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Foreword

This European Standard EN 1992, Eurocode 2: Design of concrete structures: General rules
and rules for buildings, has been prepared by Technical Committee CEN/TC250 « Structural
Eurocodes », the Secretariat of which is held by BSI. CEN/TC250 is responsible for all
Structural Eurocodes.

This European Standard shall be given the status of a National Standard, either by publication
of an identical text or by endorsement, at the latest by June 2005, and conflicting National
Standards shall be withdrawn at latest by March 2010.

This Eurocode supersedes ENV 1992-1-1, 1992-1-3, 1992-1-4, 1992-1-5, 1992-1-6 and 1992-3.
According to the CEN-CENELEC Internal Regulations, the National Standard Organisations of

the following countries are bound to implement these European Standard: Austria, Belgium,
Cyprus, Czech Republic, Denmark, Estonia, Finland, France, Germany, Greece, Hungary,
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Iceland, Ireland, Italy, Latvia, Lithuania, Luxembourg, Malta, Netherlands, Norway, Poland,
Portugal, Slovakia, Slovenia, Spain, Sweden, Switzerland and United Kingdom.

Foreword to amendment A1

This document (EN 1992-1-1:2004/A1:2014) has been prepared by Technical Committee CEN/TC 250
“Structural Eurocodes”, the secretariat of which is held by BSI.

This Amendment to the European Standard EN 1992-1-1:2004 shall be given the status of a national
standard, either by publication of an identical text or by endorsement, at the latest by December 2015, and
conflicting national standards shall be withdrawn at the latest by December 2015.

Attention is drawn to the possibility that some of the elements of this document may be the subject of patent
rights. CEN [and/or CENELEC] shall not be held responsible for identifying any or all such patent rights.

This document has been prepared under a mandate given to CEN by the European Commission and the
European Free Trade Association.

According to the CEN-CENELEC Internal Regulations, the national standards organizations of the following
countries are bound to implement this European Standard: Austria, Belgium, Bulgaria, Croatia, Cyprus, Czech
Republic, Denmark, Estonia, Finland, Former Yugoslav Republic of Macedonia, France, Germany, Greece,
Hungary, Iceland, Ireland, Italy, Latvia, Lithuania, Luxembourg, Malta, Netherlands, Norway, Poland, Portugal,
Romania, Slovakia, Slovenia, Spain, Sweden, Switzerland, Turkey and the United Kingdom.

Background to the Eurocode programme

In 1975, the Commission of the European Community decided on an action programme in the
field of construction, based on article 95 of the Treaty. The objective of the programme was the
elimination of technical obstacles to trade and the harmonisation of technical specifications.

Within this action programme, the Commission took the initiative to establish a set of
harmonised technical rules for the design of construction works which, in a first stage, would
serve as an alternative to the national rules in force in the Member States and, ultimately, would
replace them.

For fifteen years, the Commission, with the help of a Steering Committee with Representatives
of Member States, conducted the development of the Eurocodes programme, which led to the
first generation of European codes in the 1980s.

In 1989, the Commission and the Member States of the EU and EFTA decided, on the basis of
an agreement’ between the Commission and CEN, to transfer the preparation and the
publication of the Eurocodes to CEN through a series of Mandates, in order to provide them
with a future status of European Standard (EN). This links de facto the Eurocodes with the
provisions of all the Council’s Directives and/or Commission’s Decisions dealing with European
standards (e.g. the Council Directive 89/106/EEC on construction products - CPD - and Council
Directives 93/37/EEC, 92/50/EEC and 89/440/EEC on public works and services and equivalent
EFTA Directives initiated in pursuit of setting up the internal market).

Agreement between the Commission of the European Communities and the European Committee for Standardisation (CEN) concerning the work
on EUROCODES for the design of building and civil engineering works (BC/CEN/03/89).
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The Structural Eurocode programme comprises the following standards generally consisting of
a number of Parts:

EN 1990 Eurocode 0:  Basis of Structural Design

EN 1991 Eurocode 1:  Actions on structures

EN 1992 Eurocode 2:  Design of concrete structures

EN 1993 Eurocode 3: Design of steel structures

EN 1994 Eurocode 4:  Design of composite steel and concrete structures
EN 1995 Eurocode 5: Design of timber structures

EN 1996 Eurocode 6:  Design of masonry structures

EN 1997 Eurocode 7:  Geotechnical design

EN 1998 Eurocode 8:  Design of structures for earthquake resistance

EN 1999 Eurocode 9: Design of aluminium structures

Eurocode standards recognise the responsibility of regulatory authorities in each Member State
and have safeguarded their right to determine values related to regulatory safety matters at
national level where these continue to vary from State to State.

Status and field of application of eurocodes

The Member States of the EU and EFTA recognise that Eurocodes serve as reference
documents for the following purposes :

— as a means to prove compliance of building and civil engineering works with the essential
requirements of Council Directive 89/106/EEC, particularly Essential Requirement N°1 —
Mechanical resistance and stability — and Essential Requirement N°2 — Safety in case of fire;

— as a basis for specifying contracts for construction works and related engineering services;

— as a framework for drawing up harmonised technical specifications for construction products
(ENs and ETAs)

The Eurocodes, as far as they concern the construction works themselves, have a direct
relationship with the Interpretative Documents? referred to in Article 12 of the CPD, although
they are of a different nature from harmonised product standards®. Therefore, technical aspects
arising from the Eurocodes work need to be adequately considered by CEN Technical
Committees and/or EOTA Working Groups working on product standards with a view to
achieving full compatibility of these technical specifications with the Eurocodes.

The Eurocode standards provide common structural design rules for everyday use for the
design of whole structures and component products of both a traditional and an innovative
nature. Unusual forms of construction or design conditions are not specifically covered and
additional expert consideration will be required by the designer in such cases.

2
According to Art. 3.3 of the CPD, the essential requirements (ERs) shall be given concrete form in interpretative documents for the creation of the
necessary links between the essential requirements and the mandates for harmonised ENs and ETAGs/ETAs.

According to Art. 12 of the CPD the interpretative documents shall :
a) give concrete form to the essential requirements by harmonising the terminology and the technical bases and indicating classes or levels for
each requirement where necessary ;
b) indicate methods of correlating these classes or levels of requirement with the technical specifications, e.g. methods of calculation and of
proof, technical rules for project design, etc. ;
c) serve as a reference for the establishment of harmonised standards and guidelines for European technical approvals.

The Eurocodes, de facto, play a similar role in the field of the ER 1 and a part of ER 2.

1"
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National Standards implementing Eurocodes

The National Standards implementing Eurocodes will comprise the full text of the Eurocode
(including any annexes), as published by CEN, which may be preceded by a National title page
and National foreword, and may be followed by a National annex.

The National annex may only contain information on those parameters which are left open in

the Eurocode for national choice, known as Nationally Determined Parameters, to be used for

the design of buildings and civil engineering works to be constructed in the country concerned,

ie.:

— values and/or classes where alternatives are given in the Eurocode,

— values to be used where a symbol only is given in the Eurocode,

— country specific data (geographical, climatic, etc.), e.g. snow map,

— the procedure to be used where alternative procedures are given in the Eurocode.

It may contain

— decisions on the application of informative annexes,

— references to non-contradictory complementary information to assist the user to apply the
Eurocode.

