,
noted as hy.

ho = 2A/u, where A, is the area of the concrete transverse section and u the perimeter of the part exposed to
desiccation.

In the case of a slab, the ‘average radius’ thus defined corresponds more or less to four times the average of the
distance the water must travel during its evaporation during hardening of the concrete.

a) Case of a slab or a beam with no sealing: the ‘average radius’ is approximately equal to the thickness e.

e | |

b) Case of a slab with sealing:  generally the upper slab covered with sealant is not considered in the
calculation of the part of the perimeter exposed to desiccation and the ‘average radius’ is thus approximately
equal to twice the thickness: 2e.

This point is, however, taken on a case-by-case basis, according to the time before applying the sealant.

e | | (the part in bold is not generally subjected to desiccation)

¢) Case of a box girder: The inside of the box girder is not generally taken into account in the calculation of the
part of the perimeter exposed to desiccation.

This point is, however, taken on a case-by-case basis, particularly in the case of prefabricated arch stones.
I |

(parts in bold not generally subjected to desiccation)

I11.2.Presence of reinforcement

Modification of the deformation values of shrinkage and creep due to reinforcement is not explicitly evoked in
Eurocode 2. When great accuracy is not required for certain calculations, it is allowed to ignore this
phenomenon putting emphasis on safety. Conversely, if it is desired to take it into account, the precise
definition of bonded reinforcement present in the sections and the use of elaborate software is necessary. A
median option is to use a set factor by using a reducing coefficient, k, to apply to the shrinkage and creep
coefficients, defined by:
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kK =———M .
T (1+20p,) for ordinary concretes,

k. =——— oh-
* T (1+12p,) for high-performance concretes

ps being the percentage of bonded reinforcement, ratio of the section of reinforcement to the concrete section.
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With Eurocode 2 the clear-cut distinction the French regulations made between prestressed concrete and
reinforced concrete fades, to give birth to a unique text dealing globally with constructions using concrete
reinforced with reinforcing or prestressing steel. It may be said there is a kind of continuity going from
reinforced concrete where prestress is non-existent to fully prestressed concrete, passing via partial prestressed
concrete.

Eurocode 2 restricts itself to the only prestress brought by the tensioning of reinforcement (bars, wire and
strands) and the essential of the treatment of the prestress appears in the text of Eurocode 2 part 1-1 in [EC2-1-
1 5.10]; other indispensable elements are given in a disseminated way, where it is logical and necessary, in the
form of specific rules. It is from this method particularly that the peculiarities that characterize the prestress by
pretension, post-tension or external and unbonded are introduced. As such, nothing basic has been modified in
the factoring of the prestress by Eurocode 2.

But prestress is above all the prestressing kits that are products of construction. There again, the logic of
European harmonization is in play, with the appearance of the ATE, on which it is advisable to say a few words
since this is indissociable from the use of Eurocodes.

I.I. A T E OF THE PRESTRESSING KITS

The characteristics of the prestressing steels must be in compliance with standard EN 10138 or, failing this, in
an ATE.

The prestressing “kits”, from the time they’re implemented by their producers, must be marked with a CE and
an ATE. The ATEs are issued by an accreditation organization (e.g. Sétra in France, DIBT in Germany, OIB in
Austria) on the basis of an ATE guide (ETAG 013). The accreditation is issued after a certain number of tests
to verify the aptitude for use of the product.

These kits are then subjected to an “attestation of compliance” to certify the concordance of the product put on
the market with that tested in the scope of issue of the ATE. This second step concludes with the CE marking
issued by a certification organization (e.g. ASQPE in France..). With its CE marking the product is presumed to
meet the essential requirements and may be marketed and used without going through a national regulation
compliance verification.

L 1.Information appearing in the ATE

The following information is contained in the ATE:
* Possible usage of system (external prestress, replaceable tendons, etc)
* Range of anchorage (from 3 to 37T15 for example)
*  Description of components and dimensions
*  Minimum curvature radii authorized according to type of tubing
»  Free length to be respected behind anchorage or cylinder floor space
» Straight length to be respected at exit of anchorage
e Coefficient of friction k and .

*  Spacing of duction supports
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» Retraction of anchorage upon tensioning

*  Mean minimum strength of concrete to respect upon tensioning (fom)

*  Centre distance and cover of anchorages (depends on fim )

* Hooping to place behind anchorage (depending on f.) and possible adaptation
* Type of injection

* Recommendations on transport, storage and handling

1.2.Useful information for the application of Eurocode 2

The major information used in the calculations is as follows:

1.2.1.Tensioning forces

The tensioning forces are generally given for information or as recommendations in the ATE (except for
instructions to the contrary) since the systems are tested to resist in static, in fatigue and in load transfer on the
basis of characteristic forces of the tendons Fy and not the forces shown in the ATE. These should thus be
deduced from the standard on prestressing steels (EN 10138) giving F,x and Fy1x and from the national annex
of Eurocode 2 giving coefficients k; and k, to place before Fy and Fyx. These latter coefficients are used to
define the maximum limits of tensioning forces [IIL.1].

1.2.2.Coefficient of friction k and [L

The default values given in Eurocode 2 [EC2-1-1 5.10.5.2(2) and (3)] are generally safe. In certain cases, the
ATEs may propose more realistic values stemming from on-site measurements.

|| 1t is also recommended to take security values in the case of tendons moving over numerous joints. ||

L.2.3.Retraction of anchorage

The values to be used in the project are fixed by the ATEs.

1.2.4.Strength of concrete and load transfer

The ATEs supply one or several values of minimum strength of concrete to respect at tensioning, according to
the respective positioning of the anchorages. This minimum concrete strength influences the distance between
centers, the distances at the edges of the anchorages and the associated hooping. In the case where several
values of f.mo are proposed, it is allowable to interpolate on all these parameters.

1.2.5.Geometric stresses

The designer will find, moreover, all the geometric stresses that the project should respect so that tensionings
particularly are easily attainable.
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II.

II1.PRESTRESS FORCE

Eurocode 2 uses a slightly different vocabulary from the previous practices, whose principal definitions are
worthwhile remembering.

III. 1. Maximum prestress force

This is represented by P It is the force applied to the active end during tensioning (cylinder force). It must,
of course, be limited to prevent plasticizing of the reinforcement [EC2-1-1 5.10.2.1]

Pmax = Ap X min (kl x pk; kZ x pO,lk)
A, being the area of the section of the prestressing steels.

k; and k, having values respectively of 0,80 and 0,90, or the recommended values that are retained by
the national annex,

but also to prevent excessive compression of the concrete submitted to loads during application of the
prestressing [EC2-1-1 5.10.2.2]

0. < 0,6 fu(t)

II1.2.Initial prestress force

This is represented by Pmo(X): It is the prestress force applied to the concrete immediately following tensioning
(post-tensioning) or after transfer ( pretensioning), after deduction of instantaneous losses. The variation
according to the abscissa x is due to friction by post-tensioning and to the establishment of the prestress by
pretension in the end zones.

Eurocode 2 sets a limit to this initial force, which is new:
Pro(x) < A, x min (k7 % fy; ks x fio,1c )

k; and ks having for values defined by the national annex, respectively 0,77 and 0,87, for the prestress
by post-tension and 0.8 and 0.9 for prestress by pretension.

II1.3.Probable prestress force

This is represented by Pn,(x): the prestress force variable along the reinforcement length and with time, that
results from the deduction of instantaneous losses and different losses.

IV.PRESTRESS LOSSES

There is no change of principle in the calculation of prestress losses. The adoption by Eurocode 2 of various
laws for the different strains of concrete should lead to only a small variance in the final results of prestress
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forces compared to previous practices. Moreover, for high-performance concrete (strength classification greater
than C50/60), the laws of loss by relaxation like those of loss by creep and shrinkage stayed the same as before.

L1

1V.1.Instantaneous losses

For prestress by post-tension the instantaneous losses are the losses from blockage of the anchorages, the losses
by friction and the losses by elastic deformation of the concrete.

Different from post-tension, the implementation of pretension may already lead to prestress losses that are
produced between tensioning of the armature and the prestressing of the element. They are particularly losses
due to concrete shrinkage, relaxation of the steel and possibly to a thermal treatment that it is advisable to
account for in addition to instantaneous losses as such.

It must be noted that the variables U and k used in the expression of calculation of frictional losses
EC2-1-1 Expr.(5.45)] are not, in a positive way, exactly those used to date, but involve factoring of the same
physical phenomena. Their values, supplied in the absence of more accurate values, which would be found in
the ATEs) are generally safe [EC2-1-1 5.10.5.2(3) and (4)].

1V.2.Different losses

There are two causes of different losses:

* Reduction in elongation of the reinforcement caused by deformation of the concrete from shrinkage
and creep

¢ Reduction in reinforcement stress due to relaxation

Calculation of different losses by relaxation is done in principle for bridges by using relaxation classification 2
[EC2-1-1 3.3.2(4)] defined by a value of pigoe at the most equal to 2.5% (this is the equivalent of relaxation
classification TBR of the previous regulations) and by use of the expression (3.29).

With the exception of very simple cases (isostatic elements, constructed without stages) for which differing and
total losses may be estimated in an approximate way from the expression (5.46) from Eurocode 2, that may be
used for predimensioning, it is necessary to use the laws of deformation of shrinkage and creep to do the
detailed calculation of different losses.

Where there is no need for great accuracy, for example in the study of transverse bending of a
bridge slab, the expression (5.46) may be used.

Eurocode 2 part 1-1 gives the corresponding laws in its annex B; Eurocode 2 part 2 specifies in the modified
annex B that for high-performance concretes (of strength classification greater than C50/60) use of the laws
given in B.103 gives the best results. Further, this modified annex gives methods for determination of
coefficients to be used in the expressions from B.103, bearing in mind a better accuracy when experimental
measurements obtained from appropriate shrinkage and creep tests are available.

The various methods allowing evaluation of structural effects caused by the differing performance of concrete
are briefly described in annex KK of Eurocode 2, part 2, particularly the equivalent time method.
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VI.REPRESENTATIVE VALUES OF PRESTRESS

From limitations of the prestress force before and after the tensioning operation Eurocode 2 defines, as
previously seen, a probable prestress force P..«(x) with deductions of losses at time t, but also by increase and
reduction of this force, two characteristic values Py, and Pyjne , commonly called range.

e alower value: Py nt = Iing XPoy

e anupper value: Pygyp = Tsup XPrny

The percentages of increase and reduction are respectively 10% (tsp = 1.1; 1inr = 0.9) for the internal bonded
prestress by post-tension and 5% for the external prestress or the prestress by pretension ra, = 1.05; rine= 0.95).

When the appropriate measurements are taken as for example the direct measurement of the
prestress by pretension, one may use Tsip=Tint =1

VI.1.Factoring of prestress at ULS

The probable value P, is to be used for ULS justifications except for the verification relative to fatigue which
uses a combination of actions similar to a frequent ULS combination.

VI.2.Factoring of prestress at SLS
The characteristic values Py ., and Py ine are to be used for the SLS justifications and thus for:
» calculations of stress in the concrete to verify relative to specified limits,
» calculations of stress in reinforcing steels to verify relative to specified limits,
e determination of minimum reinforcement,
* calculations of stress in reinforcing steels for calculations of crack openings.

|| It may be noted that the range is not used for the calculation of stresses in the prestressing steels. ||

VI.3.Under construction

In situations under construction the national annexes of parts 1-1 and 2 specify that it is possible to take 1y, =
rine = 1.0 when special precautions are taken, both at the design level and the execution level, so that the
probable prestress Pm is attained in the structure.

In the case of post-tension, these precautions consist particularly of:

- planning, from the design stage, empty tubes so that additional tendons may be installed in case the probable
tension is not obtained on-site;

- carrying out measurements of the coefficient of transmission on the first tensioned tendons (preferred test) and
on a sufficient number of tendons later tensioned (control test);
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- establishing a program of work sufficiently spread out to allow determination and repair of any possibly
required corrections.

If the structure is very sensitive to prestress effects, it is advisable to maintain the values ry, = 1.05 et ris = 0.95.

VII.PRESTRESS ADHERENCE

prestressing steels do not adhere as well to concrete as do high-adherence reinforcing steels. In the stress
calculations for cracked sections, the stress increases in the reinforcing steels would thus be greater than those
calculated assuming perfect adherence of the prestressing steels.

This is only a problem for stress calculations in partial prestressed structures (i.e. prestressed structures likely to
be significantly cracked at SLS).

Two methods are possible to factor this difference in performance of adherence:
o do a calculation assuming perfect adherence, then correct the stresses obtained,

o do a stress calculation while reducing “at the source” the contribution of stress increase of the
prestressing steels.

These two methods are considered in Eurocode 2, the first being recommended for fatigue calculations
[EC2-1-1 6.8.2(2)P], the second for calculation of the minimum SLS reinforcement [EC2-1-1 7.3.2(3)].

The first method has the advantage of simplicity but does not allow a state of stress that meets the general
equilibrium conditions of the section.

The following modalities of application are recommended:

* For the fatigue calculations of the partially prestressed structures, the method recommended by
Eurocode 2 [EC2-1-1 6.8.2] is applied. An upper boundary to the variation of stresses in reinforcing
steels may be obtained by totally ignoring the stress increases A0, in prestressing steels beyond the
state of nil deformation of the adjacent concrete.

«  For SLS stress calculations in the non-cracked prestressed structures, the stress increases 80, in the
prestressing steels are ignored.

For SLS stress calculations in the partially prestressed structures, Eurocode shows no precise
method. The second method may be used, which consists of calculating the equilibrium state of the

section while balancing the stress increase 80, by a coefficient &, (upper limit at 1.0) — or the

equivalent which is to reduce the prestress section A, by this same coefficient &, .

There too, a limit greater than the stress variation in the reinforcing steels may be obtained by

totally ignoring the stress increases DO, in the prestressing steels.

Calculation examples are given in the SLS and ULS chapters on fatigue (application to a PSIDP slab calculated
at partial prestress).
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The use of more complex calculation models, adequately representing the differences in adherence
between steels is possible. Refer, for example, to the article by F. Toutlemonde and R. Pascu, in the
"Bulletin des Laboratoires des Ponts et Chaussées”, no. 241, November-December 2002.

For external prestress the stress increase is caused by the average elongation value between two deviators, or on
a longer length in the case of slippage on these deviators. The stress increase is thus low and because of the
possibility of slippage its estimation is uncertain. For SLS, the stress increase is thus totally ignored. For ULS,

the Eurocode allows a fixed factoring of the stress increase [I.1].
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This chapter deals with ULS justifications, particularly ULS strength of bending, shear stress, torsion and
punching.

The ULS justifications for specifics such as fatigue, brittle failure and buckling are also presented.

It is, however, necessary to refer to plate calculations [Chapter 10-1V] to find the elements concerning the
combination of longitudinal bending effects and local effects.

The calculation of stresses is generally carried out on the basis of a linear elastic analysis with no redistribution
(except for the study of form stability), taking account of the characteristics of the gross sections [Chapter 1-
VI1.2.2] and if the case arises of the participating width [EC2-1-1 5.3.2.1 and Chapter 1-VL.2.1].

The only difference compared to past practices is in the taking into account of the external prestress.

The Eurocode allows in effect the taking into account of the stress increases in the unbonded tendons. The
increase in stress in the reinforcement of unbonded prestress (e.g. for external prestress) may be evaluated:

* in the absence of accurate calculation, taking account of a set increase of 100 MPa [EC2-1-1 and
EC2-1-1/AN 5.10.8(2)],

* ifnot, in taking account of the overall deformation of the element [EC2-2 5.10.8(103)], by means of a
geometric non-linear analysis (second-order, [EC2-1-1 5.7(1)]).

1t is generally more unfavorable to ignore the effect of this increase in stress.

When it is useful to evaluate this increase, one may consider a totally slippery tendon (particularly
at the same level as the deviators) on the identical route of the actual tendon.

I.JUSTIFICATION RELATIVE TO BENDING
This paragraph refers to clauses [EC2-1-1 and EC2-2 6.1]. The deflected bending is dealt with in
[EC2-1-1 5.8.9].
Generally the ULS bending justifications in Eurocode 2 are very close to previous practice:
- calculation of stresses by a linear-elastic model

- verification of sections with material laws (shown below) different than those used for the structural analysis
(already shown in chapter 2 VI.3.1)

This paragraph highlights the major differences between Eurocode 2 and the previous regulations. Material
laws, taking account of the prestress in the analysis, and verification of the sections are shown here.

1. 1.Material laws used for verifications of sections in bending

Calculation of the sections is based on the use of special stress-strain diagrams shown in section 3 of Eurocode
2 part 1-1 [EC2-1-1 3.1.7], [EC2-1-1 3.2.7] and [EC2-1-1 3.3.6].

L.1.1.Concrete

Several laws of behavior may be used:

o The "parabola-rectangle" law [EC2-1-1 Fig.3.3]:
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This law is not in fact made up of a parabola for concretes with strengths greater than 50 MPa,
called BHP, since the exponent is not then between 1.75 for C55/67 and 1.4 for C90/105.

l Yol

cd

4 : G
0 Ecz E

cu2

Fig./Tab.1.(1): Law of concrete performance for calculation of sections

Two other simple laws are acceptable and considered as equivalent to the "parabola-rectangle" law:

o the “bi-linear” law [EC2-1-1 3.1.7 (3) Fig.3.4]

&

C

.
0 £, €

cu3

Fig./Tab.1.(2): Laws of bi-linear performance of concrete for calculation of sections

o the simplified rectangular diagram [EC2-1-1 3.1.7 (3) Fig.3.5]:

The hypothesis of a rectangular diagram of compression in concrete is possible, as much for normal concretes
as for BHP (bétons a haute performance, high performace concrete). The effective depth of the compressed
zone and the effective strength are thus a function of the concrete’s characteristic strength.

These three laws have been calibrated to give very close results, indeed more conservative for the
simplified diagrams.

Guide EC2 - Version V7 - 66 - Sétra, le dd/09/yyyy




techniques

E ! EUROCODE 2 — APPLICATION TO CONCRETE HIGHWAY BRIDGES service d'Etudes

des routes

Librt - Kyt Pt Chapter 6 - Justifications at ULS -

REPUBLIQUE FRANGAISE

All these laws are characterized by use of the parameter f.4 design value of concrete compressive strength

defined by:
f
f. . =0o X ck
cd cc %C

with O coefficient taking account of the effects of the length of application of the load on the
compressive strength of concrete, a coefficient whose value was fixed by the national annex at O . = 1.0

Yc partial factor of concrete [EC2-1-1/AN 2.4.2.4(2)] with a value of 1.5 in persistent and
transient situations and 1.2 in an accidental situation.

The coefficient O, allows taking account of the importance of the permanent actions in the
combinations. The national annexes of Eurocode 2 have retained the value Q. = 1.0 for all

concrete Structures.

The values of the strain parameters €. a function of the resistance classification of concrete are to be found in
[EC2-1-1 Tab.3.1].

1.1.2.Reinforcing steels
The following laws of behavior may be used [EC2-1-1 Fig.3.8]:

o The bi-linear law of horizontal landings, for which there is no limit of steel strains;

o The bi-linear law with strengthening.

The design strength of reinforcing steels is given by:

with  Yg partial factor of the steel of reinforced concrete [EC2-1-1/AN 2.4.2.4(2)] of a value 1.15 in
persistent and transient situations and 1.0 in accidental situations.
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Fig./Tab.L.(3): Stress-strain diagrams of steels of reinforced concrete for calculation of sections

1.1.3. Prestressing steels

Several behavioral laws may be used:
o The horizontal landing bi-linear law [EC2-1-1 3.3.6 Fig.3.10],
o The bi-linear law with strengthening [EC2-1-1 3.3.6 Fig.3.10],
o A law representing the actual diagram of the steels, subject to it applying the coefficient 1/y; over fyo,1x)

[EC2-1-1 3.3.6(7)]. For the strands, the law of the past regulation (in compliance with figure [EC2-1-1
3.3.6 fig.3.9] may thus be used: it is thus mentioned in the following figure.

] /y _ ' kys
Pk f=f VIl ... : v P

! pd p0,1k" T's d : '

£ =, Y, - _____ - 0’9fp0,1k/ys /’——

pd  “p0,1k

™
y ="

f,/E £, &, 09f,/E ¢

ud guk

Fig./Tab.1.(4): Stress-strain diagrams of prestressing steels

The design strength of prestressing steels is given by:

— f 0,01k
fpa =7 4

with  Ys partial factor of the prestressing steel [EC2-1-1/AN 2.4.2.4(2)] with value of 1.15 in
persistent and transient situations and 1.0 in accidental situations.
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1.2.Calculation of sections

The calculation of sections at ULS is based on the following hypotheses [EC2-1-1 6.1(2)]:
*  cross-sections remain on same level
» tensile strength of concrete is ignored
» there is no relative slippage of materials except for unbonded prestress
*  The pivot principle is retained:
* -pivot A (when available): strain limitation in reinforcing steels and/or prestressing steels
* - pivot B: strain limit of concrete for bent parts

* - pivot C: strain limit of concrete in pure compression.

(1-€/€2) h
(1-€3/€u3) h

v

€ud 802 Ecuw
(803) (scuS)

A
o —o
A

A - reinforcing steel tension strain limit
B - concrete compression strain limit
C - concrete pure compression strain limit
Fig./Tab.1.(5): Diagram of possible strain distribution in the ultimate limit state

It must be assured that the acceptable ultimate strains are not attained, if the case arises.

Moreover, for the compressed chords of the box girders (load relatively centered verifying E <0,1), it must be

verified that the average strain in compression in the chord is less than &, (or £; according to the diagram used)
—[EC2-1-1 6.1(5)].

This clause may be important for dimensioning of highly stressed parts (lower slabs on supports). It
may be necessary to limit the strain of the furthest fiber to a value less than &..wu3 to be able to
meet this condition.

1.3.Conclusion
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The principle of calculation of sections at ULS is in compliance with the calculation methods previously used
in France, with a slight reduction in quantities for the following reasons:

S0, =1.0

- possibility of using a bi-linear diagram inclined for steels, which allows a reduction of a small percentage of
reinforcement.

1t seems possible to gain 5 to 8%, but actually the gain is less due to the limitation imposed on the
concrete.

- possibility of taking account of the stress increase of the tendons of the external prestress.

On the other hand, removal of pivot A when the horizontal landing diagrams are used for concrete
reinforcement and for prestressing steel, does not generally allow a reduction in the quantities of steels, since in
this case it is the pivot B that imposes the limits.

I1.JUSTIFICATION RELATIVE TO SHEAR

This paragraph concerns the study of shear and torsion strength at ULS. It does not deal with the combination
of shear and local bending stresses that is dealt with in [Chapter 10-1V.3]. Similarly, it is necessary to refer to
[Chapter 7-11.5] to find the verification of the sections relative to shear at SLS.

It is completed by the treatment of certain special cases in [Chapter 10-I] and numerical applications in
[Appendix III].

11.1.Design value of shear force

11.1.1. Definition of shear force to be considered

The design value of the applied shear force Vi, used in justification of the sections is the sum of:
o the shear force due to exterior sources,
o the shear force due to prestress,

o components of the shear force in the case of variable height due to the Résal effect [Chapter 10-1.1].

11.1.2.Design web width b,,

b, is the smallest width of the cross-section in the zone under tension or in the zone between the chord under
tension and the compressed chord.

b
With injected prestress metallic ducts of diameter (p>?w , the shear resistance Vramax should be calculated
using a reduced nominal web width:
b hom = by 0.5 z ¢ with Z (= space for ducts at most unfavorable level.

In the case of non-injected ducts, injected plastic ducts or unbonded prestressing steels:
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Eurocode 2 part 1-1 specifies that in this latter case, if the adapted transverse reinforcement are planned to
prevent splitting of the struts, the coefficient 1.2 may be reduced to 1.0 [EC2-1-1 6.2.3(6)]; this is confirmed by
the national annex.

" Subsequently the expressions show up only by,; it should be read as by nom Where appropriate. ||

11.1.3. Principle of verification

These verifications at ULS are defined in [EC2-1-1 6.2 and EC2-2 6.2].
The general verification procedure includes [EC2-1-1 6.2.1]:

o a verification of the strength of the section without shear reinforcement. If this is conclusive, only the
minimum reinforcement ratio [EC2-1-1 9.2.2] noted in [Chapter 9-111.1] is to be implemented and the
verification below is not to be done; it may however be omitted in the case of slabs (plain, ribbed or
honeycombed) when a transverse load redistribution is possible [EC2-1-1 6.2.1(4)].

o a verification of the strength with shear reinforcement that includes a verification of both the strength
of the concrete struts and of the strength of the shear stress reinforcement;

o verification of the additional longitudinal tensile stress that should be involved in the dimensioning of
the longitudinal reinforcement.

The general rules decreed for the justification of the sections apply when loads are applied to the
upper parts of the elements.

When the loads are applied to the lower parts, vertical reinforcement should be added that are
sufficient to transmit the load to the upper parts [EC2-1-1 6.2.1(9)].

These conditions may obtain when beams cross.
They also appear in box bridges:
- the weight of the lower slab exerts a tension directly on the bottom of the webs.

- for box girders of variable height with curved slabs, the axial stress Niresulting from the whole of|
the axial stresses on it, causes a radial force Q = N;/R where R is the radius of curvature of the slab.
Where N; is a tension Q exerts tension on the webs.

- the prestressing tendons in the lower slab or at the bottom of the webs, also cause a radial force
Qr = ZF»/R to the bottom.

Guide EC2 - Version V7 -71- Sétra, le dd/09/yyyy




techniques

E ! EUROCODE 2 — APPLICATION TO CONCRETE HIGHWAY BRIDGES service d'Etudes

des routes

Librt - Kyt Pt Chapter 6 - Justifications at ULS -

REPUBLIQUE FRANGAISE

N S
vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

s
g
N
%I

Fig./Tab.I1.(1): Radial force of a slab

Y

11.2.Verification of standard sections

The first thing to verify is that the elements without shear reinforcement have sufficient strength. Elements
without shear reinforcement are those elements with only a minimum reinforcement as shown in [Chapter 9-

ML1].

11.2.1.Members not requiring design shear reinforcement

2.1.0.a)General case
It is advisable to check:

VEd < VRd,c

Vkq is the design value of the applied shear force
V. 18 the design value for the shear resisistance of the element in the absence of transverse reinforcement:

Viae ={CMC k(100p, £y )” +k, o,,]b, d [EC2-1-1 6.2.2 Expr.(6.2.a)]
with a minimum value
Viae 2 (Vo +k, 0] by, d [EC2-1-1 6.2.2 Expr.(6.2.b)]

where

k=1 +1/2720 < 2,0 with d expressed in mm

p; =Ay/b,d <0,02

The values adopted are as follows:

*  Crec=0.18/yc=0.18/1.5=0.12

* k=0.15

*  Viin = 034/yc f4” for slabs with a transverse redistribution effect in the case of considered loads
* Vi = 0.053/yc k*” £4' for beams and slabs other than those above

*  Vimin = 0.35/yc f4"” for shear walls

These are the values recommended except those concerning vmix in the case of slabs with a transverse
redistribution effect and the shear walls, which are values proposed by the national annex.
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The expression (6.2a) brings into play the ratio of longitudinal reinforcement pi= Aq/bywd in which
may be included the bonded prestressing steels. This ratio is particularly planned for rectangular
sections and has little significance for box girders, for which it is preferable to ignore it and so
retain only the resistant stress given by the expression (6.2b).

The expressions (6.2a) and (6.2b) differ only in the first term of the sum in parentheses. Comparison
of these two terms shows that for slabs with a transverse redistribution effect, the expression (6.2b)
is always preponderant.

The values of Vmin specified in the national annex bring up the following comments:
The partial factor Yc is brought to bear which allows treatment of the cases of accidental situations.

The specified value for the slabs with a transverse redistribution effect give shear resistance much
greater than for beams with equal dimensions.

2.1.0.b)Special cases

The special case of the non-cracked elements at ULS is examined in [Chapter 10-1.4], that of prestressed
members with only one span in [Chapter 10-1.5].

11.2.2.Members requiring design shear reinforcement

This verification is based on a truss model as shown below [EC2-1-1 6.2.3]:

armatures

z 1/2 z N
- —~t— [cot 6 -cot o), z=0.9d -l—l M
172 z v

armatures longmldmales bielles

Fig./Tab.I1.(2): Truss model of shear stress

Armatures Reinforcement
Armatures longitudinales Longitudinal reinforcement
Bielles Struts

This requires:
» verification of strength of struts

e verification or determination of shear reinforcement
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Eurocode 2 shows both the case of perpendicular reinforcement with average fiber (o = 90°) for which the
expressions are simplified and that of reinforcement inclined at a given angle a. Then the expressions with a
given angle a are explained; their simplification is easy and quick.

When it is wished to minimize the shear stress reinforcement, the choice is the smallest inclination
of the struts compatible with their compressive strength. This may however lead to a large increase
in the longitudinal steels. Further, if the chosen direction of the struts ULS is too far from the elastic
direction of the major compressive stresses at ULS, large cracks may form under the service shear
stress, along with fatigue problems.

In the case of elements of reinforced concrete bridges, it is thus recommended to not incline the
struts too much at ULS, so as not to create excessive cracking problems at SLS. It may be possible
to limit the inclination down to 34° (cot34° = 1.5), in compliance with the national annex
[EC2-1-1/AN 7.3.1(10) and EC2-2/AN 6.8.1(102)].

In the case of prestressed concrete elements, where there are only a few extra longitudinal
reinforcing steels, it is generally advantageous to incline the struts as much as possible.

It should finally be mentioned that the diagram shown in the figure above is only valid for a
standard part of the beam. Near the supports, a special study of the end strut should be carried out.
The choice of a strut too inclined may necessitate anchoring large quantities of longitudinal steels,
and it may be advisable to reduce the inclination of the last struts.

2.2.0.a)Verification of strength of struts

First will be chosen the angle of inclination of the struts defined by the following conditions, fixed by the
national annex: [EC2-1-1/AN 6.2.3 (2)]:

* in compression or simple bending 1 < cotf < 2,5 (in compliance with recommended values) or

21.8°<0<45°

e intension y1+0,/f,, <cotb<25.1+0,/f,,

where o is the tensile stress at the center of gravity (-fum < 6 < 0)

" The case of a section where 6. < -fum is not dealt with. "

It is advisable to verify:
VEd < VRd,max

VEka is the design value of the applied shear force
Vramax 18 the resistant stress of the concrete strut given by:

Vidmax =0y by 2V, foy (cotd + cota)/(1+ cot*6) [EC2-1-1 Expr.(6.14)]

by is the web width (net width to be taken if the case arises of prestressing steel shafts ).

v; 1s a reduction factor of the resistance of cracked concrete to shear stress. Its recommended value is
taken as equal to v [EC2-1-1 6.2.2(6)]; it is to be seen in the national annex and is given by:

v, =V =0,6 (1-f, /250) [EC2-1-1 Expr.(6.6N)]

" 1t may be stated that a high resistance f reduces v. "
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Oew 18 a coefficient taking into account the state of stress in the compressed chord. The recommended
values, validated by the national annex, are as follows:

1 for non-prestressed structures
(1 + oc/tea) for 0 < 0., 0,25 g [EC2-1-1 Expr.(6.11.aN)]
1.25 for 0.25 f.a <0 < 0.5 feq [EC2-1-1 Expr.(6.11.bN)]

2.5 (1 - Og/fi) for 0.5 fuy < O < 1.0 fug [EC2-1-1 Expr.(6.11.cN)]

The figure below represents o.waccording to axial stress:

1.250

Clow

Cep /fcd

025 a 025 05 073 1

Fig./Tab.IL.(3): Variation of d., with the mean compressive axial stress of concrete

The national annex specifies that in the case of elements in bending combined with a tensile stress, but with one
chord in compression, one might take:

Olew,t = 1+0u/feim
The case of an element in total tension is however not dealt with.

For determination of 0.y, O is the mean compressive stress (>(0), O is the mean tensile stress
(<0), each being determined under the axial design stress on the concrete section, taking account of
the reinforcement.

More precisely, the axial stresses may be determined by a conventional elastic calculation although
the calculation is taken at ULS. Thus we have O, = N/S (stress at center of gravity of complete
section). For non- prestressed sections, it is found that O, = 0 and O = 1.

To take reinforcement into account, the values of the modular ratio n given in [Chapter 3-11.1.4]
are used. In the case of highly compressed sections, it is safer to ignore the involvement of steels. In
the case of little-compressed sections, a variation of 15% of the section (obtained for a ration of
longitudinal reinforcement of 1%), involves a difference of only about 3% on dcy.

1t is specified that the value of O, has not to be calculated at a distance less than 0.5dxcotd from
the bare part of the support.

If the design value of the applied shear force Vg4 is greater than Veema calculated above, the strut has
insufficient resistance. It may be too inclined in relation to the vertical and/or the thickness of the webs is
insufficient. The strut must thus be straightened. When this reaches 45°, and if the strength is still insufficient,
the web thickness must be increased.

|| However, in certain cases, the resistance of the struts may be increased [Chapter 10-1.6]. ||
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It may be worthwhile expressing the resistance of the concrete struts by a resistant shear stress from the
expression (6.14) of Eurocode 2 part 1-1. One thus obtains:

Via / ) sin 20 é 1-cos26C
T = Rdma =a,,V,f,(cotO+cosa)/(1+cot"B)=a Vv, ——d+cotd——
Rd,max bWZ ew V1 cd( ) ( ) ew ¥ 1ted 2 sin 20 E
and in the case of reinforcement perpendicular to the centroidal axis

sin 26

TRd,max = acwv 1 fcd

2

2.2.0.b)Verification of the resistance of transverse shear reinforcement

The resistance due to the reinforcement is given by:

A .
Vs =% z f 4 (cotB+cota) sina [EC2-1-1 Expr.(6.13)]

The determination of the reinforcement is done by equaling this resistance to the design value of the applied
shear force Viq:

Ve

A /s = . 5 ;
zf 4 (cotB+cota) sina

and if the reinforcement steels are perpendicular to the the centroidal axis:

VEd

ASW /S:—
z {4 cotB

The effective section of the reinforcement steels reaches a maximum at the value given by the
following expression:

A

SW, max B .
'b—ywd <la, o, o, /sina [EC2-1-1 Expr.(6.15)]
. S
This expression is to be used by taking into account the values of fy and fywa obtained in
persistent and transient situations. It does not apply to accidental situations.

It translates the equality of Vramax and Vwas when the resistance of the struts is reached for their

maximum inclination angle of 45° or cot@=1, ie. when Vg, totally exhausts the concrete
resistance of the section.

In the case where there is no discontinuity of Vgq (uniform loading for example), determination of
the shear reinforcement on a basic length 1=z (cot®+cotd) may be carried out by considering
the smallest value of Vg on this length [EC2-1-1 6.2.3(5)].

This provision involves moving the envelope curve of the shear stress reinforcement sections
towards the supports.

2.2.0.c)Case of structures built by prefabricated segments with unbonded prestress.
This case is dealt with in [EC2-2 6.2.3(109)].
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In this case, the opening of the joint in the tensioned chords reduces the height of the compressed concrete that
allows transmission of the struts. The shear reinforcement section should take account of this reduced height.

hred

A — Theoretical tie axes
B — Theoretical compressive strut axes
C — Tensioned chords of truss (exterior reinforcement)
D — Field A: arrangement of frames or stirrup straps with Om.x (cot 6 = 1.0)
E - Field B: arrangement of frames or stirrup straps with 0., (cot 6 =2.5)
Fig./Tab.I1.(4): Inclined fields of stresses in the web across the joint.

The reduced height h..qis the height of the compressed concrete, calculated during verification of the section in
bending at ULS.
It must be verified that h.q> 0.5h. If not, the prestress must be increased to recompress the joints.

The angle of inclination of the struts is deduced from the value of h..q by the following expression:

v
=—L[cot+ tan 6) [EC2-2 Expr.(6.103)]

d
b, viy

The section of the shear reinforcement is then given by:
Asw — VEd
£, cotB

= [EC2-2 Expr.(6.104)]
§ hred
1t is observed that these expressions are deduced from those of the calculation of the strength of

current sections by replacing z by hyeq.

11.2.3. Additional tensile stress in longitudinal reinforcement

2.3.0.a)Stress calculation

The inclination of the truss struts causes an additional tensile force in the chords:

AF;=0,5 Vi (cot O—cota) [EC2-1-1 Expr.(6.18)]

Moreover, its taking into account should be such that (My/z+AE;) < Mggma/z [EC2-1-16.2.3(7)]
[EC2-2 6.2.3(107)].
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For elements with a shear reinforcement, this force AF,s may be obtained by a discrepancy in the moments
curve of:

a, =z (cot 0-cota)/2 [EC2-1-1 Expr.(9.2)]

With: 0 inclination of shear struts
o inclination of reinforcement steels along beam’s longitudinal axis
z lever arm of elastic couple.

1t is easily demonstrated that the expression giving the discrepancy corresponds to the hypothesis of
a multiple truss (which is true enough for bridge structures in which the elements are very high in
relation to the spacing of the transverse reinforcement). For a simple truss and non-inclined
reinforcement the discrepancy is zcot 6.

This arrangement is represented by the figure [EC2-1-1 Fig.9.2] reproduced below.

lna

.

].‘nd 1

A- Envelope of Mgd/z + Nig B - acting shear force F;
C - resistant shear force Fgs

Fig./Tab.IL.(5): Illustration of discrepancy rule

However, where the applied shear forces are such that there is no need for shear reinforcement, it is advisable
to take:

ai=d with d = effective depth [EC2-1-16.2.2(5)]

2.3.0.b)Renewal of stress
In the compressed chord, it is conceivable to renew this force by decompression, insofar as the chord remains
compressed at ULS.

This possibility is foreseen in [EC2-1-1 6.3.2(3)] for torsion, but is also applicable in the case of
shear force.
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In the tensioned chord, the tensile stress is balanced by the longitudinal reinforcement (reinforcing steels and
possibly bonded prestress) [EC2-1-1 6.2.3(7) and EC2-2 6.2.3(107) note]. The tensile stress in the concrete
reinforcement should remain at less than the stress limit defined by [EC2-1-1 3.2.7] and the total tension of the
prestressing steel should remain at less than the stress limit defined by [EC2-1-1 3.3.6].

For the taking into account of the bonded prestressing steels in the case where they are inclined, Eurocode 2
proposes a truss system explained by the figure reproduced below [EC2-2 Fig.6.102N].

Fig./Tabll.(6): Superposition of resistance models for the shear force [EC2-2 Fig.6.102N]

This type of diagram is particularly useful for study of the role of the prestress in the equilibrium of
the end strut. The previous French regulations explained this point in more complete detail, by
taking into account the actual route of each tendon.

In the current part on the other hand, since the angular differences between longitudinal
reinforcing steels and prestressing steels are small, it may generally be sufficient to use the drawing
of the classic strut without distinguishing the diagrams of the longitudinal reinforcing steels and the
prestressing steel.

Nota: The resistance of the reinforcement must also take account of the concomitant torsional
stresses. The prestress bonded reinforcement may contribute to the resistance but in any case their
total stress increase is limited to Ac, =500 MPa [EC2-2 6.3.2(103)]. This limit is rarely attained in
practice. On the other hand, the stress increase should be determined from the permanent state.

11.3.Resistance to shear force near to supports

I1.3.1.Current case

Eurocode shows that for the elements subjected to predominantly uniformly distributed loads, the verifications
of the shear force are unnecessary for sections situated at a distance less than d (effective depth) of the face of
the support [EC2-1-1 6.2.1(8)]. Any shear reinforcement required at this distance should however continue to
the support. It is advisable to verify that the shear at the support does not exceed Vgrama [Chapter 6-

11.2.22.1.0.b].

For concrete bridges, the effects of the permanent loads are generally greater than those of the live
loads, and may thus be considered as mainly subjected to distributed loads.
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11.3.2.Reduction of concentrated loads near supports

The taking into account of concentrated loads near supports follows the rules [EC2-1-1 6.2.2(6) and 6.2.3(8)].

The loads are those on the upper face of the element, at a distance a, between 0.5d et 2d inclusive from the face
of the support if this is rigid, or from the center of the support if this is flexible. Elastomeric bearings and pot
bearings come in the second category.

The design value of the applied shear force Vig may be reduced by a factor f =a,/2d. If a, < 0.5d, it is
advisable to adopt a, = 0.5d. A force is thus obtained, Vg4 reduced (later called Vg, ).

This is only valid however if the necessary longitudinal reinforcement are totally anchored at the level of the

support.

3.2.0.a)Case where shear reinforcement are not required

The value Vgq, calculated as above should be compared to the shear resistance Vrq. given by the expressions
(6.2a) and (6.2b) Eurocode 2 part 1-1.

If Vg, is less than Vg, reinforcement are not required.

Moreover the non-reduced shear must verify the following condition:
Ve <0,5b, dvf, [EC2-1-1 Expr.(6.5)]

where v is a reduction coefficient of the resistance of cracked concrete to the shear force given by
v=0,6(1-f, /250) [EC2-1-1 Expr.(6.6N)]

3.2.0.b)Case where the shear reinforcement are required
If the reduced shear force Viq,is greater than the values of Vrq., shear reinforcement are required.

0,75
—"
L L
| I
| [ : 4
‘ [
|
L \ alA|
| -
[

T

Fig./Tab.I1.(7): Shear reinforcement in the case of direct transmission to the supports

To verify:

VEd,r <Aw fywd sina [EC2'1'1 EXpr(6 1 9)]
where A, is the section of shear reinforcement situated on a length 0,75a, centered on a., as shown in the figure
above.
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The resistance of the struts should be verified according to the general expression (6.14) of Eurocode 2 part 1-1
(see above) by taking account of the non-reduced shear force.

The condition described in expression (6.5), previously noted, must also be verified for the non-reduced shear
force.

11.3.3.Anchorage of lower reinforcement at support level

The corresponding clauses are in [EC2-1-1 9.2.1.4 and 9.2.1.5].

3.3.0.a)Single end supports

Figure [Fig./Tab.I1.(7)] shows that the section of reinforcement present at the supports must be anchored there,
the anchorage length being measured from the face of the support.

This section may be calculated from the discrepancy rule, or by applying the following expression:
Fe=|Ved X @i/ z+ Ngg [EC2-1-1 Expr.(9.3)]
Where Ngq is the axial concomitant acting stress

For the elements with shear reinforcement, a; = z (cot — cota) / 2 and the expression becomes:
Fe=0,5 |Ved| (cotd — cota) + Neg

It is the expression (6.18) of [EC2-1-1 6.2.3(7)], seen in the article [Chapter I-11.2.3] to which the axial
concomitant force is added.

The anchored section should not be less than B XA , With
Anmax area of reinforcement in bay
B2 =0.25 recommended value, subject to validation by the national annex
The national annex gives P, = 0 subject to verifying the following condition:
Fe=|Ved X @1/ 2z + Ngg + Mgd/z
where Mgqis the concomitant moment (to be taken with its sign)
Thus is obtained:
Fe= 0.5 |Ved| (cot — cota) + Neat Mga/z

It has been seen that the expression giving the discrepancy a, corresponds to the hypothesis of a
multiple truss [Chater 6-11.2.3] which risks no longer being verified in the end support zone. A
specific study of the equilibrium of the end strut should be carried out for each case; this will allow
a more accurate determination of the longitudinal stress to anchor. A simple model with one truss
leads to anchoring a force of Vg cotB for the part brought by shear force. This corresponds to the
previous practice which required the anchorage of the stress Vrq for a strut angle 6 = 45°, by
simplification, which augers well for safety. The precise study of the end strut should lead to a
stress intermediate between the values of 0.5VgaxcotB and Vegxcot8.

3.3.0.b)Intermediate supports
The recommendations concerning the end supports apply [EC2-1-1 9.2.1.5].
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II1.JUSTIFICATION RELATIVE TO TORSION

The corresponding clauses are in [EC2-1-1 6.3].

Further in the text the symbol t,; of Eurocode 2 was replaced by tr; (T for torsion) that is more
consistent with ty; (V for shear force).

II1.1.Principles

Eurocode 2 deals explicitly only with the resistance to a circular (or pure) torsion of an element of a solid or
hollow section and states that the warping torsion may be ignored in the case of box girders and solid sections
[EC2-1-1 6.3.3].

Moreover, Eurocode 2 carries out the justification of the resistance in circular torsion in a thin-walled closed
section, from equilibrium with the shear flow exerted; the case of a solid section is dealt with, as with previous
regulations, by assimilating it to a equivalent thin-walled section. Each section wall is thus verified separately,
according to the principle of a truss resistant to the shear force applied to it.
In the case of opening of joints without bonded reinforcement, instructions for the resistance and
distribution of torsion stresses must be modified [EC2-2 6.3(106)]. This concerns box girder
structures built in prefabricated segments without bonded prestress in the tensioned zone. The
diagram of force distribution may be similar to that of an open section.

The study of concrete bridge decks relative to torsion, when their section is complex like a multi-beam or
multi-box girder, should be preceded by an appropriate structural analysis allowing determination of torsional
stresses for each longitudinal element. If these sections may be considered as non-deformable, then they may be
justified according to the specifications of Eurocode 2.

A T section, if it may be considered as non-deformable, may be broken down into basic sections,
each one modeled by a section with equivalent thin walls. The torsion resistance of the unit is taken
as equal to the sum of the resistances of the basic sections. In this case, the redistribution of the
torsion moments in the basic sections should be adjusted to the torsional rigidity in the non-cracked
state of the sections. Each basic section may be calculated separately.

In the case of deformable sections, the study should be done using appropriate methods.

The warping torsion causes axial stresses that may not be ignored in the case of thin, open sections
and very slender sections. In these cases, it may be studied using models of networks of beams or
finite elements models.

II1.1.1.Calculation of torsional shear stress flow in a hollow or solid section
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A - center line

B - outer edge of effective crosssection,

perimeter u,

C - concrete cover

Fig./Tab.I11.(1): Torsion — equivalent hollow section
This calculation requires knowledge of the wall thicknesses. For a hollow section, t.; are the actual thicknesses
of the walls.

In the case of a solid section the figure above represents the principle of determination of the hollow section
that is its equivalent. The thickness of the walls t.; is thus assumed to be constant.

teri = A/u in general
A is the total area of the section defined by the exterior perimeter, the hollow part included.
u is the exterior perimeter of the section

ter; must be greater than twice the distance between the outside facing and the axis of the longitudinal
reinforcement.

The shear stress flow in pure torsion is given by:

Tt = e [EC2-1-1 Expr.(6.26)]
’ 2A,
Teq is the applied design moment of torsion
Tr, is the tangential torsional stress in the wall 1
Ax is the area enclosed by the centre-lines of the connecting walls, including inner hollow areas

The tangential stress Veq; in a wall 1 from the torsion is given by:
Viai =Tr; tegi Zi [EC2-1-1 Expr.(6.27)]

Zi is the length of the wall i, defined by the distance between intersection points of adjacent walls.

There is a risk of confusion here since the symbol chosen by Eurocode 2 for the length of the wall is
similar to that used for the lever arm of internal forces.

The justifications are then done for each wall, in the same way as for the shear force.
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I11.1.2. Principle of shear/torsion combination

In all cases, the effects of torsion and shear stress may be combined by taking the same value for the inclination
0 of the struts [EC2-2 6.3.2(102)]. The limit values are those defined for the shear force.