Links between Eurocodes and harmonised technical specifications (ENs and ETAs) for
products

There is a need for consistency between the harmonised technical specifications for
construction products and the technical rules for works*. Furthermore, all the information
accompanying the CE Marking of the construction products which refer to Eurocodes should
clearly mention which Nationally Determined Parameters have been taken into account.

Additional information specific to EN 1992-1-1

EN 1992-1-1 describes the principles and requirements for safety, serviceability and durability
of concrete structures, together with specific provisions for buildings. It is based on the limit
state concept used in conjunction with a partial factor method.

For the design of new structures, EN 1992-1-1 is intended to be used, for direct application,
together with other parts of EN 1992, Eurocodes EN 1990,1991, 1997 and 1998.

EN 1992-1-1 also serves as a reference document for other CEN TCs concerning structural
matters.

EN 1992-1-1 is intended for use by:

— committees drafting other standards for structural design and related product, testing and
execution standards;

— clients (e.g. for the formulation of their specific requirements on reliability levels and durability);

— designers and constructors ;

— relevant authorities.

Numerical values for partial factors and other reliability parameters are recommended as basic
values that provide an acceptable level of reliability. They have been selected assuming that an
appropriate level of workmanship and of quality management applies. When EN 1992-1-1 is
used as a base document by other CEN/TCs the same values need to be taken.

4 see Art.3.3 and Art.12 of the CPD, as well as clauses 4.2, 4.3.1,4.3.2and 5.2 of ID 1.
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National annex for EN 1992-1-1

This standard gives values with notes indicating where national choices may have to be made.
Therefore the National Standard implementing EN 1992-1-1 should have a National annex
containing all Nationally Determined Parameters to be used for the design of buildings and civil

engineering works to be constructed in the relevant country.

National choice is allowed in EN 1992-1-1 through the following clauses:

2.3.3 (3) 5.10.3 (2) 9.2.2 (7)
2.4.2.1(1) 5.10.8 (2) 9.2.2 (8)
2.4.2.2 (1) 5.10.8 (3) 9.3.1.1(3)
2422 (2) 5.10.9 (1)P 9.5.2 (1)
2.4.2.2 (3) 6.2.2 (1) 9.5.2 (2)
2.4.2.3(1) 6.2.2 () 9.5.2 (3)
2.4.2.4 (1) 6.2.3 (2) 9.5.3 (3)
2.4.2.4 (2) 6.2.3 (3) 9.6.2 (1)
2.4.25 (2) 6.2.4 (4) 9.6.3 (1)
3.1.2 (2)P 6.2.4 () 9.7 (1)
3.1.2 (4) 6.4.3 (6) 9.8.1(3)
3.1.6 (1)P 6.4.4 (1) 9.8.2.1 (1)
3.1.6 (2)P ) 6.4.5 (1)@ 9.8.3 (1)
3.2.2 (3)P 6.4.5 (3) 9.8.3 (2)
3.2.7 (2) 6.4.5 (4) 9.8.4 (1)
3.3.4 (5) 6.5.2 (2) 9.8.5 (3)
3.3.6 (7) 6.5.4 (4) 9.10.2.2 (2)
4.4.1.2 (3) 6.5.4 (6) 9.10.2.3 (3)
4.4.1.2 (5) 6.8.4 (1) 9.10.2.3 (4)
4.4.1.2 (6) 6.8.4 (5) 9.10.2.4 (2)
4.4.1.2 (7) 6.8.6 (1) 11.3.5 (1)P
4.4.1.2 (8) ) 6.8.6 (3) (il 11.3.5 (2)P
4.4.1.2 (13) 6.8.7 (1) 11.3.7 (1)
4.41.3 (1)P 7.2 (2) 11.6.1 (1)
4.4.1.3 (3) 7.2 (3) 11.6.1 (2)
4.4.1.3 (4) 7.2 (5) 11.6.2 (1)
5.1.3 (1)P 7.3.1(5) 11.6.4.1 (1)
5.2 (5) 7.3.2 (4) 12.3.1 (1)
5.5 (4) 7.3.4 (3) 12.6.3 (2)
5.6.3 (4) 742 (2) A2.1 (1)
5.8.3.1 (1) 8.2 (2) A.2.1(2)
5.8.3.3 (1) 8.3 (2) A2.2 (1)
5.8.3.3 (2) 8.6 (2) A.2.2 (2)
5.8.5 (1) 8.8 (1) A2.3 (1)
5.8.6 (3) 9.2.1.1 (1) C.1 (1)
5.10.1 (6) 9.2.1.1 (3) C.1(3)
5.10.2.1 (1)P 9.2.1.2 (1) EA1(2)
5.10.2.1 (2) 9.2.1.4 (1) o J.1 (2) @@l
5.10.2.2 (4) 9.2.2 (4) J.2.2 (2)
5.10.2.2 (5) 9.2.2 (5) J.3(2)
9.2.2 () J.3 (3)
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SECTION 1 GENERAL
11  Scope
1.1.1 Scope of Eurocode 2

(1)P Eurocode 2 applies to the design of buildings and civil engineering works in plain,
reinforced and prestressed concrete. It complies with the principles and requirements for the
safety and serviceability of structures, the basis of their design and verification that are given in
EN 1990: Basis of structural design.

(2)P Eurocode 2 is only concerned with the requirements for resistance, serviceability,
durability and fire resistance of concrete structures. Other requirements, e.g. concerning
thermal or sound insulation, are not considered.

(3)P Eurocode 2 is intended to be used in conjunction with:

EN 1990: Basis of structural design

EN 1991: Actions on structures

hEN’s: Construction products relevant for concrete structures

ENV 13670: Execution of concrete structures

EN 1997:  Geotechnical design

EN 1998: Design of structures for earthquake resistance, when concrete structures are built in
seismic regions.

(4)P Eurocode 2 is subdivided into the following parts:

Part 1.1: General rules and rules for buildings

Part 1.2: Structural fire design

Part 2: Reinforced and prestressed concrete bridges
Part 3: Liquid retaining and containing structures

1.1.2 Scope of Part 1-1 of Eurocode 2

(1)P Part 1-1 of Eurocode 2 gives a general basis for the design of structures in plain,
reinforced and prestressed concrete made with normal and light weight aggregates together
with specific rules for buildings.

(2)P The following subjects are dealt with in Part 1-1.

Section 1:  General

Section 2:  Basis of design

Section 3:  Materials

Section 4:  Durability and cover to reinforcement

Section 5:  Structural analysis

Section 6:  Ultimate limit states

Section 7:  Serviceability limit states

Section 8:  Detailing of reinforcement and prestressing tendons - General
Section 9:  Detailing of members and particular rules
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Section 10: Additional rules for precast concrete elements and structures
Section 11: Lightweight aggregate concrete structures
Section 12: Plain and lightly reinforced concrete structures

(3)P Sections 1 and 2 provide additional clauses to those given in EN 1990 “Basis of structural
design”.

(4)P This Part 1-1 does not cover:

the use of plain reinforcement

resistance to fire;

particular aspects of special types of building (such as tall buildings);

particular aspects of special types of civil engineering works (such as viaducts, bridges,

dams, pressure vessels, offshore platforms or liquid-retaining structures);

- no-fines concrete and aerated concrete components, and those made with heavy
aggregate or containing structural steel sections (see Eurocode 4 for composite steel-
concrete structures).

1.2 Normative references

(1)P The following normative documents contain provisions which, through references in this
text, constitutive provisions of this European standard. For dated references, subsequent
amendments to or revisions of any of these publications do not apply. However, parties to
agreements based on this European standard are encouraged to investigate the possibility of
applying the most recent editions of the normative documents indicated below. For undated
references the latest edition of the normative document referred to applies.

1.2.1 General reference standards

EN 1990: Basis of structural design
EN 1991-1-5: Actions on structures: Thermal actions
EN 1991-1-6: Actions on structures: Actions during execution

1.2.2 Other reference standards

EN1997: Geotechnical design

EN 197-1: Cement: Composition, specification and conformity criteria for common
cements

EN 206-1: Concrete: Specification, performance, production and conformity

EN 12390: Testing hardened concrete

EN 10080: Steel for the reinforcement of concrete

EN 10138: Prestressing steels

EN ISO 17660 (all parts): Welding — Welding of reinforcing steel ¢l

ENV 13670: Execution of concrete structures

EN 13791 Testing concrete

EN ISO 15630 Steel for the reinforcement and prestressing of concrete: Test methods

1.3 Assumptions

(1)P In addition to the general assumptions of EN 1990 the following assumptions apply:
- Structures are designed by appropriately qualified and experienced personnel.
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- Adequate supervision and quality control is provided in factories, in plants, and on site.

- Construction is carried out by personnel having the appropriate skill and experience.

- The construction materials and products are used as specified in this Eurocode or in the
relevant material or product specifications.

- The structure will be adequately maintained.

- The structure will be used in accordance with the design brief.

- The requirements for execution and workmanship given in ENV 13670 are complied with.

1.4 Distinction between principles and application rules
(1)P The rules given in EN 1990 apply.

1.5 Definitions

1.5.1 General

(1)P The terms and definitions given in EN 1990 apply.

1.5.2 Additional terms and definitions used in this Standard

1.5.2.1 Precast structures. Precast structures are characterised by structural elements
manufactured elsewhere than in the final position in the structure. In the structure,
elements are connected to ensure the required structural integrity.

1.5.2.2 Plain or lightly reinforced concrete members. Structural concrete members having
no reinforcement (plain concrete) or less reinforcement than the minimum amounts
defined in Section 9.

1.5.2.3 Unbonded and external tendons. Unbonded tendons for post-tensioned members
having ducts which are permanently ungrouted, and tendons external to the concrete
cross-section (which may be encased in concrete after stressing, or have a protective
membrane).

1.5.2.4 Prestress. The process of prestressing consists in applying forces to the concrete
structure by stressing tendons relative to the concrete member. “Prestress” is used
globally to name all the permanent effects of the prestressing process, which comprise
internal forces in the sections and deformations of the structure. Other means of
prestressing are not considered in this standard.

1.6 Symbols

For the purposes of this standard, the following symbols apply.
Note: The notation used is based on ISO 3898:1987
Latin upper case letters

A Accidental action

A Cross sectional area

Ac Cross sectional area of concrete

Ap Area of a prestressing tendon or tendons
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As Cross sectional area of reinforcement

Asmin  Minimum cross sectional area of reinforcement

Asw  Cross sectional area of shear reinforcement

D Diameter of mandrel

Dey  Fatigue damage factor

E Effect of action

E, Ec28) Tangent modulus of elasticity of normal weight concrete at a stress of o, = 0
and at 28 days

E..« Effective modulus of elasticity of concrete

E.s Design value of modulus of elasticity of concrete

E.n Secant modulus of elasticity of concrete

E.(t) Tangent modulus of elasticity of normal weight concrete at a stress of o. = 0 and
at time ¢

Ep Design value of modulus of elasticity of prestressing steel

Es Design value of modulus of elasticity of reinforcing steel

ElI  Bending stiffness

EQU Static equilibrium

F Action

Fq Design value of an action

F Characteristic value of an action

Gk Characteristic permanent action

7 Second moment of area of concrete section

L Length

M Bending moment

Meqy Design value of the applied internal bending moment

N Axial force

Neq  Design value of the applied axial force (tension or compression)

P Prestressing force

Po Initial force at the active end of the tendon immediately after stressing

Qx Characteristic variable action

Qe Characteristic fatigue load

R Resistance

S Internal forces and moments
S First moment of area

SLS Serviceability limit state

T Torsional moment

Teqs  Design value of the applied torsional moment
ULS Ultimate limit state

4 Shear force

Veqs  Design value of the applied shear force

Latin lower case letters

a Distance

a Geometrical data

Aa Deviation for geometrical data

b Overall width of a cross-section, or actual flange width in a T or L beam

bw Width of the web on T, | or L beams
d Diameter ; Depth
d Effective depth of a cross-section
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Largest nominal maximum aggregate size
Eccentricity

Compressive strength of concrete

Design value of concrete compressive strength
Characteristic compressive cylinder strength of concrete at 28 days
Mean value of concrete cylinder compressive strength
Characteristic axial tensile strength of concrete
Mean value of axial tensile strength of concrete
Tensile strength of prestressing steel

Characteristic tensile strength of prestressing steel
0,1% proof-stress of prestressing steel
Characteristic 0,1% proof-stress of prestressing steel
Characteristic 0,2% proof-stress of reinforcement
Tensile strength of reinforcement

Characteristic tensile strength of reinforcement
Yield strength of reinforcement

Design yield strength of reinforcement
Characteristic yield strength of reinforcement
Design yield of shear reinforcement

Height

Overall depth of a cross-section

Radius of gyration

Coefficient ; Factor

(orlorL) Length; Span

Mass

Radius

Curvature at a particular section

Thickness

Time being considered

The age of concrete at the time of loading
Perimeter of concrete cross-section, having area A¢
Components of the displacement of a point

Neutral axis depth

Coordinates

Lever arm of internal forces

Greek lower case letters

R

JF fat
JC fat
7G

Angle ; ratio

Angle ; ratio; coefficient

Partial factor

Partial factor for accidental actions A

Partial factor for concrete

Partial factor for actions, F

Partial factor for fatigue actions

Partial factor for fatigue of concrete

Partial factor for permanent actions, G

Partial factor for a material property, taking account of uncertainties in the material
property itself, in geometric deviation and in the design model used
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7P Partial factor for actions associated with prestressing, P
1 Partial factor for variable actions, Q

5 Partial factor for reinforcing or prestressing steel

st Partial factor for reinforcing or prestressing steel under fatigue loading

”" Partial factor for actions without taking account of model uncertainties

Y Partial factor for permanent actions without taking account of model uncertainties