In the case of box girders, it is advisable to verify each wall separately by taking account of the algebraic
combination of the shear and torsional stresses.

= =
I M+ [m i Il =
E E

A B C

A Torsion B Shear stress C Combination
Fig./Tab.II1.(2): Combination of stresses in the various walls of a box girder [EC2-2 Fig.6.104]

In the case of solid sections, the shear—torsion combination can no longer be done simply by combination of
corresponding stresses as shown above. The shear stress exerts itself, in effect, on the walls of the equivalent
hollow section of the element whereas the torsional shear is exerted on the walls of the equivalent hollow
section. It is then necessary to revert to the shear and torsion stresses to carry out the verification, as shown
below.

II1.2.Verification of resistance to combined torsion and shear

I11.2.1.Resistance of struts

The method of verifying the resistance of the concrete struts of elements subjected to shear and torsion stresses
is defined by clause [EN1992-2 6.3.2(104)].

It distinguishes solid sections from hollow sections.

2.1.0.a)For solid sections

It is advisable to verify:
Tea/ Tramax + Vea/ Vrama < 1.0 [EC2-2 Expr.(6.29)]

where:

Tra is the applied design moment of torsion

Ve the applied design shear force

Tramex 1S the design resistant moment of torsion given by:

T =2va,, fgAy te; sin®cos6 [EC2-2 Expr.(6.30)]

Rd, max cw cd

v is given in 6.2.2 (6) of Eurocode 2 part 1-1 and a. by note 3 of the expression (6.9); they were also
shown in [Chapter I-11.2.2a)].
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Vramax 18 the maximum value of the design shear resistance according to expressions (6.9) or (6.14) of
Eurocode 2 part 1-1. This concerns solid sections, and the total width of the web may be used to determine

VRd,max .

2.1.0.b)For box girders

It is advisable to verify each wall separately for the combined effects of torsion and if any exists, of the
concomitant shear force applied to the wall. The ultimate resistance of the concrete wall naturally corresponds
to the resistance to the design shear force Vrgmax. [EC2-2 6.3.2 (104)]

The tangential stress in a wall i due to the torsion Ve , is given by:

Vedir) =T tegi Zi [EC2-1-1 Expr.(6.27)]

Must be verified:
VEdaim T Vedioy) < VRdmaxii
With:
Viaiv): fraction of the applied shear force acting upon the wall i
Vramaxi: resistant shear force of the wall 1 according to [EC2-1-1 Expr.(6.14)]

For example, in the case of a symmetrical box girder with 2 webs, one may determine for each web
the resistant force and apply to it half the total force acting on the whole.

2.1.0.¢c)Other formulation of the verification criterion

The verification criterion may be explained by use of the shear stresses.

Thus, from the torsional shear stress flow in a wall:

T,

— Tpg
Triteri= 2A,

[EC2-1-1 Expr.(6.26)]

the corresponding shear stress is deduced:

1. = Trq
i 2A tef,i

And it is advisable to verify:

Tt

51

+ TV,i = TRd,max,i

where tr; and 1v; are the torsional and shear stresses in the wall i respectively, Tramax; the acceptable shear
stress whose value was previously expressed in article [Chapter I-11.2.2b)]. It must however be made clear that
the shear stress is an mean stress, to be calculated on the wall element having characteristics used for the
determination of torsional stress.

1I1.2.2. Transverse reinforcement

According to [EC2-1-1 9.2.3(1)], reinforcement that take up torsional stresses should be perpendicular to the
axis of the structural element, and hence it is recommended to keep this arrangement in the case of a
combination of torsional and shear stresses.

The shear and torsional stresses are combined and the calculation principles defined for the shear force [EC2-
2 6.3.2(102)] are applied.
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The combined acting force should be balanced by the resistant force Vggs from the reinforcement. The
reinforcement section is thus given by:

ASW/S = (VEd,i(V)"f‘ VEd,j(T))/(Z fywd COTG) [ECZ— 1-1 EXpI'.6. 1 3]

The attention of the designer is drawn to z which should be strictly the lever arm of the internal
forces of the wall studied..

As for calculation of the resistance of the struts, a calculation may be adopted from shear stresses for
determination of the steel sections.

In fact the expression Asw/s = (Vedivyt VEaim)/(z fywa cotd)
May also be written Ag/s = (Tvi + Tri) bw/(fiwa cOtO)

On the subject of stress, one may directly add shear and torsional stresses and compare them to the
stress acceptable at ULS as previously seen, and then calculate the steel sections by the expression
given above.

111.2.3.Longitudinal reinforcement

They are obtained from the expression:

ZASI fyd - T

Ed
cot 0 -1-
u, oA, [EC2-1-1 Expr.(6.28)
where
Uy is the perimeter of the area A
fya is the design yield strength of the longitudinal reinforcement Ay
0 is the angle of the compressive struts

In the compressed chords, the longitudinal reinforcement may be reduced in proportion to the compressive
force in the chord.

In the tensioned chords, it is advisable to add torsional longitudinal reinforcement to the other reinforcement,
calculated for a same-load case. It is generally advisable to distribute the longitudinal reinforcement along the
length of the wall z;, but for small-dimension sections, they may be concentrated near the corners.

The bonded prestressing steels may be taken into account but the increase in their stress
Ao, reaches a maximum at 500 MPa.

In this case, zAsl .4 in the expression (6.28) is replaced by zAsl f.qa +AAC,

Nota: It is advisable, to be consistent with the limitation to f,. for the reinforcement, to limit the
increase in stress in the prestressing steels to f,.. This is not required by Eurocode 2. It must also be
remembered that this increase applies from the permanent state.

For application of the expression [EC2-1-1 Expr.(6.28)], it is observed that each of these members is equivalent
to a force per linear meter of wall.

It may thus be written:
AFtd,T =Tgq cotB /(2><Ak)
In a slab of thickness e whose mean compressive stress is oy, it may be written:

Fh:CGh
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The residual stress to be taken by the torsional reinforcement and per linear meter of slab is thus:
AF :AFtd,T —Fn =Tk cotO /(2><Ak) - € Oh

If AF > 0, there is a residual tension to be taken by the reinforcement. In the inverse case, there is no reason to
plan for additional longitudinal torsional reinforcement.

This verification initially concerns slightly-compressed slabs, but it may also extend to the bottom of the webs.

The combination of the longitudinal torsional reinforcement and the other reinforcement should
normally be planned for where there are concomitant loads.

111.2.4.8pecial case of slightly-stressed rectangular sections

These are sections for which the condition given below is verified [EC2-1-1 6.3.2(5)]. They require no shear
reinforcement and only a minimum longitudinal reinforcement:

Teo/ Trae + Vig / Vage S1,0 [EC2-1-1 Expr.(6.31)]

where

Trae is the cracking moment in torsion (moment of torsion before cracking of the element), deduced
from the expression [EC2-1-1 Expr.(6.26)] by putting Tr; = foa.

or Try ™28 teri Ax

Vrae is the design resistant shear of the element in the absence of shear reinforcement given by
[EC2-1-1 Expr.(6.2)]

IV.JUSTIFICATION RELATIVE TO PUNCHING

1V.1.Principle of justification

The justification relative to punching is to be done at the ULS resistance. It involves verifying that the shear
flow produced by a concentrated load on a slab is acceptable. If the case arises, the quantity of shear strength
steel to put in place to ensure resistance of the slab should be determined.

For the decks of highway bridges, this justification is carried out under the effect of the wheel LM2, that
represents a heavy, localized load. Consideration will also be given to the additional dynamic increase
coefficient near the pavement joints.

The wheel LM1, with a smaller impact area but a lower load, is a priori less unfavorable.

The same calculation principles may be used to justify the resistance to punching of a slab or a foundation
footing relative to loads coming from the pier.

1V.1.1.Basic control perimeter
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The spreading of stresses in the concrete has the effect of distributing the load effects. To take account of this
favorable effect, basic control perimeters are defined [EC2-1-1 6.4]. It is then considered that the shear will be
distributed in a uniform manner along the whole perimeter u;:

by | .
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Fig./Tab.IV.(1): Basic control perimeter around loaded areas

d is calculated from d, (center of gravity of longitudinal steels) et d, (center of gravity of transverse steels):
d= d, +d,
2

It is important to note that spreading of the load occurs along the total height of the concrete but also on the
pavement thickness.

1V.1.2.Shear calculation on the control perimeter
Shear develops on an area of concrete u; x h, the expression of shear is thus as follows:

VEd,red
u,d

Vg =B where:

Vrdred 1S the punching stress

B is the offset of the load, 3 =1 is taken in the case of a centered load.

1V.1.3.Calculation of shear resistance vRd,c of concrete without punching shear reinforcement

In the absence of punching reinforcement, the shear resistance is given by [EC2-1-1 6.4.4(1)]:

CRd,c k (100 pl fck)% +kl GCPJ ;(Vmin +kl o-cp) )

Veae = Max

where:
fi s given in MPa

. k=1+1f2720 <2,0, with d in mm

* Py =4/Py P, (maximum at 2%)

o, t0
= % in MPa, with a minimum value of —1.85MPa [EC4-2].
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The values of Crq, and k; are supplied by the national annex. The following values are applied:
o Ifo.,=0: see Eurocode 2 part 2

s Crue =08 o1
y

C

=k, =010

o Ifo.,,<0: see Eurocode 4 part 2
s Crg = O15 ~ 010
=k, =012

" Vmin = 0.035><k3/2><f9k”2

The calibration of the formula of punching resistance was done with the Vmn value based on the
shear stress resistance of beams without shear reinforcement. The correction made for Vi by the
national annex of Eurocode 2 part 1-1 for slabs should not be applied to punching resistance.

If the verification is not satisfied shear stress steels must be accounted for. The control perimeter for which this
relationship is satisfied is then looked for, and steel reinforcement calculated with the expression (6.52) is
placed up to a distance of 1.5d of this contour; adjacent to the column punching control is made according to
expression (6.53).

1V.2. Example of application

Example is done on a highway bridge slab of 22cm thickness with a pavement thickness of 11 cm. The most
unfavorable case is treated with an LM2 wheel and a maximum dynamic increase (near the pavement joint).

¢ The wheel LM2 load is:

Bo Qu 400

A(I) fat = 1,30 X 7 =260kN

e Its impact zone is a rectangle of 0.35 x 0.6. The impact surface on the upper face of the concrete slab
is a rectangle 0.57 x 0.82 (diffusion at 45° through the 11cm of pavement).

*  The average position of the two lower layers of transverse steel is taken as equal to d =0.16m

e The basic control perimeter is defined with the help of figure 6.13 of Eurocode 2 part 1.1, from the
impact zone. We obtain u; =2x{0,57 +0,82) + 411d =4,92m
e Along the perimeter, the shear value is thus:
0,260
4,92 xd

=1x

\ =0,31MPa

*  Punching resistance of slab:
o P = \/ply p,, > J0,13% % 0,13% =0,13% (most unfavorable hypothesis)

N 1200.
o k—Mlnﬁ+ 17 ,2%2,0

o 0. =0MPa (the favorable effect of the possible longitudinal compression is ignored)

o thus Cgq, =0,12¢t k, =0,10
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o Cra k(100p, £, )" =0,38MPa for a concrete C30/37

3
© v, =0035%2,072 x+/30 =0,54MPa > 0.38 MPa

o VRd,c = Vinin +kl ocp =0.54 MPa

e Justification:
We have: 0,31MPa=vy<vyy . =0,54MPa

The punching resistance is sufficient: punching steels are unnecessary.

V.FATIGUE VERIFICATION
It is advisable to carry out a justification relative to fatigue for structures and structural elements subjected to
repeated load cycles. It must be carried out separately for steel and concrete.

Justification of fatigue of compressed concrete is not dealt with in this chapter. The national annex allows this
verification to be dispensed with for sections whose stress in the concrete is limited to 0.6xfy , under a
combination of characteristic loads in the form of a rule h) added to the list shown below.

Accordingly, justification of fatigue is not generally necessary for the following structures and elements [EC2-
2 6.8.1(102) a) to g) and EC2-2/AN 6.8.1(102) h) to k)]:

a) footbridges, with the exception of structural components very sensitive to wind action;

b) buried arch and frame structures with a minimum earth cover of 1.00 m and 1.50 m respectively for
road and railway

bridges;

c) foundations;

d) piers and columns which are not rigidly connected to superstructures;
e) retaining walls of embankments for roads and railways;

f) abutments of road and railway bridges which are not rigidly connected to superstructures, except the
slabs of hollow abutments;

g) prestressing and reinforcing steel, in regions where, under the frequent combination of actions and
Pk, only compressive stresses occur at the extreme concrete fibres.

h) compressed concrete in road bridges when 0. < 0.6xfy under the characteristic combination for SLS;

i) tensile reinforcement in sections of reinforced concrete sections of road bridges when g, < 300MPa
under a characteristic combination for SLS.

j) prestressing steels and reinforcement, in the areas where, under frequent combination for SLS with
Pm, the boundaries of the concrete sections remain compressed;

k) shear reinforcement for the reinforced concrete structures, when these reinforcement have been
dimensioned at ULS with a diagram of struts inclined at 8 so that 1.0 < cotan 8 < 1.5.

Guide EC2 - Version V7 - 90 - Sétra, le dd/09/yyyy




techniques

E ! EUROCODE 2 — APPLICATION TO CONCRETE HIGHWAY BRIDGES service d'Etudes

des routes

Librt - Kyt Pt Chapter 6 - Justifications at ULS -

REPUBLIQUE FRANGAISE

The shear stress reinforcement subjected to variations in stresses should also be verified relative to fatigue. But
for the prestressed concrete where the criteria of annex QQ have been respected, there is no fatigue problem
since the section is not cracked in SLS and for reinforced concrete the application of the limit of inclination of
the strut cited above means the verification may be dispensed with.

Accordingly, in the following examples, only fatigue verifications of longitudinal bending reinforcement or
prestressing are dealt with.

V.1.Justification principle and elements
[EC2-1-1 and EC2-2 6.8]

Justification to fatigue of a reinforced or prestressed concrete section consists essentially of preventing the
failure of tensile reinforcement subjected to repeated stress variations under the effect of cyclic loads during the
design working life of the structure. In the case of road structures in service, the stress variations causing
fatigue in reinforcement are mainly due to the passing of heavy vehicles (the high level of loads and hence the
stress variation created, a high number of cycles plays an important part in resistance to fatigue).

The principle of the justification brings up ideas of stress range, application cycles, curves of resistance to
fatigue, damage, fatigue load model etc., and is summarized in the form of the verification of the Palmgren-
Miner combination rule.

V.1.1.Fatigue load models

Eurocode 1 proposes five fatigue load models, FLM1 to FLMS5 [EC1-2 4.6].

Model FLMI is built from model LM1 whose loads have been reduced. The model FLM2 is made up of five
‘standard’ trucks that must be used separately. Model FLM3 is made up of a single truck. These three models
allow a simple fatigue justification based on the determination of a single maximum stress range. The first two
are, however, on the one hand very safe and on the other hand are only suitable where there is a fatigue limit of
a constant amplitude defined on the S-N curves (it is generally the case for steel construction units, not for
reinforcement or for prestressing steel).

The FLM4 and FLMS5 are more elaborate, and planned to obtain a spectrum of stress ranges destined to allow a
calculation of damage. The first is made up of 5 trucks that allow generation of artificial traffic by proportional
adjustment and representation of an overall traffic situation. The second is directly actual recorded traffic.

Only the two models FLM3 and FLM4 are used for a ‘usual’ justification to fatigue of concrete bridges.

V.1.2.Combination of actions — State of reference

As mentioned in [Chapter 2-1V.2.3] of this guide, the combination of actions for the fatigue verification breaks
down into:

* abasic combination C, of non-cyclic loads representing the average state of the structure in service,
empty (permanent loads, temperature effect)

* to combine with the cyclic fatigue load Qg represented by the model of adequate fatigue load.
The empty state of structure state is thus represented and expressed by the combination:
Co=G+Pc+0.6.ATy where ATy represents the thermal gradient effect.

This reference state changes with the passing of fatigue load Qg on the structure causing short-term variations
of stress.
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The empty state of structure changes during the whole of its operating time due to the evolution of
prestress, shrinkage, creep and fluctuations of thermal gradient. These slow variations of the
refernce state however should not be combined with the rapid variations due to the passing of
trucks.

This may be schematized in the figure below:

Gs -
Circulation des poids lourds
ACeL '_/"“‘\vgv’
O -
. Etat a vide
,,,,,,,,,,,, b
|4
Mise en service Temps
Fig./Tab.V.(1): Development of stress in steels in a deck section
Circulation des poids lourds Movement of heavy vehicles
Etat a vide Empty state
Mise en service Start of service
Temps time

Oy is the stress under prestress and permanent loads, developing slowly under long-term effects such as
shrinkage, creep, different losses of prestress, or medium-term effects (thermal gradient).

Aoy are the rapid variations of stress under the effect of the heaviest trucks passing around stress level
Op.

Eurocode 2 then specifies that:

"The cyclic force Q. should be combined with the unfavorable basic combination." [EC2-1-1 6.8.3(3)]

We will look for the combination that combined with the fatigue load produces a maximum stress variation. We
will thus retain the combination giving a maximum of tension in the reinforcing steels or a minimum stress in
concrete in the covering area, when this stays compressed under empty state of reference.

For permanent loads G, it is the maximum value G that is used.

For the prestress, [EC2-1-1 5.10.9] the lower characteristic value Py inr = Tint.Pms, Will be retained, Py, being the
mean prestress force at time t. Moreover, the concrete creep and shrinkage have the effect of reducing the
prestress and the compression of the concrete in the covering area of the reinforcing steels studied. Accordingly
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the long-term situation of the structure is in general more unfavorable. It is thus by agreement that long-term
stat will serve as a reference situation.

1t is logical enough to consider this state. The stress variations are applied during the whole design
working life of the structure. On the other hand creep and shrinkage of concrete will cause stress
development only in the first 20 years. For a structure having a design working life of 100 years, the
‘long-term’ state, which involves 80% of design working life, will thus be the most representative.

The empty state of reference of the structure is thus represented and expressed by the combination:

Co = Gumax T Prins + 0.6.AT where ATy represents the thermal gradient effect.

V.1.3.8tress calculations

Once the reference state has been chosen, the stress variations in the reinforcement are now just due to
translation of fatigue load that causes variations of action effecs at the origin of stresses. For a given section the
bending moment may be used to illustrate this in the following figure:

‘M
fat
Qfat m —>
EOHO\ (o)

M C|

N\ Mo

t

4

Fig./Tab.V.(2): Variation of moment due to translation of Q.

Mq, = Mo+ Mo is the total bending moment; it fluctuates according to the position of the fatigue load, just as
Mos: the bending moment due to the fatigue load alone, whereas the bending moment of the reference state, Mo
stays constant.

The stress ranges are then calculated from the fatigue combination of actions, obtained from an elastic-linear
analysis.

Although justification of fatigue is justification at ULS because failure of reinforcement by fatigue is
an ultimate limit state, Eurocode 2 rightly recalls that the combination of actions for the fatigue
Justification is similar to SLS with frequent frequent loads.

V.2.Methods of verification

Eurocode 2 proposes several methods for verification of the fatigue strength of reinforcement:

o A general method with determination of the spectrum of stress ranges by using fatigue load models
FLM4 or FLMS5 and a calculation of damage;
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o a method of the range of equivalent stress [EC2-1-16.8.5] and [EC2-2 Anx.NN] , later called
equivalent method, with determination of the stress range that would give an equivalent damage by
using the fatigue load model FLM3 for road bridges;

o an alternative method [EC2-1-1 6.8.6] for a simplified verification of reinforcement using a frequent
cyclic load that , more precisely, may be done with a combination of frequent actions, using the main
load model LM1 for road bridges.

These three methods are applied to the two following examples:
* in longitudinal bending: verification of reinforcing and prestressing steels of a PSIDP,
* in transverse bending: verification of reinforcement of the cantilever of a box-girder

The different steps of verification require a long development. For more clarification, they are shown in detail
in appendix [Appendix IV].

VI.JUSTIFICATION RELATIVE TO BRITTLE FAILURE

Justification relative to brittle failure is little developed in part 1-1 of Eurocode 2 [EC2-1-15.10.1(5)P;
5.10.1(6)]. It is found though in two places in Eurocode 2 part 2, in sections 5 and 6. clause 5.10.1(106) defines
the general objective; clauses 6.1(109) and 6.1(110) describe more precisely the verification methods to use.

In this chapter, after a description of the principle and the basic requirements relative to justification relative to
brittle failure, the two verification methods proposed by Eurocode 2 part 2 are in turn described and detailed. A
digital application from the case of a beam from the VIPP bridge illustrates these two methods. Appendix VI
develops the calculation detail for the PSIDP examples and of the box girder bridge built by balanced cantilever
method.

VI.1.Principle and basic requirements

The criterion of brittle failure laid down by Eurocode 2 part 2 for prestressed concrete bridges has as an
objective the prevention of brittle failure in structural elements from the appearance of the first crack.

The targeted risk concerns the consequences of the failure of a number of prestressing steels mainly by
corrosion, if this failure occurs near the same section of an element and cannot be observed until the appearance
of the first bending crack. When cracking occurs, the reinforcement must take over in helping the concrete
resist tension, with a sufficient margin for intervention in effective time.

This principle may be considered as satisfied if the requirements defined below are respected by the linear
structural elements of the structure (beams, box girders, joists..) prestressed by internal prestress of the
concrete, implemented by post-tension [EC2-2/AN 6.1(109)]. These rules are also applicable to slabs
functioning as beams when their use is specified. Their extension to this type of structure is only recommended,
however, for narrow slab (e.g. less than 4m wide, excluding lateral cantilevers.

Guide EC2 - Version V7 -94 - Sétra, le dd/09/yyyy




EUROCODE 2 — APPLICATION TO CONCRETE HIGHWAY BRIDGES service d'Etudes
E .' techniques
: ol ; . . des rout
Uberd  Bgalué - Fratenie Chapter 6 - Justifications at ULS s

REPUBLIQUE FRANGAISE

Justification of the brittle failure criterion may be used by any one of the two following alternative methods (the
national annex rules out the use of method ¢ seen in Eurocode 2):

o Method a): verify that in case of successive failure of tendons or strands, cracking will occur before the
ultimate strength is exceeded, under the effect of frequent loads.

o Method b): plan for minimum adequate reinforcement capable itself of taking up the cracking moment
in the assumed absence of all prestress.

These two methods have the same objective, which is to allow the detection of possible deterioration of the
prestress by the appearance of cracks that are detectable during normal monitoring of the structure, so that the
client may be alerted and traffic interrupted for replacement of the corroded tendons before collapse of the
structure.

The criterion of brittle failure concerns only tensioned zones under the effects of the characteristic
SLS, determined by ignoring primary effects of the prestress.

Eurocode 2 is only explicit for method b, but it is even truer with method a): if all the tendons have
been removed and the section is compressed in characteristic SLS, it is compressed in frequent SLS
and thus its ultimate strength is not exceeded.

The criterion of brittle failure applies only to longitudinal internal prestress. The tendons making
up the external prestress, protected by supple products (grease or wax), may be regularly monitored
and damage to them is more easily detectable. Hence this criterion does not apply to them.
Corrosion of the transverse prestress, generally injected by wax and unbonded, leads only to local
problems and is consequently no victim to this criterion.

Moreover, the national annex dispenses elements prestressed by pretension from justification for
brittle failure, considering that the tendons of pretensioned prestress are protected from corrosion
by concrete cover, as with reinforcing steels, and that the risk of generalized corrosion of a tendon
is less than in post-tension.

If clauses [EC2-1-1 5.10.1(5)P] and [EC2-2 5.10.1(106)] are general, , clause [EC2-2 6.1(109)] on
the other hand restricts their application to bending. It is the part that is retained in the examples
presented later. However, in the VIPP example studied, it would be pertinent to consider brittle
failure by shear stress near the support. An indication of the procedure is given at the end of the
digital application.

VI.2.Verification according to method (a)

When the condition of the prestressing tendons deteriorates under corrosive effects, the strength of the section
drops (breakage of wire, strands or tendons). The principle of verification according to method (a) consists of
guaranteeing that the ultimate strength level corresponding to a detectable cracking under frequent loads, stays
greater than the level of actions effects imposed by these same frequent loads. In other words, to guarantee that
under the effect of frequent loads, there is a sufficient margin of safety between cracking and collapse of the
element [Fig./Tab.VI.(1)].

The ultimate strength of the section is evaluated by partial factors of materials associated with an
accidental design situation.
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Niveau de résistance Niveau de résistance
A
Fissuration suivie de I
la ruine de I’élément =™ Ruine de I’élément
Nombre de fils pus Nombre de fils rompus

Fig./Tab.VI.(1): Principle of verification according to method (a)

Niveau de résistance Strength level

Fissuration Cracking

Fissuration suivie de la ruine de 1’élément Cracking followed by failure of element
Ruine de 1’¢é1ément Failure of element

Nombre de fils rompus Number of broken wires

Practical application of the method is done on the basis of stresses O.¢ obtained under the effect of frequent
SLS loads on outer tensioned fibers and is in 2 steps:

Ist step: Determine, under the effect of frequent SLS loads, the percentage of prestressing tendons to
consider to be damaged to cause the first crack in the element. This quantity is expressed, for each
tendon bed (i) as a percentage 0; of the total prestress force P,

| X
a; as: Gc,f‘ZGiPm,t% + eOTyE:_fctm

In this calculation, it is first advisable to consider removal of strands on the bed nearest to the outer
tensioned fiber (i.e. the most exposed to corrosion). If the removal of all tendons from this bed is not
enough to cause cracking, the next bed will be considered, and so on...

So four combinations are to be considered, which will successively bring in Pno; Pnw;
M s freqmax - MELsfreqmin . I practice, it will be sufficient to study only combinations ( |

, MEisfieqmax ) and (Puw , MELs freqmin ), more representative of the phenomenon that may occur

only after a certain time.

1t should be noted that only the primary effect of the prestress is removed, the secondary effects
being kept in the structure for the internal bonded tendons.
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2" step: Verify that with this reduced prestress and a proportional reduction of the prestressing steel
section, the ultimate bending strength is greater than the moment given by the frequent combination of
actions. If the conclusion is negative, reinforcement should be added to satisfy the condition.

The sections that may require additional reinforcement relative to verification of the criterion
according to this method (a) are generally those situated where the bending moment corresponding to
the frequent combination of actions is low, between % and '/; of the indeterminate structure, and near to
the supports in the case of determinate structure. This is why it is recommended to refine the analysis at
the level of these sections, by interpolation between sections studied.

For the calculation, simulation of the reduction of the prestress force (strand breakage) by an
external loading culminating in the frequent SLS vector is recommended:
Ntol = NELS freq — z a| -Pm,t

Mtot = MELS freq — Z al -Pm,t . €oi

Where Niis req €t MeLs feq Fepresent the vector of actions effects applied on the section for the
frequent SLS combination studied (including the full effects of prestress).

1t is thus verified that the couple N, M is inside the resistance diagram, obtained by applying to
the materials the partial factors corresponding to the accidental design situation.

Eurocode 2 part 2 specifies that the effects of the possible redistribution of the forces’ linked to the
cracking, may be taken into account. However these results from a non-linear analysis that is not
normally part of the usual calculations of the ULS resistance, and may be ignored.

VI.3.Verification according to method (b)

Method (b) of the brittle failure criterion verification consists of applying a minimum reinforcement Ay min
defined by the expression (6.101a) of Eurocode 2 part 2 mentioned below:
A — Mrep
s, min _—Zs x £, [EC2-2 Expr.(6.101a)]

In this expression:
- M., represents the cracking moment, given by the equation: M, =

- 75 is the lever arm of the reinforcing steels at the ULS resistance (= 0,9 d in the case of a rectangular
section).

1t should be stated that from the point of view of the reinforcement sections calculated, method (b)
makes up an envelope of method (a) when it is assumed all the prestressing tendons are worn. In
fact it is reinforcement to avoid brittle failure calculated with N =0.

A i should be arranged in all the tensioned zones under the effects of the characteristic SLS, determined in
ignoring the prestress primary effects.
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Moreover, it is advisable to count in Ag ., , all the longitudinal reinforcing steels arranged for other reasons
(reinforcement of longitudinal bending, minimum, fatigue etc..)

Eurocode 2 part 2 also anticipates, under certain conditions, counting in A min the prestressing
tendons [EC2-2 6.1(110) ii)]. This should be referred to if appropriate.

o In the case of indeterminate beams, As,min Of the lower fiber should be extended on intermediate supports,
except if it may be demonstrated that plasticizing of the tensioned steels in the top fiber of the section at
support comes before breakage by crushing of the compressed concrete in the bottom fiber.

o This condition is considered as settled if the following relationship is verified:
Ay X fy + A XE o <t Xbo X X Ty [EC2-2 Expr.(6.102) and EC2-2/AN 6.1(110)iii)]

In this expression:

- As et A, represent respectively the areas of reinforcement and of prestressing tendons in tensioned
fiber ;

- tin €t by are respectively the height and the width of the lower chord of the section (tins = by in the case
of T sections, and ti,r = 0.2h in the case of rectangular sections).

In general, in the case of bridges, this criterion is verified without too much problem because the
high-compression zones of concrete (on supports) also correspond to zones where the density of
reinforcement is very high.

In the joints of precast segments, where for obvious reasons linked to the method of construction, it
is impossible to arrange a reinforcement, the formulae of Eurocode 2 part 2 logically lead to no
reinforcement to avoid brittle failure.

Digital application: case of a VIPP

The beam to be considered is represented below. In this example sections considered will be those situated
near the supports: at % of the span and at 1m from the support.

| 32
- : : -
—_—— : e
Tm 1/4 travée 1/2 travée
Travée span

Longitudinal section
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3,125

e.ee

0.ee

0,10
0,20

Section at % and at 4 span

Characteristics of the section:
S=1.66 m*
[=0.886 m*
v'=1.55m

Materials:
Concrete: C35/45; fom = 3.2 MPa

reinforcing steels in lower fiber:
fyx =400 MPa;
A;=13.84cm* ¢c’=5cm

Prestress:
6 x 4T15S (Ap = 6 x 600 mm?)
0,1k = 1660 MPa
Co litlower = 10 cm
Co_lit upper = 20 cm

In the section situated at 1 meter from the support, it is assumed that the center of gravity of the tendon
assembly is at the center of the web, at a distance of 1.10m from the lower fiber.

Stresses obtained at frequent SLS:

at 1 m from support at 4 of spam
Puo 5.02 MN 5.02 MN
MELS Freq -1.02 MNm 0.48 MNm
O fen fibre inf 4.81 MPa 2.18 MPa
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e Calculation of number of strands to remove to obtain cracking at frequent SLS (method a):
0; on the bottom bed as:

Gcf-aiPmooBI_ + MB:-fctm
’ S I 0O

cf + fc Oc,f +3’2
: -1,55 + x (-1
or: P, E+ yH 502)(%1 +( 55 +c¢,)x( ,55)%
,66 0,886

The number of strands to remove to reach cracking in the lower fiber is then obtained by multiplying a; by

the total number of strands, or:

n=0a;% (6 %x4)
at 1 m from support at ¥4 of span
O fen fibre inf 4.81 MPa 2.18 MPa
Co 1.10 m 0.10 m
(of 114.9% 34.2%
n; 24 8.2

Since the lower tendon bed contains only 20 strands, this comes to removing the equivalent of:

8.2 strands from the strands on the lower bed at % of the span;
24 strands (the total of the tendons) at 1m from the support.

e Verification of ultimate strength of the section with “reduced prestress” under the cumulative effect of the
combination of frequent actions and of the reduction of the calculated prestress (method a):

The forces and moments to apply to the section is obtained by deduction from the frequent SLS actions of
the primary effect of the prestress assumed damaged determined at the previous stage:

Nt= (1 = Z ;) P
Miot= MELs Freq — 2 O . Prno . €oi
with: € iitinf 14 wavee = - (1.55=0.10) =- 1.45m
€0 cdg tmappui= - (1.55—1.10)=-0.45m

Niot 0 MN 3.30 MN

Mot 1.24 MNm 2.97 MNm

The last step in the calculation is verification , from a section calculation, that the value couples (Ni;; Mior)
are in the ULS resistance diagram, after removal of the tendons assumed to be corroded, and if the case
arises to determine the additional reinforcement to be added.
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This calculation leads to the following results:

at 1 m from support at % of span
Maxi acceptable 1.20 MN 11.07 MN
Coeff. Of safety 0.97 3.72
Additional reinforcement 058 cm? none
necessary

The only sections requiring a few additional reinforcement are thus those in immediate proximity to the
support. The other sections are verified in relation to the brittle failure criterion (method a) in appropriate
safety (safety factor of 3 to 4).

e Calculation of minimum reinforcement according to method b):

The minimum reinforcement to be arranged according to method (b) is determined from equation [EC2-2
Expr.(6.101a)]:

A — Mrep

s, min
Zg fyk

_ " fctm X1 - 3:2 x0,886
where: M, = = =1.83 MN.m;
' -1,55

£ = 400 MPa.

The lever arm of the reinforcing steels at ULS, z,, is directly obtained from the section calculation
software :

z,=2.15m (to compare to 0.9 d =0.9 x (2.22-0.05) = 1.95 m)

h . —i _21 28 2
whnence: s,min 2,15X4()O = . cme,

or an additional area of reinforcement of: 2128 — 1384 = 744 ¢cm’, to be arranged along the whole length of
the beam. Method (b) is thus much more restricting than method (a).

It may be verified in this example that there is no risk of brittle failure with shear, by extrapolating method a) to
the shear. The digital application below shows how to proceed.

The section at 1m from the support is considered. The ULS shear stress in this section is:

V=135Vg+ Vp+135.Vq=1.35%0.68 — 0.63 + 1.35%0.87 = 1.46 MN

Now all the prestress is removed. The shear stress under frequent load is now:

V =Vg+ Vq,fréq=0.68 + 0.52 = 1.20 MN.

(this value is greater than the shear under characteristic SLS load V =Vg+ Vp + Vq = 0.92 MN)
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The value stays less than the ULS shear. The shear reinforcement are thus sufficient; there is no risk of
brittle failure.

If this value had been exceeded, it would have been possible to refine the verification by
determining more accurately the quantity of prestress that would need to be removed to cause
cracking of the web (in the sense of the criterion given in the annex QQ of EN1992-2). It is possible
that cracking under shear would be visible after removal of all the prestress. It would then have
been possible to compare this value with the ultimate strength of the beam in an accidental situation
to verify if the shear reinforcement was sufficient.

Chapitre 1-

VII.NON-LINEAR AND SECOND-ORDER ANALYSIS — STABILITY OF FORM OF A PIER

VII. 1.Generalities on linear and second-order analysis

The general instructions concerning non-linear analysis [Chapter 2-VI1.3.5], the taking into account of second
order effects [Chapter 2-V1.3.6] and the geometric imperfections [Chapter 2-VI.1] are entirely applicable.

Similarly, the taking into account of creep follows the principles in [Chapter 4-11].

Nevertheless, Eurocode 2 adds for the subject dealt with here, that the creep effect may be ignored
[EC2-1-1 5.8.4(4)] if the three following special conditions are satisfied:

O
gb(oo,to)SZ

<75 Elancement

q) of = s1 [ Moment de la combinaison considérée 1° ordre

[l ‘ )

M4 [hauteur
= >h

%1 2h[] |
N4 [section
—

E effort normal sollicitant

The simultaneous verification of these three criteria is relatively conservative and should only
happen in simple and unquestionable cases.

To deal with , at ULS, non-linear and second-order analysis, part 1-1 of Eurocode 2 [EC2-1-1 5.8.5] suggests a
general method followed by two simplified methods for simple cases , mainly isolated elements or those that
come down to isolated. These simplified methods are, strictly speaking, linear calculations with fixed and
simple factoring of non-linear effects.

For bridges, Eurocode 2 part 2 suggests a less classical method for non-linear analysis, founded on the concept
of a format of global safety, and whose safety level is determined in relation to the calculation of the structure’s
collapse.
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To facilitate reading of the guide, only the two general methods will be presented here. The general method of
part 1-1, mostly classic, will be dealt with quite briefly. The new approach of the general method of part 2 with
the global safety format will be treated in more detail. As for the two simplified methods, they are dealt with in
appendix [Appendix VI], where as an example the complete study is shown of the stability of two bridge piers
with the use of the four methods from Eurocode 2.

VII.2.General method of non-linear and second-order analysis from Eurocode 2 part 1-1

This method is described in clauses [EC2-1-1 5.8.6].

VIL.2.1.Principle of method

The principle of the method consists of demonstrating, as with previous regulations, that there exists a state of
internal stresses in the structure that balances the external stresses, including those of second order effects. The
verification of the sections is done with the stresses obtained at equilibrium of the structure by situating them in
relation to the field of resistance, determined with the characteristics of the materials given by the stress-strain
laws defined to this effect and mentioned in [Chapter 6-1.1].

It may be noted that the structural analysis and section verification use two different systems of
stress-strain laws.

When the designer does not have access to software allowing him to combine geometric non-linearity with
material non-linearity, it is possible, for a section judged to be critical, to find the equilibrium state by
expressing in two ways the relationship linking the bending moment in the critical section with its curvature:

*  The external moment-curvature law where the bending moment acting upon the section is the sum of
the first-order moment Mggq and the second-order moment. Since the second-order moment depends
upon the whole of the curvatures along the structure, it is quite difficult to determine such a curve
according to only the curvature in the critical section studied.

To simplify, it is first possible to assume that distribution of the curvatures along the structure is
linear, which allows determination of the second-order effect according to the curvature of the
critical section only, and finally verify the hypothesis. It should be noted that this method is quite
conservative since the actual curvatures along the structure are over-evaluated. If the result of the
calculation is too unfavorable, account must be taken of the actual distribution of the curvatures
along the structure and the process repeated.

*  The internal moment-curvature law where the resisting bending moment results from the state of stress
of the reinforced concrete section subjected to an imposed curvature, at a given axial force.

*  The intersection or not of the two curves representative of the external law and the internal law allow
verification whether or not a state of equilibrium exists. If so, the intersection of the two curves gives
the value of the total moment Mgy at equilibrium.
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Fig./Tab.VII.(1): Verification of state of equilibrium and et determination of total moment Mgq

Loi moment-courbure externe simplifiée, supposant la Simplified external moment-curvature law, assuming linear
distribution linéaire des courbures distribution of curvatures.
Loi moment-courbure interne Internal moment-curvature law
Loi moment-courbure externe réelle Actual external moment-curvature law
Plastification armatures Yielding of reinforcement
Fissuration béton Cracking of concrete
Courbure y Curvature y
Répartition des courbures le long de la structure Distribution of curvatures the length of the structure
Zone non-fissurée Non-cracked zone
Zone fissurée Cracked zone
VII.2.2. Materials

The method uses the concrete stress-strain diagram dedicated to a non-linear analysis [EC2-1-1 5.8.6(3)] that
was described in [Chapter 2 V.3.1]. This is not entirely satisfactory because this diagram requires the strain
modulus E.. of concrete; the analysis could thus under-estimate the strains and not give sufficient safety,
particularly when the second order effects is taken into account.

This is why Eurocode 2 offers a better alternative by suggesting the use, at the end of the same clause [EC2-1-
1 5.8.6 (3)], of stress-strain diagrams based on design values.

These diagrams use the strain modulus Eq for concrete obtained by dividing Ecn by yee= 1.2 and f4 in place of
fum, or the behavioral law defined by the following parameters and figure:
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801( 0/00) = min(0,7 (fck + 8)0‘31 ; 2,8) strain at peak of stress
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Ecul( o/oo) = E}z - 27[98 —(fck + 8) ﬁ our f. > SOMPaE ultimate strain
P8+ 275 50— g pour fu = 50MPag
- acc fck . .
fq= v design compressive strength value of concrete
c

E.4 =—"" design value of modulus of elasticity of concrete
cE

3
+e
E.. = 22000§f""1—08 g secant modulus of elasticity of concrete

Oc/\ Contrainte

‘ loi de type Sargin

fcd

Arctg(1.05 Ecd)

8(:1 8cu1 8(:

Déformation relative

Fig./Tab.VII(2): Concrete behavior law with design values

Contrainte Stress
Loi de type Sargin Sargin-type law
Deformation relative Strain
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For reinforcement and prestressing steels, the laws anticipated for the verification of sections [Chap.6 1.1.2] and
[Chap.6 1.1.3] and defined by fyq and f,q are used.

A single set of stress-strain diagrams is thus used for structural analysis as for verification of
sections, which is effectively more consistent and rational. The special diagrams anticipated for
concrete (parabola-rectangle, bi-linear) are not to be used. In this case the structural analysis may
be done with a simultaneous verification of sections in the calculation process. This has the
advantage that it allows fusion of the two stages of justification, and hence the calculated “collapse
load” may be directly obtained.

VII.3.General Eurocode 2 part 2 method of non-linear analysis

This method is described in clauses [EC2-2 5.7(105) and annex PP].

It is useable in first and second order analysis, and is based on two major points:

*  use of specific stress-strain diagrams of materials,

» asafety format defined by the use of a global safety factor applied to a calculated collapse situation.

VIL.3.1.Laws for materials

The partial factors of materials are modified, on the one hand to have the performance laws of materials nearer
to their physical performance, and on the other hand by adjusting them, to obtain a more homogeneous security
between the concrete and the steel. This gives materials with a little better performance than those obtained
with the normal security level experienced. These laws are then used for the structural analysis, i.e. to obtain
stresses and also to determine the strength of the sections.

The stress-strain diagrams for concrete and steel are shown in the following figures together with the values of
their characteristic variables.

It may be noted that in place of design stresses f.a and fyq these values are multiplied by the same
factor 1,1 Ys and used in the new diagrams.

3.1.0.a)Law of concrete performance
This is a Sargin-type law, illustrated by the following figure:
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Fig./Tab.VIL.(3): Concrete behavior law with enhanced characteristics

Contrainte Stress
Loi de type Sargin Sargin-type law
Déformation relative Strain

whose equation is written:

e [-e [

Il Fa 0 Fa O O

Gc :ycffck
% +(k -2) HEe
Il Eﬁcl
where
€ strain of concrete
L = 105 Ep |e.]
ycffck
501( 0/00) = min(0,7(fck + 8)0‘31 ; 2,8) strain at peak of stress
[B,5 pour f, <50MPa 0
Ecul( 0/00) = E (P8 - ( £, + 8) rf E ultimate strain
2,8 +27 " pour f, =50MPa
0 5 100 H 0
Yorf = 131://_Sfck = 0,85f, design compressive strength value of concrete
c
+8
E.,, = 22000% g secant modulus of elasticity of concrete

3.1.0.b)Behavioral laws of reinforcing steels
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It is the bi-linear diagram with an inclined top branch defined by parameters 1.1xfy and 1.1xkxfy, as illustrated
in the following figure:

O /\ Contrainte

loi bilinéaire avec
branche inclinée

1,1 k fyx
1,1 fyx

Arctg(Es)

=
Syd Suk E

Déformation relative

Fig./Tab.VIL.(4): Behavioral laws of steels of reinforced concrete

Contrainte Stress
Loi bilinéaire avec branche inclinée Bi-linear law with inclined branch
Déformation relative Strain

It is constructed with the limiting coordinates of the two branches (8, o )

L1f,
e Elastic branch yd — E L1f,

S

+  Upper inclined branch legs LIk fyk)
with
€, strain value under maximum load.
k minimum value of (ft / fy)k
for class B €x>5.0% and 1.08<k
for class C Ex>7.5% and 1.15<k<1.35
3.1.0.c)Behavioral laws of prestressing steels

In an analog representation it is a bi-linear diagram with inclined top branch defined by the parameters
1,1xfy001x and 1,1%£ that is to be used

VIL3.2.Safety format and principle of method

Calculations to be carried out for a structure are done in a totally classical manner. The only peculiarity consists
of proportionately incrementing the loads of the ULS combinations (called project loads), until the calculated
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collapse of the structure is reached. The new safety format involves fixing a margin in relation to this
“ultimate™ level of loads qus by an overall safety factor. The structure is considered as well-dimensioned if this
reduced load level gives the nternal forces and moments values of those obtained with the project loads.

The verification criterion is illustrated by the three symbolic inequalities given in [EC2-2 5.7(105)],
[(5.102 aN), (5.102bN) and 5.102¢N)]. The three forms of writing come simply from the more or less explicit
way of taking into account the different partial factors linked to the uncertainties of the model.

In practice the values of the partial factors, used in the majority of cases for loads and materials, are supplied in
their form (yr et yu). Thus they already contain the partial factors that cover the model uncertainties linked to

the loads and the resistances [ECO 6.3(6.2b)et (6.6b)]. The general verification criterion E <Ry
[ECO 6.4.2(6.8)] is thus expressed in the form of the expression [(5.102bN)] shown below:

résistancesymboliquecorrespondante
effetdesactions

/_j%
HlysG+yoQl R H Tnégalité(5.102b)
Yo O

The designer’s attention is drawn to the fact that the general verification criterion EqSRydoes not

exactly reflect the format of verifications in the case of a buckling. This was indicated in Eurocode 0
[ECO0 6.4.2(3)P]. In this case, and taken in its broadest sense, the term ‘resistance” and its
associated symbol R are taken to represent the internal forces and moments that correspond to a
given load level; Eurocode 2 part 2 chooses it as being equal to that of the calculated collapse load
reduced by a coefficient of 1.27.

Of the three verification criteria proposed by Eurocode 2 part 2 this guide adopts thus one only, the simplest
and most practical since it does not bring in the partial factors for model uncertainties (this is also, moreover,
what is used in the general method of Eurocode 2 part 1-1). For more details and explanations concerning the
choice of the “good” inequality the designer should refer to Apendix VI.

VII.3.3.Practical application of the method

The first thing is determining the initial geometric imperfections from the first modes of elastic buckling and by
determining the significant loading cases in the direction of buckling considered (see example of an arc given
in V). In the case of vertical elements, the geometric imperfections may be represented by an inclination [EC2-
2 5.2 (105)]. In the case of isolated elements, it may be practical to use an eccentricity or a transverse load
calculated from the previous inclination [EC2-1-1 5.2(7)].

The process for calculating internal forces and moments and verifying the structure may then be carried out (to
simplify the study it is described from the finished state of the structure under permanent loads, obtained in a
classic manner, all creep carried out)

3.3.0.a)Modalities of load incrementation

Eurocode 2 gives no complete information on the manner of incrementing the loads. It is only said that the level
of the loads will be increased from their service values to reach that of the basic ULS combination in a similar
calculation step. The incrementation process will continue until the ultimate resistance of a zone or the overall
breakage of the structure is reached [EC2-2 5.7(105) Note 1].

The mandatory governing points are however perfectly identified, namely:
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» the situation under permanent loads G (representing Gmin 0r Gmax) that is a state of reference obtained
following an appropriate detailed calculation, taking account of all creep effects.