Jm Partial factors for a material property, taking account only of uncertainties in the
material property
Increment/redistribution ratio
Reduction factor/distribution coefficient
& Compressive strain in the concrete
& Compressive strain in the concrete at the peak stress f.
Ecu Ultimate compressive strain in the concrete
Strain of reinforcement or prestressing steel at maximum load
Characteristic strain of reinforcement or prestressing steel at maximum load
Angle
Slenderness ratio
Coefficient of friction between the tendons and their ducts
Poisson's ratio
Strength reduction factor for concrete cracked in shear
Ratio of bond strength of prestressing and reinforcing steel
Oven-dry density of concrete in kg/m®
o000 Value of relaxation loss (in %), at 1000 hours after tensioning and at a mean
temperature of 20°C
o) Reinforcement ratio for longitudinal reinforcement
Pw Reinforcement ratio for shear reinforcement
Oc Compressive stress in the concrete
o  Compressive stress in the concrete from axial load or prestressing
oww  Compressive stress in the concrete at the ultimate compressive strain &,
T Torsional shear stress
@ Diameter of a reinforcing bar or of a prestressing duct
&n Equivalent diameter of a bundle of reinforcing bars
o(t,to) Creep coefficient, defining creep between times t and {y , related to elastic
deformation at 28 days
@ (o,tg) Final value of creep coefficient
7 Factors defining representative values of variable actions
wo for combination values
yn for frequent values
w» for quasi-permanent values

N

VT TR 2>h S
=k
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SECTION 2 BASIS OF DESIGN
21 Requirements
2.1.1 Basic requirements

(1)P The design of concrete structures shall be in accordance with the general rules given in
EN 1990.

(2)P The supplementary provisions for concrete structures given in this section shall also be
applied.

(8) The basic requirements of EN 1990 Section 2 are deemed to be satisfied for concrete
structures when the following are applied together:
- limit state design in conjunction with the partial factor method in accordance with
EN 1990,
- actions in accordance with EN 1991,
- combination of actions in accordance with EN 1990 and
- resistances, durability and serviceability in accordance with this Standard.

Note: Requirements for fire resistance (see EN 1990 Section 5 and EN 1992-1-2) may dictate a greater size
of member than that required for structural resistance at normal temperature.

2.1.2 Reliability management
(1) The rules for reliability management are given in EN 1990 Section 2.
(2) A design using the partial factors given in this Eurocode (see 2.4) and the partial factors

given in the EN 1990 annexes is considered to lead to a structure associated with reliability
Class RC2.

Note: For further information see EN 1990 Annexes B and C.

2.1.3 Design working life, durability and quality management

(1) The rules for design working life, durability and quality management are given in EN 1990
Section 2.

2.2  Principles of limit state design

(1) The rules for limit state design are given in EN 1990 Section 3.
2.3 Basic variables

2.3.1 Actions and environmental influences

2.3.1.1 General

(1) Actions to be used in design may be obtained from the relevant parts of EN 1991.

Note 1: The relevant parts of EN1991 for use in design include:
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EN 1991-1.1 Densities, self-weight and imposed loads

EN 1991-1. 2 Fire actions

EN 1991-1.3 Snow loads

EN 1991-1.4 Wind loads

EN 1991-1.5 Thermal actions

EN 1991-1.6 Actions during execution

EN 1991-1.7 Accidental actions due to impact and explosions

EN 1991-2 Traffic loads on bridges
EN 1991-3 Actions induced by cranes and other machinery
EN 1991-4 Actions in silos and tanks

Note 2: Actions specific to this Standard are given in the relevant sections.
Note 3: Actions from earth and water pressure may be obtained from EN 1997.

Note 4: When differential movements are taken into account, appropriate estimate values of predicted
movements may be used.

Note 5: Other actions, when relevant, may be defined in the design specification for a particular project.

2.3.1.2 Thermal effects
(1) Thermal effects should be taken into account when checking serviceability limit states.

(2) Thermal effects should be considered for ultimate limit states only where they are
significant (e.g. fatigue conditions, in the verification of stability where second order effects are
of importance, etc). In other cases they need not be considered, provided that the ductility and
rotation capacity of the elements are sufficient.

(3) Where thermal effects are taken into account they should be considered as variable
actions and applied with a partial factor and y factor.

Note: The i factor is defined in the relevant annex of EN 1990 and EN 1991-1-5.

2.3.1.3 Differential settlements/movements

(1) Differential settlements/movements of the structure due to soil subsidence should be
classified as a permanent action, Gset which is introduced as such in combinations of actions. In
general, Gt is represented by a set of values corresponding to differences (compared to a
reference level) of settlements/movements between individual foundations or part of
foundations, dset (i denotes the number of the individual foundation or part of foundation).

Note: Where differential settlements are taken into account, appropriate estimate values of predicted
settlements may be used.

(2) The effects of differential settlements should generally be taken into account for the
verification for serviceability limit states.

(3) For ultimate limit states they should be considered only where they are significant (e.g.
fatigue conditions, in the verification of stability where second order effects are of importance,
etc). In other cases for ultimate limit states they need not be considered, provided that the
ductility and rotation capacity of the elements are sufficient.

(4) Where differential settlements are taken into account a partial safety factor for settlement
effects should be applied.
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Note: The value of the partial safety factor for settlement effects is defined in the relevant annex of EN1990.

2.3.1.4 Prestress

(1)P The prestress considered in this Eurocode is applied by tendons made of high-strength
steel (wires, strands or bars).

(2) Tendons may be embedded in the concrete. They may be pre-tensioned and bonded or
post-tensioned and bonded or unbonded.

(3) Tendons may also be external to the structure with points of contact occurring at deviators
and anchorages.

(4) Provisions concerning prestress are found in 5.10.

2.3.2 Material and product properties

2.3.2.1 General

(1) The rules for material and product properties are given in EN 1990 Section 4.

(2) Provisions for concrete, reinforcement and prestressing steel are given in Section 3 or the
relevant Product Standard.

2.3.2.2 Shrinkage and creep

(1) Shrinkage and creep are time-dependent properties of concrete. Their effects should
generally be taken into account for the verification of serviceability limit states.

(2) The effects of shrinkage and creep should be considered at ultimate limit states only where
their effects are significant, for example in the verification of ultimate limit states of stability
where second order effects are of importance. In other cases these effects need not be
considered for ultimate limit states, provided that ductility and rotation capacity of the elements
are sufficient.

(3) When creep is taken into account its design effects should be evaluated under the quasi-
permanent combination of actions irrespective of the design situation considered i.e. persistent,
transient or accidental.

Note: In most cases the effects of creep may be evaluated under permanent loads and the mean value of
prestress.

2.3.3 Deformations of concrete

(1)P The consequences of deformation due to temperature, creep and shrinkage shall be
considered in design.

(2) The influence of these effects is normally accommodated by complying with the application
rules of this Standard. Consideration should also be given to:
- minimising deformation and cracking due to early-age movement, creep and shrinkage
through the composition of the concrete mix;
- minimising restraints to deformation by the provision of bearings or joints;
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- if restraints are present, ensuring that their influence is taken into account in design.

(3) In building structures, temperature and shrinkage effects may be omitted in global analysis
provided joints are incorporated at every distance djsint to accommodate resulting deformations.

Note: The value of djoim is subject to a National Annex. The recommended value is 30 m. For precast concrete
structures the value may be larger than that for cast in-situ structures, since part of the creep and shrinkage
takes place before erection.

2.3.4 Geometric data

2.3.4.1 General

(1) The rules for geometric data are given in EN 1990 Section 4.
2.3.4.2 Supplementary requirements for cast in place piles

(1)P Uncertainties related to the cross-section of cast in place piles and concreting procedures
shall be allowed for in design.