* the service situation G + Q (Q representing symbolically the whole of the variable loads intervening in
the basic ULS combination)

* the situation under basic ULS combination KVG) G+ (VQ) QI (that is called project load for simplicity)

* and finally the calculated collapse situation obtained with the project load increased by a multiplying

factor.
ACharges Le retour par Qud
d'exp.loitation ne permet pas d?el passer
pondérées sur la trajectoire R’ (q'ud * qud)
AMaa Ve =
( R (qua= AqELu)
Y@ U (qewv= Y6|G+Ya Q)
/ >
Q S (aserv=06G+Q)
Charges
permanentes
pondérées
> =
G Vo G AYeG
Fig/Tab.VIL(5): Illustration of development of loads
Charges d’exploitation pondérées Factored live loads
Le retour par [équation] ne permet pas de passer sur la | Return by [equation] does not allow passing on the
trajectoire trajectory
Charges permanentes pondérées Factored permanent loads

It is observed on a graph illustrating development of loads, that generally, with different values of ys and Yo,
the points S (for service), U (pour ULS) and R (for collapse) are not aligned and thus the incrementation step
should be different between S and U on the one hand and between U and R on the other.

A load increment between S and U may be written aiKyG - 1) G+ (VQ - 1) QJ , with Z a; having a value of 1.
A load increment between U and R may be written B HVG ) G+ (Vq) QJ ,with 1 + Z B, =A
The pursuit of the load incrementation from the project load may a priori be done in different ways.

One could, for example, continue with the same step used to pass from the calculated ULS situation,
or even increment only the non-permanent loads, which constitutes a very different option. These
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different options do not allow the expression of the collapse load as being proportional to the
project load qua = A quus; this latter choice was retained by Eurocode 2 to express the safety level.

Collapse is reached from the load increment and it is generally impossible to exceed the peak of
stress of the Sargin law. But if the calculation is done with software that allows this peak to be
exceeded, the state of collapse obtained may be different. This distinction has little effect on the
buckling of determinate structures. On the other hand, this may be important for the calculations of
internal forces and moments redistribution, where an increase in the capacity of rotation of the
sections increases the possibility of redistribution. The cases concerned by these differences are
however quite rare.

When it is not known a priori if G has a favorable or unfavorable effect relative to buckling, two
calculations should be done, one with Yo = 1 and the other with Yo = 1.35, linked with Guin and Guax
respectively The load increments are thus to be adapted accordingly.

3.3.0.b)Analysis of results

If the development of internal forces and moments (N, M) of a transverse section of the structure according to
the load applied is represented by a two-dimensional figure and if the field of resistance (a) of the section under
study, constructed with the same behavior laws of the materials is used for the structural analysis, the following
figure will generally apply:

Instabilité d'ensemble ou Rupture de section
rupture localisée sur une autre section

(a) (a)

__ chemin de chargement

Fig./Tab.VIL.(6): Progress of internal forces and momentses (N, M) according to successive loadings
to point A (Na, M,) obtained with the collapse load and curve of interaction (a) of a section.

Instabilité d’ensemble ou rupture localisée sur une Overall instability or localized breakage of another
autre section section
Rupture de section Breakage of section
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| Chemin de chargement | Loading path

It is stated that the curve (N, M) terminates at the end of calculations, at a point A, generally situated inside the
field of resistance of the section studied. But it may also terminate with a point A found on the curve (a).

Meanwhile, this curve passes successively by the points (Ns, Ms) of the service situation and (Nurs, Muis) of
the design ULS situation.

When point A is on curve (a), the calculated collapse of the structure occurs by local breakage in the section
studied. This section is the critical section and its limit of resistance has been reached.

Identification of the critical structure in which local collapse occurs constitutes one of the
difficulties of application of the method.

When point A is at the interior of the field within the curve (a), there are then two apparent cases:

o FEither it is still a localized breakage but one that occurred in a section other than that studied: for this
section, that is not the most stressed, the actions effects obtained at the end of calculations are
obviously removed from the field of resistance.

* Oritis an overall instability of the structure, and in this case it should be verified that all the points A of all
the sections studied are found at the interior of all associated curves (a). This criterion will be moreover the
only way to identify the method of breakage of the structure by overall instability.

It may in fact be known that there has been overall instability when it is certain that the critical
section has been studied and that its point A is at the interior of the curve (a).

3.3.0.c)Verification of safety
With application of the criterion (5.102b) specified by the guide, implementation and control in relation to
safety are greatly simplified.

Verification relative to safety is assured as soon as A2Y,,

This is illustrated in the figure below where the development is represented of the determining parameter
(generally the bending moment) according to the level of loading.

The loading path passes by the points S (obtained with the service load), U (obtained with the project load) and
terminates at a point A obtained with the load quq, the maximum load reached and called the calculated collapse
load. Control relative to safety is satisfied if the point D obtained with the loading qus /Yo is situated on the
loading path beyond the point U obtained with the project load.
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Fig./Tab.VIL.(7): Verification of safety — Combination (q, M)

VII.4.Summary and comparison of different methods

The two simplified methods presented in a detailed manner in [Appendix VI], are based on the estimation of a
curvature 1/r or on the estimation of a nominal rigidity EI and give safe results in relation to the two general
methods. Their field of application is restricted, essentially isolated elements of constant section, reinforcement
included. They nonetheless allow relatively slender elements to be dealt with and are useful for quick validation
of a minimum reinforcement or a structure in project phase. They are however very conservative and it is
recommended that the general Eurocode 2 part 1-1 method be used in the case of a very slender structure to
obtain more realistic internal forces and moments to better optimize the material to be put in place (e.g. sections
of reinforcement and effects on the dimensioning of a pier foundation)).

The general method of Eurocode 2 part 1-1 is an application rather similar to that of previous regulations and
hence requires no particular comment. It is recalled that it offers a better alternative in suggesting the use of the
same set of stress-strain diagrams for the analysis and for the verification of sections. This represents a real
simplification compared to previous regulations.

Eurocode 2 offers the general method of part 2 as an alternative to the general method of part 1-1. Its use
presents two major relevant points:

The first is to highlight the safety margin that exists between the project load (basic ULS combination load) and
the calculated load that leads to collapse of the structure. In effect the method leads to exceeding the project
load to cause collapse. The level of safety desired is then defined in relation to this collapse load and is fixed at
the start by the method.

The second relevant point of the method is that it allows one to know if the structure reaches the calculated
collapse by breakage of a section or by overall instability. This knowledge may be useful to adjust its re-
dimensioning, locally, if there is a section breakage (e.g. strengthening of reinforcement) or in a more global
way, if there is a buckling problem (action on structure’s slenderness ratio)

The general Eurocode 2 part 2 method has the same theoretical complexity as the general method of Eurocode
2 part 1-1. It requires practical application modalities that are perhaps a little more elaborate, but certainly
allows a keener analysis in the case of overall instability.

In conclusion, the general method of Eurocode 2 part 1-1 may be used a priori: it is well known and it is
proposed that the general method of Eurocode 2 part 2 be used in cases where additional information from this
method is useful to the designer. In any event, it is suggested that the appropriate method be specified in the
technical clauses of the contract for all special projects.
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The justifications at SLS aim to ensure for all structures the aptitude for service required during the design
working life chosen. They also contribute to protection relative to damage that might harm the durability of the
structure.

In principle, the major justification rules of a structure at the service limit states according to Eurocode 2 are
near to those used previously in France: stress limitations, control of cracking in tensioned and/ or shear zones
and limitation of deformations.

The major novelty is in the expression of control of cracking: instead of a limitation of stresses of bonded
steels, it is done by a conventional calculation of crack openings. This allows a unified approach between
reinforced concrete and prestressed concrete.

Further, Eurocode 2 part 2 gives a method for control of cracking caused by shear in the webs in the case where
this verification is necessary.

In the case of concrete highway bridges the limitation of deformations is in general non-dimensioning. In this
guide only two aspects of stress limitation and control of cracking will be dealt with. Reference will be made to
Annex VII for examples of detailed calculations.

Finally, the application of previous regulations allowed a dimensioning of the prestress thanks to a precise
definition of three classes of justification. With Eurocode 2 the situation is more vague, and it appears
necessary to give information on the subject to the designer.

Eurocode 2 gives minimum conditions to respect. Certain may give some conditions on prestress,
others not. But the definition of the amount of prestress is up to the designer and a good design is
not necessarily one that sticks closest to the limits fixed by Eurocode.

I.STRESS LIMITATIONS

1.1.Compressive stresses in concrete

1.1.1.1In persistent design situations

It is recommended that the compressive stress in concrete be limited to 0,45 f« under a quasi-permanent
combination of actions, mainly to limit the effects of creep (excessive deviation, large indeterminate effects).
This allows the use of linear creep models [EC2-1-1 3.1.4(4); 7.2(3)]. In the opposite case it is advisable to
consider a non-linear creep.

In the absence of containment, the compressive stress in the concrete should be limited to 0,6 fx under
characteristic combination in the parts exposed to environments of classification XD, XF et XS
[EC2-2 7.2(102)]

In general, this limitation will also be applied to the overall engineering structures regardless of the
environment classification. It should be remembered this limitation allows exemption from fatigue
verification of compressed concrete [EC2-1-1/AN].

1.1.2.During construction
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Similarly the compressive stress in the concrete should be limited to 0.45 fi(t) during construction [EC2-1-1
3.1.4(4); 5.10.2.2(5)].

Clause 5.10.2.2(5) specifies that non-linear creep should be taken into account if the compressive
stress permanently exceeds 0.45 fu(t). At the moment a tendon is tensioned, this value may be
temporarily exceeded. The maximum acceptable compression value is specified below.

The compressive stress in the concrete should be limited to 0.6 fi(t). For pretension it may be increased to
0.7 fu(t) subject to justification by tests or by the experience that longitudinal cracking is prevented [EC2-1-1
5.10.2.2(5)].

" This limitation should be applied regardless of the environment classification. "

1.2.Tensile stresses in reinforcement

L.2.1.Reinforced concrete bars

The limitations to respect are as follows: [EC2-2 7.2 (5)]:

0; < 0.8 fy under characteristic SLS combination

o (unless the structure is subjected solely to imposed strains, for example due to delayed shrinkage, in
which case the limit is taken to fy)

The value of 0.8 Ty is high and this stress limitation in reinforcing steels under characteristic SLS

is not generally dimensioning.

1.2.2.Unbonded prestress

When all the prestress is unbonded, the stress increase produced in the prestressing steels at SLS due to the
effect of over-loads is negligible. The rules are thus identical to those of the case of reinforced concrete.

It is the case particularly of transverse bending of wide box bridges with unbonded transverse prestress.

1.2.3.Bonded prestressing tendons
Opm < 0.80 f,x under characteristic SLS combination [EC2-1-1/AN 7.2(5)]

The previous French practice consisted of limiting solely the stress increase of the prestressing
steels regardless of the level of prestress under permanent loads. The Eurocode adopts more
logically a criterion of non-plasticizing of the reinforcement. The more the reinforcement are
tensioned under permanent loads, the lower is the stress increase authorized under operating loads.

With the value 0.75 recommended by Eurocode 2, this criterion could lead to a reduction in the
initial tension of the tendons, particularly for tendons with few instantaneous losses. The value was
increased to 0.8 in the national annex of Eurocode 2 part 1-1 in order to prevent this reduction of
initial tension.
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I1.CRACK CONTROL

I1.1.Principle
The principle adopted by Eurocode 2 for control of cracking consists of defining [EC2-2/AN Tab.7.101NF]:

a limit value of the design cracks width according to the exposure classification and the nature of the
element considered (reinforced concrete, prestressed concrete with unbonded tendons, or prestressed
concrete with bonded tendons)

and/or a criterion of non-decompression

= that should then be verified by a calculation of crack opening and a stress calculation.

11.2.Limits of crack opening

These limits are as follows:

= Reinforced concrete and prestressed concrete elements with unbonded tendons subjected to exposure
classifications XC , XD or XS

Wmax < 0.3mm under frequent combination for exposure classification XC
Wmax < 0.2mm under frequent combination for exposure classification XD or XS

The choice of the quasi-permanent combination is well adapted to buildings, where quasi-
permanent loads represent a large part of the loads (the factors Y, are in general not zero). In
structures, on the contrary, the factors |, are generally zero. The frequent combination appears
thus as more pertinent to evaluation of the crack openings, and it is the choice that has been made
in the national annex of Eurocode 2 part 2.

In spite of this correction, the limitation of the crack opening under frequent load will not generally
be dimensioning for exposure classification XC. It is particularly the case for transverse bending of
the slabs of composite bridges or box girder bridges. Strict application of this rule may lead to
relatively high stresses under traffic loads, and fatigue of reinforcing steels may thus be
dimensioning. The national annex of Eurocode 2 part 2 exempts from fatigue calculation reinforced
concrete structures for which 0s < 300 MPa under characteristic SLS. This last condition will be
generally dimensioning for structures in exposure classification XC, whereas the limitation of crack
opening may be dimensioning for structures in exposure classification XD or XS.

prestressed concrete elements with bonded tendons subject to XC exposure classifications

Wmax < 0.2mm under frequent combination

with an accompanying non-decompression control

o

0. > 0 in cover zone under quasi-permanent combination

1t will be recalled that a fatigue verification of reinforcement and prestressing steels is necessary
for prestressed structures that are cracked under frequent SLS.

prestressed concrete elements with bonded reinforcement subjected to environment classifications XD or
XS

0. > 0 in cover zone under frequent combination
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The cover zone is defined by a distance of 100mm to the tendon or to its ducts. This condition does
not impose a cover of 100mm for prestressing tendons: The Eurocode only demands that the
concrete at less than 100mm from the duct, if such there is, be compressed.

1t will be recalled that the non-decompression of concrete under frequent loads allows exemption
from a fatigue calculation [EC2-2 6.8.1(102)].

11.3.Methods of calculating crack openings

11.3.1.Approach according to European text

In the European text, control of cracking may be done in two ways:

»  “Direct” method: control of cracking is considered as assured if the crack width calculated by the
recommended method [EC2-1-1 7.3.4], is less than the given limit value, and/or if the non-decompression
rule is verified. A minimum section of reinforcement is however required [EC2-1-1 Expr.(7.1)].
“Simplified” method: Eurocode 2 part 1-1 gives a simplified method for this verification in 7.3.3, for a
certain number of hypotheses, particularly the presence of a minimum reinforcement greater than the strict
minimum required.

Calculation of stresses in the steels in view of the crack opening calculation is always carried out on a cracked

section. The equivalence coefficients to be used are given in Chapter 3-111.1 of this guide.

The two methods are used and presented in appendix through examples of calculation.

It should be stated that the field of use of the simplified Eurocode method is more restricted than
that of the direct method: to use the simplified method, a minimum reinforcement is necessary,
calculated with values of 0, read from the tables (and not with ty), a function of the diameter or the
spacing of the steels [EC2-1-1 7.3.3]; corrections given by the formulae (7.6N) and (7.7N must be
made. Finally, the tables generally give unfavorable results compared to direct calculation,
particularly for large diameter steel for which the rates of effective reinforcement are much greater
than those that were used in establishment of the tables.

For all these reasons, the direct method has been favored in most of the calculated examples in this
guide, particularly for verification calculations. The use of the tables of the Eurocode simplified
method maintains a significance in the steel dimensioning phase.

The direct calculation method of crack openings has itself certain limitations. It is adapted to
rectangular sections in monoaxial bending (it is on the basis of tests on this type of section that
calibration of the formulae was done). Moreover, it was not calibrated for determination of crack
openings on thick elements.

There are thus problems with generalization of these formulae with more complex cross-section
shapes, with biaxial bending sections or with thick structures.

11.3.2. Approach used in the national annex of EN1992-2

In order to solve the difficulties mentioned in the last paragraph, another method has been proposed in the
national annex of EN1992-2: it is a more ‘rustic’ method, but is applicable in all situations. The method
proposed is the following:

* limiting of spacing between steels to 5(c+@2),
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* and limiting of stress in reinforcing steels to 1000 wma in the case of bent sections (i.e. with one face in
compression, one in tension, with no transverse cracking), or to 600 w..x in the case of sections totally
in tension.

In these expressions, Wmax 1s in mm and the stress limit obtained is in MPa.

This rustic’ method of the national annex of Eurocode 2 part 2 may be applied in the general case.
If it is desired to optimize the reinforcement dimensioning, the direct calculation formulae may be
applied when possible, particularly if the sections are more or less rectangular, or in slightly
deviated bending, with standard thickness ranges and relatively regular reinforcement.

For thick structures, those in biaxial bending, or those with complex patterns or reinforcement, the
use of the ‘rustic’ method is recommended.

Note: The direct calculation may lead to larger steel sections, but nonetheless the ‘rustic’ method is

safe.

I1.4.Minimum cracking reinforcement

11.4. 1. Principle and application to rectangular sections

Regardless of the calculation of crack openings, it is advisable to anticipate a minimum reinforcement in the
zones likely to be tensioned under characteristic SLS. The writing of clause 7.3.2(4) is ambiguous and the
national annex has clarified the meaning:

» For concrete structures prestressed by post-tension the minimum reinforcement is required in all sections
where, under the characteristic combination of actions and for the characteristic prestress value, the
concrete is tensioned (i.e. 0 < 0).

= For structures with bonded wires, no minimum reinforcement is required in sections where the absolute
value of the tensile stress of the concrete is less than 1,5 f.; ..

In a reinforced concrete beam, the minimum reinforcement should always be applied.

The principle of the minimum reinforcement calculation is stated in [EC2-1-17.3.2(1)P]: the bonded
reinforcement placed must be capable of withstanding, without plasticizing, the tensile stresses in the concrete
at the moment of cracking.

An application modality is given in [EC2-1-1 7.3.2(2)] in the case of rectangular sections in composite bending:

AgminX vk = KexkX o erX Act [EC2-1-1 Expr(7 1)]

It is generally advisable to take fucr = fum [EC2-2 7.3.2(102)]. However, when it is certain that
cracking will occur solely in early stages (e.g. case of a beam subjected solely to delayed strains), it
is possible to take a reduced value fucr = fum(t), without however going below 2,9 MPa [EC2-2
7.3.2(105)].

The value of k. was calibrated relative to the general principle stated above. The value is exact in the case of
simple bending, and it is safe in the case of composite bending.

In the case of a rectangular section in simple bending, k. = 0,4. The minimum reinforcement is thus
As,min = 0.4x{,;»x0.5xbxh / fyk
Or, withd = 0.9 h:
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As,min = 0.23X(fc[m / fyk)XbXd

This reinforcement is slightly less than the minimum reinforcement given for the beams in section 9
of Eurocode 2 part 1-1 (coefficient 0.23 instead of 0.26). In both cases it is a minimum
reinforcement based on the same principles. To clarify this, the national annex of EN1992-1-1
specified that the reinforcement in section 9 was applicable for elements in reinforced concrete
elements, and that the minimum reinforcement in section 7 was applicable to prestressed concrete
elements.

The formula given in Eurocode 2 contains an additional term (coefficient k). Its value should generally be taken
as 1.0, except for wide or high parts subjected solely to imposed strains (see appended example of application).

It should finally be mentioned that the expression (7.1) is written in Eurocode 2 part 1-1 in a more general way
with 0 instead of fy. This is because this expression may also be read backwards, to calculate a stress:

_ A
o-s - kcxkxfct,effx %s

This calculation allows estimation of the stress in the reinforcing steels of a cracked chord subject to imposed
strains. An example of use is appended.

1t is thus the value Os = fy that should be used to calculate the minimum reinforcement. This point
has moreover been clarified by the national annex. It is only when one wishes to use the tables in
the indirect method (7.3.3) that it is advisable to adopt a smaller value of Os, to comply with the
hypotheses according to which these tables were established..

11.4.2.Generalization to any cross-sections

Eurocode 2 shows how to generalize the calculation of the minimum reinforcement to rectangular sections by
parts (in practice: box- or T sections). The principle is as follows:

o The sections are divided into rectangular elements that are either slabs or webs: the modalities of
cutting are shown in [EC2-2 7.3.2 fig.7.101]

o The cracking moment Mg, is determined, i.e. the moment creating a tensile stress fom in the end fiber,
assuming the axial exterior stress N is unchanged (in a prestressed beam, N is generally taken as = Pynr)

For a section where N and M both vary (case of a column for example), it may be safer to
determine the cracking stresses by conmsidering an excentricity M/N equal to that of the most
unfavorable service situation.

o the stress diagram is drawn in the section under this couple (N, M)

o in a web-type element, the minimum reinforcement is calculated according to the general formula by
taking 0. equal to the stress at the web’s center of gravity.

o in a flange-type element, the minimum reinforcement is obtained by the relationship:

A, pinf =max|0,9kE, ; 0,5k £, A,
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The first part of the equation balances 90% of the tensile stress in the chord before cracking; it is
considered that the remaining 10% goes back to the webs by changing the lever arm. The second
part of the equation ensures a minimum reinforcement of the chords allowing balancing of a ‘local’
cracking moment (one face under tension at fum and one face under stress nil).

Generalization of the calculation of the minimum reinforcement for any cross-sections may be done
by reverting to the principle stated in [EC2-1-1 7.3.2(1)P]: it is verified that under the cracking
stresses the steels in place do not plasticize.

11.5.Control of cracking caused by shear

Eurocode 2 part 1-1 does not anticipate specific verifications of the resistance to shear at SLS. It is supposedly
assured by constructive provisions [EC2-1-1 7.3.3(5)].

On the other hand, Eurocode 2 part 2 anticipates in clause [EC2-2 7.3.1(110)] a cross-reference to an annex QQ
(informative, made normative by the national annex) that gives a method allowing, where necessary, prevention
of cracking caused by shear. It essentially concerns the webs of prestressed concrete structures and does not
generally apply to reinforced concrete sections.

Cracking of the webs is allowable for reinforced concrete sections, but should not be excessive. For
that it is advisable either to verify explicitly the cracks opening and to check fatigue due to shear
stresses, or to adopt ‘reasonable’ inclinations of the struts at ULS, not moving far from the natural
orientation of the cracks at SLS (45° in standard cases). Previous French regulations put the struts
at 45° with no other verification. A lower limit corresponding to cot® = 1.5 was proposed in the
national annex [EC2-2/AN 6.8.1(102)] [see Chapter 6-11.2.2] .

IL.5. 1. Principle of justification

The principle used in the annex QQ consists of determining the maximum principal tensile stress in the
concrete and verifying that it is less than a concrete tensile strength to be determined depending on the applied
stresses, to ensure no cracking under shear.

1t is obvious that the verification above should be done taking into account all stresses caused by a
combination of bending, shear and torsion. The verification is to be done all over the web, or in
general at the center of gravity and at the gussets.

Although the text does not specify it, the justification is to be done under the characteristic SLS
combination.

Non-cracking criterion

The criterion compares the greatest major tensile stress o; to ., , concrete tensile strength at web level, in a
state of bi-axial stress before cracking, and given by the expression:

_ O3
fo = —0,8f— ctk:0,05 [EC2-2 Expr.(QQ.101)]
ck
where: o3 is the maximum principal compressive stress (positive value)
fi is the characteristic compressive strength of concrete
fuw00s 18 the fractile 5% of the tensile strength of concrete

In standard cases where there is no bi-axial compression (no vertical prestress in the webs for example) the
state of stress is characterized by the tensor:
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A

The principal stresses 6, and o3 are then calculated by the expressions:

g, =2 BU—XH"'TZ
2 02 [

0,=% +1/E&g +7°
2 02 0

The expressions above are applicable if 0. > 0. When a verification is necessary at a point where O,
< 0, 0; and 0; may be calculated by taking 0, = 0; the verification is thus written

< Seto.os
T <fou OF 1408 fczko,os
9

ck

This comes back to controlling web cracking under tangential stresses regardless of the
longitudinal tension, which is balanced directly by the longitudinal reinforcement. It is not explicitly
stated in annex QQ but this principle is found in other annexes (especially annex F), and in the
previous French practice (BPEL).

If the criterion 6, > -fi is verified (o, maximum principal tensile stress), then the section is not cracked under
shear stress. No shear reinforcement is to be anticipated at SLS apart from the minimum reinforcement.

If the criterion is not verified, the annex QQ requires that web cracking be controlled according to the methods
in section 7 of Eurocode 2 part 1-1 [EC2-1-1 7.3.3 or 7.3.4 and 7.3.1] taking into account the deviation between
the direction of the principal stress and the directions of the reinforcement. However, reference to these clauses
gives no practical information on doing the complete calculation for crack opening.

It thus appears very desirable to dimension the webs so that they don’t crack at SLS.

Moreover, having webs too thin may cause other problems (reduction of lever arm of reinforcing
steels relative to transverse bending, difficulties of pouring concrete, reduction of torsional
stiffness, etc). It is advisable to take account of these phenomena in the choice of web thicknesses,
and not to be limited to the sole SLS criterion of annex QQ of EN1992-2.

The equation (QQ101) may express the shear stress limitations in another way, more familiar to designers:

Sty X fonco0s X (Gx to, + fctk;0,0S) X(4Gx +do, _Sfck)

(Sfck + 4fctk;0,05 )2

T = [o,%X0, —

adm

with o, = axial longitudinal stress
oy = axial transverse stress

T.am= acceptable shear stress.
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II1.RULES FOR PRESTRESS DIMENSIONING

The justifications given previously should be used in verification of structure, but do not always suffice for a
correct dimensioning of prestress.

II1.1.Case of cast-in-place structures

This question rises especially for prestressed structures in environment classification XC3 or XC4, for which
the tensions in the concrete under frequent and characteristic loads are not limited. A dimensioning of the
prestress on the basis of the only criterion of quasi-permanent non-decompression will lead to small quantities
of prestress and large quantities of reinforcing steels, a dimensioning that may turn out to be non economical.

The project designer must thus in general use additional dimensioning rules in particular for beam-type
structures where partial prestressing is not economical. These rules may be as follows:

O, > 0 under frequent combination in the whole section
or
0. > -fum under characteristic combination in the whole section
One could generally use only the more favorable of these two rules above.

These two limits appear in the Eurocode, since the first one exempts from fatigue calculation, and
the second one allows a calculation of stresses in the non-cracked section.

These rules are to be taken as recommendations for dimensioning except in the case where a
structure operating in partial prestressing is more economical.

When these rules are added to the project, one may choose to refer only to the mean prestress force.

II1.2.Case of prefabricated segments

The justification rules of prefabricated segments at SLS are given in standard EN 15050, G.2.3.1: under
characteristic combinations, with the characteristic values of prestress, the concrete section should remain
entirely compressed (full prestressing).

I11.3.Rules during construction

The rules given above should be adapted for the construction stages for several reasons: the idea of frequent
combination does not exist during construction, and the limit states relative to durability are not as pertinent as
during service, particularly for short-term phases.

" On the other hand, it will be recalled that the ULS should be verified at all stages of construction. ||

It is thus advisable to define specific rules for the SLS verifications during construction. These rules are not
shown explicitly in Eurocode 2 part 1-1. Conversely, Eurocode 2 part 2 devotes a special section to it, no. 113.

The table below shows how to adapt the rules for a few special examples, using the principles of section 113:

SLS rule during design working life SLS rule during construction
o.>0 under frequent SLS O.> - fum (t)  under probable construction combination
a.>0 under QP SLS Oc > ~fom(t) under probable construction combination
Wk <0.2mm  under frequent SLS wx<0.2mm  under probable construction combination

Guide EC2 - Version V7 - 124 - Sétra, le dd/09/yyyy



E ! EUROCODE 2 — APPLICATION TO CONCRETE HIGHWAY BRIDGES service d'Etudes

techniques

e - Bt  Faemi Chapter 7 — Justification at SLS feras

REPUBLIQUE FRANGAISE ef autoroutes

05 < 0.8 fyx under characteristic SLS | 05 < 0.8 fy under characteristic construction combination

0. < 0.6 fu under characteristic SLS | 0. < 0.6 fu(t) under characteristic construction combination

In the above table, the tensile stress limits in construction are to be respected in the tendon cover

zone. Qutside this zone, higher tension is acceptable and a verification of crack opening is carried
out.

1t is advisable to set these rules during project establishment, since they may have an effect on
dimensioning of the cross-section and on the prestress. These rules should be shown in the contract
documents. The mean value of prestress may be chosen for use with these rules.
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CHAPTER 8 -DETAILING RULES RELATIVE TO REINFORCEMENT I
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This chapter essentially concerns section 8 of Eurocode 2 "detailing of reinforcement and prestressing tendons -
general” of parts 1-1 and 2. This chapter analyses some of the details shown in this section 8. It is not
exhaustive and it will not replace reading of the Eurocode.

Paragraphs I to VI are devoted to single bars and paragraph VII to bundles of bars.

Some of the subjects dealt with in section 8 of Eurocode 2 are not taken up in this chapter. It is particularly the
case of the following points:

*  Welded mesh fabrics
* Anchorage by welded bars

e  Prestress

Other parts of Eurocode 2 also show the provisions corresponding to minimum requirements. These are dealt
with in the corresponding chapters of this guide.

It should be noted that, in compliance with clause 8.1 of part 1-1 of Eurocode 2, section 8 deals only with
ribbed reinforcement, mesh and prestressing tendons.

As regards reinforcement of the ‘smooth round’ type, and in the absence of new texts on the subject,
it is well to keep the constructive provisions shown in the BAEL 99 and in standard NF A35-027of
January 2003.

The reinforcement used should be in compliance with standard EN 10080.

I.SPACING OF BARS

The minimum clear distance between bars is the same horizontally and vertically.

ey

70O
en, e,: clear distances, horizontal and vertical respectively
Fig./Tab.I.(1): Clear distances between single bars

These clear distances should verify: €h, €y 2 emini = SUp { @; (d; + Smm); 20mm) }

with  d, dimension of largest aggregate and @ bar diameter
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I1.PERMISSIBLE MANDREL DIMAETERS FOR BENT BARS

I1.1.General

In compliance with clause (3) of 8.4.1 of Eurocode 2 part 1-1, bends and hooks do not contribute to
compression anchorages.

This chapter applies to all parts of bent, tensioned bars be they those:

- of bends, hooks or loops of reinforcement anchorages,

bend hook
Fig./Tab. II.(1): Reinforcement anchorages

- bends of continuous bent bars (bent-up bars and other bent bars),

console

poteau
coudes

o = 150°
>

loop

Fig./Tab.I1.(2): Elbows of continuous reinforcement (bars turned up and other bars bent)

- stirrups, joist hangers and frames (including their anchorages).

Coudes bends
Console cantilever beam
Poteau post
&pingle atrigr cadres
Fig./Tab.IL.(3): Link, stirrups and rectangular hoops
Epingle link
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The permissible mandrel diameter for bent bars depends on two criteria: no damage to reinforcement and no
concrete failure.

I1.2.Criterion of no damage to reinforcement

The corresponding clause is in [EC2-1-1 8.3(2)]

In the general case of bent bars with no welded reinforcement, the minimum mandrel diameter relative to the
no damage to reinforcement criterion is given in the following table:

@: bar diameter (n: Minimum mandrel diameter
@< 16 mm 49
¢>16 mm O]

Fig./Tab.I1.(4): Minimum mandrel diameter relative to no damage to reinforcement

I1.3.Criterion of no concrete failure
The corresponding clause is in [EC2-1-1 8.3(3)].

In compliance with the national annex of Eurocode 2 part 1-1, this criterion is not applicable to links,
stirrups and rectangular hoops.

o Field of use

For a bar of diameter @ this criterion should be verified if at least one of the following three conditions is not
filled:

* condition no. 1: The anchorage of the bar does not require a length more than 5@ past the end of the
bend

* condition no.2: The bar is not positioned at the edge and there is a cross bar with a diameter at least
equal to @ inside the bend

* condition no.3: The mandrel diameter is at least equal to the recommended values for the no damage to
the reinforcement criterion.

o Formula of no concrete failure criterion

1 1 1
The mandrel diameter should verify: @, 2 Fy %T t— E}* ,
b 200 Ty

with  Fy the tensile force from ultimate loads at the start of the bend

Foe = a x (i / ¥s) x [TU(@/ 2)?], with a proportion of force left to anchor from the start of the bend (the
proportion (1 - a) of the force is already anchored before the start of the bend)

A half of the centre-to-centre distance between the bars (or group) perpendicular to the plane of the
bend

(if the bar (o group of bars) is adjacent to the face of the member, take the cover plus @/2)
fa not greater than that for concrete class C 55/67.
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Attention is drawn to the fact that in general for a tensioned bar a part of the force is already
anchored at the start of the bend. Taking into account this aspect allows to reduce appreciably the
value of the permissible mandrel diameter in relation to the no concrete failure criterion.

| bd = longueur d'ancrage de caloul

Q

origine de la partie courbe

Fig./Tab.IL.(5): Start of bend relative to start of anchorage for a tensioned bar

Longueur d’ancrage de calcul Design anchorage length

Origine de la partie courbe Start of bend

o Application to anchorages of bent bars

o For anchorages of bent, tensioned bars, the no concrete failure criterion is generally satisfied with a
mandrel diameter of ¢, =10 @

Example, special classic case:
- centre-to-centre distance = 5 @ -cover=2 @ - fx< 500 MPa - fu=35MPa

- 25 % of the forces are already anchored at the start of the bend,

0, 2 F, %} +%pEHfL = {0.75 x (500 / 1.15) x [TU(@/2)?] } x {[2/(5@) + 1/(29)] x 1.5/35} = 10
b cd

The calculation was done in the case of a non-accidental situation with yc = 1.5 and ys=1.15, the accidental
case here being less unfavorable due to the ratio yc/ys which is 1.2 in an accidental case, and 1.3 if not.

More precisely, for anchorage by hooks or bends, respect of the following prescriptions exempts from
verification of the no concrete failure condition:
e Cover=2¢@

»  Steels of classification BS00B or less
e Mandrel diameter: @, =10 @
* Anchorage length in straight part (before start of bend) greater than the values shown in the table

below.
Centre- Classification of concrete
to-
centre C30/37 | C35/45 | C40/50 | C45/55 | C50/60 | C55/67 | C60/75
distance
29 319 | 259 | 200 16 @ 13 109 | 100

Guide EC2 - Version V7 - 130 - Sétra, le dd/09/yyyy




EUROCODE 2 — APPLICATION TO CONCRETE HIGHWAY BRIDGES service ' Ftudes
E .. techniques
; ol . oqs . . des rout
berc - Bl  Frevrni Chapter 8 — Detailing rules relative to reinforcements s

REPUBLIQUE FRANGAISE

3¢9 259 | 19¢ 14 @ 10 @ 6@ 3¢ 3¢
49 21 | 15¢ 9¢ 5¢ 0] 0 0
S 18 | 11¢@ 6@ 0] 0 0 0

69 15 @ 8¢ 3¢ 0 0 0

0
Fig./Tabll.(6): Minimum anchorage length necessary in straight length

This anchorage length in straight part is a minimum length to be respected and does not exempt
from calculation of the design anchorage length l.a which may give an anchorage length in straight
part greater than the minimum length shown in the table above, particularly when the calculation is
done with the equivalent anchorage length.

Example, for a 90° standard bend, @ < 32 mm, concrete of classification C35/45, center-to-centre
distance =2 @and @, = 10 @ (figure a). With a; = 0.7 and the other a; equal to 1, calculation of the
anchorage length lyq [Chapter 8-11I] gives:

lpa = 0.7 x lorqa = 0.7 x 46 @=32.2 @, that is an anchorage length in straight part of:

la =[S Q@+ (TU/2) x (Qu/2+@/2)] =18.6 @.

In this case, it is the minimum anchorage length in straight part 25 @ shown in the table [Fig./Tab.I1.(6)],
required by the no concrete failure condition and the choice @, = 10 @, that prevails.

On the contrary, for an centre-to-centre distance of 3 ¢ and a concrete of classification C40/50 (figure b), the
table [Fig./Tab.I1.(6)] shows a minimum anchorage length in straight part of 14 @. It is thus the calculation
of the anchorage length I, that gives an anchorage length in straight length of 15,8 ¢, that prevails.

=
o
origine de la /(‘ 1
partie coure
Figure a Figure b
Origine de la partie courbe Start of bend

However, according to the conditions of centre-to-centre distance and the concrete classification, mandrel
diameters less than 10 may be obtained by verifying the no concrete failure criterion.

o Application to bends of continuous bars

For deviations by bends of continuous bars (bent-up bars and other bent bars), the no concrete failure
condition is the most often satisfied (for concretes of classification C35/45 or higher) with a mandrel
diameter @, =15 @.

Centre- Classification of concrete
to-
centre C35/45 | C40/50 | C45/55 | C50/60 | C55/67 | C60/75

distance
2@ 22 @ 190 17 @ 15¢ 14 @ 13 ¢
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30 17 @ 15¢ 13¢ 12 ¢ 11 10
40 1509 13¢ 11 10 9¢ 9¢
50 130 12¢ 10 9¢ 8¢ 8¢
60Q 12 ¢ 1109 90 90 8 7

Fig./Tab.11.(7): Minimum mandrel diameter , for steels of classification BS00B or less , according to
diameter @ of bar, for bends of continuous bars

|| The calculation is done here as in the previous example, but considering 100% of the force. ||

IT1.ANCHORAGE OF LONGITUDINAL REINFORCEMENT

111.1. Definitions
Clause 8.4 of Eurocode 2 part 1-1 brings in 5 types of anchorage length.

Ip basic tension anchorage length
" This is the length necessary to anchor a given force by straight anchorage for a single bar. "
lyqa  basic required anchorage length

This is the length necessary to anchor the force AsOsw by straight anchorage of a single bar
assuming that the bond stress is constant and equal to foa.

(with Oyq design stress of the bar at the position from where anchorage is measured)
Iba design anchorage length
|| This is the anchorage length for a bar taking account of its shape and its environment ||
lbmin  minimum anchorage length if no other limitation is applied
Lb.eq equivalent anchorage length

This is a simplified formula for lw in standard cases. In the case of curved anchorages it
particularly allows calculation of the anchorage length without taking account of the mandrel
diameter used.

I11.2. Principle

The principle of determination of an anchorage length includes two steps:

1- determination of Iy, the basic required anchorage length (in the hypothesis of a straight anchorage) to
anchor the calculated force. It should be noted that this calculated force is not necessarily equal to the
maximum acceptable force for the bar for the corresponding situation.

2- determination of lys the design anchorage length that takes account of the bar’s shape and its environment. It
should be noted that this design length is less than lq and that it is deduced from this via the application of
reducing factors.

o Case of compressed bars: bends and hooks do not participate to the anchorage of compressed bars.
[EC2-1-1 8.4.1(3)]. The anchorage length may be measured as shown on the following sketch:
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Fig,/Tab.II1.(1): Curved anchorage of a compressed bar

o Case of tensioned bars:

wnJ

1 anchorage by standard loop (loop for which the tensile
forces are identical for the two ends, flat loop for
example)

Basic tension and design anchorage lengths I, and l,q are measured along the centreline whatever the shape.
Fig./Tab.II1.(2): I, and l,q in the case of a curved anchorage

anchorage by bend

To keep anchorage length calculations to a minimum, it is well to keep the same anchorage force

for all steels of a given diameter and grade: the force giving the maximum anchorage length is As O
sd = As fyk / Vs.

1t is thus advisable to do the calculation for a non-accidental situation with Yc = 1.5 and ys = 1.15,

the accidental case being less unfavorable because of the ratio Yc/Ys that is 1.2 in the accidental
case and 1.3 if not.

However an accurate calculation taking account of the exact value of the design force may be
carried out for example to justify a particular steel or the steels of an existing structure.

A determination by a simplified approach (equivalent anchorage length) is also possible in some cases.

I11.3.Determination of the basic required anchorage length

The corresponding clauses are in [EC2-1-1 8.4.3]

II1.3.1.Ultimate bond stress

Determination of the basic required anchorage length necessitates the previous calculation of the “ultimate
bond stress” [EC2-1-1 8.4.2]. This, noted fi4, should be sufficient to prevent a bond failure.

fbd =225 NNz fctd , with:
N2 parameter linked to the bar diameter . N, = (132-@) / 100 for @> 32 mm, 1 if not

fea design value of concrete tensile strength fog = O feacoos / Yo , limited to the value for C60/75. The
coefficient 0 is defined in 3.1.6 of Eurocode 2 part 1-1, a.= 1.
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ol parameter depending on bond conditions and the position of the bar during concreting. It has the
following values:

o N1 =1.0 when 'good' bond conditions are obtained, i.e.:

» for all the bars whose anchorage inclination with the horizontal is between 45° and 90°, during the
concreting phase [Chapter 8-Fig./Tab.I1I(5)].

* For the bars whose anchorage inclination with the horizontal is between 0 and 45° and which during
the concreting phase are at a distance less than 250mm from the bottom fibre of the section or, for slabs
thicker than 600 mm, at a distance greater than 300 mm from the upper fibre of the section [Chapter 8-

Fig./Tab.11I(4)].
o N1 =0.7 in all other cases.

¢ Direction du bétonnage

< -
413& 45°< o < 90°

Fig./Tab.II1.(3): Bars inclined with horizontal at an angle between 45 and 90° - Good bond
conditions

| Direction du bétonnage | Concreting direction
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- 10 +—
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Hauteur de la section de béton (cm)

Fig./Tab.I11.(4): Bond conditions for bars inclined at an angle between 0 et 45° with the horizontal

Position de I’acier dans 1’épaisseur de la dalle

steel position in slab thickness

Zone de conditions d’adhérence « médiocres »

'mediocre' bond conditions zone

Zone de conditions d’adhérence « bonnes »

'good' bond conditions zone

Hauteur de la section de béton

height of concrete section

fulfucene | 12/15]16/20|20/25 | 25/30|30/37 | 35/45 | 40/50 | 45/55 | 50/60 | 55/67 | 60/75 | 70/85
‘(Sggg’ o< 32mm| 1,65 | 2,00 | 2,32 | 2,69 | 3,04 | 3,37 | 3,68 | 3,99 | 4,28 | 4,43 | 4,57 | 4,57
conditions =40 mm 1,52 | 1,84 | 2,14 | 2,48 | 2,80 | 3,10 | 3,39 | 3,67 | 3,93 | 4,07 | 4,21 | 4,21
‘Mle)iii;fe’ p<32mm| 1,16 | 1,4 | 1,62 | 1,89 | 2,13 | 2,36 | 2,58 | 2,79 | 2,99 | 3,1 | 3,2 | 3.2
conditions =40 mm| 1,06 | 1,29 | 1,49 | 1,73 | 1,96 | 2,17 | 2,37 | 2,57 | 2,75 | 2,85 | 2,94 | 2,94

Fig./Tab.II1.(5): Values of ultimate bond stress (in MPa), according to concrete strength (in MPa),
bar diameter and bond conditions

As shown above, the table was established for a non-accidental situation with
Yc = 1.5et Ys = 1.15 (remember: fog = Ot fctk,0,0S / yc)

Example: f.x = 35MPa, good bond conditions, @ < 32 mm, fu 005 = 2.247MPa
f0=225N1N2fa=225x1x1x1x2247/1,5=3.37MPa

I11.3.2. Basic required anchorage length

The ultimate bond stress having thus been determined, the basic required reference anchorage length may then

:

sd

be calculated by the formula: lb,rqd = BK_P
4 O Ofa
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(with 0. design stress of the bar at the position from where the anchorage is measured)

The table below gives the basic anchorage length necessary to anchor all the design force the bar can take and
not the particular force to which it is subjected. As previously explained, the design stress value used is O

s = Ty / ¥s.

for / ok cuve 12/15 | 16/20 | 20/25 | 25/30 [ 30/37 | 35/45 | 40/50 | 45/55 | 50/60 | 55/67 | 60/75 | 70/85
@ bar (mm)

@<32mm 660 | 540 | 479 | 400 | 360 | 32@ | 300 | 27 | 25@ | 250 | 249 | 24¢

©=40 mm 7290 | 590 | Sl | 449 | 390 | 35¢@ [ 32¢ | 300 | 28¢ | 279 | 260 | 26¢

Fig./Tab.I11.(6): Values of basic anchorage length necessary to anchor f, / \s , expressed according to
bar diameter, for steels BS00B and in ‘g¢ood’ bond conditions

Example: fo =35 MPa, f,,x = 500 MPa, good bond conditions, @= 20 mm, f,s = 3.37 MPa

Loraa = HP H % (500 / 1.15) / (3.37 x 4) ¢=32.25 9= 645 mm
¥ O fa

For ‘mediocre’ bond conditions, the value in the table is divided by 0.7. Thus one obtains the basic anchorage
length necessary according to bar diameter:

for / foxccuve 12/15 | 16/20 |20/25 [25/30 |30/37 |35/45 [40/50 |45/55 [50/60 |55/67 [60/75 |70/85
@ bar (mm)

<32 mm 94¢@ | 78 | 679 | 58¢ 51 | 460 | 42 | 399 | 360 | 350 | 340 | 340

©=40 mm 1029 | 840 | 730 63 @ 559 | 500 | 460 | 420 | 390 | 380 | 370 | 370

Fig./Tab.I11.(7): Values of basic anchorage length necessary to anchor f / ys, expressed according to
bar diameter, for BS00B steels and in ‘mediocre’ bond conditions.

111.4.Design anchorage strength
The corresponding clauses are in [EC2-1-1 8.4.4]
The design anchorage length is defined by: lpa = max { O; Oz O3 O Os lprqa; Lo.min }

;. is for the effect of the form of the bars, assuming adequate cover

0. is for the effect concrete minimum cover

a3, is for the effect of confinement by transverse reinforcement

.. is for the influence of one or more welded transverse bars along the design anchorage length
0s. is for the effect of the pressure transverse to the plane of splitting along the design anchorage

The product 00,0305 has a lower limit of 0.7.

For tensioned bars: lpmin > max { 0.3 lprqa; 10 @ 100 mm }

For compressed bars:  lpmin > max { 0,6 lysqq; 10 @ 100 mm }

By taking the minimum values 0,=0,=(0,0505)=0.7, it follows that ly—= 0.34 lpsqe. It is thus
impossible to have lya < 0.3 lyqa for tensioned bars. Similarly for compressed bars, with 0,=0.7
comes log = 0.7 lorqa; it is thus impossible to have lpg < 0.6 Iy rqa.
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All these coefficients 0 being at the most equal to 1, it results from the above table giving the basic anchorage
lengths necessary to anchor fy / ys that:

for the qualities of concrete generally used for engineering structures, the design anchorage length of a
tensioned bar in B500B steel by straight anchorage is at the most equal to 50 @

This value of 50 @ is valid for mediocre bond conditions [Fig./Tab.111.(7)]. If this value is used as an
anchorage length, it is then not necessary to verify the bar’s bond conditions.

Similarly:

for the qualities of concrete generally used for engineering structures, the design anchorage length of a
tensioned bar in B400B steel by straight anchorage is at the most equal to 40 @

For certain configurations, a simplification consists of considering that the anchorage of tensioned bars is
ensured by taking account of equivalent anchorage lengths.

For "standard" bends, hooks and loops, the equivalent anchorage lengths l, ., are defined as shown below.

> 5p
> 5@ £150° F.
rabg :
; €
: : — — —
lb.eq | b.e | Ib.eq | F
90° <o, « 150°
Longueur d'ancrage Longueur d'ancrage
Longueur d'ancrage égquivalente equivalente pour un equivalente pour une
pour un couds normal crochet normal boucle normale

Fig./Tab.II1.(8): Equivalent anchorage lengths for standard bends, hooks and loops

Longueur d’ancrage équivalente pour un coude normal Equivalent anchorage length for a standard bend
Longueur d’ancrage équivalente pour un crochet normal Equivalent anchorage length for a standard hook
Longueur d’ancrage équivalente pour une boucle normale Equivalent anchorage length for a standard loop

The drawings also define the ideas of “standard” bends, hooks and standard loops for which the
forces are identical for the two ends.

lb,eq = lb,rqd
* For tensioned reinforcement with ¢4 > 3 @ lpeq 0,71y 44

* For tensioned reinforcement , with ¢4 < 3 @ lb,eq = lb,rqd

Guide EC2 - Version V7 - 137 - Sétra, le dd/09/yyyy




E ! EUROCODE 2 — APPLICATION TO CONCRETE HIGHWAY BRIDGES service d'Etudes

techniques

Libes - Bgl - Fravenisé Chapter 8 — Detailing rules relative to reinforcements feras
ef autoroutes

REPUBLIQUE FRANGAISE

|
R R R A |
]
R |

2, O O

Cy :min&;clE €4 =¢C
2 C
For bends or hooks For loops

Fig./Tab.I11.(9): Values of ¢4 according to type of anchorage

The simplified method proposed by Eurocode 2 part 1-1 has no significance for the bends and
hooks. It increases the length of steel in comparison with an instantaneous pessimistic calculation
where 1 is used for coefficients Q> to Os and where thus we have: lyg = 0 lpqa.

For example, for a high bond bar with with ©= 16 mm and R = 5 @, the additional steel length is:
- for a standard 90° bend: 0.57 R + 4.8 @,or approx 12 cm
-for a standard 180° hook: 2.14 R + 5.6 @,or approx. 26 cm

For standard loops, the difference between the two methods is minimal.

|b,eq: X1 Ib,rqd

Fig./Tab.I11.(10): Comparison between simplified formula and pessimistic application of the general
formula

111.5.8pecial case

It is possible to use several types of anchorage (straight and curved). This arrangement is classic however in
footing foundations.
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o O O o #
) ) 3 %)
/

I (@1) o] &1

Fig./Tab.II1.(11): Special case

I'V.ANCHORAGE OF LINKS AND SHEAR REINFORCEMENT

The corresponding clauses are in [EC2-1-1 8.5].

The anchorages of links and shear reinforcement (rectangular hoops, stirrups and links) are done by means of
bends or hooks (or by transverse welded reinforcement) by providing a bar inside the hook or bend and
respecting the arrangements in the following figure. It should be noted that these arrangements are different
from those with ‘standard’ hooks or bends of longitudinal reinforcement.

S o
5
106 et =30 mm
et =70 mm
@ ]
anchorage by bend anchorage by hook
(remember:for bends 90° < a < 150°) (remember: for hooks a 2 150°)

Fig./Tab.IV.(1): Anchorages of links by bend or hook

V.LAprs

V.1.General
The corresponding clauses are in [EC2-1-1 8.7.1]

Forces are transmitted from one bar to another by:

* Lapping of bars
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*  Welding

e  Mechanical devices (sleeve)

o This paragraph concerns only transmission of forces by lapping.

V.2.Definitions

Eurocode 2 part 1-1 uses, according to the case, the terms ‘neighboring’ and ‘adjacent’. In fact, the
analysis of the English version shows that these two terms should be considered here as strictly
SYRONYMOus.

- "adjacent laps"': laps of neighboring bars. Note that the laps may be situated in different sections.

- "adjacent laps for a given section ": here the lapped bars can not be neighbours.

B

|
i
section A

The overlaps B and C are neighbours. The overlaps B and D are neighbors for the section A considered.
Fig./Tab.V.(1): Adjacent overlaps for a given section A

It is considered that a lap concerns a given section if its axis is at a distance less than 0.65 1, of this section,
where 1 is the lap length.

lo

]

|
m| [o] O]

0.65 s 0,65 Iv

The laps of bars C and D whose axes are more than 0.65 1, from the section A, do not concern this section.

Fig./Tab.V.(2): Laps to take into account for a given section

V.3.Longitudinal spacing between two adjacent laps

In practice, there are two cases for longitudinal spacing of adjacent laps:

*  The laps concern the same section: in this case the longitudinal spacing between their axes and the
considered section is less than 0,65 I,.
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A
. | 0
= 0.65 s ‘

Section congsidérée

Fig./Tab.V.(3): Adjacent laps for the same section

* The laps do not concern the same section: in this case it is advisable to space them at least 0.3 I,. With
this arrangement, no section will be concerned with the two laps at the same time.

I

: ! 1

oy Fr

=03h
Fig./Tab.V.(4): Adjacent laps in different sections

V.4.Clear distance between adjacent laps

The corresponding clauses are in [EC2-1-1 8.7.2]

The clear distance in the transverse direction between adjacent bars of two adjacent laps should be greater than
2@and 20 mm.

e203h
fo
\ I
L F
=5up {24, 20 mm }| 4, ! : i : ¢
L ;
R - Sp 245 20} > Sup (24 20 mm }

—— % . : !

Fig./Tab.V.(5): Clear distance between adjacent laps

Application of this rule is well limited to each layer considered separately, when the laps of the neighboring
layers are displaced.

V.5.Lap length [,
The corresponding clauses are in [EC2-1-1 8.7.3]

o

o Case of straight laps
ifc<sup { 4@, 50mm } 1o = sup {0 loa; lomin }
if ¢>sup { 4¢, 50mm } 1, = sup {0 loa; lomin } + €
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c: clear distance between the two bars of the lap

¢ -

Fig./Tab.V.(6): Clear distance between bars of a lap.

1O,min = max { 0,3 aﬁlb,rqd; 15([); 200mm }
" 1t is impossible that 0.3 O¢ly,qa be greater than O lva [Chapter 8-111.4]. "
O, is a safety coefficient that takes account of the simultaneity of several laps concerning a given section.

Os = (p1/25)" with p; proportion of bars with lap whose axis is at less than 0.65 1, from the axis of the
considered lap. 0 varies from 1 to 1.5.

o] <25% 33% 50% > 50%

Os 1 1.15 1.4 1.5

o case of laps with curves

Eurocode 2 part 1-1 does not specify the arrangements to use in the case of laps with curves. In the absence of
more accurate justifications, it is good to use the following arrangement: the length 1, is measured in the straight
part in compliance with the drawing below, and not from the start of the bar.

lo

For a straight lap, there would be 1y = 0¢ l;rqa; for an lap with curves, the simplified formula gives 1o = Q6.0 1.Ip, rqa-
Fig./Tab.V.(7): Length |, for laps with curves

lo

Fig./Tab.V.(8): Length I, for an lap with standard hooks

Example of calculation of lap length — case of a standard 180° hook with a,=0.7 0,.05.05=0.7 and 0¢=1.4
(50% of lap for the considered section)

As previously, the design stress taken is O = fy« / Vs, and the persistent situation is considered.
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e
= (_p_OSd = (_p Ys = (_p fyk 1’5 =0 58(—p fYk
b,rqd s
4 f 4 fog. 41 0005 2,25%x1,15x1x1x1 4f .
bd 2,25r]1r.]2(.xct tk;0,05 ctk;0,05 s H ctk;0,05

C

Or the following special case: o; = 0.7 (hook with ¢4 >3@), 01,0305 = 0.7, and 0 = 1.4 (50% of laps in the
considered section).

£ £
Iy =0,7%0,7x14x1, ., =0,7%x0,7x1,4x0,58 2% =42 %
fctk;0,0S 4 fctk;O,OS
* Standard loop:

* The ‘standard loops’ are not used for laps. Particularly, the loops at the ends of prefabricated elements
are not ‘standard loops’.

o Case of laps of compressed bars

In the case of laps for compressed bars, the coefficient O, being equal to 1 regardless of the form of the
anchorage the lapped bars, the lap length is equal to that of a straight lap. The use of curved anchorages thus
requires more material (for anchorages [Fig./Tab.V.(7)]) with an lap length equivalent to that of a straight lap.

The joining of compressed bars by straight bars is advised. Further, for bent bars of medium or
large diameter, there may be a large unbalanced radial force at the end of the bend, that justifies
not taking account of the curved part for the lap. .

Where straight bars are used, it should be remembered that it is advisable to make provisions to
ensure safety of personnel.

V.6.Case with 100 % of laps in the same section

o This case can only apply in the following conditions:
e Compressed bars
*  Secondary reinforcement (for distribution)

* Tensioned bars and arranged on one layer only

This is consistent, for example, with the case in paragraph 4.7 "longitudinal reinforcement” of the
Sétra guide of June 2003 " prestressed bridges built with balanced cantilever method”

We then have 0= 1,5.

V.7.Transverse reinforcement in an lap zone in the case of tensioned bars
The corresponding clauses are in [EC2-1-1 8.7.4.1]

Three levels of increasing exigence are used for transverse reinforcement according to the aggressiveness of the
considered laps.

o [I*case @<20mm orp; <25%
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No particular arrangement is made, in particular transverse bars may be not placed on the first layer.

o If @=20 mm and p; = 25%, the condition to verify is: z Ay = A,

with A area of transverse reinforcement and A, area of one of the lapped bars.
p: see definition above [Chapter 8-V.5]

Thus two new cases present themselves:
2™ case: pi < 50% or a > 10 @ thus it is advisable to place the transverse bars in the first layer and

perpendicular to the lap direction.
3" case: p1 > 50% and a < 10 @, thus the transverse reinforcement used should be rectangular hoop,

stirrups or links, and perpendicular to the lap direction.

Fig./Tab.V.(9): Definition of "a'" = distance between adjacent laps in a given section

|| These arrangements may be relaxed if the laps are in the zones where the bars are not too stressed. ||
In the last two cases, the reinforcement should be distributed in accordance with the drawing below.

YA« /2 YA/ 2

<150 mm |~ |=

b3, ki3

Fig./Tab.V.(10): Arrangements of transverse reinforcement in an lap zone of tensioned bars

It is also conceivable to distribute uniformly the transverse reinforcement along the lap as per the
drawing below.
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Fig./Tab.V.(11): Other possible arrangement of transverse reinforcement in an lap zone of tensioned
bars

V.8.Transverse reinforcement in an lap zone of compressed bars

The corresponding clauses are in [EC2-1-1 8.7.4.2]

The same rules apply as for the tensioned bars, with an additional arrangement: to each side of the lap a
transverse bar is placed at less than 4@ from the end of the lap.

ZAst / 2 ZAS( / 2

<150 MMty

lo

4(1) |c/3‘/ l|o/3 44)

Fig./Tab.V.(12): Transverse reinforcement in an lap zone of compressed bars

As for tensioned bars, it is possible to distribute uniformly transverse reinforcement along the lap,
but always with the two additional bars placed at either side of the lap.

The aim of these two additional bars is to prevent the splitting of compressed concrete on contact
with the end section of the bar.

VI.LARGE DIAMETER BARS

The additional rules of clause 8.8 of Eurocode 2 part 1-1 relative to large diameter bars apply to bars of
diameter (p> Qlarge.

The value to use is that shown in the national annex of Eurocode 2 part 1-1, that is Qaree = 40 mm.
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VII.BUNDLED BARS

VII 1.General

The bars may be placed together in bundles. The reinforcement should be of the same type and the same grade,
possibly of different diameters subject to the ratio of the diameters not exceeding 1.7.

Unless otherwise stated, the rules for individual bars also apply for bundles of bars.

The number of bars is limited to 3 per bundle, except in the case of vertical bars in compression and bars in a
lapped joint for which 4 bars maximum may be bundled together.

The reinforcement should be compactly arranged to prevent hindrance to the placing of the concrete.

In the special case of a bundle of two touching bars positioned one above the other and when the bond
conditions are good, the bundle is treated as an individual bar.

Fig./Tab.VIL.(1): Correct arrangement in the case of a bundle of three identical bars.

VII.2.Equivalent diameter of bundle

The corresponding clauses are in [EC2-1-1 8.9.1]

The equivalent diameter ¢, of the notional bar (same sectional area and same center of gravity as the bundle) is:

o Case where all bars have same diameter: ¢, =@/n, <55mm

o Case of several bar diameters: @, =9 +..+@, ><55mm

where n, the number of bars per bundle, limited to 3 or 4 according to the case.
VIL.3.

VIIL.4.Clear distance between bundles of bars

The minimum clear distance between bundles of bars should be measured from the actual external contour of
the bundle of bars.
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Fig./Tab.VIL.(2): Clear distances between bundles of bars

These distances should verify: €h, €y 2 Emini = SUP { @n; (dg + Smm); 20mm) }

o with d, dimension of largest aggregate and @, equivalent diameter of bundle of bars.

In the particular case of a bundle of two bars positioned one over the other and when bond conditions are good,
the bundle is treated as an individual bar, whence the following spacing:

Fig./Tab.VIL.(3): Clear distance between bundles of two bars and individual bars

These clear distances should verify: €n, €y 2 emini = Sup { @; (d; + Smm); 20mm) }

VIL 5.Anchorage of bundles of bars

The corresponding clauses are in [EC2-1-1 8.9.2]

o Anchorage of bundles of tensioned bars

o

e 1% case: if the bars show large longitudinal staggered distance as indicated on the following sketches
(where Iy, ,qq is calculated with @), the diameter of an individual bar @ is used to calculate lyq.
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> fos ()

décalage -

Toa () o 1.3 la ()

ancrages

.Zp aquet

Fig./Tab.VIL.(4): Anchorage of a bundle of two tensioned bars with a wide staggered distance.

= Iy = 1.3 b
décalages —=—-— haa (0) 3 b (9)
B =l - = 13/
ancrages ki (%) 1.3 ha (9) 3 ha ()
- !paquet =

Fig./Tab.VIL.(5): Anchorage of a bundle of three tensioned bars with a wide staggered distance.

Décalages Staggered distances

Ancrages anchorages

Special case of a straight anchorage of a bundle of bars with, for a single bar , lva (®) = loqa (@)
- bundle of two bars: the anchorage length of the bundle is: lyaquet 2 2.3 loa (9)
- bundle of three bars: lpguet = 3.6 lpa ()

e 2" case: the equivalent diameter @, is used to calculate loa: loa (@) = \/H loa ().

The corresponding paragraph of EN1992-1-1 is incomplete. It is well to keep a minimum staggered
distance of the bars as shown on the drawings below.

Iva (§2)

0.3 ]bd ((I)Z

|

—

!

A

]p{zquer - 1.3 lbd ((I)Z)

with @, equivalent diameter of the bundle of two bars, @, = \/E 0]
Fig./Tab.VIL.(6): Anchorage of a bundle of two tensioned bars
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403 Toa (3) 0.3 fa (ds) - Ioa (ds)

]paqnet . .I. ,6 lbd (4)3)

with @ equivalent diameter of bundle of three bars, ¢, = \/5 (0]
Fig./Tab.VIL.(7): Anchorage of a bundle of three tensioned bars

Special case of a straight anchorage of a bundle of bars with, for a single bar, loa (@) = Iyrqa

- bundle of two bars:  lhaquet = 1.3 Loa (@) = 1.3 x 1.41 x g (@) = 1.83 lna
- bundle of three bars:  lpaquet = 1.6 Ioa (@) = 1.6 x 1.73 x Lpq (@) = 2.77 lpa

*  Special case: @ <32 mm and bars near a support: no need to stagger the bars.

Ibd calculé avec ¢n

A
!

(I)h

Fig./Tab.VIL.(8): Anchorage of bundle of tensioned bars near a support for @, <32mm

o Anchorage of bundles of compressed bars

» To stagger bar ends is not necessary
e if @ = 32 mm, transverse reinforcement are arranged in compliance with the drawing below:

n>4
$=12 mm

~

Gn> 32 mMm

Fig./Tab.VIL.(9): Anchorage of a bundle of compressed bars of equivalent diameter = 32mm

VII.6.Lapping of bundles of bars
The corresponding clauses are in [EC2-1-1 8.9.3]

c is the clear distance between the two bundles of the lap measured from the actual external contour of the
bundle:

e Ifc<sup {4@,, 50mm } lo = sup {0 loa; lomin }
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e if>sup {4@,, 50mm } lo=sup {06 lpg; lomin } +¢
with 14 calculated with the equivalent diameter @,.

o Case of bundle of two bars, with @ <32 mm: it is not necessary to stagger the bars for the lap. The lap
length I, is calculated with the equivalent diameter (..

N
IO

calculé avec ¢n

Fig./Tab.VII.(10): Lap of a bundle of 2 bars of equivalent diameter @, <32mm

| Calculé avec | Calculated with

The same arrangements of transverse reinforcement are applied in lap zones as those defined for individual bars
([Chapter 8-V.7], by replacing @ by @,).

o Case of a bundle of two bars with @, = 32 mm or of a bundle of three bars: the ends of bars should be

staggered longitudinally by at least 1.3 1,, where ly is calculated with @. It is possible to use an
additional lap bar without however exceeding 4 bars in an lap cross section.

A—>mp

Barre 2 Barre 1 Barre 4 de

\ Ba”ia recouvrement 3
= 2 ¥ 4

A—>p
Fig./Tab.VIL(11): Lap of a bundle of 3 tensioned bars, with a 4™ lapping bar
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| CHAPTER 9 -DETAILING RULES RELATIVE TO MEMBERS I
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The détailing of members concerns the minimum reinforcement and the provisions to take for the
reinforcement [EC2-1-1 Sect.9].

I.MINIMUM BENDING REINFORCEMENT

The minimum value of reinforcement to place is defined in [EC2-1-1 9.2.1.1] for reinforced concrete beams
and in [EC2-1-1 9.3.1.1] for reinforced concrete slabs. For prestressed structures, the minimum reinforcement
is given by the national annex that requires arrangement of the minimum reinforcement required by
[EC2-1-1 7.3.2].

An example is given in [Appendix VII-2.5].

I1.SURFACE REINFORCEMENT

Surface reinforcement is dealt with in two places in Eurocode 2: [EC2-1-1 7.3.3(3)] and [EC2-2/AN 9.1(103)].

Clause [EC2-1-1 7.3.3(3)] allows calculation of surface reinforcement for the sides of very high beams
(h> 1.0m), in tensioned zones only, when the major reinforcement is concentrated on a part of the height only.
For a rectangular beam in simple bending, of width b and tensioned height h,, the value of the reinforcement is
given by:

As,peau = kcx k>< fct,effx Act/fyk = 04 X 0 5 X fc[mxb X ht / fyk

Clause [EC2-2/AN 9.1(103)] deals in a more general way with surface reinforcement for beam sides, at the
same time in tensioned and compressed zones, parallel and perpendicular to the transverse section.

|| This surface reinforcement is not cumulative with the other steels calculated. ||
Application to a rectangular beam with height greater than 1.0m, a web thickness of 30cm, a concrete

C30/37 and reinforcing steels fyx = 500 MPa:

According to clause [EC2-1-1 7.3.3(3)], the amount of surface reinforcement to place, on the beam sides in
a tensioned zone is equal to:

Aspean = 0.4%0.5%2.9%0.30%1.0 / 500 = 3.50 cm?

Or 1,75 cm?m of surface.

Expressed as a percentage of the tensioned area, this value is equal to:
P = kexkxfoerr / f = 0.4x0.5%2.9 / 500 = 0.12%

According to [EC2-2/AN 9.1(103)], the surface reinforcement to place on all the beam’s perimeter is equal
to 3cm?/m for the standard exposure classifications (XC4), or 5cm?*m in an aggressive environment (XD,
XS).
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On the application it is stated that the calculation according to [EC2-1-1 7.3.3(3)] gives a value
lower than the minimum of 3cm*m given in [EC2-2/AN 9.1(103)]. In standard cases it is possible to
be exempt from the calculation of [EC2-1-1 7.3.3(3)] and to use directly the fixed values in section
9.

II1.SHEAR REINFORCEMENT

II1. 1. Minimum section of shear reinforcement

The corresponding clauses are in [EC2-1-1 9.2.2]

II1.1.1.Beams

A minimum transverse reinforcement will be required even in the case of elements not needing shear stress
reinforcement.

The rate of shear stress reinforcement is given by the expressions:

Pw = A / (5 X by X sinQ ) [EC2-1-1 Expr.(9.4)]

with a minimum recommended value confirmed by the national annex:

Pumin = (0,08, ) /fy [EC2-1-1 Expr.(9.5N)]
o Pw is the rate of shear reinforcement

o Aw is the area of the shear reinforcement section along the length s

o s is the spacing of the shear reinforcement measured along the longitudinal axis of the element
o bw is the web width of the element
o a is the angle between the shear reinforcement and the longitudinal axis [EC2-1-1 9.2.2(1)].

Compared to previous practices the expression (9.5N) leads to less steel for concretes with low
characteristic strength and to more steel for higher characteristic strengths..
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12.0cm2/m

10.0cm2/m ‘//

8.0cm2/m

6.0cm2/m

4.0cm2/m

= EC2 Asw/(s.bw)=0.08*racine(fck)/fyk*10000=
2.0cm2/m

—— BPEL At/(st.bn)=0.4*gs/fyk*10000=

0.0cm2/m

25 30 35 40 45 50

Fig./Tab.II1.(1): Variation of minimum ratio of shear reinforcement with characteristic strength of
concrete

I11.1.2.Slabs

The minimum rate of transverse reinforcement and its minimum value seen above for beams applies equally for
slabs. However the slabs that benefit from a transverse load redistribution are exempt from it [EC2-1-1 6.2.1(4)
et 9.3.2].

If shear reinforcement are necessary the slab should be at least 200mm thick.

Bridge slabs come under the category of slabs allowing a transverse load redistribution. As such, they may not
include shear reinforcement unless the stresses applied to them require it. [Chapter 6-11.2.1]

Eurocode 2 [EC2-1-19.3.1.4], however, requires that longitudinal and transverse construction
reinforcement be planned for along the free edges as shown in the figure below

For standard-thickness slabs (between 20 and 35c¢m) and concretes of fu < 50 MPa, a section of
2cm?/m will cover the minimum reinforcement condition near the edges.

>2h

Fig./Tab.II1.(2): Principle of reinforcement with a free slab edge

111.2. Arrangements for shear reinforcement

The major detailing arrangements of shear stress reinforcement are represented in the figure below [EC2-1-
19.2.2].

Eurocode 2 part 2 recommends not using open frameworks and open stirrups.
A combination of frameworks and bent-up bars is acceptable.
The inclination of the shear reinforcement should respect the following condition: 45° < o < 90°.

However, at least 50% of the shear reinforcement should be in the form of frameworks and stirrups (this is a
recommended value taken up by the national annex).
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—

A cadres, épingles et étriers intérieurs

B cadre extérnieur

Fig/Tab.I11.(3): Example of shear reinforcement

Cadres, épingles et étriers intérieurs Inner link alternatives

Cadre extérieur Enclosing link

For beams of effective depth d, the maximum spacing of shear reinforcement courses is limited to:
Longitudinal direction Siyma—= 0.75 d (1+cota) [EC2-1-1 Expr.(9.6N)]
Transverse direction  Simax—= 0.75 d < 600mm [EC2-1-1 Expr.(9.8N)]

For slabs, the maximum spacing in the longitudinal direction uses the same expression and the maximum
transverse spacing is modified and limited to:
Transverse direction  Symix < 1.5d (a=112)

With a = angle of inclination of reinforcement on the centroidal axis.

In the case of bent-up bars which are used less in practice, reference should be made to the text of
Eurocode 2.

IV.TORSIONAL REINFORCEMENT
The detailing arrangements of torsional reinforcement are given in [EC2-1-1 9.2.3] and are represented in the
figure below.
The frameworks should be anchored by overlaps and/or hangers and be perpendicular to the beam axis.
The maximum spacing of the transverse torsional reinforcement courses is limited to:
Longitudinal direction Simx = min (0.75 d; U/8; smallest dimension of section)

The maximum spacings of the longitudinal torsional reinforcement are limited to 350mm with at least one bar
at each corner.

Guide EC2 - Version V7 - 155 - Sétra, le dd/09/yyyy

Previous regulations did not include particular specifications except for longitudinal reinforcement
that had to be grouped together in the corners.




E . EUROCODE 2 — APPLICATION TO CONCRETE HIGHWAY BRIDGES service d'Etudes

techniques

oy oy o des rout
Labrs Bt  Froermi Detailing Chapter 9 - Detailing rules relative to members s

REPUBLIQUE FRANGAISE

Tou [] ]

al) a2) a3) b)

a) recommended configurations b) non-recommended configuration

Fig/Tab.IV.(1): Examples of torsional reinforcement
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I.SHEAR STRESS

I.1.Résal effect

In variable-height T or box girder sections with chords, the variation in shear force due to the Résal effect must
be considered. It is calculated from:

* Vea design value of the shear force component of the compressive force, in the case of a
compressed inclined chord

* Vg design value of the shear force component of the tensile force in the tensioned
reinforcement, in the case of a tensioned inclined chord

The figure below shows the sign conventions [EC2-1-1 Fig.6.2]:

Fig./Tab.I(1): Shear stress components for variable-height elements

The shear force to take account of [EC2-1-1 6.2.1(6)], with taking into account of the variation due to the Résal

effect is:

VEd - Vccd = th.

Eurocode 2 puts the Résal effect here on the side of the acting forces, but puts it also on the side of
the resisting forces as in the following expression :Vea < Vra = Vras + Vead + Va [EC2-1-1 6.2.1(2)
et(5)]

The two methods are equivalent. The previous regulations favored the second.

A more usual presentation of the rule applied to box girders is as follows:

Near an intermediate support, the section is subjected to a moment M and a shear fotrce Ve, both
negative. The lower slab is highly compressed whereas the upper slab is lightly compressed, even
tensioned.

Where the upper slab remains compressed, the shear force variation of the Résal effect may be
calculated as shown in the following diagram.
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section droite

Ns |
4——"—3/ Vccs= Nssin(as)
e M -VEd v\\;\:— = e _f_ — ———| iare moyenne hourdis sup
g

~L o ——{ fibre moyenne
\i
& \ -
N " i " fibre moyenne hourds inf
1 % /
T Ni ¢ Veea= - Nisin(cu)

Fig./Tab.1.(2): Résal effect — upper slab compressed

N; is the result of the axial stresses of the upper slab (Ns >0 for a compression). In the case of
tension it is the sum of the tensile stresses of the slab steels.

o5 is the angle of inclination of the centroidal axis in relation to the upper slab.
Ni and o; are the corresponding values for the lower slab.

The variation due to the Résal effect is equal to: AVresa = - Vees — Veei = - Ne.sin(0ls) + Ni.sin(Q;)
With Ni > N andt O, = Q;, the variation AVyea is positive.

The force Vea being negative, the Résal effect is favorable in this case since it reduces the shear
force (in absolute value).

. V..V V.V IV VIV Y Y V~vvv~/
NS A S SO - S S -5 SO - R

Fig./Tab.1.(3): Résal effect- zones of members to consider

The taking into account of the Résal effect is a priori favorable because it is likely to reduce the
general shear force for sections near the intermediate supports.

Conversely, when the mid-bay is approached, the upper slab becomes highly compressed, the lower
slab tensioned and the Résal effect increases the general shear force.

The only difference with the previous practices comes from the fact that the web zones common with
the slabs were not taken into account.

Another method of taking into account the Résal effect is also developed in the article by D. Le
Faucheur, “Cumul des aciers de cisaillement et de flexion”, in the Sétra "Ouvrages d’Art"
magazine, n° 41 to which the designer might refer for more details. This article is based upon an
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analytical expression which lends itself more easily to a software programming. It gives however an
increasing value of the Résal effect because the whole of the section is taken into account.

1.2.Shear between web and chords of T sections.

The corresponding clauses are in [EC2-1-1 6.2.4]

The strut and tie model was adapted to this configuration to be used in determination of reinforcement.

L.2. 1. Minimum reinforcement of chords

The minimum reinforcement is no longer that specifically recommended relative to the shear stress [EC2-1-
19.2.2], but that relative to slab bending reinforcement given by clause [EC2-1-1 9.3.1]. The following
relationship will thus be applied:

fC m
A min = 0,26f;btd with Aumin 2 0.0013xbxd [EC2-1-1 Expr.(9.1N)]

yk

In this case, d is the effective depth of the chord and b its length, as applied to the figure below d = h; et b, =
AX.

A - compression struts B - longitudinal bar anchored beyond point
obtained by construction with 0 f (see 6.2.4 (7))

Fig./Tab.1.(4): Junction web-chord [EC2-1-1 Fig.6.7]

L.2.2. Acting forces

The longitudinal shear stress vgq, developed at the junction between a side of the chord and the web is
determined by the variation of axial stress (longitudinal) applied to the part of the chord considered:

Vg = AF, / (h, X Ax) [EC2-1-1 Expr.(6.20)]
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In the case of distributed loads, a maximum value may be acceptable for Ax equal to half the distance between
the nil moment section and the maximum moment section. In an isostatic beam, there may also be sections of
one quarter of a bay on which the transverse shear reinforcement is constant.

In the case of concentrated loads the value Ax is at a maximum at the distance between loads. However in
bridges this recommendation does not concern the action of concentrated loads from vehicles.

An alternative to the calculation of this stress is possible [EC2-2 6.2.4(103)]:

"The shear force transmitted between the web and the chord is equal to Vgs Ax / z and is broken down
into three parts: one part exerting itself in the beam section limited to the width of the web, and the
other two acting on the chords’ flanges. Generally the part of the force the web stays subjected to is the
fraction by, / br of the total force. A greater force may be considered if the total effective width of the
chord is not essential to resist the bending moment. In this case, it may be necessary to verify the crack
openings at the service limit state”

This alternative comes back to the previous ways that applied to a length Ax, express the slipping
force per unit of length:

Vg = (Vea/2)(bi/bgs) where by is the width of the chord of one side of the web.

As such, it remains as the force in the web Vigy,= (Vea/2)(b,,/b.g)

The expressions above are more specifically adapted to reinforced concrete T sections.

In the case of prestressed concrete, and box girders, in the absence of concentrated forces causing abrupt
variations in axial stress in the slabs, it is better advised to use the classical expressions and to calculate:

VeaXS . .
Vg = B / xh, where S is the statical moment of the part of the chord concerned.

L.2.3.Verification of resistance
In the truss model used, the inclination of the struts in the chords is different than those of the webs.
The recommended values are:
1.0 < cotf¢< 2.0 for compressed chords
1.0 < cotB¢ < 1.25 for tensioned chords.
The compression of the struts in the chords must be verified:
Vg SVIsin0,cos0, [EC2-1-1 Expr.(6.22)]
with v = 0.6 (1-f4/250)
and the reinforcement calculated
(Ass fya/st ) > Vea he /cotOr [EC2-1-1 Expr.(6.21)]
These expressions are an adaptation of those relative to the verification of standard, more general sections.
If veq < kxfyq , no shear reinforcement is necessary in addition to those required for bending.
Eurocode 2 part 1-1 recommends k = 0.4
The national annex recommends:

k = 0.5 in case of a vertical, construction-joint surface that is rough in the member
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k = 1.0 when there is no vertical, construction joint surface

(the verticality evoked here relates to the schematic diagram given above)

" For information, f.q = 1.50 MPa for a C35 and 2.03 Mpa for a C60. "

1.2.4.Combination with local bending
The combination bending/shear is dealt with in [Chapter 10-1V.3.3] of this guide.

1.3.Shear in construction-joint surfaces

The corresponding clauses are in [EC2-1-1 6.2.5]

1.3.1.Principle

In addition to the requirements stated to resist shear exerted between webs and chords or in webs, the following
must be verified in the construction-joint surfaces:

VEdi < VRdi [EC2-1-1 Expr.(6.23)]
with
Veai = P Ved/(z.bi) [EC2-1-1 Expr.(6.24)]

where [ is the ratio of the axial longitudinal force in the construction-joint and the total longitudinal force in the
compressed (or tensioned) zone.

This is also expressed as follows, assuming that we are still in an elastic domain:
Veda =VraS/(I1X by)
where S is the statical moment at the level of construction-joint
I is the section inertia.
The stress limit is given by the following expression

Vrai =€ fq + Ho, +pf, (M sin O +cos a) <0,5vf, [EC2-1-1 Expr.(6.25)]

o, = axial stress at interface
c and p coefficients depending upon the roughness of the interface
a = inclination of the steels on the construction-joint

p = A/ Ai=ratio of the steels crossing the construction-joint, brought to its surface.
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Fig./Tab.I(5): Example of construction-joint surfaces [EC2-1-1 Fig.6.8]

45°<g=90°
h2<10d \\
o
A
B / hi<10d
<30°
A -re-concrete B - old concrete C - anchorage

Fig./Tab.I(6): construction-joint with indentations [EC2-1-1 Fig.6.9]

The construction-joint surfaces are classified as very smooth, smooth, rough and indented:

Type of construction-joint Coefficients

Very smooth: surface cast in contact with molds of steel, plastic or specially-

treated wood: c=025etp=0.5

smooth: surface prepared by slip formworks, extruded surface or non-

formworked surface, with no further treatment after vibration: ¢=035etp=06

rough: surface has asperities at least 3 mm high, spaced at about 40 mm,
obtained by ridging, direct washing or any other method giving equivalent|c=0.45etu=0.7
results:

indented: surface has keys as shown in Figure 6.9: c=0.50etp=09

Eurocode 2 part 2 recommends taking ¢ = 0 for verifications in fatigue or dynamics. The stresses from traffic
loads (UDL and TS tandem for example) are not to be considered as dynamic actions. The seismic actions are
however dynamic actions.
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Eurocode 2 part 1-Irequires solely division by two of the values of ¢ in the case of verification of
fatigue or dynamic.

When the stress perpendicular to the construction-joint is tensile, ¢ should be taken as 0.

L.4.Members in composite bending, non-cracked at ULS and requiring no shear reinforcement

For members requiring no shear reinforcement, subjected to composite bending and not cracked at ULS, clause
[EC2-1-1 6.2.2(4)] leads to [EC2-1-1 12.6.3], which deals with resistance to shear stress of non-reinforced-

concrete elements.

Clause [EC2-1-1 12.6.3(3)] recommends the sense of “non-cracked at ULS” for an element: it stays completely
compressed or the absolute value of the major tensile stress in the concrete is less than fua.

This clause gives calibrated calculation formulae for rectangular sections and for the case where
the axial transverse stress is nil. The case of complex sections is not considered because the value k
= 1.5 [EC2-1-1 Expr.(12.4)] adopted corresponds well to the maximum shear stress in a
rectangular section.

Clause [EC2-1-1 12.1(2)] adds that section 12 applies to the elements where the effect of dynamic actions may
be ignored. It does not apply when the effects are those caused by rotating machines and traffic loads.

It does not concern bridge decks but may be applied to other elements of structures such as foundation footings
and piles of diameter greater than 600 mm for which Nes/A, < 0.3«

Justification consists of verifying that the shear stress T., in a section subjected to a shear force and a axial force
is less than a design shear and compression resistance of concrete f.a. The designer is referred to the text of
Eurocode 2 for detailed use of expressions (12.5), (12.6), (12.7) [EC2-1-1 12.6.3(2) and (3)]. They allow a
curve to be drawn of the acceptable ULS shear stresses for lowly-reinforced parts, given below. In the same
figure, the curve giving the stress limit given by annex QQ at SLS has been added for comparison.

The shear stress limit thus obtained is less than the stress limit calculated according to the
recommendations of annex QQ of Eurocode2 part 2. This result is logical: the criterion of annex
QOQ expresses the non-cracking without safety factor, whereas the expressions [EC2-1-1 12.6.3
Expr.(12.5) to (12.7)] translate the resistance to the shear stress of non-reinforced parts, with great
safety because the corresponding breakage is brittle. Conversely, it allows, without reinforcement,
shear stresses higher than the expressions [EC2-1-1 Expr.(6.2a) and (6.2b)] as shown in the
straight line representing 1,5Vra/bwd resulting from these formulae and calculated with the
maximum ratio of reinforcing steels.
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tau admissible MPa

contrainte normale sigmaX MPa

000
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-5.00 0.00 5.00 10.00 15.00 20.00 25.00
—e— tau adm EC2 pour fck= 35 MPa et sigmaY= 0 —8— EC2 ELU Cisaillement admissible béton non armé Taucp=1.5VEd/Acc
—— 1.5 VRd,c/bwd selon 6.2a et 6.2b avec Asl/bwd =0.02

Fig./Tab.L.(7): Shear stress acceptable at ULS according to [EC2-1-1 12.6.3] compared with stresses
acceptable at SLS from annex QQ

Taux admissible MPa Acceptable rate MPa

Contrainte normale sigma X MPa Axial stress sigma X MPa

Cisaillement admissible béton non armé Acceptable shear stress of non-reinforced concrete
...selon 6.2a et 6.2b avec According to 6.2a and 6.2b with

L.5.Prestressed members with one span only requiring no shear reinforcement

This case is dealt with in [EC2-1-1 6.2.2(2)] and particularly allows justification of prefabricated beams
prestressed by pretension and used in building structures. The application of the given recommendations poses
no particular difficulty and the designer is referred to the Eurocode text.

1.6.8pecial cases allowing an increase in resistance of concrete struts

1.6.1.Shear reinforcement stressed at less than 80% of fy

Note 2 of clause [EC2-1-1 6.2.3(3)] shows that in the case where the shear reinforcement are subjected to a
calculated stress less than 80% of their yield strength fix the following values of v may be adopted for
calculation of the resistance of the struts:

vi=0.6 if fu < 60MPa
v; =0.9 - £/200 >0,5 if fa > 60MPa
This allows an increase in the resistance of the struts if the steels are less stressed.
Generally the design stress used for the dimensioning of the reinforcement is fyq= fi/1.15 = 0.87 fyx.

If the steels stress is 0; = 0.80 fy the over-consumption of steel is approximately 10% but the increase in
resistance of the struts is in the ratio of v,/ v
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The table below shows that the increase in resistance of the struts may be quite a lot greater than the loss of
resistance of the steels.

fu 25 30 35 40 50 60 70 80 90
v expression (6.6) | 0.540 | 0.528 | 0.516 | 0.504 | 0.480 | 0.456 | 0.432 | 0.408 | 0.384
vi expression (6.10)| 0.600 | 0.600 | 0.600 [ 0.600 [ 0.600 [ 0.600 | 0.550 | 0.500 | 0.450
ratio vi/ v 1.111 1.136 1.163 1.190 1.250 1.316 1.273 1.225 1.172

It also shows that this rule is more favorable for the concretes with fairly high resistance.

1.6.2.Straight prestressing steels with high prestressing level

Eurocode reduces the value of the resisting shear stress for the members where the concrete is subjected to an
mean compression greater than 0.5f. [EC2-2 (6.11.cN)]. Part 2 of Eurocode 2 seeks on the other hand to not
penalize beams subjected to a straight prestress, giving increased compression if certain conditions are met
[EC2-2 6.2.3(103) Note 4]: if the chords are capable of supporting the total prestressing force, and if blocks are
used at the ends of the beams, the prestressing force may be assumed to be distributed between the chords. In
this case a.w=1 may be used instead of the reduced value used for compression greater than 0,5f.q.

7 th,c

Pa=Pac+Pay

Pa
- Py

Fig./Tab.1.(8): Distribution of prestressing force in chords by end blocks
[EC2-2 Fig.6.101]

II.STRUT AND TIE METHOD FOR ZONE OF DISCONTINUITY

This method was originally designed to adapt and expand the analysis method using the truss model to the
treatment of areas called type D (D as in disturbance) that may consist of geometric discontinuities or
disturbances due to the application of concentrated loads. The method was developed by the German school,
particularly by Jorg Schlaich, and has been used and presented by the Comité Européen de Béton (CEB) in its
Model Code. Eurocode 2 presents only a summary of it through its clauses “Analysis with strut and tie model”
[EC2-1-1 5.6.4] and “Dimensioning using strut/tic  models” [EC2-1-1 6.5]. For a correct usage of the method
the designer is urged to consult, for example, the excellent report published in English by the PCI JOURNAL
of May-June 1987 on the subject, entitled "Toward a Consistent Design of Structural Concrete" by Schlaich et
al.

This guide mentions only a few essential rules.

11. 1. Principle

The principle is as follows:
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*  Choice of a diagram of transmission of the forces that allow building of the strut-tie model ensuring
routing of the forces by straight elements (bars) and their deviation by nodes.

* determination of statically balanced forces in the struts and ties

* and finally, dimensioning and verification of struts, ties and nodes.

Fig./Tab.I1.(1): Schematic diagram of a case of application of the strut method

11.2.Dimensioning of struts, ties and nodes

11.2.1.Resistance of struts

The corresponding clauses are in [EC2-1-1 6.5.2].

Two cases are highlighted: the one where the strut is transversely compressed or not and the one where it is
subjected to transverse tension, which leads to a reduction in its resistance.

|11 R
HHHE Ramas EHHE R

Fig./Tab.Il.(2): Resistance of struts subjected and not subjected to a transverse tension

In the figure on the right the vertical arrows represent a transverse compressive stress possibly nil.

The resistances to compression of the struts are thus:

ORdmax = fod for transverse compression. [EC2-1-1 Expr.(6.55)]
Oramax = 0.6 v’f4for transverse tension. [EC2-1-1 Expr.(6.56)]
with v’ = 1-f4/250 [EC2-1-1 Expr.(6.57N)]
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This value of 0.6 v’ may be brought closer to that of v=0.6(1-f«/250) where v is the reduction
factor of the resistance of the cracked concrete to the shear stress.

11.2.2. Resistance of ties

The corresponding clauses are in [EC2-1-1 6.5.3].

The design resistances of the transverse ties and the tendons meet the same limits as given by the general rules
[EC2-1-13.2 et 3.3].

In particular, for reinforcement of reinforced concrete it is advisable on the one hand to anchor them according
to the principles of section [EC2-1-1 Sect.8] and on the other hand to limit their stress to:

fyd = fyk/ Vs

Eurocode 2 part 1-1 recommends not to concentrate the ties in their theoretical model position but to distribute
them on the zone where stresses increase [EC2-1-1 6.5.3(3)].

Eurocode 2 part 1-1 then mentions the expressions of the tensile forces for two simple cases:
a) for the case of regions of partial discontinuity ( b < H/2), [EC2-1-1 Fig.6.25a) ],
_1b-a
4 b
b) for the case of regions of total discontinuity ( b > H/2), [EC2-1-1 Fig.6.25b) |,

T F [EC2-1-1 Expr.(6.58)]

1
T=1H-0720 [EC2-1-1 Expr.(6.59)]
40  hQ
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bef bef
a a
I I
- [
D h=b Z=h/2 h=H/2
B H

T T

bef =b bef =0,5H + 0,65a; a<h

B Region without discontinuity D Region of discontinuity
a) partial discontinuity b) total discontinuity

Fig./Tab.I1.(3): Transverse tensile forces in a field of compressive stresses with distributed
reinforcement [EC2 -1-1 Fig.6.25]

11.2.3. Resistance of nodes

The corresponding clauses are in [EC2-1-1 6.5.4].

2.3.0.a) Compression limit in typical nodes
The compressive stress limits to meet for the three types of joint most commonly found are mentioned here:

(1) nodes subjected to compression with no tie anchored in them

Maximum acceptable compressive stress:
GRd,max = kl V,fcd

with k;= 1.0 value recommended by Eurocode 2 part 1-1 and the
national annex

v’ = 1-f4/250 (remember)

The national annex authorizes, on special justification, taking k;
I Fear=Fair+ Fean toki=1/v

'

Fig./Tab.I1.(4): Node subjected to compression with no tie [EC2-1 - 1 Fig 6.26]

(2) nodes subjected to tension and compression with tie s in one direction
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Maximum acceptable compressive stress:

2 —
= GRd,max - k2 V’fcd

Fep ORd2 .
with k.= 0.85 value recommended by Eurocode 2 part
Sf - 1-1 and the national annex
u - ?77 Ftd
So !
Preteeeets il The national annex authorizes, on special justification,
chl taking kz to kz =1.0
225, al
bd

Fig./Tab.I1.(5): Nodes subjected to compression and tension with ties in one direction [EC2-1-1
Fig.6.27]

(3) Nodes subjected to tension and compression with ties in two directions

Maximum acceptable compressive stress:

GRd,max = k3 V,fcd

with k;= 0.75 value recommended by EC2-1-1 and the
national annex

The national annex authorizes, on special justification,
taking k; to ks = 0.9

Fig./Tab.I1.(6): Node subjected to compression and tension with tie s in two directions [EC2-1-1
Fig.6.28]

2.3.0.b)Increase of compression limit for special conditions
For certain nodes the acceptable compressive stress values may be increased by 10% if at least one of the
following conditions is verified:

* atri-axial compression is assured,
» all the angles between struts and ties are = 55°,

* the stresses at the level of the supports or the points loads are uniform, and the node is bordered by
transverse reinforcement ,

* the reinforcement are arranged on several courses,

* the node is securely confined by a special support arrangement or by friction.
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2.3.0.c)Case of nodes subjected to tri-axial compression

The special case of nodes subjected to tri-axial compression may be dealt with as that of confined concrete
[EC2 1-1 3.1.9] whose characteristic resistance may be defined by the expressions:

foe=fu (1.000 + 5.0 02/fs)  pour 05 < 0.05 [EC2-1-1 Expr.(3.24)]
foe=fu (1.125 +2.50 0x/fs)  pour 0> > 0.05f, [EC2-1-1 Expr.(3.25)]

where o, is the lateral compressive stress due to confinement.

The compression limit is however maximized at the value Grqmax = Ka V' feac

with feq=fu/Ye. et ks= 3.0 value recommended and accepted by the national annex which, moreover, authorizes
on special justification an increase in ki to the value of ks = 3/v’.

II1.DIFFUSION OF PRESTRESSING FORCES

II1.1.Rules proposed by Eurocode 2

The major rules concerning the anchorage zones are found in [EC2 8.10.2] for pre-tensioning and in
[EC2 8.10.3] for post-tensioning. These rules are completed by other rules spread around different chapters,
which doesn’t really help their application..

This guide is more especially concerned with justification of anchorage zones for post-tensioning. It mentions
and presents in a more methodical way for the designer the essential rules to use for study of prestressing forces
distribution.

II1.1.1.Prestress force

Firstly the prestressing force to use for the study, applied at the active end of tensioning P, is found in [EC2-
2 Anx.J.104.2]. It is defined in [EC2-1-1 5.10.2.1(1)P] with recommendations for use to prevent crushing or
spilling of concrete.

For study of distribution, to be dealt with as a verification of local effect [EC2-1-1 8.10.3(2)], this force must be
balanced by a factor Yput=1-2 [EC2-1-12.4.2.2(3)]. The angle of distribution of the prestressing force, that

takes effect at the end of the anchorage device, may be simplified to equal 2B, with B = atan(% ) [EC2-1-
1 8.10.3(5)].

II1.1.2.Calculation method

The suggested method is in [EC2-1-1 8.10.3(4)]: use of a strut and tie model or of other appropriate methods of
representation to evaluate the tensile stresses due to concentrated forces. The reinforcement are to be arranged
according to their design resistance. If the stress in the reinforcement is limited to 300Mpa for their design, the
verification of crack opening is not necessary [EC2-1-1 8.10.3(4)].
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of the reinforcement to be done at ULS . So as not to adopt a too-penalizing rule, it is suggested that
the value of 300 Mpa be used for the design and that it be considered as obtained from the value
250 MPa at SLS and increased by the coefficient 1.2.

1I1.1.3.Special rules

In [EC2-1-1 6.7] is found a rule that sets the stress limit to be met in the case of a uniformly distributed load
applied to the concrete surface. This rule is not foreseen for large concentrated stresses like those developed by
prestressing anchorages; on the other hand it may be used for zones under bearings.