(2) In the absence of other provisions the diameter used in design calculations, of cast in place
piles without permanent casing should be taken as:

= if dnom < 400 mm d = dnom = 20 mm
- if 400 < dhom < 1000 mm d= 0,95.dnom
- if dhom > 1000 mm d = dhom - 50 mm

Where dnom is the nominal diameter of the pile.

2.4 \Verification by the partial factor method

241 General

(1) The rules for the partial factor method are given in EN 1990 Section 6.
2.4.2 Design values

2.4.2.1 Partial factor for shrinkage action

(1) Where consideration of shrinkage actions is required for ultimate limit state a partial factor,
¥sH, Should be used.

Note: The value of yy for use in a Country may be found in its National Annex. The recommended value is 1,0.

2.4.2.2 Partial factors for prestress

(1) Prestress in most situations is intended to be favourable and for the ultimate limit state
verification the value of jp 1y Should be used. The design value of prestress may be based on
the mean value of the prestressing force (see EN 1990 Section 4).

Note: The value of ¢, for use in a Country may be found in its National Annex. The recommended value for
persistent and transient design situations is 1,0. This value may also be used for fatigue verification.
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(2) In the verification of the limit state for stability with external prestress, where an increase of
the value of prestress can be unfavourable, jp unrav Should be used.

Note: The value of » ,nsy in the stability limit state for use in a Country may be found in its National Annex. The
recommended value for global analysis is 1,3.
(3) In the verification of local effects jp untay Should also be used.

Note: The value of jp ynray for local effects for use in a Country may be found in its National Annex. The
recommended value is 1,2. The local effects of the anchorage of pre-tensioned tendons are considered in
8.10.2.

2.4.2.3 Partial factor for fatigue loads

(1) The partial factor for fatigue loads is j¢ fat .

Note: The value of y ¢ for use in a Country may be found in its National Annex. The recommended value is
1,0.

2.4.2.4 Partial factors for materials

(1) Partial factors for materials for ultimate limit states, »c and s should be used.

Note: The values of )¢ and ys for use in a Country may be found in its National Annex. The recommended
values for ‘persistent & transient’ and ‘accidental, design situations are given in Table 2.1N. These are not valid
for fire design for which reference should be made to EN 1992-1-2.

For fatigue verification the partial factors for persistent design situations given in Table 2.1N are recommended
for the values of yc ot and s tat.

Table 2.1N: Partial factors for materials for ultimate limit states

Design situations yc for concrete | ys for reinforcing steel | s for prestressing steel
Persistent & Transient 1,5 1,15 1,15
Accidental 1,2 1,0 1,0

(2) The values for partial factors for materials for serviceability limit state verification should be
taken as those given in the particular clauses of this Eurocode.

Note: The values of ;. and js in the serviceability limit state for use in a Country may be found in its National
Annex. The recommended value for situations not covered by particular clauses of this Eurocode is 1,0.

(3) Lower values of . and s may be used if justified by measures reducing the uncertainty in
the calculated resistance.

Note: Information is given in Informative Annex A.

2.4.2.5 Partial factors for materials for foundations

(1) Design values of strength properties of the ground should be calculated in accordance with
EN 1997.

(2) The partial factor for concrete - given in 2.4.2.4 (1) should be multiplied by a factor, k:, for
calculation of design resistance of cast in place piles without permanent casing.

Note: The value of k; for use in a Country may be found in its National Annex. The recommended value is 1,1.

25



BS EN 1992-1-1:2004+A1:2014
EN 1992-1-1:2004+A1:2014 (E)

2.4.3 Combinations of actions

(1) The general formats for combinations of actions for the ultimate and serviceability limit
states are given in EN 1990, Section 6.

Note 1: Detailed expressions for combinations of actions are given in the normative annexes of EN 1990, i.e.
Annex A1 for buildings, A2 for bridges, etc. with relevant recommended values for partial factors and
representative values of actions given in the notes.

Note 2: Combination of actions for fatigue verification is given in 6.8.3.

(2) For each permanent action either the lower or the upper design value (whichever gives the
more unfavourable effect) should be applied throughout the structure (e.g. self-weight in a
structure).

Note: There may be some exceptions to this rule (e.g. in the verification of static equilibrium, see EN 1990

Section 6). In such cases a different set of partial factors (Set A) may be used. An example valid for buildings is
given in Annex A1 of EN 1990.

2.4.4 Verification of static equilibrium - EQU

(1) The reliability format for the verification of static equilibrium also applies to design situations
of EQU, such as holding down devices or the verification of the uplift of bearings for continuous
beams.

Note: Information is given in Annex A of EN 1990.

2.5 Design assisted by testing

(1) The design of structures or structural elements may be assisted by testing.
Note: Information is given in Section 5 and Annex D of EN 1990.

2.6 Supplementary requirements for foundations

(1)P Where ground-structure interaction has significant influence on the action effects in the
structure, the properties of the soil and the effects of the interaction shall be taken into account
in accordance with EN 1997-1.

(2) Where significant differential settlements are likely their influence on the action effects in
the structure should be checked.

Note 1: Annex G may be used to model the soil -structure interaction.

Note 2: Simple methods ignoring the effects of ground deformation are normally appropriate for the majority of
structural designs.

(3) Concrete foundations should be sized in accordance with EN 1997-1.

(4) Where relevant, the design should include the effects of phenomena such as subsidence,
heave, freezing, thawing, erosion, etc.
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2.7 Requirements for fastenings

(1) The local and structural effects of fasteners should be considered.

Note: The requirements for the design of fastenings are given in the Technical Specification 'Design of
Fastenings for Use in Concrete' (under development). This Technical Specification will cover the design of the
following types of fasteners:

cast-in fasteners such as:

- headed anchors,

- channel bars,

and post-installed fasteners such as:

- expansion anchors,

- undercut anchors,

- concrete screws,

- bonded anchors,

- bonded expansion anchors and

- bonded undercut anchors.

The performance of fasteners should comply with the requirements of a CEN Standard or should be
demonstrated by a European Technical Approval.

The Technical Specification 'Design of Fastenings’ for Use in Concrete' includes the local transmission of loads
into the structure.

In the design of the structure the loads and additional design requirements given in Annex A of that Technical
Specification should be taken into account.
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SECTION 3 MATERIALS

3.1 Concrete

3.1.1 General

(1)P The following clauses give principles and rules for normal and high strength concrete.
(2) Rules for lightweight aggregate concrete are given in Section 11.

3.1.2 Strength

(1)P The compressive strength of concrete is denoted by concrete strength classes which
relate to the characteristic (5%) cylinder strength f, or the cube strength f cube, in @accordance
with EN 206-1.

(2)P The strength classes in this code are based on the characteristic cylinder strength o«
determined at 28 days with a maximum value of Cpax.

Note: The value of Cn.« for use in a Country may be found in its National Annex. The recommended value is
C90/105.

(8) The characteristic strengths for f.x and the corresponding mechanical characteristics
necessary for design, are given in Table 3.1.

(4) In certain situations (e.g. prestressing) it may be appropriate to assess the compressive
strength for concrete before or after 28 days, on the basis of test specimens stored under other
conditions than prescribed in EN 12390.

If the concrete strength is determined at an age t > 28 days the values acc and «a.: defined in
3.1.6 (1)P and 3.1.6 (2)P should be reduced by a factor k.