Clause [EC2-2 Anx.J.104.2] is entitled "zones d'ancrage des éléments précontraints par post-tension";
“Anchorage zones of prestressed elements by post-tension”. It is there that the use of P explicitly appears.
This clause is in fact an addition to recommend what is to be done, just behind the anchorage in the zone called
that of first regularisation. It is not intended to treat the distribution problem as a whole.

1I1.2. Application of Eurocode 2 rules in the simple case of a single anchorage

This is the application of the strut and tie method whose principles have already been shown in the preceding
paragraph [Chap.10 II].

1I1.2.1.Data
A concrete beam of 0.5m x 1m to which a prestressing force of P,,, =IMN at tensioning is applied.

Characteristic of concrete at t,, date of tensioning: fck(to) =30MPa
f
Characteristic of reinforcement, fy =500MPa or f , =—=>—=435MPa

Taking account of partial factor Yp ue = 1,2, a design force results from it:

Pd = yP,unfav X Pmax = I’ZMN .

111.2.2.Choice of a strut and tie model

In the simple case, the choice of a model is easy since it has served for all presentations of the method. It is
illustrated in the following figure [Fig./Tab.II1.(1)]:
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prisme de premiére régularisation

/ i
P \ |
- - - - - / @0

1.00

longueur de régularisation 0.50

——— bielle de compression

tirant

Fig./Tab.II1.(1): Strut-tie method

Prisme de premiére régularisation Primary regularisation prism
Longueur de régularisation Regularisation length

Bielle de compression Compression strut

Tirant Tie

The first nodes are placed directly behind the anchorage plate. The stress is normally divided in two behind the
anchorage and is distributed by two struts inclined at 33.7° (atan(% ) ). Once the distribution is effected, the

load is distributed in the section with a uniform stress modeled by two horizontal struts situated at the lower
and upper quarters of the section. It is generally accepted that this distribution is carried out completely on a
length of the order of the element’s transverse dimension. This length is determined by the choice of the angle
of distribution that gives, in its turn, the necessary reinforcement section.

It may be noted that in the standard model used for a concentrated stress, the angle of diffusion is
also often adopted as corresponding to 2 for 1 (2:1).

111.2.3.Verification of nodes

2.3.0.a)Nodes behind the anchorage plate
Behind the anchorage plate the mean compressive stress is:
0 =Pyaxa'=1.2/(0.150x0.150) = 53 MPa

It is the stress that exerts itself on the nodes in this place. These nodes are submitted to compressive forces
only. The maximum stress to verify is thus:

fck
250

ORa.max = K V' fog with V'= E - Eand k, =1 (recommended value) [EC 2-1-1 6.5.4], or 17.6 MPa.

It is obvious that this criterion can never be verified. Only a confinement of the concrete under anchorage,
obtained by closed frameworks or adequately arranged reinforcement, may allow an increase in resistance to
compression of the concrete to resist the applied stress [EC2-1-1 3.1.9(2)].

In the example studied the resistance to compression must be increased to a value such as
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fu/1.5 > 53 MPa , with fu. = fax (1.125 + 2.5 0>/ fu ) [E2-1-1 Expr.(3.25)] with however a maximum value
of Oramax = K4 V' g and ks = 3 [E2-1-1 6.5.4(6)]; for that the necessary hooping must be arranged to obtain a
value of 0, allowing the condition to be satisfied.

In practice the reinforcement under anchorage foreseen in the ETA of the various prestressing
procedures allows this objective to be reached in principle.

Indeed the post-tensioning kits are the object of a European Technical Agreement (ETA). They are
subjected to a certain number of tests to demonstrate their ability to take the force exerted by the
tendon and to transfer it to the concrete structure (particularly transfer tests on end blocks).
Finally, the ETA of a post-tensioning kit recommends the major characteristics of the anchorages
and the possible uses, and gives the reinforcement to be arranged behind the anchorage as well as
the interaxials and distances to the edge to be respected to ensure good load transfer to the
concrete. It also recommends the minimum strength of concrete to reach before tensioning.

Eurocode 2 recommends of course respect for the ETA recommendations.

Eurocode 2 part 1-1 gives insufficient detail to the designer to do the practical design of this hooping. It is to
compensate for this lack of practical calculation method of the reinforcement that the clause [EC2-
2 Anx.J.104.2] was added in part 2. It allows to foresee, in the volume defined as being the primary
regularization prism, the minimum reinforcement necessary that thus allows passage from very high stresses to

stresses of the order of 0,6 f (to) .

The designer may also find a more detailed method in the Model Code 90 [MC90 3.5] for
determination of this reinforcement.

2.3.0.b)Nodes after diffusion of the prestress stress
In the nodes after distribution of the prestressing force the mean compressive stress is:

0=Py/bxh=12/0.5%1=2.4 MPa
Since the nodes are subject to two compressive forces and one tensile force, the stress not to be exceeded is:

fck
250

Oramax = Ko V' Ty with V'= El - Eand k, =0,85 (recommended value)

ORd,max = Ko V'fq = 0,85 X(I - %)x 132 =15 MPa or a value much greater then the applied stress.

After distribution the nodes may be called “smeared nodes” in the strut-tie method; they are
generally exempt from verification of the criterion of concrete compression limit.

Verification of all nodes 1s thus assured.

111.2.4. Verification of struts

The stress in each strut just after the first regularisation prism is of the order of 0,6 fck(to) if the necessary has
been done for it to be thus: respect of the distances of the anchorage plates at the free edges of the parts, design
of primary regularisation prism, design and arrangement of reinforcement at level of this prism (see below
[Chapter 10-11.2.5.a)]). This stress will even diminish as one gets nearer from the other end of the strut whose
section approaches half the section of the beam in the example considered.

According to clause [EC2-1-1 6.5.2], in the case of the concrete struts in an area where there are no transverse
tensile stresses, the acceptable stress is given by:

Guide EC2 - Version V7 -174 - Sétra, le dd/09/yyyy



techniques
. . . . . . . des routes
Libertd « Egalité » Fraterni, -
e e et Special prescrlptlons.an-d ]ustlﬁc-atlo‘ns Cl.lapter 10 - Special ot atoroutes
nrescrintions and iustifications

E ! EUROCODE 2 — APPLICATION TO CONCRETE HIGHWAY BRIDGES service d'Etudes

f lt o . .
ORdmax = fcd( to) = °‘1‘( 50) =0,66 fck( to) . The criterion on the struts is thus well verified.

111.2.5. Design of reinforcement
2.5.0.a)Reinforcement in primary regularisation prism

Primary regularisation prism

The primary regularisation prism is defined by its rectangular section c¢xc¢' and its depth d=1,2 max(c ;C')
[EC2-2 Anx.J.104.2 (102)].

The dimensions ¢ and ¢' should be such that:

P
cxc'= e ..
*’(—M 61, , to respect, on the one hand a reasonable stress limit

Q.
K to
and on the other hand, the criteria of geometry

X | | X |
£<1,25/2C and &<1,25/£2¢C
a axa a axa

where a and a' are the dimensions of the smallest rectangle including the anchorage plate.

The idea is to go from the anchorage plate to an associated rectangle whose area is chosen to
obtain a mean stress equal to 0a6fck(t0). The rectangle’s dimensions may then be adapted, for

geometrical reason, but in keeping a constant area. This is expressed by the geometric conditions
previously seen..

The formulae in Eurocode 2 allow a variation of up to £25% of the rectangle’s dimensions whereas
the ETAs allow only £15%. It is thus recommended that the factor 1.25 be replaced by 1.15 or
1/0.85.

It will be noted that the mean stress of 0:6fck( to) leads most of the time to safer dimensions than those
proposed in the ETA.

In taking the simple case of a square prestressing anchorage with a =a' , in choosing ¢ =c¢' and in not using
the allowed dimensional variations, ¢ is thus defined by the only first condition (the last two inequalities are
automatically verified).

This gives ¢ = JWP%MK‘(_I , or in the example ¢ =0,236m and 0=0,283m
>~ “ckl\ F0

Reinforcement

As already stated above, the reinforcement to arrange in the primary regularisation prism just determined are in
fact given by the ETA of the post-tensioning system. Its minimum section may be deduced from the simple
dimensioning given in [EC2-2 Anx.J.104.2 (103)]:

P
A, =0,15 tf“ax Ye.unfav » OF in this example A =4cm”.
yd

This transverse reinforcement must cross the first regularisation prism in two orthogonal directions and have in

each of these directions the minimum preceding section. The reinforcement will moreover be distributed over
the whole prism length.
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The reinforcement given by the ATE is often more than the minimum required. It is however defined
for a single anchorage. It is advisable to adapt its fabrication to the actual dimensions of the
elements particularly in the case of several juxtaposed anchorages. It is also advisable to ensure a
good attachment of the prism to the concrete surrounding the element.

2.5.0.b)Reinforcement corresponding to the tie of the strut and tie method

Considering the struts inclined at a tan( % ) , this gives a force in the tie of % X% =0,4MN.

0,4
300
defined along the length of the primary regularisation prism [Fig./Tab.IIL.(1)].

This gives a diffusion reinforcement Ay = = 13.3 cm’ to place in addition to the steels A, previously

2.5.0.c)Positioning of previous reinforcement

This information is not given in Eurocode 2. In principle the documents dealing in detail with the strut and tie
method should be consulted. It will nonetheless be appreciated that these reinforcement should be distributed
and have as an average position that of the tie of the model, while respecting the rules of good construction.

II1.2.6.Conclusions on Eurocode 2 rules

The rules proposed by Eurocode 2 to deal with distribution of prestressing forces by post-tension are obviously
neither sufficiently detailed nor complete. The serious problem can be cited of the combination of the
transverse diffusion reinforcement with the shear stress and torsion reinforcement that is not mentioned at all.

Further, the strut and tie method, if it has the advantage of making the designer reflect on the way the stresses
are distributed in the regularisation zone, on the other hand it puts the designer in a delicate situation faced with
the method’s disadvantages and deficiencies. Already he has to keep diagrams that are too complicated (a good
model of struts and ties is that which minimizes the number of ties), but in any event the method may rapidly
become inextricable in more complex cases (particularly 3D). And there is its major disadvantage: the slightly
more complicated cases shown in the example require a lot of experience and a high level of expertise on the
part of the designer to be correctly dealt with. The advice given to designers is often cited: this involves making
a model of the finished elements to obtain the inclination of the struts and to verify that the proposed diagram is
compatible with the elastic forces.

1I1.3.S¢tra guide method [Distribution of concentrated loads]

I11.3.1.Principle

The distribution is verified according to two orthogonal directions corresponding in general to the major axes of
inertia of the section studied (often horizontal and vertical).

The calculation of distribution of the prestressing force is done in two zones:

- one zone including the immediate vicinity of the anchorage called local prism;

- one zone called regularisation including all the section along the length necessary for regularisation of
stresses.

If D is a given corresponding to the first direction, the corresponding given in the second direction will be D'.

This method is based upon verification of the shear stresses at the level of cut offs made in the part considered.
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I11.3.2.Justifications in local prism

s Y=
C

Fig./Tab.I11.(2): Local prism

It is a prism of section ¢ % c' centered around the anchorage and of a depth 9.

The intersection of the local prism with the section is called the impact rectangle. This impact rectangle should
not overlap the impact rectangles associated with the neighboring anchorages nor come out of the concrete.

Area A of the impact rectangle verifies:

A =max

F ,
mx - 4byb
’6fck(t0) o E

2b, and 2b, are the dimensions of the end block tested to obtain the ETA.

Fox is the prestressing force at tensioning.

Furthermore, ¢ and c' are limited in such a way that the proportions of the rectangle stay near to those of the
end block.

For this, the rectangle homothetic to the section of the end block of area A is defined by its dimensions ¢, Xc,

b . '
co =VA |~ and ¢, =+VA by
b 0 b

0 0

Then a variation of £15% on its dimensions is permitted to define the impact rectangle.

Thus, ¢ and ¢' must meet the conditions:

1
0,85¢c, <c<——c¢
0 085 "

cxXc'=A

The depth 0 is defined by the following formula:

0=12 max(c; c')
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The writing of annex J of Eurocode 2 part 2 was inspired by the justifications in the local prism of
the Sétra guide.

The case of multiple anchorages is dealt with in the Sétra guide.

Taking the example previously developed, the result is:

c=c'=0,236m and 6=0,283m. (the conditions on b, and b, are not taken into account since they depend
specifically on the anchorage considered )

3.2.0.a)Reinforcement in the local prism
The local prism should be made up of the reinforcement recommended by the ETA of the post-tensioning kit.

Furthermore, the local prism should be stitched to the remainder of the cross-section of the member by local
zone reinforcement. For an adaptation of the outline of the reinforcement of the ETA (extension on all the
dimension of the panel), the reinforcement of the ETA may serve as attachment reinforcement. If not, they
come as an addition.

3.2.0.b)Local zone reinforcement
Their dimensioning takes account of the inclination of the force and the eccentricity in relation to the axis of the
panel.
[0,15 & +sin(E -1)|xF,

A se
foq

where F; design prestress force Fy =L2 F_,,

f
f.q design stress of steel sections; fq= L % (fy limited to 500MPa)

S

O angle of inclination of tendon

E: ;
1
d*é'f:%@

see figures [Fig./Tab.IIl.(3)] and [Fig./Tab.II1.(4)] for definitions of d, c and h .

Fig./Tab.II1.(3): First zone — offset inclined tendon
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/r H = hauteur locale
)

>

H = hauteur totale

Fig./Tab.I11.(4): First zone — definition of local height

hauteur locale Local height
hauteur totale Total height
In the example:

d=0,5m;

c=0.236 m

h=1m

o =0rad

hence: & = 0,743

_[0,15%E +sina€ ~1)|xE, _[0,15%0,743]x1,2

Ase £y 500/T,15  >em’

111.3.3.Justifications in the regularization zone

The regularization zone extends from the section
where the tendons are anchored (Anchorage
section S,) to the regularization section (Sgr)
where it may be considered that the stresses from
the anchorage forces are linearly distributed on
the whole section, according to Bernoulli’s
principle.

T lc

Fig./Tab. II1.(5): Definition of regularization
zone

Fig/Tab.I11.(6): Calculation of
regularization length
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111.3.4.Justifications in the regularization zZone

3.4.0.a)Length of regularization
The regularization length is calculated in the following manner in a given direction:

Lr=max (H—d, %)

In the example, Lr =max (1—0,5 ; %): 0.5m

3.4.0.b)Verification of stresses and calculation of reinforcement to be arranged on the regularization zone

On each cut of the section situated l
at a distance greater than ¢/2 or

c'/2 of an anchorage, the axial
stress N* and the shear force V*
being applied to this cut (figure
opposite) are calculated by taking = 0—=—=b-——==—m————mm——-
account of all the stresses exerted I:‘I > ﬁ .

on the block isolated by the cut V*

(prestressing  forces,  support
reaction, self weight, stresses at
sections situated at both sides of
Sa and Sg, etc).

Sa

Fig./Tab.II1.(7): Stresses on cut

Plan de coupure | Cut plan

The prestressing forces are the design forces Fq (=1.2 Fiax)

The other stresses taken into account are the ULS stresses concomitant with the lowest support reaction
(possible).

If o* and T* are the mean stresses corresponding to N* and V*, they should verify:

[T — o = fo(to)

where fcsd( to) is the concrete shear stress limit at tensioning;: fcsd(to) =1,2x%f 0,05( to) .

In the example:
On a cut plan situated at % of the center of the section, the result is:

N*=0
H/ _ _0,236
V*dexé AleXO’S : 2 =0.46MN
H b

whence
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c*=0

=V
L, %05~ :.83MN

Knowing that feu 0,05( to) =2MPa, fcsd( to) = 2.4MPa , the criterion |T *| -0*< fcsd( to) is verified

3.4.0.c)General equilibrium reinforcement

In the example, the result is:

o= %),2 +0,8x (55 E: 10cm?

3.4.0.d)Positioning of reinforcement

In the local prism, the ETA reinforcement and the local zone reinforcement A. that should cover the
whole height of the part (the ETA reinforcement may be adapted here) are placed.

This reinforcement is installed to have at least % A, on the first third of L AS% on the second third of Lg.

mirimum & 2c

minimurm 2/3 rgc

ot

1.2¢ |

Lef3 ° Le/f3
Lr

Fig./Tab.II1.(8): Principle of distribution of reinforcement

Where the section is not the definitive end section, reference should be made to the guide edited by Sétra.

I11.4.Summary of reinforcement obtained

The following table summarizes the major results obtained by the two methods:

Method EC2 strut and tie type Method Sétra guide type
Reinforcement ETA see ETA Reinforcement ETA see ETA
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Reinforcement n first 4 cm? Local zone reinforcement 3 cm?
regularization prism

Reinforcement obtained by strut 13.3 cm? General equilibrium 10 cm?
and tie method reinforcement
I11.5.Conclusions

In the example chosen the two methods give quasi-similar results. However, one must not lose sight of the fact
that use of the first method, the strut and tie method, was largely facilitated by the simplicity of the example,
chosen for its didactic ends. As already mentioned, the method gives insufficient recommendations about where
and how reinforcement should be placed, and it quickly becomes very involved for complex structures. On the
other hand, the second method, called “analytical method”, that has served as a basis for previous practices, has
the great advantage of dealing with the problem of distribution from a global approach. As such it is not only
complete but allows a simple adaptation to much more complex cases than the example chosen.

In conclusion the designer is advised to use the guide “Diffusion des efforts concentrés — Efforts de
précontrainte et des appareils d’appui” edited by Sétra, that has summarized the expertise acquired on the
subject and corrected a number of imperfections of previous practices. Further, the regulations in this guide
were adapted before its publication to put them in compliance with the spirit and expressions of the Eurocodes.

IV.PLATE DESIGN

The design of plates (particularly bridge slabs and webs) brings up a number of recurring questions: which
stress values to consider? How to combine them? How to combine bending, shear stress, diffusion steels? Is
there an overall performance model for plates, in reinforced concrete, subject to bending and shear forces?

The paragraphs detail Eurocode 2’°s answers to these questions, together with useful additional information on
those questions not dealt with in Eurocode 2.

1V.1.Stress calculations

1V.1.1.Analysis method

For bridges, calculation of stresses in the plates is generally done by linear elastic analysis. Eurocode 2 part 1-1
permits other methods (elastic analysis with fixed moment redistribution, plastic analysis, non-linear analysis).
These methods are essentially used in buildings, where the risks from cracking are low. In civil engineering
structures the use of plastic analysis is not recommended except in special cases. Analyses with fixed
redistribution are possible subject to effective crack control at SLS.

1V.1.2.Calculation value used for design

Eurocode does not specify the moment value to use for plate design, particularly where concentrated loads are
applied: is it the bending moment resulting from the analysis, or could a mean value be used? In compliance
with past French practice, an average moment value might be used on a width equal to twice the thickness of
the slab (average taken transversely in the direction of the stress considered).
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In practice, for thicknesses and loads currently used in civil engineering structures, there is very
little difference between the two calculations. The bending moments of the abacuses in the bridge
slabs published by Sétra have taken into consideration the point bending moments.

1V.1.3.Stress combinations

Model LM1 of Eurocode 1 part 2 leads to a combination of overall and local effects. For example, in an upper
slab of a box girder bridge or in a composite bridge slab, at an intermediate support, an overall tension due to
the negative moment created by the UDL loads distributed along the bay, and local bending of the slab created
by a TS tandem situated near the section, may exist simultaneously.

There are two possible solutions:

* Deal in an exact manner with the load concomitants (particularly when it is not possible to dissociate
overall and local effects, for example for slab bridges), or

* Take account of concomitances in a simplified way, from extreme stresses.

Eurocode 2 has no information regarding the combination of overall and local stresses. On the other hand,
annex E of Eurocode 3 part 2 gives a combination factor ), a function of the span length. The combination
rules proposed in this annex may be used to treat the examples cited above.

W

L [m]
Fig./Tab.1.1): Combination factor depending on span length [EC3-2 Fig.E.2]

1V.2.General problematic of design of concrete plates

The figure below, from annex LL of Eurocode 2 part 2, represents the different stresses that might act on a slab
element:
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Fig./Tab.1.1): Different stresses that might act on a slab element

* 3 plate components Nggx , NEdy > NEdxy = NEdyx
* 3 slab components Mgax , Mpdy , MEdxy = MEdyx
* 2 transverse shear forces Veax , Veay
In the case of a bridge slab, there are typically:
* alongitudinal stress ngq , created by the global bending in the longitudinal direction,
e a stress ngay, created by a possible transverse prestress,
* bending moments mg4 and meqy created by TS loads applied on the slab,
e an in-plane shear flux ngqy, created by the global torsion,
* transverse shear vg4 and vegy, created by the TS loads applied on the slab.
In the case of a web of a box bridge, there are typically:
* alongitudinal stress ng4 , created by the longitudinal prestress,
* abending moment meqy created by transverse bending (effect of TS loads applied on the slab),
* an in-plane shear flux ngqy, due to the beam shear/torsion combination.
The other components are generally small.

Eurocode 2 allows dimensioning of the necessary reinforcement for each of these stresses taken individually,
according to the rules presented in the preceding chapters of this guide.

There is thus the question of the reinforcement combination obtained. Eurocode 2 deals with this problem in
several ways:

* fixed combination rules for some special cases (particularly combination of in-plane bending and
shear),
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* a general method of justification of a plate under a unity of concomitant stresses.

These combination rules are all formulated at ULS.

1V.3.Fixed combination rules for reinforcement

1V.3.1.Combination of shear stress steels/torsional stress/prestressing dispersion steels

The combination of shear stress and torsional stress steels is covered in chapter 6.

Eurocode 2 gives no rules concerning the combination rules of prestressing dispersion steels. Previous practices
might for example be used (see the Sétra design guide on prestressed concrete bridges built using balanced
cantilever method):

DAdispersion
A, =max]  [54
Hnln ]

] dispersion

shear | torsion

+4

shear | torsion

1V.3.2.Combination bending/transverse shear

Applications: slab subjected to a combination of bending/transverse shear stress.

This combination rule was developed in the chapter relative to the justifications of the shear stress. It is the
well-known 'shift rule', where the calculation of longitudinal reinforcement is based on an offset moment of
length a, in the unfavorable direction:

* a =d ifthe slab requires no shear stress reinforcement

e a=zxcotB/2 if not, O being the inclination of the shear stress struts.

1V.3.3.Combination bending / in-plane shear

These rules are given in Eurocode 2 for the connection of a slab to a concrete web. It is however quite
acceptable to apply them in a more general way to webs and slabs.

Applications:
e connection of a slab to a concrete web or a steel web

* web subjected to a shear stress/transverse bending combination.

3.3.0.a)Rule for reinforcement

The corresponding combination rules are given in [EC2-1-1 6.2.4]. The combination rule may be summarized
as follows: A =Max { Ads; 2 Adis T Anex }, Where

A 1s the reinforcing steel section required to balance the maximum shear/torsion and prestressing
dispersion stresses [chapter 10-1V.3.1]

Asex 1s the reinforcing steel section necessary to balance the maximum bending moment

This formula is written to illustrate the case of the figure (6.7) of Eurocode 2 part 1-1 (connection of a slab to a
concrete web), where a single bending moment is considered to bend the upper fiber.
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In the more general case where there are two bending moments of opposite signs, the distribution between the
two layers of reinforcement must respect the following rules:

Agp T Aine > Max { Acis; Y2 Acis T Asiexsup; V2 Acis T Afiexint }

where

Anexsup 18 the upper layer reinforcement section necessary to balance the corresponding bending moment
Arsexint 18 the lower layer reinforcement section necessary to balance the corresponding bending moment

By proposing this combination rule, Eurocode considers there to be no simultaneous instance of
maximum bending and maximum shear. However, Eurocode ignores the contribution of compressed
concrete to shear resistance, which is on the safe side.

Eurocode does not specify how to distribute the steels between the two layers. The following distribution may,
for example, be adopted:

Asp > Acis / 4 + Aftexsup
Aine > Acis / 4 + Afexiint
Asp T Ainr > Acis
Other distribution is always possible, particularly for the evaluation of existing structures.

Example 1:
Aﬂex,sup = 20cm? Aﬂex,inf = (Ocm? Acis =12cm?

The total area of reinforcement should exceed max (12; 20+12/2) = 26.0 cm?, to divide between the two
layers. By adopting the recommended distribution, 23cm? will be placed on the upper layer and 3 cm? on the
lower layer.

Example 2:
Aﬂex,sup = 5cm? Aﬂex,inf: S5cm? Acis =36cm?

The total area of reinforcement should exceed max (36; 5+36/2) = 36 cm?, to divide between the two layers
while respecting a minimum of 14cm? on the upper layer and 14cm? on the lower layer. There will thus be
18cm? per layer.

3.3.0.b)Case of exemption from combination

When shear is low, that is when ves < 0,4f.a [EC2-1-1 6.2.4(6)], only the steels necessary relative to bending
need to be put in place.

3.3.0.c)Combination rules relative to compression in concrete

Eurocode 2 part 2 imposes in [EC2-2 6.2.4(105)] a combination rule for compression in concrete. According to
this rule, when the concrete is raised to its plastic resistance to balance bending, it cannot also contribute to the
resistance of the shear stress struts. It is advisable to verify the compression in the struts based on a reduced
height of concrete, namely hgq, Where:

hreq = slab height — compressed height used in ULS bending

1V.4.General method of plate verification

Annexes F and LL of Eurocode 2 part 1-1 and Eurocode 2 part 2 present a method that may be used to verify in
a general way the resistance at ULS s of a plate subjected to a given combination of concomitant stresses.
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The method is directly applicable to a plate with an orthogonal reinforcement, and it may be used with certain
adaptations in the case of a plate with skew reinforcement.

The general principle of this verification consists in splitting the plate into three layers:
* 2 outer layers that balance the bending stresses and in-plane shear,
* 1 intermediate layer that balances the transverse shear

The plate stresses are broken down into the three layers. The 2 outer layers thus work as a membrane, which
means they are subjected only to in-plane stresses, with no bending moments.

The articulation of the various parts of the Eurocode 2 is as follows:

e Annex F Eurocode 2 part 1-1 (modified by Eurocode 2 part 2, and completed by clause 6.109) shows
the justification of a concrete membrane

* Annex LL of Eurocode 2 part 2 describes the way the stresses are broken down into the three layers,
and the way the plate is justified

* Annex MM of Eurocode 2 part 2 is a simplified application of annex LL for webs

1V.4.1.General verification principle

The proposed method is iterative. It is much simpler to explain and to apply for a verification, but it may also
be used in dimensioning. The approach to verification is described below.

The first step is to know if the plate is cracked or not. For this, the stresses are calculated on the whole
thickness of the plate, on the upper face, in the center and on the bottom face of the plate, assuming it not to be
cracked. Equation (LL101) then gives a criterion that determines if the plate is cracked or not. This criterion is
expressed according to the principal stresses, which generalize in 3 dimensions the criteria of cracking by
shear/tension.

If the plate is completely uncracked, it is sufficient to simply verify that the maximum principal compressive
stress is less than f..

The plate will now be assumed to be cracked by application of the preceding criterion. If the thickness of the
layers is known, the verification principle is as follows:

*  The plate stresses are broken down into membranous stresses

» It is verified that each layer may balance the stresses to which it is subjected, by applying the rules of
annex F for the external layers, and the rules of annex LL for the intermediate layer.

If there is a combination of layer thicknesses such that verification of each of them is satisfied, the plate is
capable of resisting the applied stresses.

The justification models of the various layers are shown below:
* Intermediate layer (annex LL)

* External layers (membrane model of annex F)

The order of this presentation stems from the fact that the stresses in the external layers depend upon the
choices made for justification of the intermediate layer.

1V.4.2.Verification of intermediate layer
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The intermediate layer is a plate subjected to two transverse shear stresses Vesx and veg. These two shear
stresses combine vectorially into one principal shear stress vggp in direction ¢o [EC2-2 Anx.LL.(109),
Expr.(LL.121) and (LL122)].

The justification is then brought back to that of a slab subjected to a shear stress vea. The applicable rules are
those of clause 6.2 of Eurocode 2, modified by the national annex for slabs.

Firstly the necessity of shear stress reinforcement is evaluated, by applying the formula (6.2a). This formula
brings in the rate of longitudinal reinforcement in the slab direction. Here the longitudinal reinforcement make
an angle ¢, with the direction of the principal shear stress, and it is possible to demonstrate that the rate of
reinforcement to use is given by the formula (LL.123):

P1 = Prxxcos?Po + PiyxsinZo = (Agx/h) xcos?do + (Agy/h) xsin?d,
where Ay is the area of reinforcement per linear meter in direction x,
Aqy is the area of reinforcement per linear meter in direction y.
If the formula (6.2a) is verified, it is not necessary to use shear stress reinforcement.

If not, the truss model developed in 6.2.3 to dimension the shear stress steels is applied and the direction of the
struts O is chosen.

In the formula (6.2a), the longitudinal reinforcement in the outer layers should be taken into
account.

There results from this an additional longitudinal stress veq*cot8 in the plate that will be equally distributed on
the two outer layers. This stress is oriented toward the direction ¢o. Its projection according to directions x and
y gives the equations (LL.124 to LL.127). For example, for the additional stress in direction x:

NEdxe = (VEdO X COte) X COSZ(I) 0= (VEdO X COte) X (Vde/VEdO)2 = Vga/VEgXcotO (LL 1 26)

1V.4.3.Membrane model

The external layers are verified using the membrane model developed in annex F, completed by clause [EC2-2
6.8.7 Expr.(6.109)].

The application of this annex poses no particular difficulties. The designer is referred to the text. The
justification principle consists of superposing two models independently:

* The membranous tensions are taken up by the reinforcement

* The shear stresses are balanced by a system of struts and ties; the compression in the struts is verified
by taking account of the general compression using an interaction criterion (6.109), and the tensions
developed by the ties are added to the stresses in the reinforcement.

The figure below shows the interaction criterion (6.109) for a bi-compressed membrane, and compares it with
the simpler criterion in annex F of Eurocode 2 part 1-1 (0 < f.).
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Fig./Tab.1.1): Domain of resistance for a bi-compressed membrane

The application of this model shows that even a slab tensioned in the two directions can balance the shear
stresses. In other words, there is no interaction between the resistance to shear at the level of the slab and the
traction.

The model proposed allows in theory the choice of a completely free orientation of the struts, which would
assume a perfectly plastic concrete. In practice, the struts orientation is conditioned by the behaviour of the
membrane at SLS. A large rotation may lead unacceptable cracking. For this, annex F has a limitation given at
the end of clause [EC2-2 Anx.F.1(104)].

1V.4.4.Breakdown of stresses on membranes

In the previous paragraphs it was seen how to justify the different layers. It remains to describe the way the
plate stresses are broken down into membranous stresses. The formulae are given by equations (LL137) to
(LL148).

The general principle consists in writing the equilibrium in axial force and in bending moment between the
plate and membrane forces.

For example, with the sign notations and conventions of annex LL, for the breakdown of stresses ngax and mgax
applied on the face with perpendicular axis x in two membranous stresses Neas and neai, the equilibrium
equations are:

nEdXS+nEdXi = NEdx
YsXNEdxs = YiXNEdsi = MEdx

The equations (LL137) and (LL138) are simply deduced from them.
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If the plate is cracked by transverse stresses, the additional longitudinal stresses given by (LL126) should be
added. The expressions (LL143) and (LL.144) are deduced from them.

Finally, a special treatment should be given to the case (frequent) where the layers of steel are not centered in
the outer membranes. This is the subject of the equations (LL149) and (LL150), which allow correction of the
membranous stresses to take account of this eccentricity.

1V.4.5.Summary

In summary, the complete justification process of a cracked plate is as follows:

- choice of layer thicknesses (2 parameters)

- possible choice of 8 if the plate is cracked under the transverse shear stress (1 parameter)

- for each membrane, choice of the inclination of the longitudinal shear stress struts (2 parameters)

If there is a combination of these 5 parameters such that the stresses in the concrete and the steels in the three
layers are satisfied, then the plate is justified.

1V.5.Conclusion

The method called "sandwich" is a general method that appears satisfactory from a theoretical point of view,
but whose implementation requires many calculations. In current cases, when it is possible, the simplified
combination rules as described above will be favored. In more complex cases, for plates subjected to multiple
stresses, the method in annex LL gives an overall, consistent answer to the question of dimensioning of the
concrete plates and can help to define optimum quantities of reinforcement.

V.FOUNDATIONS

Eurocode 2 deals with foundations in certain of its clauses in an essentially different way according to the
theme dealt with, but also in an incomplete way because it refers all problems of structure/ground interaction to
Eurocode 7 "Geotechnical design" which includes two parts: EN1997-1 "General rules” and EN1997-2
"Ground interpretation and testing"

It has however been accepted by CEN that Eurocode 7 be mainly devoted to the fundamental requirements of
geotechnical design and that it necessitates additions by other national standards. This is why the national
annex to Eurocode 7 part 1 specifies that its application on French territory seek help from additional national
standards, the major ones being, for engineering structure foundations:

= Standard NF P 94 261 for “Shallow foundations”;

= And standard NF P 94 262 for “Deep foundations”.

These standards are however still in development at the date of writing this guide, and while awaiting their
publication the designer could usefully refer to the provisions of the Fascicle 62 title V of the CCTG, for what
particularly concerns the conditions of consideration of the ground-structure interaction (particularly useful for
the STR justifications of structural resistance and the geotechnical justification of the foundations GEO
[ECO 6.4.1]). These provisions, in effect, compatible with the national annex to Eurocode 7 part 1, will be taken
up by the additional national standards in preparation.
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It thus appears useful to specify what Eurocode 2 brings to the designer for the foundations of his bridge
projects.

Starting from the general principle where verification of a concrete structure comes under Eurocode 2 (STR),
the problem is clearly illustrated by saying that a foundation footing, even a pile, will normally be designed
using Eurocode 2 methods and rules once the effects of the ground-structure interaction have been taken into
account.

It is initially important to find the factors linked to the method of execution of the geotechnical structures in the
appropriate documents. This is the case for example of the compression limit value in the concrete of a bored
pile, defined via a partial specific factor [EC2-1-1 2.4.2.5]. The national annex of Eurocode 2 part 1-1 then
makes clear to the designer that he should refer to standard NF EN 1536 on bored piles [EC2-1-
1/AN 3.1.2(2)P].

This is a general application principle concerning foundations to prevent all risk of uncertainty; moreover, this
risk is low since in principle the development of additional specific standards takes account of the existence of
Eurocodes.
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ANNEXE I.STRUCTURES USED FOR DIGITAL APPLICATIONS

The digital applications in this guide are based upon two calculation examples.

Common data
The structures proposed are assumed to support 2 X 2 lanes of normal traffic and are dual superstructures.
Each deck has a 12.30m slab with the following:

e A crash barrier, type GS2 0.50m wide

e A left, lowered lane, 1.00m wide

e 2 lanes 3.50m wide

*  An emergency stopping lane, 3.00m wide

* A type BN4 barrier, 0.80m wide.

Example of bridge built by balanced cantilever method

This is a single box structure in prestressed concrete built by balanced cantilever method with 3 spans at 65m —
100m — 65m, made up of a box girder with inclined webs of variable height of 2.75m to 5.90m (along 45m) and
12.30m wide.
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: Example of bridge built by balanced cantilever method — transverse and longitudinal sections

Cutting into segments leads to a VSP 8.0m long, a connecting segment 2.0m long or 13 segments
approximately 3.46m long and a curved part 16,0m wide in end spans.

The major characteristics of the sections on piers and connecting segment are:
e Onpiers A, =9.50m? I, = 52.73m* v = 2.60m
¢ On connecting segment A, = 6.34m?; [ = 6.93m*, v = 0.95m
The concrete for the deck is C60/75 whose major characteristics are:
e f4 =60 MPa; f., = 68 MPa
* Ewm=39GPa
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The prestress is made up of:

o beam tendons,12T15S one pair per segment, or 13 pairs of tendons,

* fixed on two beds (9 + 4 pairs of tendons whose axis is at 0.13m and 0.22m from the upper fiber) and
anchored on the segment section at 0.40m from the upper fiber,

* the major characteristics are:
E, = 195 GPa; f,x = 1860 MPa; fi,0,1x = 1637 MPa;

Puaine = 0.09M; Piooo = 25; wedge draw-in 6mm; coefficient of friction i = 0,19; angular displacement k
=0.01.

o internal continuity tendons 12T15S at 2 pairs on end spans and 3 on center span

* fixed in one bed (whose axis is at 0.13m from the lower fiber); from the V8 and V9 segment abutment
for the end span and between the V7, V8 and V9 segments for the center span (anchored in a boss at
0.43m from the lower fiber),

» the major characteristics are identical to those of the beam tendons,

o external continuity tendons 19T15S on 2 spans at 2 pairs on end spans and thus 4 on center span.

* Fixed on one bed (whose axis is at 0.32m from the lower midspan fiber and at 0.28m from the upper
fiber on pier) and anchored at the level of the beams of the segments on pier,

* The major characteristics are identical of those of the beam tendons.

The reinforcement are of type BS00B for all steels.

The supports of this structure are made up of two piers, 32m and 21m high, on 6 piles of 1.60m diameter. The
pier shafts are rectangular, 2.30m longitudinally by 4.60m transversely, and in C30/35 concrete.

Example of PSIDP

This is a structure of the PSIDP type, with 3 spans of 17.50m — 27.00m — 17.50m, made up of a slab with wide
cantilever, 0.90m high and 12.30m wide.
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: Example of PSIDP — transverse and longitudinal sections

The deck concrete is C35/45.

The prestress is made up of 20 12T15S tendons on 3 spans. These tendons have the same characteristics as
those of the bridge constructed by balanced cantilever method. The layout is as per the following diagram:

R - - — - -

0,20
0,36

: Example of PSIDP: tendon layout

For the requirements of some calculations (fatigue, control of cracking particularly), the same structure is
dimensioned with a partial prestress. Its general characteristics are retained but the number of tendons is
reduced to 15 type 12T15S. The eccentricities of the tendons on pier and keyed are then modified to be in
compliance with the following diagram:
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: Example of PSIDP: tendons profile of partial prestressing
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ANNEXE II.GEOMETRIC IMPERFECTIONS

Example of articulated arc [EC2-2 5.2 (105) (106)]

Initial data

Major characteristics of the arc

C=2010m  Length of cord

F=335m Deflection for a ratio % =6

_C* F_ 201> 335
=—+ +
8F 2 8x335 2

a= 2arccos§ _F HZ 2arccosB _ 3320

H:1,287rdA le of
RE 2167500 ngle of arc

A=Rx0=167,5x1,287=215,57m length of arc

Characteristics of constant section

b=8.00m Width
h=3.00m Height
fa= 30MPa Characteristic resistance of concrete

Shapes of geometric imperfection:

MODE 1
MODE 2

: First modes of buckling of arc (Results of Sétra PCP software)
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P

: Shapes of geometric imperfections of the arc in the vertical and horizontal plans

Values of geometric imperfections in the vertical plan

H— 0,0009632 rd

1 .fg2@d 1 . H 2
Emméfé_ 200 BJ215573/2 1

91 :eoxah =

a=0,

Nlr‘

215,57 /
=0,0009632x — /2 =0,0512m maximum amplitude of sinusoidal curve
2

, S; . H Tts, . o .
a; =asin " 0,0512 % sin 557 y E amplitude of two waves at curvilinear abscissa s;
0 b
2

Values of geometric imperfections in the horizontal plan

elzeoathmin%%E L i 2 H—000068109rd

200 200 H215573 F
a=6, % =0,00068109 x 2155573 =0,074 m maximum amplitude of sinusoidal curve

. S; . TTs; . .- .
a; =asin 0,074 * sm%% amplitude of wave at curvilinear abscissa s;
1, 15,573

Example of a pier
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1 . H2
Overall inclinations for geometric imperfections 8; =6, o :ﬁmmgﬁ ;1E and derived eccentricities at

top of piers:
For L=25m 8; =0,00200rd or e; =25,0 0,002 =0,05m (>e, =0,02m) [EC2-1-16.1(4)]

For L=45m 8; =0,00149rd or e; =45x0,00149 =0,067m (>e, =0,02m ) [EC2-1-1 6.1(4)]
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ANNEXE TTI.SHEAR/TORSION JUSTIFICATIONS - DIGITAL APPLICATIONS

The digital applications described below are relative and restricted to a single transverse section situated
practically at the midspan of the center span of the bridge constructed by balanced cantilever method, called
Section S(1/2) and whose transverse section is represented below:

230 OMeS d3IOOUNTAANTIS O INTAAIETIS

es| ar
s
AT Ybg (
A€
"
: Transverse section of box girder
SECTIONS DE CONTRAINTES GENERALISEES GENERALIZED SECTION STRESSES

In the scope of an execution study, the justifications relative to shear should be established in numerous
transverse sections. In each transverse section the two webs should be studied if the stresses are not
symmetrical. Different local sections should also be considered such as the sections at the level of the gusset
(for example A2, S1 and S2 in the figure).

To illustrate the following digital applications the only sections considered are Al, A3 and I1, justified in
relation to shear and torsion due to general forces, taking no account of transverse bending effects or possible
diffusion that normally should be analyzed elsewhere..

Characteristics of the box girder section at mid-span

Their geometric and mechanical characteristics are given in the following table:

GEOMETRIC AND MECHANICAL CHARACTERISTICS OF S(1/2) Section S(1/2)
height of box girder m 2.665
width of upper slab m 12.30
exterior width of lower slab (mid-thickness) m 5.564
thickness of upper slab m 0.250
thickness of lower slab m 0.222
height at upper mid-slab m 2.540
area of bar Sx m’ 6.299
reduced area of axis z Sz m’ 1.725
torsion inertia of axis x Ix m* 11.82
inertia of axis y Iy m* 6.477
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GEOMETRIC AND MECHANICAL CHARACTERISTICS OF S(1/2) Section S(1/2)
inertia of axis z Iz m* 60.19
distance from centroid to edge of box girder (y>0 side) m 3.132
distance from centroid to edge of box girder (y<O0 side) m 3.132
distance from centroid to upper fiber m 0.925
distance from centroid to lower fiber m 1.739
radius of curvature in elevation of lower slab m 368.18
coefficient of shear for web = S/(1.by) m™ 0.700
coefficient of shear relative to torsion Mx m*/m 0.115
area enclosed by the centre-lines of the connecting walls Ax m’ 13.579
effective depth according to web inclination (taken as 0.9h /c0s8.6°) d= m |2.398/c0s8.6°
length of web (calculation of shear stress due to torsion) = (h — half sum of slabs)/(cos
angle inclination of web) =z; m 2457
inclination of web to vertical degré 8.600
straight width of a web t= m 0.320
horizontal thickness of a web by,= m 0.324

: Characteristics of S(1/2)

This table brings up the following comments:

» the area Ay is calculated by taking the trapezoid section passing by the mid-thickness of the slabs and
the mid-thickness of the webs. The influence of the cantilevers in the resistance to torsion is thus
ignored.

* the length of the torsion wall considered is that of the webs. It is the offset length taking account of the
inclination of the webs between the average fibers of the slabs.

Material characteristics

They are detailed in the following table:

MATERIAL CHARACTERISTICS

inclination of shear reinforcement in relation to average fiber a= degree 90
characteristic cylinder strength of concrete fu= MPa 60
characteristic strength of shear reinforcement fi—= MPa 500
characteristic strength of longitudinal reinforcement f,,= MPa 500
partial factor on strength of concrete yc = 1.5
partial factor on strength of steels ys = 1.15
coeff 0. recommended value = 1 [EC2-1-1 et EC2-1-1/AN 3.1.6] 1.0
coeff oy recommended value = 1 [EC2-1-1 et EC2-1-1/AN 3.1.6] 1.0
design compressive strength of concrete foi= o X fu/yc MPa 40.0
mean tensile strength of concrete fum [EC2-1-1 Tab.3.1] MPa 4.35
design tensile strength of concrete fus=o*fek 0.05/Yc= MPa 2.03
design yield strength of shear reinforcement f,wi= fu/Ys MPa 434.78
design yield strength of longitudinal reinforcement f,.—f./ys MPa 434.78
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: Material characteristics

The shear reinforcement are perpendicular to the average fiber of the structure due to the necessity of taking up
the torsional shear stresses [EC2-1-1 9.2.3].

Results of calculation of general bending

Generalities

The overall design of the structure was led by the use of Sétra’s ST1 software, taking account of the
construction stages and the loads of Eurocode 1.

Extracts from the results useful for the different justifications and mentioned below stem from the envelopes of
the SLS and ULS actions effects and correspond to the situation of the structure in service, to time infinity after

all prestress losses undergone.

The results are determined for two cases of concomitance of stresses:

* Bending moments M, extreme and other concomitant stresses

* Extreme shear stresses at the level of the center of gravity (section A1) and other concomitant stresses

In the results, the shear stresses take account of:

¢ the Résal effect due to inclination of the slabs

* the prestressing effects

¢ the torsion effect

Results at characteristic SLS

Sections Section S(1I/2) Section S(1/2)
Extreme force and moment considered Maximum shear Maximum moment
Axial stress (MN) 42.701 40.200
Reduced shear stress T, (MN) -2.116 -1.128
Reduced shear stress with Résal effect (MN) = Vgqy -2.175 -1.205
[Torsion moment M, (MN.m) = Tgq -1.306 0.280
Bending moment M, (MN.m) 18.543 32.443
IAxial stress upper fiber (MPa) 9.429 11.018
Axial stress lower fiber (MPa) 1.800 -2.330
Axial stress at center of gravity (MPa) 6.779 6.382
Shear stress at CDG (A1) (MPa) -1.672 -0.811
Shear stress at base of web (A3) (MPa) -1.377 -0.648
Axial stress at bottom of web (MPa) 3.007 -0.217
Shear stress in bottom slab (I1) (MPa) -1.288 -0.547
Results at ULS

Sections Section S(1/2) Section S(1/2)

[Extreme stress considered Maximum shear Maximum moment
Axial stress (MN) 42917 42914
Shear stress T, (MN) -2.856 -1.383
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Sections Section S(1/2) Section S(1/2)
Shear stress with Résal effect (MN) = Viq -2.942 -1.493
[Torsion moment My (MN.m) = Tgq -1.763 0.202
Bending moment M, (MN.m) 36.647 53.081
Axial stress upper fiber (MPa) 12.050 14.397
IAxial stress lower fiber (MPa) -3.028 -7.441
Axial stress at center of gravity (MPa) 6.813 6.813
Shear stress at CDG (A1) (MPa) -2.261 -1.021
Shear stress at base of web (A3) (MPa) -1.862 -0.819
Axial stress at base of web (MPa) -0.641 -3.985
Shear stress in bottom slab (11) (MPa) -1.741 -0.702
Mean axial stress in bottom slab (MPa) -2.400 -6.532

1t may be stated that the Résal effect does not reduce the value of the shear in this case. This is due
to the fact that the very wide upper slab is highly compressed whereas the lower is little, even
tensioned. The taking into account of the Résal effect is not thus very favorable if it is to be carefully
calculated, taking account of the inclination of the two slabs on the neutral fiber.

Justifications relative to shear at ULS resistance

These justifications dealt with in [Chapter 6-11] and [Chapter 6-111] are illustrated here by the verification of
webs of section S(1/2), completed by the study of the two sections I1 et A3.