Note: The value of k; for use in a Country may be found in its National Annex. The recommended value is 0,85.

(5) It may be required to specify the concrete compressive strength, f(t), at time ¢ for a
number of stages (e.g. demoulding, transfer of prestress), where

fox(t) = fom(f) - 8 (MPa) for 3 < t < 28 days.

fek(f) = fox for t> 28 days

More precise values should be based on tests especially for t < 3 days

(6) The compressive strength of concrete at an age t depends on the type of cement,
temperature and curing conditions. For a mean temperature of 20°C and curing in accordance
with EN 12390 the compressive strength of concrete at various ages f.m(f) may be estimated
from Expressions (3.1) and (3.2).

fcm(t) = Bcc(t) fem (31)
with

B (t)= exp{s{l - (?Jl } (3.2)
where:

fem(f) is the mean concrete compressive strength at an age of t days
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fem is the mean compressive strength at 28 days according to Table 3.1
Bec(f) is a coefficient which depends on the age of the concrete ¢

t is the age of the concrete in days

S is a coefficient which depends on the type of cement:
= 0,20 for cement of strength Classes CEM 42,5 R, CEM 52,5 N and CEM 52,5 R
(Class R)

= 0,25 for cement of strength Classes CEM 32,5 R, CEM 42,5 N (Class N)
= 0,38 for cement of strength Classes CEM 32,5 N (Class S)

Note: exp{} has the same meaning as e'’

Where the concrete does not conform with the specification for compressive strength at 28 days
the use of Expressions (3.1) and (3.2) is not appropriate.

This clause should not be used retrospectively to justify a non conforming reference strength by
a later increase of the strength.

For situations where heat curing is applied to the member see 10.3.1.1 (3).

(7)P The tensile strength refers to the highest stress reached under concentric tensile loading.
For the flexural tensile strength reference should be made to 3.1.8 (1).

(8) Where the tensile strength is determined as the splitting tensile strength, fsp, an
approximate value of the axial tensile strength, f, may be taken as:

fCt = O,gfct‘sp (33)

(9) The development of tensile strength with time is strongly influenced by curing and drying
conditions as well as by the dimensions of the structural members. As a first approximation it
may be assumed that the tensile strength f.m(t) is equal to:

fetm(t) = (Bec(t))™ fetm (3.4)

where () follows from Expression (3.2) and
a=1 for t<28
a=2/3 for t=28. The values for fym are given in Table 3.1.

Note: Where the development of the tensile strength with time is important it is recommended that tests are
carried out taking into account the exposure conditions and the dimensions of the structural member.

3.1.3 Elastic deformation

(1) The elastic deformations of concrete largely depend on its composition (especially the
aggregates). The values given in this Standard should be regarded as indicative for general
applications. However, they should be specifically assessed if the structure is likely to be
sensitive to deviations from these general values.

(2) The modulus of elasticity of a concrete is controlled by the moduli of elasticity of its
components. Approximate values for the modulus of elasticity E.n, secant value between o; = 0
and 0,4f.m, for concretes with quartzite aggregates, are given in Table 3.1. For limestone and
sandstone aggregates the value should be reduced by 10% and 30% respectively. For basalt
aggregates the value should be increased by 20%.

Note: A Country’s National Annex may refer to non-contradictory complementary information.
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(3) Variation of the modulus of elasticity with time can be estimated by:
Ecm(f) = (fem(t) / fcm)o'3 Ecm (3.5)

where E.m(f) and fon(f) are the values at an age of t days and E., and f., are the values
determined at an age of 28 days. The relation between f.(f) and f., follows from Expression
(3.1).

(4) Poisson’s ratio may be taken equal to 0,2 for uncracked concrete and O for cracked
concrete.

(5) Unless more accurate information is available, the linear coefficient of thermal expansion
may be taken equal to 10 -10°K ™.

3.1.4 Creep and shrinkage

(1)P Creep and shrinkage of the concrete depend on the ambient humidity, the dimensions of
the element and the composition of the concrete. Creep is also influenced by the maturity of the
concrete when the load is first applied and depends on the duration and magnitude of the
loading.

(2) The creep coefficient, ¢(t,ty) is related to E, the tangent modulus, which may be taken as
1,05 E.n. Where great accuracy is not required, the value found from Figure 3.1 may be
considered as the creep coefficient, provided that the concrete is not subjected to a
compressive stress greater than 0,45 fi (fo ) at an age ty, the age of concrete at the time of
loading.

Note: For further information, including the development of creep with time, Annex B may be used.

(3) The creep deformation of concrete &.(x,f) at time t = « for a constant compressive stress
o applied at the concrete age ty, is given by:

5cc(oo,t0) =@ (OO,tO)- (Uc /Ec) (36)

(4) When the compressive stress of concrete at an age fy exceeds the value 0,45 f(ty) then
creep non-linearity should be considered. Such a high stress can occur as a result of
pretensioning, e.g. in precast concrete members at tendon level. In such cases the non-linear
notional creep coefficient should be obtained as follows:

@, (=,t,) = ¢ (0, o) exp (1,5 (ks — 0,45)) (3.7)
where:
@, (=,t,) is the non-linear notional creep coefficient, which replaces ¢ («, t)
Ks is the stress-strength ratio o./fe (o), where o; is the compressive stress and
fek (to) is the characteristic concrete compressive strength at the time of
loading. 1]
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Figure 3.1: Method for determining the creep coefficient ¢(wx, ;) for concrete under
normal environmental conditions
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(5) The values given in Figure 3.1 are valid for ambient temperatures between -40°C and
+40°C and a mean relative humidity between RH = 40% and RH = 100%. The following
symbols are used:

o (o, tp) is the final creep coefficient

to is the age of the concrete at time of loading in days

ho is the notional size = 2A. /u, where A is the concrete cross-sectional area and u is

the perimeter of that part which is exposed to drying

S is Class S, according to 3.1.2 (6)

N is Class N, according to 3.1.2 (6)

R is Class R, according to 3.1.2 (6)

(6) The total shrinkage strain is composed of two components, the drying shrinkage strain and
the autogenous shrinkage strain. The drying shrinkage strain develops slowly, since it is a
function of the migration of the water through the hardened concrete. The autogenous
shrinkage strain develops during hardening of the concrete: the major part therefore develops in
the early days after casting. Autogenous shrinkage is a linear function of the concrete strength.
It should be considered specifically when new concrete is cast against hardened concrete.
Hence the values of the total shrinkage strain & follow from

Es = &cd t &ca (3.8)

where:
&s Is the total shrinkage strain
&dq 1S the drying shrinkage strain
&a IS the autogenous shrinkage strain

The final value of the drying shrinkage strain, 4. is equal to ki -&q0. &40 May be taken from
Table 3.2 (expected mean values, with a coefficient of variation of about 30%).

Note: The formula for &q,0 is given in Annex B.