In the example studied , there is a box girder with inclined webs. Determination of the shear due to torsion that
act upon the webs is done by taking account of the offset lengths of the webs. The resisting shear force of the
webs is determined with the lever arm of the elastic couple of the web according to the offset. The taking into
account of the shear, to be consistent with that from torsion, should consider the shear redesigned according to
the web.

Resistance of webs without shear reinforcement other than the minimum section

It should be verified [Chapter 6-11.2.1] if the resistant shear force of webs without transverse reinforcement is
sufficient, and since a box girder is under consideration to assume the ratio P nil and to apply the expression:

Vrae 2 (Vmin T ki1 Ogp) by d [EC2-1-1 Expr.(6.2b)].
Vimin being defined by 0.053/yc k¥ x £
ky =0.15 ( recommended value, adopted by the national annex)
foc = 60 MPa
O = 6.813 MPa = mean axial stress considering the prestress
Vimin = 0.053/yc K*7 x fi'”> = 0.053/1.5%1.289°” x £, '> = 0.4004
(these values are those for beams, from the national annex)
Vrae = (Vimin+ K1.0¢p) by d = (0.4004+0.15 % 6.813) x 0.32 x 2.398/c0s8.6° = 1.10 MN per web
d taken according to the web offset
The resisting force per web is 1.10 MN for an acting force per web of Veq = 2.942/2/c0s8.6° = 1.49 MN.

The section S(1/2) can thus not be justified with the minimum reinforcement section. It is thus necessary to
foresee and dimension shear reinforcement and justify the section accordingly.
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For information, if the resistance of the section without reinforcement had been sufficient
Justification of the section would have ended by determination of minimum web reinforcement
sections, as follows:

This minimum section is given by the expressions [EC2-1-1 Expr.(9.4) et (9.5)]
Pw = Ag/ (s X by x sindl )

and pW > pWsmiﬂ Wlth pw,min = (0’08\[ fck )/fyk

foc = 60 MPa et fix = 500 MPa, pwmin = 0.00124, by, = 0.32 m et sina = 1 (vertical steels)

Asv /s =4 cm?/m and per web

Verification of webs requiring shear reinforcement

Section S(1/2) should be verified under the combination of shear and torsion.

Verification is done by applying expressions [EC2-1-1 Expr.(6.13), (6.14), (6.15)] for the shear and [EC2-
2 6.3.2(104)] for torsion in the case of the box girder.

Verification of strut compression.

(1) Shear_force

o Vego = 2,942/2/c0s8.6° = 1.49 MN

(i)  Torsional shear force
The torsional shear force in a web is given by:
Veaim = Tra Xz /12Ax
with Ay = 13.579 m?, Teq = 1.763 MN.m and z; = 2.457 m (offset length of web)
Veaim=0.159 MN

(iii)  Resistant shear force

VRd,max =a cw bw Zvl fcd (COte + COtG)/(l + COtze) [EC2-1-1 Expr(6 14)]

The recommended value of 0.y, validated by the national annex is as follows:

1 for non prestressed structures
(1 + oc/tea) for 0 < 0., £0.25 g [EC2-1-1 Expr.(6.11.aN)]
1,25 for 0.25 .4 < 0 < 0.5 £y [EC2-1-1 Expr.(6.11.bN)]

2,5 (1 - Og/fi) for 0.5 fuy < O < 1.0 fig [EC2-1-1 Expr.(6.11.cN)]
With 0., = 6.813 MPa and f.q = 40 MPa, 0.,/f.c = 0.170 whence 0o, =1.170

A maximum value of cotf leads to minimizing the section of vertical reinforcement and to increasing the
compressive stress of the struts. cotd = 2.5 is chosen as a starting point for the verification.

The webs are simultaneously subjected to shear and transverse bending. In this case the verification of the non-
crushing condition of the concrete should be done by reducing the thickness of concrete in the compressive
bending zone [Chapter 10-1V.3.3].
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A parallel bending calculation led to evaluation of the compressed bending zone (zone strictly necessary) to
2cm, a value to deduct from the web width.

Whence b,= 0.32-0.02 m =0.30 m net web width

z = lever arm of elastic couple of web, here taken as equal to the offset length = 2.457 m

v —v—06§—f°k [—06><160/250 =0.456
! ’ 250 0% )=0.

cota. = 1 since the steels are inclined at 90° to the neutral fiber (in fact the steels are vertical, very slightly
inclined to the neutral fiber)

whence Vrgmax = 5.42 MN for a web

(iv)  Verification under combined shear and torsion
Must verify:  Viegivy+ Vedir) < VRdamax
It comes:
1.49+0.159=1.65<542

Compressive strength of struts is thus assured.

Calculation of shear reinforcement section perpendicular to the medium fiber

(1) Section for a web

According to clause [EC2-1-1 6.3.2(102)] shear and torsion are combined and the calculation principles defined
for the shear force are applied.

The stresses are given in the preceding table "Results at ULS .
The shear force for a web is: Vegiv) = 1.49 MN
The torsional shear force in a web is: Veqjn=0.159 MN

The reinforcement section is obtained by equaling the total shear force to Vg, (resisting force supplied
by reinforcement)

whence As/s = (Veaiont Veaim)/(z fywa cotd)
z = lever arm of elastic couple of web, here taken as equal to the offset length = 2.457 m
fwa = 434.78 MPa
coth =2.5
Ag/s = (1.49+0.159)/2.457/434.78/2.5 = 6.2.10* m?*/m = 6.2 cm*m

(i1) Maximum section for a web.

It may be verified that the necessary section does not exceed the maximum useful section given by:

‘Asw,maxf wd 1
Zswomax ywd 5 O Vif [EC2-1-1 Expr.(6.15)]

cw " 1ced
b,s

O =1.17
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vi= 0.456
From this:

Agwman/S = 0500y Vi fea by /fia= 0.5 x 1.17 x 0.456 x 40 x 0.32 / 434.78 =78.5.10"* m?*/m= 78.5 cm?/m

Longitudinal force due to shear and torsion

The calculation is done with the case of the load giving the maximum shear stress.
Section S(I/2) has as geometric characteristics
width of lower slab 1=5.564m
thickness of lower slab e =0.222 m
torsion area Ac=13.579 m?
gives stresses at mid-thickness of lower slab: ¢ =-2.400 MPa
and is subjected to the following actions effects:

VEd: 2.94 MN MEd: 36.65 MN.m et TEd =1.76 MN.m

Longitudinal forces due to shear

The inclination of the truss struts produces an additional tensile force in the longitudinal reinforcement of the
lower fibers:

AFv = 0.5 Vgq (cotB - cota ) [EC2-1-1 Expr.(6.18)]
As the shear reinforcement are perpendicular to the medium fiber

0 =90° and cota =0
As chosen cotB = 2.5 for the dimensioning of the shear reinforcement

AFgv=1.25 Vg4

Vi 2.942 MN whence AFv= 3.68 MN for the lower slab unit.
The additional longitudinal tensile force due to the shear force, to the linear meter, is thus:

AF,4v= (3.68/5.50 ) = 0.661 MN/ml

Longitudinal forces due to torsion

Torsion necessitates longitudinal reinforcement whose section may be calculated according to:

E Asl fyd TEd

= —<-cotO L
U 2A [EC2-1-1 Expr.(6.28)]
where  ux is the perimeter of the area Ay

Each member of this identity is equivalent to a force per linear meter of wall , which gives:
AFtd,T =Tgq cotO /2Ax

The additional longitudinal tensile force due to torsion is:
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AFyr=1.763 x 2.5/2/13.579 = 0.162 MN/ml

Upper limit of additional longitudinal force

Section S(1/2) is near mid-span where the maximum moment Mggma.is produced. The upper limit of the
longitudinal tensile force due to shear alone may thus intervene. It is given by [EC2-1-1 Expr.(6.18)].

MEd/Z+AFtd,V < 1\/[Ed,max/Z
with  Mggmex= 53.08 MN.m , the value of the maximum moment in the span.
or AF v < (Mgdmax - Mea)/z = (53.08-36.65)/2.234= 7.36 MN or 7.36/5.564 = 1.32 MN/ml

The whole of the longitudinal tensile force due to shear 0,661 MN/ml is to be taken into account.

Determination of longitudinal reinforcement sections in the lower slab

The section of reinforcement in the lower slab is made up of reinforcement to resist the whole of the
longitudinal bending, completed where applicable by reinforcement to take up the additional longitudinal forces
from the shear forces determined above.

Reinforcement necessary to take up additional horizontal forces

The additional longitudinal forces from the tangential forces may be taken up by additional steels and/or by the
stress increase of bonded prestressing steels [Chapter 6-11.2.3].

(1) Force able to be taken up by stress increase of prestressing tendons

In the section considered, the lower slab has four joined 12T15S tendons injected with cement grout, hence
bonded, whose total force calculated concomitantly with the dimensioning forces factored in, is:

F, = 8.54 MN. (permanent state)
The tension in the strands is thus 6,=8.54/4/0.0018 = 1186 MPa

With strands of characteristic tensile strength f,x =1860 MPa, f,01x = 0.91,x, the possibility of stress increase is:
Ac,=0.9x1860/1.15 -1186 = 270 MPa (value largely below stress increase limit of 500 MPa)

and the force that might be taken up by stress increase of the 4 tendons is thus:

8F, = (270x4x12x150%10°) = 1.94 MN or 0.35 MN/ml of lower slab.

(i1) Calculation_of additional reinforcement

Additional reinforcement are necessary because the additional longitudinal tensile force (0,661+0.162=0.823
MN/ml) cannot be totally taken up by stress increase of the bonded tendons (force of 0,35 MN/ml) .

Dimensioning of longitudinal reinforcement

Annexe IV.

The summary of forces is as follows:
additional longitudinal tensile force: AFgvit=-0.823 MN/ml
longitudinal tensile force from axial forces: Fu=-0.533 MN/ml
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force taken up by stress increase of bonded tendons: oF,=0.35 MN/ml

resulting tensile force: F=-0.823-0.533+0.35=-1.006 MN/ml
The section of longitudinal reinforcement is:

As= F/fya = (Fy + AFyar - 8F,)/fya = 1.01/434.78 = 23.14.10* m*/m =23.14 cm*ml of slab

(or 11.6 cm?m per face)

or a total area for the slab of 128.75 cm?.

With the case of load giving the maximum moment, the same calculation of this section would lead to a
resulting tensile force of -1,12 MN/m, or a section of longitudinal reinforcement of:

25,74 cm?*m or 143 c¢cm? for the whole of the slab.

This reinforcement section should be retained .

Dimensioning of longitudinal reinforcement using Sétra’s CDS software

Sétra’s CDS software allows direct calculation of strains and stresses in a section of prestressed concrete by
taking account of the stress increases of the prestressing tendons between the state under permanent load and
the state under ULS loads. The bi-linear stress-strain diagrams with inclined upper branch [EC2-1-1 Fig.3.8 and
Fig.3.10] for the reinforcement and prestressing steels may be and are used for this application.

The method applied is as follows:

The stresses and strains of the section considered are calculated under the actions effects (N, M) ULS with
minimum reinforcement. In this case that taken into account is the minimum-skin reinforcement given by
[EC2-2/AN 9.1(103)] and explained in [Chapter 9-11] of this guide. The resistance of the section is verified and
where applicable the amount of additional reinforcement to ensure this resistance.

Under theses ULS actions effects (N, M) , is obtained:
o, stress in interior joined tendons in concrete
&,e elongation in these tendons
o.e stress in reinforcement in lower slab
& elongation in this reinforcement

For prestressing steel, the elongation remaining is deducted before reaching the maximum design elongation
€w. It is the difference between the calculated elongation and the maximum design elongation &, (see
[EC2-1-1 Fig.3.10]): 0&pr = €ud- EpE.

The strain &, is associated with the stress 6u.. The increase in stress possible in the tendons is: oo,
= Oud - OpE

In the bottom slab the center of gravity of the reinforcement is at the same level as that of the internal tendons.
They thus undergo the same strains. The additional strain for the reinforcement is thus:  d& = d€y

The maximum possible strain for the reinforcement is then: € = &gt 08

This is subtracted from the maximum possible stress o for the reinforcement according to the stress-strain
curve (see [EC2-1-1 Fig.3.8]) and the variation in stress possible 865 = s - Ok.

The area of the bottom slab tendons is A,, that of the reinforcement As.
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The “reserve” force of the section is thus:
AFg = 66,.A, + 80,.Aq
The horizontal force from the shear and the torsion is AFvr.

If AFr > AFv:r there is no need for additional reinforcement to take up the horizontal force from the shear
force. In the opposite case its section is calculated with the stress o, determined previously.

AA, = (AFqv+1 - AFR)/ o

Section S(1/2)
Maximum | Maximum
Force
shear moment

Axial SLS force QP (MN) 42.913 42.913
Bending moment M, SLS QP(MN.m) 0.043 0.043
Force of tendons of bottom slab (MN) 2.154 2.154]
Force of beam tendon (MN) 1.937 1.937
axial ULS force (MN) 42917 42.914
Bending moment My ULS (MN.m) 36.647 53.081
Shear force reduced with Résal effect (MN) = Vg -2.942 -1.493
Longitudinal tensile force MN 3.69 0.0
Longitudinal tensile force due to torsion MN 0.901 0.02
Total longitudinal force MN 4.59 0.02
ULS results

Sections of steels in bottom slab in cm?

BA steels necessary in bending 0.00 86.73
Additional shear and torsion steels 70.97 0.12
Total steels in bottom slab 70.97 86.85

Nota: In the case of maximum shear all the internal forces from bending and part of the horizontal forces from
shear and torsion are taken up by the stress increase of the tendons. The more accurate CDS calculations
allow savings of steel.

Verification of shear between a web and a flange (example of the section at the junction of the
bottom slab with the gusset section 11)

The justification is done in compliance with [EC2-1-1 6.2.4] and is dealt with in this guide in [Chap 10.1.2].

The bottom slab is under tension even before taking into account the forces from the shear and torsion. In this
case the compressive struts’ inclination Osmay be chosen such as cot;= 1.25 whence 0;= 38.6°.

The table in paragraph “results at ULS” above [Appendix 111-4.3] gives vgs = 1.74 MPa.

This value does not take account of the reduction in thickness linked to a concomitant transverse bending
moment.

Vg SVI,sin0;cosO; . Must be verified

Vea = 1.74 < 0.456 x 40 % sin(38.6) x cos(38.6) = 8.9 MPa.
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The gap between the effective stress and the acceptable stress shows that taking into account a possible
transverse bending should not affect the shear resistance. For this section it may be assumed that the transverse
bending is negligible.

The shear reinforcement are determined by:
Asf /Sf > VEd hf /COtef/ fyd
Age/si>1.74 % 0.222/1.25/434.78 = 0.00071 m*/m = 7.1 cm*/m.

These reinforcement are to be distributed on the two faces of the slab.

Verification of a re-concreted section (example of the section at base of web — section A3)

The choice of this section brings in the previous determination of the suspension forces induced in the webs by
the lower slab. These forces are to be taken into account in the study done of all horizontal sections at the web
level.

Slab suspension forces

These forces are due to:

self weight of slab qcp,

the bulge created by the slab curvature,

the bulge created by the curvature of the joined tendons contained in the slab and at the web level.
If: R is the elevated radius of the concave side of the bridge,

F. the force developed by longitudinal forces in the slab,

F, the force of the prestressing tendons,
then:

* the bulging due to the curvature of the slab is q= Fi/R,
(Fx is directed upwards if it is compression, downwards if it is tension),

* the bulging due to the tendons is Q=F,/R. It is directed downwards.

The digital application gives:
Width of slab between webs: 1'=5.564-0.324 x2=4.916 m

Longitudinal tensile force of slab: F,=6.532x0.222 = 1.45 MN/ml
Total force in 12T15S tendons F,=4 x 0.0018 x 0.8 x1860=10.71 MN (losses not deducted)
Radius of curve R=1368.182 m

The summary for a web is thus the following (minus sign means upwards):

Slab weight qep=0.5x4.916 x 0.222 x 0.025 =0.0136 MN/ml
Tensile bulging q=0.5%x4916 x 1.45/368.182=0.0097 MN/ml
Tendon bulging Q=10.71/2/368.182 =0.0145 MN/ml
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Summary of suspension forces for a web F=0.0136 + 0.0097 + 0.0145 = 0.0378 MN/ml.

This force requires, per web, an addition of transverse steels of:

Ay =0.0378/434.78 = 0.87.10"* m?/ml= 0.87 cm?*/ml

Calculation of shear stress (section A3)

The shear stress at ULS is obtained from the expression Vs =Vea xS / (I bi) where
S is the static moment at the level of the re-concreting
Iy is the inertia of the section

It iS VEdi — 1.86 MPa

Shear stress limit in the section—calculation of section of reinforcement necessary

The shear stress limit along the re-concreting is given by:
Vrai = € fua + 1 6a + p fya (u sina + cosa) £ 0.5 v iy [EC2-1-1 Expr.(6.25)]
with an upper value of 0.5 v f.¢ = 0.5 x 0.456 x 40 = 9.12 MPa (this upper value cannot be reached).

c=0.45 and p = 0.7 considering a rough re-concreting showimg asperities at least 3mm high, spaced at
approximately 40 mm

fia= 2.03 MPa = acceptable tensile strength of concrete

o, = axial stress at interface. As the web is subjected to vertical tension due to suspension of the slab of
F =0.0378 MN/ml, cxf.q = 0 must be used

on =-0.0378/0.32 = -0.118 Mpa.
a = 90° = inclination of steels to re-concreting
p =AJ/A; = ratio of steels crossing the re-concreting added to the surface

Respect of the shear stress limit then allows calculation of the ratios of steels necessary to ensure equilibrium of
the re-concreting in equalling Vegi et Vrai:

Ve = 1.86 < vrgi=0—0.7 X 0.118 + p x 434.78 x (0.7+0)=-0.0826 + 304.35 x p
Then p > 0.0064, or A, =0.0064 x 32 x 100 = 20.5 cm?/m.
The area of reinforcement necessary without re-concreting would be:
Ag/s= 6.71+ 0.87=7.58 cm?*/m (combination of area of shear and suspension steels).

Comparison of the two values shows the significance of avoiding re-concreting.
Verification of webs at characteristic SLS

Annexe V.

Verification of the shear resistance at SLS was shown in [Chapter 7-11.5.211.5.1].

Although not specified in the Eurocodes, the verification should be done in all web sections: at the center of
gravity, at the junction with the lower slab, at the junction with the upper slab, etc.

The verification deals here with the section at the center of gravity where shear is at a maximum, and the
section at the base of the webs where the axial stress is minimal.
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The results of the calculations are in figure [ Appendix III-Fig./Tab.(4)] below which also shows that:

* the conditions imposed by the Eurocodes are less restrictive than those of previous practices, since the
acceptable shear stress is higher,

* the calculated stresses in this example [Appendix 111-4.2] are clearly lower than the acceptable stresses.

oo

e
600 4 / MM\

P 5.00 +
=
2
-3
@ 400 ¢ /
2
£
°
© o308
g >0

2.00 4

|
A
1.00 <
contrainte normale sigmaX MPa
4 4 4 4 0-00 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
——t— B0+t
-10.00 -5.00 0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00
—4— tau BPEL91adm pour fcj= 60 MPa etsigmaY=0 —8— tau adm EC2 pour fck= 60 MPa etsigmaY=0
B contraintes de calcul au centre de gravité A contraintes de calcul en bas des ames

: Acceptable shear stress at characteristic SLS

Taux admissible MPa Acceptable rate MPa

Contrainte normale sigma x MPa Axial stress sigma x MPa

tau adm pour ...et Acceptable rate for ...and
Contraintes de calcul au centre de gravité Design stresses at center of gravity
Contraintes de calcul en bas des ames Design stresses below the web

The sections thus show no insufficiency.

For the whole of the structure this verification would be determining only if the web thickness
dropped to less than 0.17 m.
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JustiFicaTiONs AT ULS RELATIVE TO FATIGUE

Location of fatigue loads

Trucks circulate in the axis of the slow lane. Location of slow lane is defined in accordance with Eurocode 1
part 2.

According to clause [EC1-2 4.6.1(4)]:

"all fatigue load models should be placed centrally on the notional lanes defined in accordance with the
principles and rules given in 4.2.4(2) and (3). The slow lanes should be identified in the design."

Clause [EC1-2 4.2 4] stipulates:

"(2) For each individual verification, the number of lanes to be taken into account as loaded, their location on
the carriageway and their numbering should be so chosen that the effects from the load models are the most
adverse.

(3) For frequent and fatigue representative values and models, the location and the numbering of the lanes
should be selected depending on the traffic to be expected in normal conditions."

It is thus up to the client to define the location of the slow lanes, “according to the normally foreseeable traffic”.
This choice is to be contemplated case by case for each structure, in anticipating future traffic possibly different
from that foreseen at the design stage, perhaps leading to a different distribution of the lanes during the design
life of the structure.

In the PSIDP study on longitudinal bending, the following transverse sections show two illustrated cases.

In the 1% case, the location of the slow lane on the right lane corresponds to initial marking of pavement at start
of service.

However, to anticipate possible changes in motorway with three lanes per direction, a second case was
envisaged, with a location of the slow lane on the notional lane beside support beam of safety barrier.

Ist case:on right lane

BDG 3,50 3,20 BAU
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2nd case:on notional lane beside safety device

3,00

L , o —
T T

: Location of slow lane and fatigue loads

In transverse bending, location of fatigue loads is very important. As in the previous example, two cases may
be envisaged.

1st case:on actual right lane 2nd case: on notional lane beside safety device
| 3D.3, 3,50 ! 3,50 ‘ BAU | 3,00
— — P ‘ ‘ —— | e/ i —
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: Location of slow lane and fatigue loads

In the first case, the addition of a traffic lane by removal of the emergency slip road is considered as
improbable. Passing of fatigue loads thus produces no stress and no damage by fatigue in the restraint section.

On the contrary, in the second case, which allows the possible change of the motorway with three lanes per
direction, justification relative to fatigue becomes an important dimensioning criterion.

General method

This verification procedure for reinforcement is defined by [EC2-1-16.8.4]. It consists of calculation of
damage from cycles of stress ranges and uses the reinforcement’ S-N fatigue resistance curves.

Determination of cycles and stress ranges
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Fatigue study of a structure requires on the one hand knowledge of the heavy-vehicle traffic using it and on the
other hand the effects of this traffic on the structure, translated in terms of tensile stresses in the reinforcement
likely to be affected by fatigue. The traffic is known either as a result of records of actual traffic or from
modeling of the traffic, based on other similar known traffic.

Determination of stress ranges is established from curves showing development of the tensile stress in the
reinforcement studied during passage of trucks on the structure.

The passing of each truck on the structure gives rise to stress variations that may give different ranges. For each
truck, the ranges A0y, AG;;, ... ACy,...may be obtained by applying the “reservoir” method.

Méthode du "réservoir”

|

' Robinet

Rohinet 1 Robinet 2 Robinet 1

Ouverture du robinet 1:
hauteur d'eau = Ao

e M

AGs

Aos2 Ouwerture du robinet 2 :
hauteur d'eau = Adsz

Ouwerture du robinet 3:
't hauteur d'eau = Adsz

Effels : essieu avant essieux arriéres

: Application of “reservoir” method

Effets Effects

Essieu avant, essieu arriére Front axle, rear axle
Robinet faucet

Ouverture du robinet Opening of tap
Hauteur d’eau Water level

It is then necessary to analyze the various stress ranges by category of values AO and determine their
frequency of occurrence. The result leads to a spectrum of stress ranges [(ACs;; n;)i], illustrated by the following
graph. (ni: number of occurrences in each category or number of cycles)
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Fig./Tab.(4): Spectrum of stress ranges

Failure number of cycles - Damage

The number of cycles Ni(Ady) for a stress range A0, causing reinforcement failure by fatigue, is given by the S-
N curves [EC2-1-1 6.8.4(1)]. They are the results of tests depending on a number of factors. Many cases are
extensively studied to give the designers the practical information to be used for a justification.

On a logarithmic scale, the curve representing Ad, function of N is bi-linear. 1/k; and 1/k; are the slops of lines.
Intersection of lines is positionned with the resisting stress range AGrs at N” cycles. Some curves useful for the
projects, corresponding to different types of reinforcement and placing conditions, have thus been studied and
their parameters are defined in the tables EC2-1-1 Tab.6.3N et 6.4N], and reproduced below.

log (Acs) ¢
\\\ K1
N
log (Ay—jgik) L
T
| \\
|
|
: 4
*
log (N*) log (N)
: S-N curve of reinforcement
Stress exponent
Type of reinforcement N* 4 A0r (MPa)
k; ka at N* cycles
Straight bars 10° 5 9 fixed by A.N®
Welded bars and wire fabrics 107 58.5
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| Splicing devices 107 3 5 35
m

The national annex of Eurocode 2 part 1-1 gives the following values:
- AOr« = 210MPa for @< 16mm

- AGRrg = 160MPa for @=40mm

- linear interpolation for diameters 16mm < @< 40mm

: Parameters of S-N curves for reinforcing steels

Prestressing steel N* Stress exponent Adrs (MPa)
ki k> at N* cycles
pre-tensionning 10° 5 9 185
post-tensionning :
— single strands in plastic ducts 10° 3 9 185
;n s;t{:;i};t dts(r:tc;ons or curved tendons 10° 3 10 150
— curved tendons in steel ducts 10° 3 7 120
— splicing devices 10° 5 5 80

: Parameters of S-N curves for prestressing steel

Criteria of verification

By definition of the S-N curves, fatigue failure occurs for a given value of Agy, if the number of stress-range
cycles applied n; reaches its associated value N; . The state of fatigue of the reinforcement may thus be
characterized by the idea of damage D = n/N which should be less than 1 if their breakage is to be avoided.

In the use of S-N curves, the resisting stress range A0rs should be divided by the safety factor Vp = 1.15
defined by clause [EC2-1-1 2.4.2.4].

In a simple case, with a constant stress range AQs, it’s simply a question of verifying: n < N, N being the
resisting number of cycles for Aas.

In a more general case, with variable amplitudes, overall damage is calculated by applying the Palmgren-Miner
rule of damage accumulation, Dgg; being the damage produced by the n; cycles of each range AGi: Dga;i = ni/N; .

. . or . . . _ — n;
The verification criterion in a general case is then: Dy =>Du;i = N. =1

For each Ag;; of the stress-range spectrum, taking account of Vs s , the corresponding value N; for
calculation of the damage caused by n; cycles of application of Ad; must be calculated. The
expressions of N as a function of A0 are easily obtained from the half-line equations:

JiYo P o 1 . 1 Aoy, H'
if Ao, > —R& log(Aa,) — log =Rk [= ~ {jlogN* —log N NZN*ETA
VS,fat Vs,fat k1 ( ) s, fat AO_s
if AG, < s logF— [ log(Aa, ) = L(logN ~log N*) N=N’' %1 AOry a
’ ys,fat ys’fat ) k2 s, fat Acs
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Other formulation of verification criterion

If stress ranges are smaller than AOr« / Vs 1 , Only the second expression of N is to be used.
The damage Dgq for reinforcement subjected to a spectrum of stress ranges [(ACs; n; )i] may then be calculated
by the following explicit relationship:

D q;nl( 051)

N~ AOgrsk

Fatigue load models

For application of the general method clause [EC1-2 4.6] proposes the two fatigue load models FLM4 and
FLMS5.

Model FLMS5, the more general, involves using the actual traffic data and requires the use of appropriate
elaborate software and hence will not be dealt with here.

Model FLM4, made up of 5 standard trucks producing effects equivalent to those of traffic typical of European
roads, is more suited to a standard project verification.

It is described by table [EC1-2 Tab.4.7]:

Truck type n°i Axle spacing Equivalent axle Proportion of trucks p; (in %)
(m) loads according to traffic type
(kN)
Load Long Medium | Local traffic
i (en kN) distance distance
1 ] 70
1N 200 |4,50 0 20 40 80
[] 4,20 70
2 | Bl ool 310 1430 120 - 120 5 10 5
[] 3,20 - 5,20 70 - 150
3 | B eos 490 1 130-1,30 90 - 90— 90 50 30 5
] 3,40 - 6,00 70 — 140
4| Ble el | 30 |75 %0 20 15 15 5
[] 4,80 - 3,60 70 - 130
5 | ol o | am [220-280 7010 0 | s 5

: Trucks of FLM4 fatigue load model

"Each standard lorry is considered to cross the bridge in the absence of any othe vehicle ". [EC1-2 4.6.5(3)] .

In reality, according to the structure’s geometry, the simultaneous presence of several trucks on the structure is
conceivable. To obtain a complete picture, it is necessary to consider convoys of several trucks. The stress
ranges due to each convoy will then depend upon the different types of truck making up the convoy and upon
the distance between vehicles.

Clause [EC1-2 4.6 (2) note 2] shows that when the simultaneous presence of several trucks on the bridge
cannot be ignored, it is advisable to use the FLM4 model only when completed by additional data specified in
the national annex. According to the national annex, these additional data (distance between vehicles in the
same lane, density of traffic in the different slow lanes) are then to be specified in the contract, for each
individual project.
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In practice, the hypothesis that considers only one truck is valid for small or medium-sized structures or
elements (30m).

For large-sized structures, the accumulation of trucks on the same span gives greater stress
variations than does one truck. For medium-length spans (< 30m), with truck lengths of the FLM4
model varying from 5 to 15m, this difference is less marked. Furthermore, the probability of having
several trucks on the same span is small.

Determination of numbers of cycles

The passing of each truck of type i gives the stress ranges: AG;;, ACsiz, ... AGsij,. ..

The number of cycles of each range AGs; is the number n; of trucks of type i using the structure, during its
design life.

This number is obtained by multiplying the following data:
*  Nons: annual heavy-vehicle traffic
*  pi: proportion of trucks of type i in the PL traffic
*  Nyears: design life

The total number of type i trucks and range cycles AGg; is thus mi = Pi X Nops X Nyears.

The spectrum of stress variation may thus be expressed as [[(Acsi,j; n;)ijli=1a 5] .
The design life Nye.rs is defined by the client. It is normally taken as 70 to 120 years.

The proportion p; of different types of truck may be determined from the preceding table, according to table
[EC1-2 Tab.4.7], from the type of traffic.

The number of vehicles per year and by slow lane N,,s may be determined from the following table, in
compliance with table [EC1-2 Tab.4.5], according to the traffic category.

Categories of traffic Nobs per year and per slow
lane
1 Roads and motorways with 2 or more lanes per direction 2.0.10°
with high flow rates of lorries -
2 | Roads and motorways with medium flow rates of lorries 0.5.10°
3 | Main roads with low flow rates of lorries 0.125.10°
4 | Local roads with low flow rates of lorries 0.05.10°

: Number of heavy vehicles per year and per slow lane

The type of traffic(local, medium distance, long distance) and the category of traffic are not linked.
For example, a main road of "long distance" type with low truck traffic is a category 3 of traffic.
Conversely, an urban road with 2x2 lanes with high heavy-vehicle traffic, made up essentially of
twin-axle trucks (207) is a category 1 of traffic and “local traffic” type.

The traffic category should not also be confused with the loading classification of road bridges defined in
clause [EC1-2 4.2.2]. In effect, regardless of the traffic category, the majority of structures will be dimensioned
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with a second classification loading. The structures with category 4 traffic could possibly support a 3"
classification loading.
Damage calculation

With the use of the FLM4 model and hence a limited spectrum of stress ranges [[(Aosi,j; 0 )ili=1 g‘15], the damage
calculation is summed up, if the stress ranges are low enough, by application of the following expression:

(Wlth n; = pi X Nobs X Nyears) obs years [Ep s, fat % qp‘ AGSl i

0—Rsk

“Equivalent” method of reinforcement verification

Eurocode 2 also proposes an “equivalent” method, from the simplified fatigue load model FLM3 made up of a
single truck, reproducing the effects of traffic representative of European roads. The method is described in
clause [EC2-1-1 6.8.5] and [EC2-2 Anx.NN].

The FLM3 fatigue load model described in clause [EC1-2 4.6.4] is made up of a four-axle truck, each with a
weight of 120 kN.

120 kN par essieu

1,20 6.00 ‘ 1.20 ‘

: Fatigue model load FLM3

The fatigue strength of the reinforcement should be directly verified from an equivalent stress range AGeq = As.
AO'S,EC , with:

*  AOsgc = Ogmax - Osmin 1S the maximum stress range causing by the truck FLM3 model calculated by
determining the unfavorable (Osma.x) and favorable(Osmin) positions of the truck on the structure;

* A equivalent damage factor to be determined from annex [EC2-1-1 Anx.NN]. Determination of this
coefficient will be illustrated more simply in numerical applications.

The verification criterion relative to fatigue is then: sew ST ;
s, fat

Calibration of the method

Parameter A; was calibrated so as to obtain an equivalence, relative to damage, between the
number of cycles N* of a stress range DGOeq = As.AOskc and a spectrum [(AC;, n; )] due to a typical
road traffic.

The general expression of damage is given by the relationship: Ded——[Bysig Qn (AO )

EA Rsk []
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In replacing the spectrum [(AGC;, n; )i] by (AOsequ: N*), the relationship becomes:

VS fat ’ k Ao, ’
D=t Ble B vlao, - By o
ed N* GRsk s,equ s,fat AGRsk
A0y

Condition Dea < 1 is then equivalent to: v

The adjustment factor s was calibrated from traffic measurements and calculations on different
types of structure (longitudinal bending) or elements (transverse bending) and from the
relationships:

Ac)-S cqu —_ 1 kZ .
A= A Os:;C and Ag,,, _kf’ﬁliini(Ao-si) (equivalence of damages)

Calibration of factor As was established from calculation of moment variation, by accepting the
hypothesis of a linear relationship between stress variations and moment variations. Even when this
hypothesis is not verified, the method turns out to be safe.

Alternative simplified method for reinforcement

Clause [EC2-1-1 6.8.6] proposes a simplified rule of verification of fatigue strength of reinforcement of
reinforced concrete. It is to verify that the stress range under a frequent cyclic load associated with the basic
combination is such that [EC2-1-1/AN 6.8.6(1)]:

. A0; <100 MPa for unwelded reinforcing bars
. Ao, <35MPa  for welded reinforcing bars

The combination of fatigue used can, in the majority of cases, be the frequent combination bringing in the main
load model LM1: Ca=Co+ QLMl,Fréq.

The envelope of the moments due to the frequent load model LM1 gives extreme values of forces allowing
calculation of the stress range AOs = O max - Osmin

0-s,max (No; Mo + MLMl,Fréq,déf) 0-s,min (No; Mo + MLMI,Fréq,fav)

Application to the justification of a PSIDP in longitudinal bending

Data

Project

In theory, each PSIDP section is to be verified relative to fatigue. In the following example, the verification will
be limited to reinforcement and prestress at mid-span and supports area section.

Longitudinal prestress is made up of 15 12T15S tendons .

The reinforcement is made up of 23HA?20, or a section of 72.25 cm?, on top of the support area section, and at
bottom on mid-span section.
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Section Section a
sur appui mi-travée

(see characteristic of the example in [Appendix I])
: Longitudinal section of PSIDP

L J
\.-. LRI SN SN T L I TN .°./

Mid-span section

I e @8 "o & Te” 8 T’ l 2" 2 "2" 2 T2 a3 Ta’ |

: Support area section

Section sur appui Support area section

Section a mi-travé Mid-span section

Hypothesis of traffic — Design life
The hypothesis of a 2 x 2 road with high heavy-vehicle traffic is adopted. This traffic is characterized by:
e Category 2 traffic: Noys = 2.0.10° trucks per year in the slow lane

» traffic of "long distance" type with a distribution of different truck types in the following proportions:
p1 =20 %; p2=15 %; ps = 50 %; pa =15 %; ps = 10 %

The “design life of the structure is Nye.s = 100 years.

Characteristics of materials
The values of the S-N curve parameters are given in tables [EC2-1-1 6.8.4 Tab.6.3N and 6.4N]:
*  Steel safety : Vs =1.15;
e Reinforcement : k,=9 N =10° AOrsk = =202 MPa
Pour =20 mm , ACrsk =210 — 50%(@— 16)/(40 — 16) =202 MPa
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e prestress: k,=7 N =10° AOgsi = 120 MPa

Basic combination
This combination is: Co = Gumax T Prins + 0.6.AT ),
For bonded post-tension prestressing : Pyint = Tint. Pmw , With rir=0.90 .

The permanent actions are combined with the ferquent value of the thermal gradient, or 60 % of the
characteristic value. For the mid-span section, it is the thermal gradient tensioning the lower fiber that is
unfavorable, and for the support area section a thermal gradient tensioning the upper fiber .

Which gives the following results (tension on reinforcement is given in absolute value):

Section at mid-span: Supported section:

C, =G, t09P, , +0,6[AT,,., C, =G, +09P . +0,6[AT,,
Forces : Forces :

No =29.95 MN No =29.95 MN

M, =3.54 MN.m M, =-2.90 MN.m
Stress level : Stress level :

Ocsp = 6.30 MPa Ot =6.53 MPa

Op =1109 MPa Op = 1109 MPa

O compressed reinforcement O compressed reinforcement

Application of general method

Application of fatigue loads

In this medium-sized structure, it is accepted that the simultaneous presence of several trucks may be ignored.
The FLM4 model that assumes that each truck crosses the structure in the absence of all other vehicles [EC1-
2 4.6.5 (3)] is thus well adapted to evaluate the stress ranges.

The slow lane is laid out on the notional lane beside support beam of safety barrier.

Note [EC1-2 4.6.1 Note 1] proposes the addition of 10 % of N for each fast lane.
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Voie rapide 2 | Vaoie rapide 1 | Viole lente

: Location of fatigue loads on lanes

Voie rapide fast lane

Voie lente Slow lane

The following are transverse distribution coefficients:

Span 1 or 3 Span 2
Truck in axis of slow lane: 1.42 1.24
Truck in axis of fast lane 1: 1.07 1.04
Truck in axis of fast lane 2: 1.13 1.09

To simplify the sequence of the numerical application, the heavy-vehicle traffic in the fast lanes is not taken
into account. As regards the transverse coefficients, the moment due to a truck centered in the fast lanes
represents about 80% of the moment due to a truck centered in the slow lane. In this case, the taking into
account of heavy-vehicle traffic in the fast lanes has only little influence on the justification relative to fatigue.

The following figures show the variation of the bending moment according to the longitudinal position of the
various trucks in the slow lane. (coefficient of transverse distribution included).
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Moment {en MN.m)
-0.50

.
e
P

r

mi-travée appui P2

=
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I'essieu avant

0.50
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= = = Camion 2

Camion 3
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1.00

150
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: Mid-span section — variation of moment due to trucks in slow lane

Culée Abutment
Appui Support
mi-travée Mid-span

Moment (en MN.m)
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: Support P1 area section - variation of moment due to trucks in slow lane

The stress variations due to translation of trucks are combined with the stresses corresponding to the reference
state. The curves showing the development of the global moment My, during truck movement are effectively
the same as the previous curves after translation (following a vertical axis); Mg = Mo + Mo

The axial force is constant: N = Ny =29.95 MN.
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The following table gives the extreme values of the moment Mg due to the fatigue loads and the global
moment Mg,.

Truck 1 Truck 2 Truck 3 Truck 4 Truck 5
MQfat Mfat MQfat Mfat MQfat Mfat MQfat Mfat MQfat Mfat

MQfat (ln MNm)

Max 0.910| 4.447| 1.429| 4.966| 1.749| 5.286| 1.345| 4.882| 1.457| 4.994
Min -0.135| 3.402| -0.210( 3.327| -0.278| 3.259| -0.211| 3.326| -0.221| 3.316

Mid-span

Max 0.117|-2.786| 0.183|-2.721| 0.242|-2.662| 0.184|-2.720| 0.192|-2.711
Min -0.613|-3.517| -0.953|-3.856| -1.385|-4.289| -1.079| -3.983 | -1.195| -4.099

Support area

: Extreme values of moments Mope and My

Annexe VI.Calculation of stresses — stress ranges
The evolution of stress in reinforcement is calculated with following forces :
e N,
e Mg =My + Mo

Calculation of stresses is done from the refernce state of the structure with a minimal initial stress at the
boundarie of the section. The stress variations produced by the fatigue load are then determined in compliance
with [Chapter 3-111.1.4.b)].

The following diagrams show the relation between the bending moment Mg due to overloads and tension in
reinforcement, overstressing in prestressing tendons, concrete compression in upper fibre (mid-span) and lower
fibre (support area), for a section subjected to the axial force Ny and to the bending moment M, + M.

CONTRAINTES sous My+M, & mi-travée
avec N, = 2994 MN et My = 3,54 MN.m

350

300 /

200 —acier
—préc
—béton

150 /

100 /

) /

0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00
Moment M, en MN.m

Contraintes en MPa

: Section at mid-span
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CONTRAINTES sous My+M, sur appul
avec Ny = 29,94 MN et M, = 291 MN.m

600

500 hN

400 » \
\\x —acier
300 ——préc
\ —Eéton

200

0 \

-2000  -1800 1600 -1400 1200 -1000  -800 -6.00 -4.00 -2.00 0.00
Moment M, en MN.m

Contraintes en MPa

: Supported section

Contraintes sous...sur appui ... avec Stresses under...on support area ....with
Contrainte en Mpa Stress in Mpa
Acier; prec; béton Reinforcement ; prestress; concrete

These diagrams show the importance of the definition of a basic state in the fatigue combination.
The relationships between the stresses and the moment are not linear. The variation in moment due
to movement of a truck gives a stress variation depending upon the “unloaded” state.

For the supported section, the higher tensile stresses in the reinforcement appear if moments Mg is smaller than
—-3,20 MN.m.

The graph [Fig./Tab.(16)] shows that the moment Mqg is higher than this value. The supported section is thus
totally compressed under the translation of fatigue loads of the FLM4 model. There is no fatigue in the
reinforcement of support area section.

In the case of mid-span section, the curve [Fig./Tab.(18)] shows that tension in bottom reinforcement appears
when moments Mg is higher 0.910 MN.m.

O (in MPa) Truck 1 Truck 2 Truck 3 Truck 4 Truck 5

O Max 0.281 3.722 6.276 3.113 3.936
Min | compressed | compressed | compressed | compressed | compressed

Acy* | Max 3.779 6.618 8.741 6.114 6.796
Min 0.000 0.000 0.000 0.000 0.000

* stress increase of prestressing steel
: Section at mid-span — Extreme stresses

This table gives extreme stresses and thus the maximum stress range AGmax = Omax - Omin. 1he curves of figure
[Fig./Tab.(15)], show that translation of each truck generates a single stress variation (one peak). In effect,
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decompression of covering area occurs only for moments higher than 0.910 MN.m. Only parts of curves above
this value create tension in reinforcement as shown in the following figure:

appui 1 mi-travée appui 2 culee I'essieu avan t
o

N N .f‘”
- N7
- \"

eV 4

WMoment (en MN.m)

: Mg > 0,910 MN.m

The translation of type i truck produces only one stress range:
» for reinforcement: AC; = O max.i
» for prestressing steel: A(ACr;) = AOpmaxi (variation of overstressing)

According to clause [EC2-1-1 6.8.2(2)], the effect of different bond behaviour of prestressing and reinforcing
steel shall be taken into account by increasing the stress range in the reinforcing steel calculated under the
assumption of perfect bond by the factor, 7).

Calculation of n is done from the following values:

e A=7226cm*> @=20mm;

® = 1.6/Appe =67.88 mm;

° Ap= 15XAP,céble =270 cm?

e £=0.50 (Table [EC2-1-1 Tab.6.2]: post-tension, strands, concrete < C50/60)
At+A,
Thus N= : =1,95
A+AE Q@)

The stress ranges applied to reinforcement of mid-span section are calculated according to relation stress-
moment represented in figure [Fig./Tab.(18)]:

Type of truck i 1 2 3 4 5
AO-s,i = r‘IXO-s,max,i 0.546 7242 12.213 6.058 7.659
A(Aoy; ) 3.779 | 6.618 | 8.741 | 6.114 | 6.796

: Stress ranges (in MPa)

Calculation of factor damage
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Stress ranges are all smaller than AOrw« / Vs SO factor damage must be calculated with stress exponent k, of
the S-N curve and the expression previously determined :

N DSJ rs s, fat : 2
Ded= obsI\]* yea yO:;Sk %pi(Aosi,_j)k
Type of truck i 1 2 3 4 5 2 pi.(Aoy)*”
pi (Agy)* k2/pi | 20% 5% 50 % 15 % 10 %
Reinforcement 9 8.69.10* | 2.74.10° | 3.02.10° | 1.65.10° | 9.07.10° 3.04.10°
Prestressing steel 7 2.20.10° | 2.78.10* | 1.95.10° | 4.79.10* | 6.69.10* 2.09.10°

: Detail of damage calculations

The results are :
* For reinforcement : Deq = 3.82.10° <1
*  For prestressing steel: De = 3.11.10° <1
The fatigue strength of the reinforcement is thus verified.
Mean stress - Stress limit
With damage values almost nil, reinforcement do not seem to suffer from fatigue.

Damage however is an exponential function of the stress ranges A0; .1t is thus advised to calculate
the parameter:

k —k, Nobs X Nyears ys,fat k,
VDeq = N* Ao,k > pilAG;
O-Rsk ]
7 k AG k2 . . . “«“ E2)
The expression %3 ) Pi\A0si is similar to an “average’” stress range
L]

The condition Dea < 1 or YD <1 comes then to the verification
yaXe} < AoRSk ; h —k, Nobs x Nyears d Ao, =
moy ys,fal x K wit K= T an moy

The parameter 3Dy may thus be considered as a ratio of average stress range to stress range
limit. This parameter is thus easier to interpret than damage Deq.

The results are :

For reinforcement: 3Dy =0.116 <1
For prestressing steel: YDy =0.163 <1

Safety in relation to fatigue strength is satisfactory. However the parameter YD, gives values
more perceptible by the designer (<15%) than De (R107°).

The following tables show the variation of D, as a function of De.
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When the fatigue variation is satisfactory, the values of Deq Will often be very low. A damage of 1 %
of the reinforcement corresponds to 3D, = 60% of the acceptable stress range. The section is thus

nearer to the fatigue ultimate limit stress than it appears from the damage value.

1

0.8 ﬂ
/
//]
/] | ==
S/ =
2L
i
N — e

1E-18 1E-16 1E-14 1E-12 1E-10 1E-08 1E-06 0.0001 0.01 1

D

Figure: 3D, as a function of D <1

When the verification is unsatisfactory, values of damage factor are higher. A factor damage of 5.0
for reinforcement corresponds to /D, = 1.20. It is then sufficient to increase the reinforcement

section by about 20%, to obtain a decrease in stresses of the same order, and damage values near
to 1.0.

e
f &

/S - -
1S e
N/

1.08

1

0 24 4 6 8 10 12 14 18

Figure: 3D, as a function of De.q >1
Application of “equivalent” method

Application of fatigue loads

The fatigue load Qg is in this case the truck of the FLM3 model. According to clause
[EC2-2 Anx.NN.2.1(101)], the axle loads of the model should be multiplied by the following factors:

e 1.75 for a verification at intermediate supports of continuous bridges,

e 1.40 for all other sections.
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It is important that this coefficient be multiplied to the load, and thus to the forces in the section,
because relation between stress variations and moment variations is not linear .The figures
[Fig./Tab.(18) or Fig./Tab.(19)] show that the stress variation AO|(YoxAM) is greater than YoxAo(
AM). (Yo = 1.40 0or 1.75)

The following figure shows the curve of variations of moments Mop= Yo.Mrims, for the support area and mid-
span sections, during the translation of FLM3 truck on the axis of slow lane (transverse factor included):

Mry: (MN.m)
-2.00

——5ection sur appui
—section a mi-travee
-1.00

0.00 i

appui 1 Position de

I'essieu avant

1.00

2.00

3.00

: Variation of moment M g

Stress range AOxc

Under fatigue combination, the following forces are thus applied to the sections:

o N,=29.95 MN

0 M =M, + Yo.-Mrims
*  Support area section: M, =-2.90 MN.m; 0,y = compressed Vo= 1.75
*  Mid-span section: M,=3.54 MN.m;  Os9 = compressed Vo =1.40

For the support area section, tensile stress in top reinforcement appears if moment Mg is smaller than
-3,20 MN.m (application of general method).