Table 3.2 Nominal unrestrained drying shrinkage values &4, (in %) for concrete
with cement CEM Class N

Fad ot cute Relative Humidity (in %o)
(MPa) 20 40 60 80 90 100
20/25 0.62 058 0.49 0.30 017 0.00
40/50 0.48 0.46 0.38 0.24 013 0.00
60/75 0.38 0.36 0.30 0.19 0.10 0.00
80/95 0.30 0.28 0.24 0.15 0.08 0.00
90/105 0.27 0.25 0.21 013 0.07 0.00

The development of the drying shrinkage strain in time follows from:

&ed(f) = Puas(t, ts) - kn- &ca,0 (3.9)
where
ki is a coefficient depending on the notional size hy according to Table 3.3
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Table 3.3 Values for ki in Expression (3.9)

ho kh

100 1.0
200 0.85
300 0.75
= 500 0.70

Bas(tits)= (t-t,) (3.10)
(t—t,)+0,04hS
where:
t is the age of the concrete at the moment considered, in days
ts is the age of the concrete (days) at the beginning of drying shrinkage (or swelling).
Normally this is at the end of curing.
ho is the notional size (mm) of the cross-section
= 2AJu

where:
Ac is the concrete cross-sectional area
u is the perimeter of that part of the cross section which is exposed to drying

The autogenous shrinkage strain follows from:

&ca (f) = Pas(f) &ca(0) (3.11)
where:

£ea() = 2,5 (fox — 10) 10°® (3.12)
and

Pas(t) =1 — exp (- 0,2t *°) (3.13)

where t is given in days.
3.1.5 Stress-strain relation for non-linear structural analysis
(1) The relation between o and & shown in Figure 3.2 (compressive stress and shortening

strain shown as absolute values) for short term uniaxial loading is described by the Expression
(3.14):

(o} kn-n
Ze AT H 3.14
f. 1+(k-2)n (3.14)

where:
n= &l &
&1 Is the strain at peak stress according to Table 3.1
k =1,05 Ecm x |&1| /fom  (fom according to Table 3.1)

Expression (3.14) is valid for 0 < |&| < |&u1| Where &1 is the nominal ultimate strain.
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(2) Other idealised stress-strain relations may be applied, if they adequately represent the
behaviour of the concrete considered.

o)

fembp e

0,4 fch i

o
&

c

gc1 gcu1
Figure 3.2: Schematic representation of the stress-strain relation for structural
analysis (the use 0,4f;, for the definition of E., is approximate).

3.1.6 Design compressive and tensile strengths
(1)P The value of the design compressive strength is defined as
fed = occ fox ! e (3.15)

where:
yc is the partial safety factor for concrete, see 2.4.2.4, and
acc is the coefficient taking account of long term effects on the compressive strength and
of unfavourable effects resulting from the way the load is applied.

Note: The value of a.for use in a Country should lie between 0,8 and 1,0 and may be found in its National
Annex. The recommended value is 1.

(2)P The value of the design tensile strength, f.q4, is defined as

fota = et fetk 0,05 / ¢ (3.16)

where:
yc is the partial safety factor for concrete, see 2.4.2.4, and
aq is a coefficient taking account of long term effects on the tensile strength and of
unfavourable effects, resulting from the way the load is applied.

Note: The value of a. for use in a Country may be found in its National Annex. The recommended value is 1,0.

3.1.7 Stress-strain relations for the design of cross-sections

(1) For the design of cross-sections, the following stress-strain relationship may be used, see
Figure 3.3 (compressive strain shown positive):
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o, =f, [1(1€°H for 0<e, <&, (3.17)
gcz

o,=fy for &,<¢ <é&,, (3.18)

where:

n is the exponent according to Table 3.1
&2 is the strain at reaching the maximum strength according to Table 3.1
&uz Iis the ultimate strain according to Table 3.1

oy |

fox - _—_—— e - = ——— - -

fea

P

Ee

2 gcuz

Figure 3.3: Parabola-rectangle diagram for concrete under compression.

(2) Other simplified stress-strain relationships may be used if equivalent to or more
conservative than the one defined in (1), for instance bi-linear according to Figure 3.4
(compressive stress and shortening strain shown as absolute values) with values of ec3 and &cy3
according to Table 3.1.

Oc¢

A

fck S ii_ _________ \

fcd

c3 cu3 c

Figure 3.4: Bi-linear stress-strain relation.
(3) A rectangular stress distribution (as given in Figure 3.5) may be assumed. The factor A,
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defining the effective height of the compression zone and the factor 7, defining the effective
strength, follow from:

4=0,8 for fy <50 MPa (3.19)
A1=0,8 - (f -50)/400 for 50 < fex <90 MPa (3.20)
and

n=1,0 for i <50 MPa (3.21)
n=1,0 - (f« -50)/200 for 50 < fx <90 MPa (3.22)

Note: If the width of the compression zone decreases in the direction of the extreme compression fibre, the
value 7 foq should be reduced by 10%.

oh
a

Eeus n

|

il

Fe

Fs

Figure 3.5: Rectangular stress distribution
3.1.8 Flexural tensile strength

(1) The mean flexural tensile strength of reinforced concrete members depends on the mean
axial tensile strength and the depth of the cross-section. The following relationship may be
used:

fctm’ﬂ = max {(1 ,6 - h/1000)fctm, fctm } (3.23)

where:
h is the total member depth in mm
fam is the mean axial tensile strength following from Table 3.1.

The relation given in Expression (3.23) also applies for the characteristic tensile strength
values.

3.1.9 Confined concrete

(1) Confinement of concrete results in a modification of the effective stress-strain relationship:
higher strength and higher critical strains are achieved. The other basic material characteristics
may be considered as unaffected for design.

(2) In the absence of more precise data, the stress-strain relation shown in Figure 3.6
(compressive strain shown positive) may be used, with increased characteristic strength and
strains according to:

fck,c = fok (1 ,000 + 5,0 Jz/fck) for o» < 0,05f« (324)
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fokc = fox (1,125 + 2,50 oy/f) for op > 0,057 (3.25)
&c2,c = &2 (fck,t‘jfck)2 (326)
Ecu2,c = Eou2 t 0,2 oolfex (327)

where o2 (= o3) is the effective lateral compressive stress at the ULS due to confinement
and & and & follow from Table 3.1. Confinement can be generated by adequately closed
links or cross-ties, which can reach the plastic condition due to lateral extension of the concrete.

o1 = fue o,
T e - —— - - Efckc
A 3
', 4 : : ﬁ:d,c
4 P 1
4 n | .
£ B 3 - unconfined
o (=) |} - :
0 & :((;02,0 Ecu2,c V&

Figure 3.6: Stress-strain relationship for confined concrete
3.2 Reinforcing steel

3.2.1 General

(1)P The following clauses give principles and rules for reinforcement which is in the form of
bars, de-coiled rods, welded fabric and lattice girders. They do not apply to specially coated
bars.

(2)P The requirements for the properties of the reinforcement are for the material as placed in
the hardened concrete. If site operations can affect the properties of the reinforcement, then
those properties shall be verified after such operations.

(3)P Where other steels are used, which are not in accordance with EN10080, the properties
shall be verified to be in accordance with 3.2.2 to 3.2.6 and Annex C.

(4)P The required properties of reinforcing steels shall be verified using the testing procedures
in accordance with EN 10080.

Note: EN 10080 refers to a yield strength R, which relates to the characteristic, minimum and maximum
values based on the long-term quality level of production. In contrast f is the characteristic yield stress based
on only that reinforcement used in a particular structure. There is no direct relationship between f and the
characteristic R.. However the methods of evaluation and verification of yield strength given in EN 10080
provide a sufficient check for obtaining .