The previous figure shows that the moment Mqg, is higher than this value. As in the previous method, the
support area section is thus completely compressed during crossing of FLM3 truck.

In the case of the mid-span section, tensile stresses in bottom reinforcement appears if moment Mg, is higher
than 0.910 MN.m.

The extreme stresses are calculated with the following forces :

e N,=29.95 MN
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*  Mostmin = -0.39 MN.m > Osmin = compressed; ACp min = 0
*  Mosatmax = 2.40 MN.m 2 Mpmax = 5.94 MN.m > Osmax = 12.72 MPa; ACp imax = 14.13 MPa.

The stress ranges are :
* Reinforcement: AG;rc = N.(Osmax — Osmin) = 24.80 MPa; (with N =1.95)

*  Prestressing steel: ACp rc = AOp max —A0p min = 14.13 MPa;

Correction factor A;

According to the annex [EC2-2 Anx.NN] the correction factor A, includes the influence of span, annual traffic
volume, design life, multiple lanes, traffic type and surface roughness and can be calculated by:

)\s = }\s,lx )\s,2>< )\s,3x )\5,4>< ¢fat

(1) Factor A,

A« is a factor accounting for element type (eg. continuous beam) and takes into account the damaging effect of
traffic depending on the critical length of the influence line or area.

The values of A, are obtained from the abacuses of figures NN.1 and NN.2 of annex NN.

For the support area section, the values should be read on the abacus NN.1. This section, however, as
previously seen, undergoes no damage.

For the mid-span section, the abacus NN.2 gives the values A .

The length of the influence line, in abacus abscissa, should be considered as the span length, in the case of a
continuous deck with several identical spans .

The coefficient Ay was calibrated on several types of structure, particularly on continuous
structures with 3 spans of length 1 varying from 10 to 90 m. This length 1 is defined as the “length
of the influence line” in annex [EC2-2 Anx.NNJ.

Where the structure has spans of different lengths, the following rules are adopted.:

- verification in span: length of span

- verification in support area: average of lengths 1 =(1 i1+ 1;)/2

For verification of mid-span section, the length is thus 1 =27.00 m.

Reading of the A is done on the curves dealing with continuous beams (suffix a):
* 3a)reinforced concrete steels (k»=9) A, =1.18

e 2a) curved tendons in steel ducts (k. =7) A1 =135

(ii) Factor As»

2.GMJL I)s.2

This factor takes account of the volume of traffic. In the example considered, the traffic hypotheses correspond
to the basic hypotheses of the “equivalent” method, i.e. a category 2 traffic (Nos = 2.0.10°) and long distance

type (Q = 1.0).
Thus: As2=1.00

Guide EC2 - Version V7 -233 - Sétra, le dd/09/yyyy




E ! EUROCODE 2 — APPLICATION TO CONCRETE HIGHWAY BRIDGES service d'Etudes

techniques

b Bl P AlJustifications at ULS relative to fatigueppendix IV - e

REPUBLIQUE FRANGAISE
Justifications at ULS relative to fatioue

In use of the expression {EC2-2 Anx.NN Expr.(NN.103)] ,the volume of traffic is expressed in
millions of trucks. The calculation is done with Nows = 2.0 millions.

(i)  FactorAs;

This factor takes account of the bridge design life. In the example considered, Nye.s = 100 years , is the basic
hypothesis of the “equivalent” method.

A3 =1.00

(iv)  Factor A4

This factor takes account of the possible influence of heavy-vehicle traffic on other lanes. In application of the
general method, the impact of heavy-vehicle traffic on the first fast lane, with volume of 10% of Nows, was
ignored. Taking account of this traffic would give a factor As4 = 1.01. Thus:

A =1.00

v) Factor Oy,

Clause [EC1-2 4.6.1(6)] shows that "the fatigue load models 1 to 4 take account of a dynamic increase
corresponding to pavement of good quality".

One thus adopts: $ . =1.00
In conclusion, for reinforcement As=1.18
for prestressing steel As=1.35

Verification criterion

Ao,
This is verification of condition| AC... =A, D0, < —=&
* reinforcement: AGseq =29.26 MPa < 176.00 MPa  (AOg« =202 MPa)
e prestressing steel: AOpeq, = 19.08 MPa < 104.30 MPa  (AOgs = 120 MPa)

Annexe VII.5.4. Comparison of the two methods

To compare the two methods in the PSIDP example, in both cases the stress range limit AOrg / Vs may be used
as reference.

Ao
In the general method, verification may be described: KxAG,,, < v Rk
s, fat
. A()-Rsk
For the “equivalent method”: Aos,equ = y
s, fat

Ratios of calculated stress range to stress range limit may be compared. In the first case, this is given by the

parameter YD, , whereas in the second case it is given by the expression: Ys u*A0; ¢y /A0

kﬂ De d ys,fat ><Ao-s,equ / Ao-Rsk
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Reinforcement 11.6 % 16.7 %
Prestressing 16.3 % 18.3 %
steel

: Comparison of methods

In this case the “equivalent method” is thus secure. The difference between the two methods is explained by the
fact that for prestressed concrete sections, bending combined with axial forces is applied. The basic hypothesis
of the “equivalent method” (the linearity of the relationship between stress variations and moment variations) is
not true.

Application of “simplified” method
This involves verification of A, < 100 MPa , under the fatigue combination Cee = Co + Qrmi Frequ -
For calculation of effects of the load model LM1, the coefficients are as follows:

* Loads (2nd class): Oq1 = 0.9; Og2 = 0g3 = 0.8; g1 = 0.7; Ogz = O3 = O = 1.0;

*  Combination: Mimi prequ = 0.75% Mrs + 0.40xMyp,

No (MN) Mo (MNm) MLM],Fréqu Mfat O (MPa) AGS *
unf 29.95 -3.37 -6.27 0.966
Support area -2.90 1.88
fav 29.95 0.53 2.37 0.000
) unf 29.95 4.77 8.31 54.76
Mid-span 3.54 106.78
fav 29.95 -0.72 2.82 0.000

UAG = N.(Osmax — Osmin)  With n =1.95
: Calculation of stress range

Reinforcement of mid-span section does not verify the required criterion. Even so the two other methods
showed a large margin compared to the limit. Thus this simplified method appears very secure.

Application to justification of a corbel in reinforced concrete in transverse bending

Data

Project

In the following example, the restraint section of cantilever is considered. The fatigue verification concerns
reinforcement of this section.

Guide EC2 - Version V7 -235 - Sétra, le dd/09/yyyy




techniques

E ! EUROCODE 2 — APPLICATION TO CONCRETE HIGHWAY BRIDGES service d'Etudes

Labrs Bt  Froermi AlJustifications at ULS relative to fatigueppendix IV - e

REPUBLIQUE FRANGAISE
Justifications at ULS relative to fatioue

‘ 3,00 ‘

‘ 2,00 ‘

: Transverse section

Traffic hypotheses
In the hypothesis of a 2 x 2 lanes motorway with high heavy-vehicle traffic:
e category 2 traffic: Nops = 2.0.10° trucks per year in the slow lane

* "long distance" type traffic with a distribution of truck types in the following proportions: p; = 20 %; p»
=5%;p3=50%; ps=15%;ps=10%

The structure design life is Nyears = 100 years.

Characteristics of materials

The parameters of the S-N curve of the reinforcement are:
e ky=9; N =10°% Ao« = 202 MPa (reinforcement ¢20);
» safety factor for steel: Vs = 1.15;

Combination of actions — stress calculation

All actions applied to the cantilever — self weight, weight of superstructure and equipments, fatigue loads —
cause a moment tensioning top fibre .

The basic combination for fatigue verification My and fatigue loads Mqat, always give same-sign moments.

The tensile stress in reinforcement is equal to 0, = M/(z.A;), with z constant. There is thus a linear relationship
between the stress variations in the reinforcement, and moment variations due to translation of fatigue loads:

with A, steel section and z elastic lever arm
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It is thus not necessary in this case to know the state of reference of the restraint section. It is enough to study
the variations of the moment during translation of fatigue loads.

For the numerical application, the following hypotheses are adopted:
*  Modular ratio steel-concrete: a =15
* Height, position of reinforcement: h = 0.32 m et d =0.28 m
* Elastic lever arm z = 0.90xd = 0.250 m.

Application of general method

Application of fatigue load model FLM4

The following graph represents the variations of the moment during crossing of trucks of model FLM4. The
moments are estimated from the abacus of Piicher (slab with constant thickness restraint on the end). They are
expressed in kNm/ml.

5.0 q
30.0 4
25.0 4
20.0
15.0 4
10.0 4

5.0 4

0.0

camion 1 camion 2 camion 3 - - - -camion4 - - - :camion 5|

:Variation of moment due to translation of model FLM4 trucks

The relationship between AG, and |AM]| is linear. The “reservoir” method may thus be applied to the previous
graph, to determine the ranges of moment variations, the stress ranges then being deducted from them.

Trucks of type i 1 2 3 4 5

|AM; 1| (en KN.m/m) 23.46 32.27 30.08 25.48 24.29

|AM; ;| (en KN.m/m) 27.37-8.69= 20.23-5.11= 21.96-8.97
18.68 15.12 =12.99
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: Ranges of moment variations

" The ranges AM, ,, AM,, , AMs s and AMs 4 relatively low are ignored. "

Calculation of damage

‘AMU‘

i.j
ZXA

S

The stress ranges are given by the relationship Ac ;=

The expression of factor damage is thus:

)kz

— Nobs DNyears ys,fal :
D = === o e | Belem

The following table gives the values of AM, == kz\/ > P [ﬂAMi’ ; ‘)kz :

This function may be defined as an average range of fatigue moment in reinforcement.

I 1 2 3 4 5 km
/) Di Wl

pi 20 % 5% 50 % 15 % 10 %

) DK 11 12 13 11 11
pi<(JAM;,)*; [4.30.10 1.90.10 1.01.10 6.80.10 2.94.10 28.76 KN.m/m

px(AM:D [3.44.10°  [3.75.10°  |1.39.10" [6.19.10° |1.05.10°

with AM expressed in kKNm/ml for the calculation

: Calculation of average moment variation

The reinforcement area , Asgim, giving a sufficient minimum resistance to fatigue is obtained by equaling the
expression representing damage of a value of 1:

Dt = 1.00 or %D, =1.00.

Nps XN \
. — ks obs ears s, fat
OI‘. As,fat,lim - N * > x 7% GRsk x A1\/Imoy
The numerical application gives: A atgim = 11.80 cm?*/m

Dimensioning at ULS, not considering fatigue, leads to a section of 16.50 cm*/m.

Simplification of calculation

In the previous example, the crossing of each type i of truck gives rise to several stress ranges (or
moment ranges), a major range AC;; (AM.)) and secondary ranges AGi» , AC;; ...
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_Ag; _AM;;
Ort a;; the ratio E_AMM withj>2 and Omax = Max (aj;)

In a first calculation only the major ranges MM, .are considered. Then the first two ranges are
taken into account( AM;, et AM;, ) assuming, AM;,= Qmay AM; )

In the first case: AMmoy,ka/ zpi[(:ﬁMi,l)kz

In the second case: JAVLY =k§/ > @AMm)kz +(amax mMi,l)kz)

Thus AM,,q, =140, ) BM

max) moy, 1

The factor linking MMumey> and DMy is a function of d, Ad) =k{/1+(o()k2 and may be
represented on the following figure:

/
/=
//

0 0.1 02 03 04 05 06 0.7 08 0.9 1

1.02

1.00

Variation of ratio AM ney2 | AM ey

In an extreme case with o = 1.00, the value of Q) is less than 1.10. For lower values
(a < 0,70),the values of Q) are very close to 1.00 (<1.01).

Accordingly, the taking into account of the major stress (or moment) ranges for each type of truck
allows , in the majority of cases, obtaining of a very good approximation of the average stress (or
moment) range.

In the previous example: Omax = AM3, / AM;3,=18.68 / 30.08 = 0.62
AOmax) = 1.001
The calculation taking account of all the ranges AM;; ,gives MMy = 28.76 kN.m/m

In only accounting for the major ranges, the calculation gives AMuoy, = 28.74 kN.m/m
The difference is less than 0.1 % !
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In practice, in the general case, it is thus sufficient to determine, for each type i of truck, the
unfavorable and favorable positions in the slow lane(s) giving the extreme stresses, Omax,i , Omin,i,and
the major stress ranges AO;; = Omaxi = Omin,i -

[5
The approximate calculation from the average stress is given by AG,,, =% Zpi(A(Ji,1 )k2 .
1=

Application of “equivalent method”

Application of fatigue load model FLM3

It is sufficient here to calculate variations of the moment due to translation of FLM3 truck, multiplying the axle
loads by the factor 1.40.

The factor of 1.75 is applied only for verifications of longitudinal bending for continuous structures,
for sections in intermediate supports area.

5001 Mgy (KN mim] dE

400 4

3004

200 4

10.0 4

Position du
camionh

a0 T T T 1
0.00 6.00 10.00 15.00 2000 26.00

: Variation of moment M.

Position du camion Position of truck

The stress range A0, xc is simply obtained from the maximum moment range and from the relationship:

AM M
Acs,EC - max — Q. fat,max

ZXA Zx A With Mofamax = 46.79 kKN.m/ml and Mogaemin = 0

In application of the “equivalent method”, only the maximum stress range due to the FLM3 truck is
taken into account. In this example, the secondary stress range is high. It is advisable to note that

the calibration of the method with the correction factor A1, already takes account of this
phenomenon.

Correction factor A

The abacus NN.2 gives the value of A .
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The length of the influence line, in abacus abscissa, is the width of the cantilever, or 2.35 m.
Reading of the coefficient A, is done on the curve 3c) (reinforcing steel — carriageway slab).
Or: A1 =1,10

The value of the other factor is 1.00.

Thus, finally A;=1.10

Fatigue dimensioning of reinforcment

AoRsk A, XAM

. _ Q.fat,max
gives A minfat = Yo pat X Zx Aoy,

The condition Aos,equ <

s, fat

Or reinforcement area Asfattim = 11.70 cm*/m

Application of “simplified” method

. S M 1 prequer
To calculate the stress range, the direct relationship is used: | Ao, = —= e

With the values: z~ 0.250 m;  and My rrequasr = 69.10 kKN.m/m

Condition Ag; < 100 MPa leads to the minimum area Agmingat = 27.60 cm?*/m.

Comparison of different results
The general and “equivalent” methods give practically the same result: As acim = 11,80 cm?/m..

In this case, the hypothesis of the “equivalent method” the linearity of the relationship between A & AM, is
validated . It is thus logical to obtain comparable results.

Application of the simplified method leads, as in the previous example, to an over-dimensioning of
reinforcement.

General conclusions

The major steps of the general method, using the FLM4 model, are summarized here. It is necessary to
determine:

» forces (No; M) under basic combination

* locationt of slow lane

* variation of forces in function of truck i position x on the structure: Mrima4i (%)

* variation of stress during the translation of the truck i: 05 ( No; Mo + Mppmai (X))

*  stress ranges A

The condition D¢y < 1 is equivalent to compare calculated stress range with limit stress range:

Ao,
K XAG, ,,, < Rk
? Ys.fat
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; N, XN
With AC 0, = k;/z pi| ATy ; *2 average stress range and K = k{/—ObSN L

A simplification of the method consists of determining for each type i of truck, the unfavorable and favorable
positions giving Osimax and Osimin , and taking account only of the maximum stress range AGsi max = Osimax — Osimin-

In the majority of cases, the following calculation will give a good approximation of the average stress range:

AO-s,moy = ki/pl(Ao-sl,max )kz + I:)Z(AO-SZ,max)k2 + pS(AGS3,max )kz + p4(Acs4,max )k2 + pS(AOSS,max )kz

For the “ equivalent method", using the FLM3 model, it is necessary to determine:
» forces (No; My) under basic combination
* location of slow lane
» forces with FLM3 truck in unfavorable and favorable position
* corresponding stresses Osmax and Osmin and maximum range AGsgc = Osmax — Os.min

e correction factor A

e At .
*  The condition is: | A% <7 | with AGseq = Asmax XA0kc

The general method and the equivalent method lead to comparable results if the hypothesis of linearity between
forces and stress is verified (simple bending). In case of bending combined whith axial forces, the “equivalent
method” proved to be secure.

The "simplified" method is always very secure compared to the other two.
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ANNEXE VIII. - JustiricaTions AT ULS RELATIVE TO BRITTLE FAILURE

Case of the PSIDP

In this appendix, the example of the PSIDP common to the whole of the chapters in this guide is considered.

Only the calculation carried out on the section of the first span at 2.50 m from the first pier, noted as section no.
7, 1s detailed here.

A table summarizing the quantities of reinforcement to arrange in the other sections is then supplied, allowing
identification of the most critical sections with regard to the criterion of brittle failure.

Reminder of mechanical characteristics of section 7:

- height: h=0.900 m

- area: S=28.01 m?

- inertia: [=0.535m"

- distance cdg/f;: v=0.386 m

- distance cdg/fi: v'=0.514 m

- cabling: 20 x 12T15S arranged 1.5 cm under medium fiber

Reminder of stresses obtained in the section, with P, insni (cf. comment on combinations Chap. 6 VI1.2):
Pon, infini = 44.75 MN
MELS freq, max = 0.81 MNm
MELS freq, min = -5.63 MNm

The criterion concerns only tensioned zones under the stresses of the characteristic SLS, determined by
ignoring the primary effects of the prestress (Chap 6. VI.1):

MELS cara -P, max = 292 MNm and MELS cara -P, min = '728 MNm

The criterion of brittle failure in this section will thus concern both the upper fiber and the lower fiber.

In the case of the combination obtained for M = Mgy freq, max, Oct = 4.81 MPa in lower fiber

(respectively, O.¢r= 1.53 MPa in upper fiber for Mgcs freq, min)-

Calculation of number of strands to remove to obtain cracking at frequent SLS (method a)

This first step consists of determining @, as:

Gc,f - cxi'Pm,oo % + @@: - fctm
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O He 481432
a‘— C, ctm —_ 5 s _129%
or: ‘ 1LY 1 .—0,015%=0,514
P“"“’% I @ 44T 55

(respectively, 0 =92% for MgLs freq, min)

Which corresponds in the first case to removing all the 20 12T15S tendons and in the second case to removing
the equivalent of 18.5 12T15S tendons .

Verification of the ultimate resistance of the “reduced prestress’ section under the cumulative effect of the.

combinations of the frequent SLS and the reduction of the calculated prestress force (method a):

The vector of stresses to apply to the section is obtained by deducting from the frequent SLS stresses the
isostatic effect of the removed prestress determined at the previous step:

Newt=(1 = Z a;) Pro=(1-1.00) x 44.75 =0 MN (3.38 MN for MEgcs freq, min)
Miot= MELs Freq — Z O . P . €0i = 0.81 — 1.00 % 44.75 x —0.015 = 1.48 MNm
(—5, 02 MNmel” MELSﬁ‘eq, min)

The last calculation step consists then of verifying, from an area calculation, that the couples of values (Niy;
M) are in the diagram of ULS resistance of the section, after removal of tendons assumed to be corroded, and
if applicable to determine the additional reinforcement required.

For N = 0 MN, the maximum ULS moment acceptable is 0 MNm, which leads to a total area of reinforcement
to arrange in the lower fiber of 36 em?.

Respectively, for N = 3.38 MN, the minimum acceptable ULS moment is —4,1 MNm, which leads to a total
reinforcement area to arrange in the upper fiber of 52 cm?.

Calculation of minimum reinforcement according to method b):

The minimum reinforcement to arrange according to method (b) is determined using equation [EC2-2
Expr.(6.101a)]:

S T
where: M, = °_t$, = 3’_20x501’i35 =3.33 MNm for cracking in internal fiber;

(respectively M, = -4.43 MNm for cracking in upper fiber)
fyc = 500 MPa.

The lever arm of the reinforcement at the ULS compared to the center of compression , z;, is obtained directly
thanks to the area calculation software:

7, = 0.81 m for the steels arranged on the lower fiber
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(respectively z, = -0.80 m for the steels arranged in the upper fiber)

Whence: A i = % = 82 cm’ in lower fiber.

Respectively Asmin = 111 em? in upper fiber.

The same calculations, carried out on the other sections, lead to the results shown in the table below.

In this table it is stated that:
- method (b) systematically makes up a safety envelope of method (a);

- the sections that may require additional reinforcement in upper fiber relative to verification of the
criterion of brittle failure in this example (PSIDP) are those situated near piers, between the 2/3 of the edge
span and the 1/10™ of the center span (sections 6 to 9).

- the sections that may require additional reinforcement in lower fiber relative to verification of the
criterion of brittle failure in this example (PSIDP) are those situated on edge spans, between mid-span and the
pier (sections 4 to 7).

A
i
culée pile clé
n® section 1 2 3 4 5 b 7 B 9 10 11 12 13
abscisse (m) 0,0 | 25 5 7.5 10 | 125 15 [ 175 | 202 | 229 | 266 | 283 |
Ferraillage requis selon méthode A (cm?)
Fibre sup A0 | 000 | 000 | K| 00 | 42 52 85 B4 | MO0 | K[ 000 | KKK
Fibre inf 0 0 0 46 4 0 36 HHK 0 0 0 0 0
Ferraillage requis selon méthode B (cm?)
Fibre sup OO [ 000 ] 000 | 000 | 2000 | ) | ] A 0 | KO | O | X
Fibre inf 82 82 82 82 82 82 82 | 00| 82 82 82 82 82
Culée Abutment
Pier Pier
N° section Section no.
Abscisse Abscissa
Ferraillage requis selon method A; B Reinforcement required according to method A; B
Fibre sup Upper fiber
Fibre inf Lower fiber
clé midspan
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PS: The quantities of reinforcement shown in the table above include the reinforcement arranged for other
reasons, particularly justification relative to longitudinal bending.

Case of box bridge constructed by balanced cantilever method

In this appendix the example of the bridge constructed by balanced cantilever method, at variable height is
considered, common to all the chapters of this guide.

Only the calculation done on the corresponding section at the end of the first standard arch stone of the center
span, noted as section 18, is detailed here.

A summary table of the quantities of reinforcement to be laid in the other sections is then supplied, which
allows identification of the most critical sections relative to the brittle failure criterion.

Reminder of mechanical characteristics of section 18:

- height: h=521m

- area: S =28.86 m*

- inertia: [=38.43m*

- distance cdg/f;: v=2.22m

- distance cdg/fi: v'=2.99 m

- longitudinal beam cabling: 24 x 12T15S placed at 16 cm from the upper fiber
- joined cabling: 0 x 12T15S placed at 16 cm from the lower fiber

- external cabling: 8 X 19T15S placed at 28 cm from the upper fiber

Reminder of stresses in section, with Py, inni (cf. comment on combinations Chap. 6 V1.2):
Po, infini = 83.46 MN
MELS freq, max = 31.3 MNm
MELS freq, min = -17.3 MNm

The criterion concerns only the zones tensioned under characteristic SLS stresses, determined by ignoring the
primary effects of the prestress (Chap. 6 VI.1):

MELS cara -P, max = '1 1 8 MNm and MELS cara -P, min =- 1 85 MNm

These two values are negative and thus only the upper fiber will be considered .
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In the case of the combination obtained for M = MEgs freq, min, Oct = 8.42 MPa (11,23 MPa for Mers freq, max)-

Calculation of number of strands to remove to obtain cracking at frequent SLS (method a):

This first stage consists of determining @,, corresponding to the longitudinal beam tendons, such as:

Gc,f - Gi'Pm,oo % + @@:_ fctm

.

0= oo 5 42“; ?)6><2 207 (81 % for M )

or: Coi™Y y 0 10T IVIELS freq, max)-
mm% H 83,46x 3843 ’

which corresponds in both cases , to obtain cracking, to removal of all 24 longitudinal beam tendons:
24 x(12x150) o
24 x(12x150) + 8%(19x150) 65%.

Verification of the ultimate resistance of the “reduced prestress” under the cumulative effect of the
combinations of the frequent SLS and the reduction of the calculated prestress (method a):

The vector of stresses to apply to the section is obtained by deducting from the frequent SLS stresses the
isostatic effect of the removed prestress determined at the previous step:

Nit=(1 = Z 0;) Pno= (1 -0.65) x 83.46=29.21 MN
Miot= MELs Freq — 2 Oli X Pro X €0 =-17.3 — 0.65 % 83.46 x 2.06 =-129.05 MNm
(-80.45 MNm for Mgrs freq, max)

The last calculation step consists then of verifying, from an area calculation, that the couples of values (N
M) are in the diagram of ULS resistance of the section, after removal of tendons assumed to be corroded, and
if applicable to determine the additional reinforcement required.

For N = 29.21 MN, calculation of the area shows that the minimum acceptable ULS moment is —82.5 MNm,
which leads to a total area of reinforcement in upper fiber of 197 em?.

2
(O cm” for MEis freq, max)

Calculation of minimum reinforcement according to method b):

The minimum reinforcement to lay according to method (b) is determined from equation [EC2-2
Expr.(6.101a)]:

A = _rep
s,min Zs'fyk
_ fom -1 _-4,4%38,43
where: M, = v 220 =-76.2 MNm;
f. = 500 MPa.
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The lever arm of the reinforcement at ULS in relation to the center of compression, z,, is obtained directly
thanks to the area calculation software:

z,=-4.98 m

-76,2

L o . 2
408x500 _ Sl6cem-.

Whence: A i =

The same calculations, carried out on the other sections, give results shown in the table below.
From this table comes:
- method (b) systematically makes up a safety envelope of method (a);

- the sections that may require additional reinforcement in upper fiber relative to verification of the
brittle failure criterion in this example (bridge constructed by variable-height corbel) are those situated near the
center-span supports (segments Vdl and Vd2) and up to a third of the span from the pier on the edge span
(segments Vgl to Vg5).

- the sections that may require additional reinforcement in lower fiber relative to verification of the

brittle failure criterion in this example (variable height) are those near the edge span abutments (segments Vgl3

and Vgl2).

Récapitulatif

culée|

VCq [Vg13[Vvg12[Wg11[Vg10] Vg8 | Va8 [ Vg7 [ Va6 | Vg5 [ Vgd [ Vg3 [ Vg2 | Vg1 [VSPg| WP [VSPd| vd1 | vd2 [ vd3 [ vd4 | Vds | Vd6 [ vd7 [ Vds | vd9 [vd10[wd11[vd12]vd13

n® section 1zl 3l a]ls e 78] 9w ]2 3] 178|920 /[21]2 2324252 [27[28]29] 3
Ferraillage requis selon méthode A (cm?)

Fibre sup [ X00( [)00(]0C] 200(] 0 [ 0 [ 54 [ 118 ] 129] 195 [ 227 [ 12 1263188 0 [ 1564197 | 136 75 | 18 | 0 [ 24 [ 0 [ 0 ] 200C [ 00C] 2000 ] 000 [ 00|
Fibreinf | 0 [ 11398 [ 88 [ 53 [ o [ o | o | o [ooc] o] e oo ] o] e | oo oo [ oo oo oo o oo 0o [ o [ o[ oo o]sr]7s]|

Ferraillage requis selon méthode B (cm?)

Fibre sup [ )00 [ J00( ] 00¢ | 200( [ 262 [ 252 [ 253 [ 258 [ 284 | 271 [ 279 | 28
[ [ \

Fibre inf | 131 132 | 132 | 132 | 135 | 740 | 746 | 156 | 165

2 [ 304 [ 309 ] 312 ] 308 | 306 | 254 [ 267 [ 281 [ 284 [ 266 | 263 | 2
\ [ [ \ \ [ \ [ 165 [ 156 [ 1

Récapulatif Summary
Culée Abutment
pile Pier

Cleé midspan
N° section Section no.

Ferraillage requis selon méthode A

Reinforcement required according to method A

Ferraillage requis selon méthode B

Reinforcement required according to method B

Fibre sup

Upper fiber

Fibre inf

Lower fiber
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PS: The quantities of reinforcement shown in the table above include the reinforcement placed for other
reasons, particularly justification relative to longitudinal bending.
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ANNEXE IX.VERIFICATION OF FORM STABILITY - SIMPLIFIED METHODS AND EXAMPLE OF
TWO PIERS

The study deals with the two piers of the bridge constructed by balanced cantilevers method.

The initial geometric imperfections are deducted from a global inclination of each pier 1'Eurocode 2
[EC2-1-1 5.2(7), EC2-2 5.2(106)] which allows calculation of an eccentricity at the top of the pier.

Initial data

General data

- Tops of piers of heights L=21.0m and L=32.0m embedded at bottom and free on top

1 . H2
- Global inclinations for geometric imperfections ©; =6, xa :%mméﬁ ;1Eand derived

eccentricities at top of piers
o ForL=21.0m 0, =0,002 18rad or e; =21,0%x0,00218 =0,046m
(>e=0.02m [EC2-1-1 6.1 (4)])
o ForL=32.0m 6, =0,00177 rad or e; =32,0x0,00177 =0,057m
(>e=0.02m [EC2-1-1 6.1(4)])

- Fault of positioning of vertical loads at top of pier; layout fault and distortion of support devices, or
€pos=0.05m

- Constant and symmetrical area (reinforcement included), or a rectangular area of width b = 4.60m,
height h = 2.30m and density of 0.025MN/m’

- Area of reinforcement corresponding to a minimum geometric ratio of reinforcement p=0.002, or
44HA2S distributed on two faces

- Characteristic resistance of concrete , f4=30MPa
- Characteristic yield strength of class B reinforcement, f,=500MPa

- Vertical loads applied to top of pier resulting from longitudinal bending calculation of deck, or
Ngp=24.67TMN, Ny1s=39.22MN

- Horizontal loads at top of pier, Hyrs=0.90MN

- Pier loaded at =20 days (average simplified value used for both piers. In practice this value should be
more representative of the actual phasing of the completion of the structure)

- Critical section easily identified as situated at embedding level.

Guide EC2 - Version V7 - 250 - Sétra, le dd/09/yyyy




E ! EurocoDE 2 — APPLICATION TO CONCRETE HIGHWAY BRIDGES sersice ' Fues
7 techniques
et - et - e |V €T1flCcation of form stability - simplified methods and example of dmm:t
RE F . o . . oo . . et autoroutes
ST two piersAppendix VI - Verification of form stability - Simplified
R PP | A | 1 £ 4 2
&
zZ
Epos
I
Meomb — b -
Heomb com
I T By

Yo Npp

: Elevation and transverse section of piers — Definition of parameters
Characteristics of the constant section for the structural analysis

Characteristics of concrete

Height h=2.30m
Width b =4.60m
Center of gravity Ys=1.15m
Area Ac=10.58m?
Inertia Ic = 4.6640m*
Radius of gyration I
iz | =& = ﬂ =0,664m
Ac 10,58
Notional si 2A
ononat size h,=20e = 2X1058  _ qaa0 o y533mm
u 2% (4,60 +2,30)
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Characteristic f.« = 30MPa
strength
Mean compressive fom = fac +8 = 30+8 = 38MPa
strength
EC2-1-1 EC2-2
Design value of Eon gﬁ
modulus Eg=—— E, = 2200()Bf0_m
YCE |:| 1 O |:|
_ 32837 _ 3
« = =27364MPa E, = 220005'18g =32837MP4q
’ oo
Design value of _ O fuy P S N
compressive fo = Y =LI—==11% ' 0,85
Yc \G ’
strength at ULS
1%x30 Yoefo =0,85%30=255MPa
fq= =20MPa
Parameters of LOSE 4 [e| _LOSE_, g,
Sargin type law k= T k= W
_1,05x27364%0,002162 K= 1,05x32837 x0,002162
- 20 255
k =3,1060 k =2,9233
Characteristics of reinforcement
Diameter of a steel bar @ =25mm
Number of steel bars Nb =44
distributed on two faces
Cover ¢=0.07m
Total section of steel bars A,=0.0216m?
Inertia of steel bars in relation I,=0.0252m*

to center of gravity of concrete

Radius of gyration
0,0252 _ 1,080m
0 0216

Effective depth g=nh + _230

2
Geometric ratio of A, 00216 _
reinforcement p= A 1058 =0,00204 > P =0,002
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1 L 4

Mechanical ratio of Aty 0,0216x434,78
reinforcement w= == — =0,044
A fy 10,58 %20
Steel , class B
Strain under maximum load €4 =0,05
Minimum value of (fi/f,)x k=1.08
Characteristic yield strength fix = 500MPa
Design value of modulus of E;=200000MPa
elasticity
EC2-1-1 EC2-2
End of ULS elastic branch
Value of strain f 434 1,1f
== 3478 0002174 | =2 =39 _ 00275
E, 200000 E, 200000
Design yield strength f LIf ., =1,1x500 =550MP
sy 8 £ =2 =22~ 434 78MPa 2 !
Ys L15
End of inclined ULS branch €. =0,05
Value of strain €4 =09¢, =0,9x%0,05=0,045 | g, =0,05
Design yield strength kxf ; =1,08x434,78 = 469,56MPal 11k xf, =1,1x1,08 X500 = 594MP3
Axial forces

Piers’s self weight
21m pier
N,, =A, xdensxL
N,, =10,58x0,025 % 21,00
N,, =5,555MN

Axial forces acting on ULS at foot of piers

21m pier

Ngg =Ngy +Y6N,,
Npg 539,22 +(1,35% 5,555
N,y =46,719MN

32m pier
N, =A xdensxL
N,, =10,58%0,025%32,00

N,, =8,464MN

32m pier

Npgg =Ngy +Y6 N,
Ny =39,22 +(1,35% 8,464
N, =50,646MN
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First-order moments at foot of piers

Quasi-permanent combination

21m pier 32m pier
ei _ e
MOEqp :qu)((ei +epos)+Npp? MOEqp —qu)((ei +ep0s)+N ?

Mg, = (24,67 % (0,046 +0,05)) + 5,555 % 0’(;46 Mg, = (24,67 % (0,057 +0,05)) + %464 x 2057
O 0

Mg, =2,497MN.m

Mg, =2.88IMN.m

ULS combination

21m pier 32m pier

M k4 :(NELU X(e; * €y )) Mg :(NELU X(e; * €y ))
+B{G prpe_iB+(HELUxL) +§/G XN, %E"(HELUXL)

Mgy = (39 22 % (0,046 +0,05)) M geq = (39,22 % (0,057 +0,05))
+H.35%5,555% 2940 H, (090 % 21,00) +H.35x8,464x 227 Hs (0,00 x 32,00

O 2 0 O 2 0

M gy =22,838MN.m M gy =33,322MN.m

Application of simplified criteria to ignore creep and second-order effects

Creep

The final value of the creep coefficient may be calculated from the basic equation described in annex B of the
Eurocode:

O(t.ty) = Oy B(f ) DBt ) DB (L.t

g 1- RH/100D D168D O 1
o(t.ty) = []1+

EF(D (t—t,) [?’3
010h, & B/t 8 001+ 5°]0 JB+t-t)

0, 0 0
L=70/100 2 168 L 1020 [K1=1,225%2,725%0,521x1=1,739
011533 5 ABsH Ho.+20") 5

ol.20) = 5+
u

The effective creep coefficient is determined with the maximum moments at the base of the piers

21m pier | 32m pier
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M M
O = B(e0,20) ——2 B = 0(00,20) —
0Ed 0Ed
2.4 2.881
b =1739x = 978 =0,190 ¢ =1,739% ’882 =0,150
Three conditions a), b) and c) to be satisfied before creep can be ignored
21m pier 32m pier
a) §(,20)=1,739 < 2 condition verified a) §(,20)=1,739 <2 condition verified
| 2x21 1 2x32
b) A=-2=="""=633<75condition b) N=—>="""=96,4<75condition not
1 ,664 1 ,604
verified verified
M M
c) e = Mogq 22838 =0,489m>h=2,30n c) e, =—24 233322 =0,658m>h =2,30m
Np 46,719 Ng 50,646
condition not verified condition not verified

The creep effect may not be ignored for the two piers.

Second-order effects

21m pier
A _20xAxBxC
lim \/H

_ Ny _ 46,719

= = =0,221
Af, 1058x%20

A= 1 _ 1
1+0,2¢,, 1+0,2%x0,190

=0,963

B=+/1+2w=4/1+2x0,044 =1,043
C=17-r,=17-1=0,7

A, = 20%0,963x1,043x0,7 _ 29.9
10,221
A=633>A

lim

32m pier
_ 20xAxBxC
lim \/H
_ Ny _ 50,646

= = =0,239
Af, 10,5820

A= 1 _ 1
1+0,2¢,, 1+0,2%0,150

=0,971

B =+/1+2w=4/1+2x0,044 =1,043
C=17-r,=17-1=0,7

A, = 20%0,971x1,043%0,7 _ 29,0
0,239
A=96,4>A

lim

The second-order effects should be taken into account for the two piers
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Simplified method based upon an estimation of the curvature 1/r [EC2-1-1 5.8.8]

Description of method

The simplified method based upon an estimation of the curvature is suitable for isolated elements of constant
and symmetrical cross-section (reinforcement included) subjected to a axial constant force.

It is to determine the total moment obtained from the sum of the first and second order moments
[EC2-1-1 5.8.8.2(1) and (2)].

My, =M + M,
— —— —
moment moment moment

total 17 ordre 2 ordre

The method allows calculation of the second-order moment [EC2-1-1 5.8.8.2(3)] from an estimation of the
curvature of the structure in equilibrium [EC2-1-1 5.8.8.3(1) to (4)] , from the choice of a coefficient ¢
depending on the distribution of the curvatures of the first and second order moments [EC2-1-1 5.8.8.2(4)] and
an eccentricity e, created by the second order effects. The product of this eccentricity e, and of the design
acting axial force gives the second order moment.

2
_ 1,"H
M, =Ng, Br H

— — C
moment effort
2" ordre  normal v
€

ou:
1 .,
— courbure estimée
r

¢ =TT si courbure sinusoidale, ¢ = 8 si courbure constante

Ilustration of method — Example of the 21m-high pier

Ncomb

lo/2

L=

Ye Nep
m. | R

=

Fig: Calculation parameters of M, on a “mast” type pier

1.1.a)Calculation of curvature
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1 1
-=K,K, —

Iy
K, =min n, 7h ; 1E=min (1+w-n ;1 minlzKl 0,044) - 0,221 J1EE1
T LI 1+w) —ny, H (1+0,044)-0,4

f, A
K, :max(1+[3(|)ef ;1) =max§+§),35+ 20k0 _E%ef ﬂE

K, =maxd + 035+ 20 - H 01901551015
5777200 150 O

1 _ &4 _ 0002174

r, 0,45d 0,45x2,230

=0,0021664

1- 1x1,015%0,0021664 =0,0021989
r

-
3
IDv

: Parameter K,

Choice of coefficient ¢
In the example concerned, the first-order moment is linear and the second-order moment sinusoidal.

¢ depends on the total curvature and the inequalities 8 <¢ < T are verified. As the second-order moment is
numerically higher than the first-order moment (due to the imperfections and the horizontal force at the head of
the pier) the total curvature is essentially parabolic (since M>>>Mogq), the coefficient is thus taken as ¢= TC

Calculation of eccentricity e,

_11;

2
rc

2
e, =0,0021989 x 2X2D°

=0,393m
Calculation of second-order moment

The self weight of the pier causes a variation of the axial force along the length of the pier of (46.719/39.22)-
1=19.1% and in any event the method is not applicable. However, the weight of the pier is low relative to the
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load on top and has little influence on the final result. The second-order moment will be over-valued by
applying, to the top of the pier, the design axial force Ngq calculated at embedding.

M, =Ny, xe,
M, =46,719%0,393 =18,36IMN.m

Calculation of total moment

Mgy =Mgq + M,
Mg, =22,838+18,361=41,199MN.m

Verification of constant section

M., =41199MN.m <M = 49,474MN.m

résistan t

The critical section is validated.

Simplified method based upon an estimation of nominal rigidity EI [EC2-1-1 5.8.7]

Description of method

The simplified method based upon a nominal rigidity may be used for the isolated elements of a given cross-
section.

The method allows calculation of an amplification factor relative to the second-order effects from a coefficient
[ and from the nominal buckling load Ny based upon the nominal rigidity [EC2-1-1 5.8.7.3(1)].

O C

O B C

M.. =M.+ O
Ed OEdD NB [

moment moment

-1
total T
ota 1¢ ordreB NEd E

™
B =— depends upon the distribution of first and second order moments [EC2-1-1 5.8.7.3(2) to (4)]

Co
In the case of isolated elements of the constant section subjected to a continuous axial force, a
sinusoidal distribution of the second-order moment is assumed and c0 takes a value that depends on the
distribution of the first-order moment Mogq , or for example:

™ T

For a constant distribution of Moga, co=8 and B=—= Y =1,234
Co

o ™ _T
Pour a parabolic distribution of Mogq , o = 9.6 and B=—= 96 =1,028
CO .
. . ™ T
For a triangular distribution of Mogq , ¢o= 12 and B=—= ') = 0,822
Co
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In the case of isolated elements where either the axial force and/or the section vary, or that a transverse
load is applied, 3 = 1 normally constitutes a reasonable simplification.

1
is calculated from an estimation of nominal rigidity EI obtained from the addition of two

B 2
0
terms, one relative to concrete , the other to reinforcement, subject to the geometric ratio of

A
reinforcement P = A—s 20,002 [EC2-1-15.8.7.2 (1) to (4)].

C

cedte

EI=K_EI, +KE]I,
%,—/ %,—/

béton armatures

The whole of these parameters is clarified in the digital example.

Ilustration of method — Example of the 21m-high pier

Calculation of nominal rigidity EI
EI=K_,E_I, +K_EI,
_ KK,
¢ 1+ q)ef

[t {
K, =,]-% = £=1,225
20 V20

K, =minbh——: 0,20 = minfh,221x 83, 0,200E 0,082
0170”8 0 17070

K

= 1225%0082

. 0,084
1+0,190

K, =1

EI = (0,084 x 27364 x 4,6640) + (1 x 200000 x 0,0252) =15760,56MN.m"

Calculation of nominal buckling load

TCEI
Np =—;
10
X
Ny _TC *15760,56 15762’56 =88,18IMN
(2x21)

Calculation of total moment
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The self weight of the pier causes a variation of axial force along the length of the pier of (46,719/39,22)-1 =
19,1%; the element is subjected to a transverse load, B =1.

0 0
0 . O
M,, =22,838x [0+ ———[J= 48 572MN.
Ed 0 88181 O m
1
H 46,719 B

Verification of the constant section

Annexe X.

Mg, =48,572MN.m <M =49,474MN.m

résistan t

The critical section is validated.

General method of EN1992-1-1 [EC2-1-1 5.8.6]

Ilustration of method without software - Example of the 21m-high pier

It will be recalled that when the designer has no access to software allowing interfacing of geometric and
material non-linearity, it is possible to find, for a section judged a priori non-critical, the state of equilibrium by
expressing in two ways the relationship linking the bending moment in the critical section with its curvature:

- The external moment-curvature law where the bending moment acting upon the section is the sum of
the first-order moment Mors and the second-order moment. To simplify, distribution of curvatures
along the structure is considered linear, which allows determination of the second-order effect
according solely to the curvature of the critical section;

- The internal moment-curvature law, where the resisting bending moment results from the state of
stresses of the section subject to an imposed curvature with a given axial force;

- The intersection, or not, of the two curves representative of the external and internal laws allow
verification of the existence, or not, of a state of equilibrium. If so, the intersection of the two curves
gives the value of the total moment Mgq at equilibrium.
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i
M
Loi inteme
Koment 1 ar ordne _— s -
=z o Loi exteme
= Komeent total
: o a lequilibre
f‘___-"’ {1er + Ind ondre)
/" Arety(El)

=
1R

: Verification of state of equilibrium and determination of total moment Mgq

Loi interne Internal law

Loi externe External law

Moment ler ordre First-order moment

Moment total a 1équilibre (ler et 2e ordre) Total moment at equilibrium (first and second
order)

5. 1.a)External law M(1/R)cxernai

In the hypothesis of a buckling level, a sinusoidal deformation and a small deflection e, it may be assumed:

. Tk O
f(x)=e,sin—
(x) 2 10 E

Dl=e2 %EQSHIEEE
1 _df R 0 Iy
H

R dx?

The value e, is deducted from the curvature /R for 1o/2 and the result is then used in the simplified method
based on the estimation of the curvature.
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‘ Ncomb-- f (x) _
by
‘ YePi
déformée
sinusoidale
lo
R
!
NcombA
e2
-t
x 1,7 1
v e —0__
2 Tl'z R

: Calculated deformation and parameters of a bi-articulated element

Déformée sinusoidale

Sinusoidal deformation

The total moment is the sum of the first and second order moments determined from the eccentricity value e, .

1
At the level of the section x = 50 , the total moment is equal to:

moment 2™ ordre

moment 1° ordre
1 B: — TIX Xi
N MOEd +N comb e2 Z yG C sin

M
R
1 c 1,° 1
MB—B:MOEd + |:Ncomb Ya Pi ~sin— o —
RO & ; ™ R
With
Vs P self weight at abscissa x;

Neomb axial force of combination considered, applied to end of element

In the case of a constant load P; the equation becomes:
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10 D 2
MBLB:MOEd + Neomy T Y6 P I E_Sm HXXEC‘XDI_O

RO =

1 I Ip 1
MERTEZMOEd + ENcomb +VGEP BB

0" 2mMm AT R
1 nm-2012 1
MB—H=MOEd+ Oy
(RO

comb +yGNpp T T[z E
yGNpp Dml(z) i
2,752 g R

2
M%E:zz,&w%9,220+1’35"5’5555 2x21) 1

0

1
MéIEE:MOEd + mcomb +

O

2,752 EX ™ R

MBLB= 22,838 +7496,813 ><l
RO R

The value of the external moment for the curvature corresponding to the structure’s equilibrium

1 .
N =0,00030143 (see below) is equal to:

M(0,00030143) =22,838 +7496,813 x0,00030143 = 25,098MN.m

Internal law M(1/R)imerna

From the materials’ stress-strain diagrams , the value and the position of the internal forces of the reinforced
concrete section are determined for a given curvature 1/R as is the axial acting compressive force Ngq (steps 1
to 3), to obtain the internal resisting moment (step 4). This calculation is carried out for several values of
curvature to be able to trace the representative curve of the internal law M(1/R). The tensile strength of the
concrete is ignored and creep is taken into account by multiplying all the strain values by the factor (1-+¢.r).

In the calculations, the values €, 0, F are positive in compression, negative in tension. The sign sc corresponds
to steels positioned above the center of gravity of the concrete section (compressed or least-tensioned steels), st
to steels positioned under the center of gravity of the concrete section (tensioned steels or least-compressed).

1
Calculation of the internal moment is detailed below for the curvature R =0,00030143 corresponding to the

structure’s equilibrium.
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SECTION ENTIEREMENT COMPRIMEE

Y. Y Y. Y.
Déformations Forces
x . relatives Contraintes internes
Esc i  Osc  e—
A Fac
o)
- o
s[> PP
N Arctg(1/R) Fe
— o
¢ — s
- e . e -
Y 7 A7 Y | A Ay A —
\ £ ow
-
g
> Eci(1+ e
At Fat
= Gat .
bi

SECTION PARTIELLEMENT COMPRIMEE

¥ ¥ ¥ '
Déformations Forces
x & relatives Contraintes internes
Esc f———————————* Osc —
Asc Fsc F.
c
cle g Arctg(1/R)
—
> —a 2 o
> >
= G
— — —‘***T R i
Eci(1+Pen) Tei
-
J
>
Ast Fst
L st —— Ost -<+—

¢ Definition
of

parameters

for
calculation of internal resisting moment

Section entiérement comprimée Totally compressed section

Section partiellement comprimée Partially compressed section

o Step 1 — Calculation of strains

€, —&
% , (d distance between &, and &), the strains on the height h of the

reinforced concrete section subjected to a curvature 1/R are determined.

1
From the basic relationships R =

To begin, take a curvature 1/R and a strain & on the furthest fiber of the concrete, such that
€, <€, (1 + ¢ef) with & the value of the strain at the peak stress, to obtain the height of compressed

concrete, or:

€, [=hsilasection est entierement comprimée

TR % h si la section est partiellement comprimée
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For % =0,00030143 and €, =0,00054841<e_,(1+¢ ) =0,002162x (1+0,190) =0,002573,  the

€ 0,00054841
compressed height is equal to Yy = " /; = 0.00030143 =1819m<h =2,30m ( partially-compressed

section ).
The strains become:

*  The length of the concrete section

¢ = Co

T olieey)

o vl -y dyr)

T livey)

. (L819+Y,)x0,00030143 avee 2305 Y. <0
: (1+0,190) 1

*  On the steels above the section’s center of gravity
ssc = E-:b - l(|YG| - |Ysc |) [GI/R)]
ga sc| sans limitation si branche supérieure horizontale
avec

85c| < |8ud | si branche supérieure inclinée

£, =0,00054841 — (1,150 — 1,080) x 0,00030143
€. =0,00052731<¢ , =0,045 condition vérifiée

*  On the steels below the section’s center of gravity

€¢ =& _’(|YG| +|Yst|) [(]l/R)]

St| sans limitation si branche supérieure horizontale
avec

St| < si branche supérieure inclinée

Sud

£, =0,00054841— (1,150 +1,08) x 0,00030143
€, =—0,000123792¢ , =-0,045 condition vérifiée

o Step 2 — Calculation of stresses

*  The length of the concrete section
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L oooooo

. ‘s
EB,106OXED c %
0 ,002162

Eci a
0, =MAX20x ] ,002162

€.
o O 1+1,1060><E‘%E
05 1002162

*  On the steels situated above and below the section’s center of gravity

mOoOoOoOod
(e
mrrmrmrTi

f
— yd
|ss|s‘syd‘ 0 o, =g,
Syd
[Cbranche horizontale

Bjs = fyd

|es| > ‘Sy d‘ 0 Earanche inclinée

O C
€ —¢€
QJS:S_S yd|+ e [ﬁkﬂyd_fyd)[
H |85| 8ud - 8ycl E
with €, =€, 0ug, et O, =0, ,0u0
Either for the steels above the section’s center of gravity
g, =0,00052731<¢ 4 =0,002174
f
0o, =e. 2% =0,00052731x—2278_ =105 457MPa
€4 0,002174
Or for the steels below the section’s center of gravity
g, =—0,00012379 2 ¢ , =-0,002174
f
0o, =¢, 4 =-0,00012379 x 43478 _ —24.757MPa
0,002174

€

o Step 3 — Calculation of internal forces

*  Force resulting from concrete and position in relation to center of gravity

. =Ebi +0,, EL<Bb, +b,, B<(|hi+1|_|hi|)[
O 2 00 2 0O
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These equations may be solved digitally by cutting the section’s height h into n pieces.

h; (m) bi (m) Epi=Eei*(1+£er) Ei Sci (MPa) Fei (MN) Yei Fei*Yei
0 4.6 0.00054841 0.00046085 9.98 2.609 -0.029 -0.075
-0.058 | 4.6 0.00053107 0.00044628 9.746 2.546 -0.086 -0.22
-0.115 | 4.6 0.00051374 0.00043172 9.507 2.483 -0.144 -0.357
I I I I I I I I
I I I I I I I I
-2.128 | 4.6 | -0.00009289 -0.00007806 0 0 -2.156 0
-2.185 | 4.6 | -0.00011022 -0.00009263 0 0 -2.214 0
-2.243 | 4.6 | -0.00012756 -0.00010719 0 0 -2.271 0
-2.3 4.6 | -0.00014489 -0.00012176 0
total Fs=  45.848 total Fi*Yq=  -29.146
Resulting position = -29.146/45.848 = -0.636
0pao ; : : T s
B
DRt S N s B B
— OB30 T~ AarceFe """ Tt
£ 0320 1 | o gl
#1180 : : '
& -1380 1
B0
1840 1+ ; : ; ; :
2070 7o fon o foronnoas Ferenonend {eoranae proseanoaee
-2.300 - : : : ' '
0 2 4 B 8 10 12

Cortrairtes dans le béton (M Pa)

: Stress in concrete

Abscisses Abscissae

Position force Fc Position of force Fc

Contraintes dans le béton Stresses in concrete

F, =45848MN
Y, =Y, —0,636=1,15-0,636 =0,514m

*  On the steels above the section’s center of gravity

FSC :C)-SC XASC
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F_=0. xA_ =105457x 20210 _ 1 130MmN

*  On the steels below the section’s center of gravity
Fst = O-St X Ast

00216 _ -0,268MN

F, =0, XA, =-24757x

* Verification of resulting axial internal force
Nint = Fc + Fsc + Fst
N, =45,848 +1,139 - 0,268 =46,719 =N, condition vérifiée
Nota: If this condition is not verified, the strain &, chosen at the start (or the curvature 1/R) is readjusted
so that the axial internal force Ni, equal the acting force Ngq.
o Step 4 — Calculation of internal resisting moment
After balancing Ni,=Ngq, the internal moment for the given curvature 1/R is deducted:
HIF, x Y | +[F, x Y| =|F, X Y| section entiérement comprimée

M(l/R)inteme =0 . . .
§|Fc X Yc| + |FSC X Ysc| + |FSt X Yst| section partiellement comprimée

e = (45,848 %0,514) + (1,139 x1,08) + (0,268 x 1,08
=25,09MN.m

M(0,00030143)
M(0,00030143)

interne

Verification of state of equilibrium and determination of total moment Mgq

1/R M(1 /R)externa| M(1 lR)internaI Sc extreme Ssc extreme Sst extreme
0.00000000 22.838 0.000 4.334 39.985 39.985
0.00016200 24.052 15.438 7.708 76.198 6.217
0.00023400 24.592 21.388 8.994 92.214 -8.870
0.00030143 25.098 25.098 9.980 105.457 -24.757 _ |[Equilibrium
0.00037800 25.672 28.157 10.925 119.070 -44.218
0.00043200 26.077 29.888 11.512 128.043 -58.573
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YERIFICATION DE L'EQUILIBRE & DETERMINATION DU MOMENT Mg
pour Hes = 36.719MHN et g~ 0.190

33

30 4

20 4

13 A

10

Moment total M s (MH.mj)

g 4

1]

Blamw e ———

Mm=é5,|:|9_8--"" " —

1
]

'

1

'

'

'

1

'

'

'

1

'

'

- '
" I
'

'

'

1

'

'

'

1

'

'

'

1

'

]

0,00000000

000030143
Courbure 1R

|— MR edeme —— MR inteme |

VERIFICATION DE

L’EQUILIBRE

DETERMINATION DU MOMENT

ET | VERIFICATION OF EQUILIBRIUM AND

DETERMINATION OF MOMENT

Moment total

Total moment

Courbure I/R

Curvature I/R

The structural analysis was carried out with a simultaneous verification of the critical section in the calculation
process. The critical section is validated.

5,098
It will be noted that the difference with the PCP software calculation below is % -1 E: 2,7%

Results for the two piers with software calculation

The examples are taken again with Sétra’s PCP software which allows an overall scientific treatment with creep
and a simultaneous taking into account of the second geometric order and of the material non-linearity.

Case of 21m pier
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M, =24,44IMN.m

e, =0,03846m
My, _ 24441, o0
M 22838
Case of 32m pier
M, =43,220MN.m
e, =0,227m
Mgy _ 43220 oo
Mg 33,322
32
28 |
24
— 20
E
[7/]
& 16 1
2
@
2 12-
8 1
4
Moeq Meq
0 T T T T T T T T

0 5 10 15 20 25 30 35 40 45 50
Moments (MN.m)

: Diagrams of moments on pier L =32m

Verification of constant section

For the two piers, the structural analysis was carried out with a simultaneous verification of the calculation
process. The constant section is validated for the two piers.

Comments on simplified methods

The values of curvature 1/R and of rigidity EI determined from the PCP results are compared with the
estimations of the two simplified methods for the 21m-high pier.
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1 ™ ™ 1 1

—  =e, x—=0,03846 x ———=0,00021518 < - =0,0021989=—  x10,2

R pcp 10 (2 X 21) T estimée R pcp

M 24,441
Elpp = —E0 == =11358397MN.m*> > EI_, . =15760,56 =El,, + 7,2

1/R 0,00021518 estimée
as well as the ratios between moments including the effects of second and first-order moments.

My, 24,441 -

Reminder of PCP result: m = m =1,07

Result of method based upon —: Mo = ALI% =1
Mg 22,838

Result of method based upon EI: Mes 28072 _ 2,13
Mra 22,838

The PCP software calculation demonstrates the very safe nature of the two simplified methods.

For the 32m-high pier, the forces and moments obtained with the two simplified methods greatly exceed the
1

resisting moment of the critical section (Mps = 78.853MN.m with the method based upon -,
r

Mgq = 310.482MN.m with the method based upon EI).

General method of EN1992-2

The method is illustrated for the two piers with a verification successively using the two inequalities (5.102 b)
and (5.102 a) to highlight the small difference between the results obtained with the two criteria.

The actions effects are determined with Sétra’s PCP software and the interaction diagram of the constant
section calculated with Sétra’s CDS software.

Verification with the criterion (5.102 b)

The process of load incrementation allowed the ultimate resistance of the section of the 21m-high pier to be
reached, and the overall breakage of the structure for the 32m-high pier.

The results @ Eare shown for the necessary points of passage (en MN, MN.m).

Case of 21m pier

, 6,719
Project load qgy = [VG G+Yq Q] :[1’35 G+135 Q] H point U @4 031E

Failure load quq =A 2,95 gy O point A 52
- =2, [0)08)
ailure load q,4 AQeLu Qerv = P 91,948

Qud — qud ) 08,850
Load = =—"<0 point D
0y 127 P 561,584

Point U is situated before point D in the loading direction, meaning that the pier is correctly dimensioned .
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9w =395>y, =1,27.

9ELu

The safety level obtained is equal to A =

Case of 32m pier
. 0,646
Project load qgry = [VG G+yq Q] = [1’35 G+135 Q] H point U %9 129%

. . 5,839
Failure load qu =A qgy =130 qgy O point A 1156%

qud — qud . 1’841
Load = =—-0 point D
oy, 127 P go,m

Point U is situated before point D in the loading direction , meaning that the pier is correctly dimensioned .

9w —130>y, =127

ELU

The safety level obtained is equal to A =
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Pile L=32m

Ruine par instabilité d'ensemble

Pile L=21m
Ruine par rupture de section

MA |

A
(a)

A
zV

Chemin de chargement
. Points de passage obligés
A sous charge de ruine qud

qud
1,27
U sous charge de projet ¢gLu

D sous

(a) Diagramme d'interaction de la section

Fig./Tab.(9): Failure method of piers and application of safety format with the couple (axial force,
moment)

Ruine par instabilité d’ensemble Failure by overall instability
Ruine par rupture de section Failure by section breakage
Chemin de chargement Loading direction

Points de passage obliges Necessary points of passage
Sous charge de ruine Under failure load

Sous charge de projet Under project load
Diagramme d’interaction de la section Section interaction diagram
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Pile L=21m

Me! 5 MR
91,048 — 2y
D 61,584
U
24,031
=
qELU= 2;: % qud q

Pile L=32m

Me2 A MR
A
61,156 p
D
39,129 40,176
]
=
anu-93 9 qu a

: Application of safety format with the couple (load, Moment)

Implementation of method with use of criterion (5.102 a)
This practical implementation is explained via the two figures PP.3 and PP.4 in annex PP of Eurocode 2 part 2.

It may easily be observed that point A is in both cases represented as being on the curve (a),which
suggests there is a critical section here. Then the figures show a verification by the criterion
(5.102a): the partial factor k. is clearly used and Vs, is not because it serves only for criterion

(5.102c).
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Mea M

: Application of safety format for a vectorial combination (M,N) and an over-proportional behavior
[EC2-2 Fig.PP.4]

Each cross-section is the subject of a graph (N, M) where are found the curve (a) of a section interaction
diagram. The different A, B, C, D, U defined by Eurocode 2 are determined during the various loading
sequences.

From the failure load, the next step is determination of the forces and moments (N, M) at points B and C and of
a curve (b) obtained by a change of scale of the curve (a) to establish a safety format.

Determination of (N, M) represented by a point B

Yud — A Qg

The load with Yo =1,20 gives force and moment noted B (Ng,Mg).

O O
Determination of (N¢, Mc) represented by a point C

N M
The force and moment N and Mg are divided by Yra , or N¢ = — et M, =—% yith Yra=1.06
Rd Rd

A point C is obtained C (N¢,Mc).

Curve(b) of interaction (N,M) and determination of (Np, Mp) represented by a point D

Normally a reduced safety domain is developed defined by a curve (b) obtained by a change of scale of the
curve (a) in relation to the origin O (0, 0) and passing by point C (N¢, Mc). It cuts the loading direction in a
point D (Np, Mp).

Control relative to safety

Control of safety is satisfied if point U (Ny, My), representing the force and moment obtained by the loading
quis of the ULS basic combination, is situated before the point D (Np, Mp) on the loading direction, or if it is
inside the safety zone (b) deducted from (a).
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Results of calculations for the 2 Im-high pier

ULS FORCES (N, M) AND REMINDER OF CALCULATION
COEFFICIENTS
factor Yc 1.35
factor Yo 1.35
POINT y 6719
v U 4,031
Coefficient A 2.95
A A 38,239
POINT A 91,948 E
INEQUALITIES (5.102 a) Reminder (5.102 b)
factor Yo 1,27
factor Yo 1.20
POINT B B 15,199
N B 66,323 E
factor Yra 1.06
POINTC B © 08,678
c 62,569
POINT D b 09,943 08,850
b 62,333 61,584
Critical section validated ' ? YES YES

! Reminder: The section is validated if the point U is before the point D in the loading direction.

The results obtained with the inequality (5.102 b) are there for comparison. The two inequalities give
approximately the same force limits (Np, Mp).

Results of calculations for 32m-high pier

ULS FORCES (N, M) AND REMINDER OF CALCULATION
COEFFICIENTS

factor Yo 1.35
factor Yo 1.35

v E 0,646

POINT U %U; %9,129;
Coefficient A 1.30

A 5,839

POINT A %::’A ; 1,156?

INEQUALITIES (5.102 a) | Reminder (5.102 b)
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ULS FORCES (N, M) AND REMINDER OF CALCULATION
COEFFICIENTS
factor Yo 1.27
factor Yo 1.20
POINTB " 800
B 3,176
factor Yra 1.06

POINT C gjf E
C

1,760
0,861 E

POINT D Ej,]’ E
D

2,540
0,976E

1,841
0,176%

Critical section validated ! ?

YES

YES

! Reminder: The section is validated if the point U is before the point D in the loading direction.

The results obtained with the inequality (5.102 b) are there for comparison. The two inequalities give
approximately the same force limits (Np, Mp).
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Al A | A | 1 L 4 s
Pile L=21m
M
a
Y (a)
Pile L=32m
B
< b
A o) (b)
B/ (b)
c D
U
U
=
AN N

:Application of safety format according to inequality (5.102 a) with the couple ( axial force, moment)

Justifications of use of expression (5.102b)

It will be recalled that the three verification criteria proposed by Eurocode 2 are as follows:

résistance correspondante

eftet des actions —
Yeq E yGG+yQQ) < RE™ E Inégalité (5.102 a)
Yo
ou

résistance correspondante
effet des actions

E yGG+yQQ) < R y“d E Inégalité (5.102 b)
o

ou

résistance correspondante
effet des actions

Yra Ysd E(ng +qu] < R VUd E Inégalité (5.102 ¢)
o

with

Yra = 1.06 partial factor associated with the uncertainty of the resistance model
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Ysa = 1.15 partial factor associated with model uncertainty, actions and/or their effects

Ve partial factor relative to permanent forces G, not taking account of model uncertainties
VY, partial factor relative to variable forces, not taking account of model uncertainties

Vo= Ysa Ye partial factor relative to permanent loads G

Yo = Ysa Yq partial factor relative to variable loads Q

Yo = 1.20 global safety factor

Yo = Yo X Yra = 1.27

The national annex has re-written these three inequalities in a form in compliance with the instructions of
Eurocode 0.

résistance symboliquecorrespondante
eftet des actions

—
HYeG +Y,Q) < %Rd X R@%@ Inégalité (5.102 a)

ou

résistance symbolique correspondante
effet des actions

—
HyoG+voQ) < Rg\l{ﬂ E Tnégalité (5.102 b)
o
ou

résistance symbolique correspondante
effet des actions

/_j%
Voo HY,G+v,Q) < K x RE%@ Tnégalité (5.102 ¢)

It is generally required that one of the three inequalities be satisfied. A more detailed examination however
allows an awareness of the fact that the three inequalities are not totally equivalent and that each one is valid
under precise conditions. For this it is necessary to revert to the general verification format defined by
Eurocode 0 and briefly mentioned in [Chapter 2 IV].

The general inequality to verify is Eq < Rq with as a first member the effects of actions and as a second the
domain of resistance [ECO Expr.(6.8)]. The resistance domain is defined by the whole of the limits of the
actions effects reached in a given section of the structure.

This inequality in fact comes as several inequalities when each member is expressed by bringing up in an
explicit way the various partial model factors:

Eq= Vss E(yF) or Eq= E(y: F) [ECO Expr.(6.2) and (6.2a)].
et Rg= (1/Yra ) ROXAYm) of Re= R(XAy) ~ [ECO Expr.(6.6) and (6.6a)].

There are two ways to express the first and second members, thus there are in total four possible ways to
express the verification criterion.

Eurocode 0 makes clear that in fact none of these expressions relate to buckling [ECO 6.4.2(3)P]. Buckling may
in effect occur before the materials’ resistance limits are reached, in which case there is a question regarding
the choice of symbol to put on the second member to define the corresponding limit state. For simplicity
Eurocode 2 part 2 kept the symbol R and chose to use the applied loads to define the limits; whence the use of
R(qua), even if, in the case of buckling, it is no longer resistance in the strict sense of the word that intervenes.

By use of the symbols from Eurocode 2 part 2, (VoG + YoQ) for the loads corresponding to the ULS basic
combination, and qu for the design ultimate failure load, the safety verification criterion is expressed by noting
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that the maximum values of the actions effects are limited by the minimum values of the limits of “resistance”,
or by the inequality:
E(YoG + YoQ) < R(qua /(Yra* ¥o))

The behavior called “over-proportional” is found when the actions effects increase faster than the actions; this
particularly happens in the case of buckling. The basic inequality may be detailed by the following inequalities:

inégalit¢ (5.102b)

Y q. 1 .
ySdEQI%VSdG-F QySdQ§<E(VGG+VQQ)<R d E<AMXR dE

ra < Yo Yo

inégalité¢ (5.102¢)

It is easy to recognize in this series of inequalities the three inequalities a), b) and c¢) of Eurocode 2 part 2 re-
written correctly. It is also easy to see that the only verification of inequality b) ensures the verification of the
two inequalities a) etc).

On the other hand, with the behavior called “sub-proportional”, or when the actions effects increase more
slowly than the actions (a plasticized section for example), the series of inequalities is written differently, as
below:

inégalité (5.102b)

Yo 1 l:hud H Jud
E(VgG + VQQ) <Y EQI%SA G+ Ysd Q§< /de XRHV E< RHYRd %Yo E

(0]

inégalit¢ (5.102 ¢)

It is also easy to ensure that inequalities a) and b) are satisfied as soon as inequality c) is verified.

In conclusion, for the behavior called “over-proportional “ (e.g. buckling), the inequality (5.102b) makes it
safe and for the behavior called “sub-proportional “, it is inequality (5.102c) that makes it safe. The
inequality (5.102a) which is only a simplified variation of inequality (5.102c) without showing the partial factor
of the side of the actions effects of the first member, has only limited interest.

The guide recommends use of the inequality (5.102b) in all cases, since it is a particularly simple use: it does
not require determination of interaction diagrams; it prevents having to ask if the behavior may be “over or
sub” proportional. Further it looks to safety in the case of buckling. And lastly the inaccuracy it causes relative
to safety in the case of sub-proportional behavior is acceptable since the partial factor for the inequality model
only intervenes for a value of 1.06 in a global partial factor of 1.27.

Summary of results of the four methods on the embedded section

Results of calculations for the 2 Im-high pier

EC2-1-1 EC2-2
STRESSES UNDER METHOD METHOD GENERAL GENERAL
LOAD quws BASED ON 1/r | BASED ON EI METHOD METHOD
Ned 46.719
Miea 22.838
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MEd

41.199

48.572

24.441

24.031

Med/Mora

1.80

2.13

1.07

1.05

The pier is correctly dimensioned relative to the stresses given by the four structural analysis methods

Results of calculations for the 32m-high pier

EC2-1-1 EC2-2
STRESSES UNDER | METHOD METHOD GENERAL GENERAL
LOAD quis BASEDON 1/r | BASEDONEI | METHOD METHOD
Neq 50.646
Mok 33.322
Meq 78.853 (%) 310.82 (%) 43.220 39.129
Mea/Moa 237 9.32 1.30 1.17

(*) The stresses obtained by the two simplified methods greatly exceed the resisting moment of the critical

section.

Conversely, the pier is correctly dimensioned relative to the stresses given by the two general methods.

This example confirms that the simplified methods are very safe and that the general methods are to be

preferred to obtain a more realistic and accurate dimensioning of slender structures.
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ANNEXE XI.EXAMPLES OF CALCULATION OF CRACK OPENINGS AT SLS
Eurocode allows treatment of a large number of scenarios. The following examples allow illustration of the

different calculation methods. The calculations are not systematically detailed, but all the calculation
hypotheses are given, enabling the reader to find the numerical values of the results.

PSIDP corbel (transverse bending, reinforced concrete)

Section at gusset level, guide GS2 side, (thickness 35¢m) is verified.

Mgp = 24 kKNm/m

Mieq = 93 kKNm/m

Mearae = 119 kKNm/m

Muis = 161 kKNm/m

The dimensioning of the bent reinforcement at ULS gives A; = 12 cm?*m.

Or a reinforcement with HA14 s = 125 (Ag = 12.3 cm?/m), with a cover ¢ = 30mm.

Calculation of stresses under characteristic SLS:

The calculation is done in a cracked section with an equivalence coefficient n = 15 (cf chapter 4 of this
guide).

0, = 342 MPa < 0.8f = 400 MPa for B500 steels
Verification of crack opening under frequent SLS:

The calculation is done with an equivalence coefficient n = 15 (cf chapter 4 of this guide) and gives
successively:

x =91 mm (compressed height in cracked section)
h-d = c+@2 = 37mm
0, =267 MPa

k¢ = 0.6 (combination of force corresponding to a loading essentially short-term)
h¢ ef=min [ 2.5:(h-d); (h-x)/3 ] =min [ 2.5-37; (350-91)/3 ] = 86 mm
Peff=Ag/he of = 12.3.10*/0.086 = 1.43%

€m - €cm = 0,6 0¢/Eg = 801 pm/m

(the first part of [EC2-1-1 Expr.(7.9)] gives a value less than this lower limit)
k;=0.8

ky =0.5

Sr,max — K3°¢ T k'kpkg @/Pegr=3.40-30 + 0.8:0.5-0.425-14/1.43% = 269 mm
Wi = (Egm - Ecm)"Sr,max = 801.10°269 = 0.22 mm < 0.30 mm

The limitation of the crack opening at 0.3mm under frequent SLS is covered by the ULS
reinforcement. However, the bearing capacity of the reinforcement is high, with a great risk of
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fatigue. In this example it is advisable cither to verify the fatigue of the reinforcement, or to
increase their section to limit the bearing capacity to 300 Mpa under characteristic SLS.

PSIDP (longitudinal bending, in partial prestress)

General data

In this example, the longitudinal prestress was dimensioned on the basis of the minimum Eurocode criterion, or
the non-decompression under quasi-permanent combination, to obtain operation of the structure in partial
prestress.

This dimensioning leads to the following prestress: 15 x 12T15S tendons (A, = 15x1800mm?), whose layout is
given below:

-0.250 /
-0.380

Y A A A

: PSIDP cabling

In this example the case of the section in the middle of the large span is dealt with
At mid-span, the prestress line is e =-0.213m.
The distance between the upper slab and the center of gravity of the tendons is:

d,=v+0,380=0,386+0,380=0,766 m

The reinforcement area is A, = 72cm? (section dimensioned at bending ULS), based on HA20.
The distance between the upper slab and the center of gravity of the steels is d,=0,84 m

Stress values:

Pmcr =34.99 MNm (short-term value)

Pumir=32.32 MNm (value after recorded losses) Piintrr = 0.9Pmrr = 29.09 MN
Mgy = 9.39 MNm

Mgr = 0.85 MNm (moment due to positive thermal gradient)

Mimifreg = 4.77 MNm

Mimicarae = 7.40 MNm

The section’s mechanical characteristics given in appendix.

Calculation of stresses under SLS

Under Quasi-Permanent SLS, the section is compressed. Calculation of the stresses is thus carried out on a
non-cracked section. For simplicity, all the stress calculations were done in gross section. The QP SLS
combination giving the lowest compression in lower fiber is obtained for the moment:
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M = Mg+g' +0,5M g, + Pk,inf,LT (&4, =3,62 MNm

The corresponding stresses are:

0 = 6.2 MPa in upper fiber

o' = 0.2 MPa in lower fiber

The stress at the level of the prestressing tendons’ center of gravity is 0., = 1.0 MPa

Under characteristic SLS, the tensile stresses ion lower fiber exceed fum. The calculations are thus done in a
cracked section .

When there is cracking, it is acceptable that the bonded tendons in the tensioned zone contribute by their stress
increases to control of cracking over a distance < 150 mm from the reinforcement center.

The calculations are done from coefficients of equivalence EJE.. and E,/Ec, (i.e. no account taken of creep, in
compliance with the recommendations of chapter 4 of this guide).

The stress increase of prestressing steels beyond the nil state of strain of the adjacent concrete is balanced by
¢ = /E B(% , ratio of adherence capabilities of reinforcement for both prestressed concrete and reinforced
P

concrete. For calculation of stresses, this term is used for all the prestressing steels in the tensioned concrete
(whereas for the calculations of crack openings and for the minimum reinforcement for control of cracking,
only the stress increase of the prestressing steels situated in A..is counted; see the digital application below)

The initial stress increase (before return to zero, noted AJ" » ) 1s integrally counted.

From table 6.2 of EC2, & = 0,5 ( prestress by bonded post-tension made up of strands, fs < 50 MPa)

¢, =20mm, @, =16 JA, =16v1800 = 68mm, £, = |0,5 az_g =034

E
Further, AO"p =0, GE—p = 6,0 MPa

cm

The equilibrium equations for calculation in cracked section are as follows:
N=F -A 106, -A, [(]Ao'p +€1A0p)

where F. is the compressive stress in the concrete

M=M,+4 W(d -v)+4, 000, +EAo,|d, - V)

where M. is the moment due to compressive stresses in the concrete, expressed in relation to the section’s
center of gravity.

Further, the equations of strain compatibility are written, and the system obtained is resolved.
The calculations are not detailed here and the following results are obtained:

Under frequent SLS:
N= Pk,inf,LT =29,09 MN

M= Mg+g' +0,5Mg; + MLMl,fréq + Pk,inﬂLT Le,, =839 MNm
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0, =94 MPa
Aop =26 MPa, Aop + Ao'p =32 MPa

0, =13,2 MPa (compressive stress in upper fiber)
x = 0.299m (position of neutral axis, useful for crack opening calculation)
Under characteristic SLS:

N =P er =29,09MN

M= Mg+g' + O’61\/IGT + MLMl,carac + Pk,inf,LT |}00 =1 191 1 MNm
0, =298 MPa

AG, =86 MPa, AG, +A0' =92 MPa

0. = 21,0 MPa (compressive stress in upper fiber)

Verification of stresses under characteristic SLS
Under characteristic SLS, the following verifications are done:

0, =298 MPa < 0,8f, = 400 MPa
0, =21,0 MPa < 0,6f4 =21 MPa

P 32,32
o =—"+A0 +AC0' =————— +92=1289 = =
pm A, p »~ 15080000 MPa < 0.80fx = 0.80x1860 = 1488 MPa

The limits are respected.

Verification of crack opening under frequent SLS

Here the calculation of crack opening by the direct method [7.3.4] is detailed. Since the section is
approximately rectangular in the tensioned zone, the proposed formulae may be applied.

Or:
0,=94 MPa
heer = min ( 2.5.(h-dy); (h-x)/3 ) = min ( 2.5.60; (900-299)/3 ) = 150 mm
Acer=6.20 x0.150 = 0.93m?
A', = A, =15 x 1800 mm? (since all prestressing tendons are situated in Ac)
Poetr = (As + &2 A'Y) Acerr=1.11 %
ki=0.6
Em - Em = 0.6 O/E; = 282 pm/m (the first term of equation (7.9) of EC2 gives a negative result)
Srmax = 3.4 %X 30 + 0.425 x 0.8 x 0.5 x 20/ 1.11 % = 408 mm
Wi = Semax X (Esm - €em) = 282,10 x 408 = 0.12 mm
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The value obtained is less than the acceptable limit of 0.2mm.

Calculation of minimum reinforcement

The minimum reinforcement is not dimensioning here, since it corresponds to the reinforcement that would be
required to balance the cracking moment (i.e. the moment creating a tension f.w=3.2MPa in lower fiber, with
the axial stress Pyintir), Whereas the moment under characteristic SLS is much higher to the cracking moment.

The calculation is carried out however to illustrate the procedures.

Since the section is approximately rectangular in the tensioned zone, formula (7.1) may be applied. By ignoring
the contribution of the prestressing steels, this gives successively:

Miss = (N/S + fiperr ) I/V' =7.11 MNm

Under Mg and PyineLt, the tensioned height before cracking is 24cm

Ax=024%x62=1.5m?

0. = N/S = Pyjnrrr/ S = 3.6 MPa

ki = 1.5 (compressed section )

h* =h (car h < 1.0m)

ke=0.411-3.6/(1.5%3.2)]=0.1

k = 1.0 (since the stresses are considered as due to outside stresses)

Agmin = kKeXkXfex Ao / fix = 0.1 x 1.0 X 3.2 x 1.5 /500 = 9.6 cm?, less than the reinforcement placed.

An alternative is to calculate the stresses in a cracked section under the effect of the moment of cracking, and to
verify that the stresses in the reinforcement are less than 500 MPa.

Tie rod in reinforced concrete and prestressed concrete subjected to external loads

This example deals simultaneously with prestressing and reinforcing steels.
Outline:

- tie rod 250 x 250, concrete C35/45

- 4HA16 situated at four corners (distance c+@2 = 50 mm), f,x = 400 MPa

- 2 bonded mono-strands, T13S, E, = 200 000 MPa, 0,0 = 1350 MPa (tension in the tendons before
release of cylinder)

External loading (except for prestress) N = -430 kN (traction)

Calculation of crack openings for a short-term loading

General data

A, =800 mm?

A, =200 mm?, Py = A,.0,0 =270 kN
A.=250%-800 - 200 =61 500 mm? (final section)

Equivalent diameter of prestressing strands: the T13S strands are made up of a central wire of 4.40 mm
diameter and of 6 peripheral wires of 4.25 mm diameter. The formula proposed in 6.8.2(2)P is @ = 1,75@yi. Or
®=1.75%x4.25="7.44 mm
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Ratio of adherence capacity of strands to that of HA steels: & = 0,6 (strands in pretension)
Ratio of adherence capacity of strands to that of HA steels, corrected for their diameters:
& =V(0.6x16/7.44)=1.136

This special case gives &; > 1. Although not explicitly stated, it would be against the nature of the text to take a
value greater than 1.0. &; = 1 will thus be used for the stress calculation (same adherence).

Calculation of crack opening

Calculation of stress in steels at crack level:

The calculation is done with the low value of the prestress range: ri,r = 0.90
Next = -TintX ApX 0, — AX Oy

O, = E,xg,

0, = Esxg

€, = &0 T & (case of pretension)

=> Next = ~Tint. XPo - (TineXAp + As) X0

0, =(-0,9 x 270 + 430) / (0,9 x 200 + 800) = 191 MPa

0,=0,9 x 1350 + 191 = 1406 MPa

In this calculation, the same adherence between different steels is assumed, in compliance with
earlier comments on the calculation in a cracked section.

Calculation of spacing between cracks:

Eurocode does not deal in a general way with the simultaneous contribution of reinforcement and
prestressing steels to crack control. A certain number of assumptions must be made in this
paragraph to be able to use the proposed formulae.

ki = (800 x 0.8 + 200 x 1.6) / (800+200) = 0.96

Nota: the value of 1.6 for the bonded strands is certainly strict, as this value applies mostly in the
case of smooth bars. The calculation is thus safe. Moreover, in the absence of information in
EN1992, it was decided here to use a value of k; intermediate determined from a balancing of the
reinforcement sections.

k> = 1,0 (pure tension)
@®eq =16 mm

The balancing formula (7.12) of @4 applies only in the case of reinforcement of different diameters.
Here there is only one reinforcement reference diameter, and this is the value to introduce in the
formula.

1t should be noted that in the general case the definition &> = & Q. / @ should be used
Ac,eff = Ac

In effect, the useful area of each reinforcing steel is delimited by a square of 2.5(h-d) = 125mm
side. The useful areas of the four reinforcing steels thus suffice to cover the section, without even
counting the prestressing steel..
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A'y=A, =200 mm?

Pret = (800 + 1.1362x200) / 61500 = 1.72 %

Qg / Pper=16/1.72% =930 mm

Srmax = 3.4 X (50-16/2) + 0.425 x 0.96 x 1.0 x 930 = 522 mm
Calculation of &, - Em:

k¢ = 0.6 (short-term calculation)
O.=E/Eam=200000/34077=5.87

(U8 _kt fmie”(l + acpp,cff)

Oper =0,33 mm/m
E

S

< 0.6 0,/ E;=0.57 mm/m

Calculation of wy:

wi =522 % 0.57=0,30 mm

Verification of minimum reinforcement
Calculation in non-cracked section under applied stress, with ri,r= 0.9
Next = AcXOc — TinX ApX 0y - AgXO
O, = E,xg, O, = Ex& 0. = Ecxe,
€ = €0 1 & (case of pretension) and & = - &
=> Next = - Tin¥Po - (Ac/ O + TineXAp + A;) X0
0, =(-0.9 x 240 + 430) / (0.9 x 200 + 800 + 61500 / 5.87 ) = 16.3 MPa
O.=-0;/0d.=-2.8 MPa
The concrete is tensioned, thus minimum reinforcement must be used [EC2-1-1 7.3.2(4)]
k. = 1.0 (pure tension)
k = 1.0 (tension due to external loads)
fetetr = fom = 3.2 MPa
o« = A= 61500 mm?
g, = fx = 500 MPa
Agmin = (1.0 x 1.0 x 3.2 x 61500)/500 = 394 mm?
It is the reinforcement required to balance a tensile stress of 3,2 MPa in the concrete

Asmin > Ag: the reinforcement planned is sufficient.

Nota: it would have been possible to take account of the contribution of the bonded strands to determine the
minimum reinforcement, [EC2-1-1 7.3.2(3)]: Asmin = 394 - &€,.A,.AC, / O, (useless here)

Reinforced concrete slab subjected to delayed shrinkage
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This example corresponds to a shear wall cast in-situ between two existing, perfectly rigid, concrete structures.

This type of problem is dealt with in a general way in Eurocode 2 part 1-1, and taken up in detail in Eurocode 2
part 3 (silos and tanks), where problems with crack control under delayed strains are particularly sensitive. So
Eurocode 2 part 3 will be used as reference when necessary.

Description of slab:
- slab 1m x 0.24m, concrete C35/45, steels f,x = 500 MPa
- reinforcement HA12 s=200 in upper layer and HA14 s=200 in lower layer, ¢ = 3cm

Choice of value of fe.x

Since this is a problem of imposed strain, the date on which cracking is likely to occur should be determined: at
28 days or before ?

N =-E.A.& axial hyperstatic stress due to delayed shrinkage of concrete
0.=N/(Ac+0.A;)=N/A. stress in concrete (calculation in non-cracked section)
The curve 0.(t) may be drawn and compared to the tensile strength of the concrete:

Esrolution des contraintes datis le héton
I I I

Cordrainites (M)
I
Y

—
—
-
o
L~
—~
1 -~ —
o~
-
-~
-~
N | | |
1] 10 20 30 40
terhpes (jonars)

—  Contrainte sous 'effet du retrait
Fésistatice du béton fotmt)

: Comparison between tensile stress due to delayed shrinkage and f..m(t)

Evolution des contraintes dans le béton Development of stresses in concrete
Contraintes (Mpa) Stresses (Mpa)

Temps (jours) Time (days)

Contrainte sous I’effet du retrait Stress under effect of shrinkage
Résistance du béton fctm(t) Resistance of concrete fctm(t)
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From these curves it cannot be said that cracking under the effect of delayed shrinkage will occur before 28
days, hence fi . is chosen as equal to fim

Calculation of stresses in steels for calculation of crack openings:

Eurocode 2 part 1-1 gives the value to take account of for a tie rod subjected to delayed strains:

O, = keXkXfo X Ac/ As [EC2-1-1 7.3.3(2) note]
Eurocode 2 part 3 confirms this value:

O, = kexkXfoyeir/Ps [EC2-3 Anx.M Expr.(M.2)]
Coefficients:

k. = 1.0 for a tie rod in pure tension
k = 0.65 (coefficient of reduction specific to stress calculation under imposed strains)

Here the two layers are not symmetrical, hence the coefficient k. is not strictly equal to 1.0. Calculation of the
stresses in the two layers may be done directly when the tie rod is subjected to stresses.

N=- kxfct,effXAc and M=0

Which gives Oz = 440 MPa and O, = 330 MPa (instead of 0, = 0,65%f<A/As = 374 MPa if the
reinforcement had been symmetrical)

.e.: kesup =440/ 374 = 1.17 for the upper layer, and ks = 330 / 374 = 0.87 for the lower layer
Calculation of crack opening in upper layer:
heer = min ( 2.5%(h-d); h/2 ) = min ( 2.5%36; 120 ) = 90 mm
Acer=0.09 m?
Per = Assup / Acer=0.63 %
k. = (440+330)/(2 x 440) = 0.87 (the coefficient k. is found, calculated above)
Srmax = 3.4 x 30+ 0.425 x 0.8 X 0.87 x 12/ 0.63 % = 670 mm
Esm - Em = MaX [ (Os— kX foie/ Ppetr.(1HAXPperr)) /B 0.6 0/Es ] [EC2-1-1 Expr.(7.9)] with k,= 0.4
€m - Ecm = max [ (440—0.4x3.2/0.63%.(1+5.86%0.63%)) / 200000, 0.6x440 / 200000 ]
=max [ 1.18 mm/m; 1.32 mm/m ] = 1.32 mm/m

Eurocode 2 part 3 gives a formula slightly different for this specific case: €um - €m= 0.5 OJ/E;
,instead of the expression (7.9) in Eurocode 2 part 1-1, or 1.10 mm/m. This last formula, which is
more favorable, will be used.

wi = 1.10.10” x 670 = 0.74 mm

This expression is valid near the steels. The spacing of 200mm being greater than 5(c+@2) =180 mm, the
expression (7.14) is also used, or

Srmax = 1.3h =312 mm
wi=1.10.107 x 312 = 0.34 mm

This result is not logical , since it gives a crack spacing that is greater at the steel level than between two steels
(contrary to figure 7.2 in Eurocode 2 part 1-1). This shows the limits of the formulae, which tend much more to
the side of beams under bending than for slabs under tension. For a slab the experimental results show that it
would be more just to use s,mx = 1.3.max(s; h), where s is the spacing of the steels, although it doesn’t change
the result here.
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Calculation of crack opening in lower layer:

heer = min ( 2.5% (h-d); h/2 ) =min ( 2.5%37; 120 ) = 92 mm

Acer=0.0925 m?

Per = Agint / Acer = 0.83 %

k> = 0.87 (unchanged)

Srmax = 3.4%30 + 0.425%0.8x1.17x14 / 0.83 % = 601 mm

€sm - Em = 0.82 mm/m [EC2-3 Anx.M.1]

wi = 0.82.107 x 601 = 0.49 mm

For interest, calculation far from the steels:

Srmax = 1.3h =312 mm

wi = 0.82.107 x 312 = 0.26 mm

Summary

The reinforcement placed is not enough to completely take up the stresses due to imposed strains.
Reinforcement to place to balance imposed strains with wy, = 0.3 mm

The same steel diameters are adopted for both upper and lower fibers, to balance the problem. Thus k.= 1.0
The minimum non-brittleness reinforcement is given by:

Agmin = KeXkX e Aot / T = 1.0 X 0.65 % 3.2 X 0.24 / 500 = 10.0 cm?, or two layers of HA12 s = 200.

As previously seen, this reinforcement is clearly insufficient to respect a crack opening of 0.3mm. Table 7.2N
may be used to dimension the reinforcement (simplified method):

For example with steels HA14:
@ =14 mm
Q" =@ X 2,9/ e X8%(c+@2) / he = @ x 2.9/3.2 x 8 X 0.037/0.24=1.12 @ = 16 mm
Whence o, = 240 MPa (table 7.2N for wi = 0.3mm)

Knowing the bearing capacity to use for the HA 14, the minimum reinforcement formula is used to determine a
spacing.

Whence p = kexkxfuerr / 0o = 1.0%0.65%3.2 / 240 = 0.86 % As=0.0086%24/2.1=10.3cm*ml or 6.7
HA14/ml

Whence s = 150 mm

A verification by the calculation according to the direct method shows that the choice of two beds of HA14 s
=150 gives wx = 0.31 mm and in this case the two methods give similar results.

Reinforced-concrete shear wall cast in-situ over an older concrete.

This example allows modeling of the behavior of a lower slab of a segment cast in-situ against an already-
hardened segment, or a pier raising on the previous raising.

The previous example allowed determination of the reinforcement necessary assuming the shear wall is
perfectly laterally embedded, which is not the case for the slab of a box bridge or for a pier raising. The
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previous shear wall example is thus used again, with a reinforcement less than that resulting from the previous
calculation, or HA12 and HA 14 with a spacing of s = 200.

The width of this shear wall is Sm, its height 3.30m and a completion time of 7 days is assumed.

The problem studied is as follows: transverse reinforcement to tie together the effects of differential shrinkage
and of thermal shrinkage during concreting.

\

\
A S A S

: Illustration of problem dealt with: cracking of a shear wall fixed one side only

This problem is dealt with in detail in Eurocode 2 part 3, in particular in annexes L and M.

The crack opening is calculated from the expression €, - €cm = R X Egec, Where Eq. is free shrinkage that occurs
in the absence of blockage , and R a reduction coefficient linked to the type of blockage.

For the central part of a shear wall with a L / H ratio = 5.0 / 3.3 = 1.5 the recommended value of R is R = 0,5 at
the base of the wall , and R = 0 at the top of the wall (table L.1)

The reinforcement is dimensioned for the most-stressed zone, or R = 0.5
Etree 1S the sum of two terms:
- thermal shrinkage: for example, for a temperature increase of 40°C, €se. = 0.AT = 0.4 mm/m

- differential shrinkage between the two elements: it is given by the curve €.4(t+7) - €.4(t). This curve is at
a maximum for t = 0, or Ag,q = 0.02 mm/m (negligible).
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Retrait

0.0% —
E 0.06 - ]
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L
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0.04 - P - —
= -
-
0.0z L - —
-~
N | | |
a 10 20 0 40
taps (jours)
—  Retrait du béton support
Retrait du nowvean béton
= Dufférenice
: Differential shrinkage between the two elements
Retrait Shrinkage
Déformations (mm/m) Strain (mm/m)
Temps (jours) Time (days)
Retrait du béton support Shrinkage of support concrete
Retrait du nouveau béton Shrinkage of new concrete
Différence Inequality

Whence € - €m = 0.5 x 4,10 = 0.20 mm/m .

Calculation of crack opening:
- upper slab: the result is unchanged s:msx = 670 mm, whence wi = 0.13 mm < 0.3 mm
- lower slab: S;mx = 770 mm, wy, = 0.15 mm < 0.3 mm.

The reinforcement planned is sufficient.
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ANNEXE XII.BIBLIOGRAPHY

EUROCODES
Eurocode Title National annex
NF EN 1990 Basis of structural design NF P06-100-2

NF EN 1990/A1

Annex A2: Application to bridges

NF EN 1991-1-1

Actions on structures - Densities, self weight and imposed
loads for buildings

NF P06-111-2

NF EN 1991-1-2

Actions on structures - Actions on structures exposed to fire

NF EN 1991-1-2/NA

NF EN 1991-1-3

Actions on structures - Snow loads

NF EN 1991-1-3/NA

NF EN 1991-1-4

Actions on structures — Wind actions

NF EN 1991-1-5

Actions on structures — Thermal actions

NF EN 1991-1-6

Actions on structures — Actions during execution

NF EN 1991-1-7

Actions on structures — Accidental actions from impact and
explosions

NF EN 1991-2

Actions on structures — Traffic loads on bridges

NF EN 1991-3

Actions on structures — Actions induced by cranes and
machinery

NF EN 1992-1-1

Design of concrete structures — General rules and rules for
buildings

NF EN 1992-1-1/NA

NF EN 1992-1-2

Design of concrete structures - General rules — Structural
fire design

NF EN 1992-1-2/NA

NF EN 1992-2 Design of concrete structures — Concrete bridges - Design | NF EN 1992-2/NA
and detailing rules

NF EN 13670 Execution of concrete structures. Standard project (PR NF EN 13670)

NF EN 206-1 Concrete. Part 1: Specification, performance, production and conformity

NF EN 206-1/A1 et NF EN 206-1/A2 Two amendments to this standard
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