(5) The application rules relating to lattice girders (see EN 10080 for definition) apply only to
those made with ribbed bars. Lattice girders made with other types of reinforcement may be
given in an appropriate European Technical Approval.

3.2.2 Properties

(1)P The behaviour of reinforcing steel is specified by the following properties:
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- yield strength (fyx or o 2«)

- maximum actual yield strength (fy,max)

- tensile strength (f)

- ductility (eyand fi/fyk)

- bendability

- bond characteristics (fr. See Annex C)

- section sizes and tolerances

- fatigue strength

- weldability

- shear and weld strength for welded fabric and lattice girders

(2)P This Eurocode applies to ribbed and weldable reinforcement, including fabric. The
permitted welding methods are given in Table 3.4.

Note 1: The properties of reinforcement required for use with this Eurocode are given in Annex C.

Note 2: The properties and rules for the use of indented bars with precast concrete products may be found in
the relevant product standard.

(3)P The application rules for design and detailing in this Eurocode are valid for a specified
yield strength range, f,x =400 to 600 MPa.

Note: The upper limit of £ within this range for use within a Country may be found in its National Annex.

(4)P The surface characteristics of ribbed bars shall be such to ensure adequate bond with the
concrete.

(5) Adequate bond may be assumed by compliance with the specification of projected rib area,
fr.

Note: Minimum values of the relative rib area, fg, are given in the Annex C.

(6)P The reinforcement shall have adequate bendability to allow the use of the minimum
mandrel diameters specified in Table 8.1 and to allow rebending to be carried out.

Note: For bend and rebend requirements see Annex C.

3.2.3 Strength

(1)P The yield strength fyx (or the 0,2% proof stress, f 2«) and the tensile strength fy are defined
respectively as the characteristic value of the yield load, and the characteristic maximum load in
direct axial tension, each divided by the nominal cross sectional area.

3.2.4 Ductility characteristics

(1)P The reinforcement shall have adequate ductility as defined by the ratio of tensile strength
to the yield stress, (fi/fy)x and the elongation at maximum force, &y .

(2) Figure 3.7 shows stress-strain curves for typical hot rolled and cold worked steel.

[X) Note: Values of k= (f/fy)x and & for Class A, B and C are given in Annex C.
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a) Hot rolled steel b) Cold worked steel

Figure 3.7: Stress-strain diagrams of typical reinforcing steel (absolute values are
shown for tensile stress and strain)

3.2.5 Welding

(1)P Welding processes for reinforcing bars shall be in accordance with Table 3.4 and the
weldability shall be in accordance with EN10080.

Table 3.4: Permitted welding processes and examples of application

Loading case Welding method Bars in tension’ Bars in compression’
flash-welding butt joint
manual metal arc welding butt joint with ¢ > 20 mm, splice, lap, cruciform
Predominantly metal arc w::cr;icrtg with filling joints3, joint with other steel members
static electrode

(see 6.8.1 (2)) [Ac2 metal arc active welding splice, lap, cruciform® joints & joint with other

steel members

- | butt joint with ¢ > 20 mm

friction welding butt joint, joint with other steels
resistance spot welding lap joint*
cruciform joint* *
Not predominantly flash-welding butt joint
static (see 6.8.1 (2)) [[Ac2manual metal arc welding (2] - butt joint with ¢ > 14mm
metal arc active welding - butt joint with ¢> 14mm
resistance spot welding lap joint*

cruciform joint*

Notes:

1. Only bars with approximately the same nominal diameter may be welded together.
2. Permitted ratio of mixed diameter bars > 0,57

3. For bearing joints ¢ <16 mm

4. For bearing joints ¢ <28 mm

(2)P All welding of reinforcing bars shall be carried out in accordance with EN ISO 17660. (¢l
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(3)P The strength of the welded joints along the anchorage length of welded fabric shall be
sufficient to resist the design forces.

(4) The strength of the welded joints of welded fabric may be assumed to be adequate if each
welded joint can withstand a shearing force not less than 25% of a force equivalent to the
specified characteristic yield stress times the nominal cross sectional area. This force should
be based on the area of the thicker wire if the two are different.

3.2.6 Fatigue
(1)P Where fatigue strength is required it shall be verified in accordance with EN 10080.
Note : Information is given in Annex C.

3.2.7 Design assumptions

(1) Design should be based on the nominal cross-section area of the reinforcement and the
design values derived from the characteristic values given in 3.2.2.

(2) For normal design, either of the following assumptions may be made (see Figure 3.8):

[;c)a) an inclined top branch with a strain limit of g4 and a maximum stress of kfii/7s at su,
where k = (fi/fy)x,

b) a horizontal top branch without the need to check the strain limit.

Note 1: The value of &4 for use in a Country may be found in its National Annex. The recommended value is
0,96‘uk

Note 2: The value of (fi/fy)x is given in Annex C.

(0}
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v
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Figure 3.8: Idealised and design stress-strain diagrams for reinforcing steel (for
tension and compression)

(3) The mean value of density may be assumed to be 7850 kg/m?.
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(4) The design value of the modulus of elasticity, Es may be assumed to be 200 GPa.

3.3 Prestressing steel

3.3.1 General

(1)P This clause applies to wires, bars and strands used as prestressing tendons in concrete
structures.

(2)P Prestressing tendons shall have an acceptably low level of susceptibility to stress
corrosion.

(3) The level of susceptibility to stress corrosion may be assumed to be acceptably low if the
prestressing tendons comply with the criteria specified in EN 10138 or given in an appropriate
European Technical Approval.

(4) The requirements for the properties of the prestressing tendons are for the materials as
placed in their final position in the structure. Where the methods of production, testing and
attestation of conformity for prestressing tendons are in accordance with EN 10138 or given in
an appropriate European Technical Approval it may be assumed that the requirements of this
Eurocode are met.

(5)P For steels complying with this Eurocode, tensile strength, 0,1% proof stress, and
elongation at maximum load are specified in terms of characteristic values; these values are
designated respectively fo, fro,1k and €y.

Note: EN 10138 refers to the characteristic, minimum and maximum values based on the long-term quality
level of production. In contrast fyo 1« and f, are the characteristic proof stress and tensile strength based on
only that prestressing steel required for the structure. There is no direct relationship between the two sets of
values. However the characteristic values for 0,1% proof force, Fyo, 1« divided by the cross-section area, S,
given in EN 10138 together with the methods for evaluation and verification provide a sufficient check for
obtaining the value of fyg 1.

(6) Where other steels are used, which are not in accordance with EN 10138, the properties
may be given in an appropriate European Technical Approval.

(7)P Each product shall be clearly identifiable with respect to the classification system in 3.3.2
(2)P.

(8)P The prestressing tendons shall be classified for relaxation purposes according to
3.3.2 (4)P or given in an appropriate European Technical Approval.

(9)P Each consignment shall be accompanied by a certificate containing all the information
necessary for its identification with regard to (i) - (iv) in 3.3.2 (2)P and additional information
where necessary.

(10)P There shall be no welds in wires and bars. Individual wires of strands may contain
staggered welds made only before cold drawing.

(11)P For coiled prestressing tendons, after uncoiling a length of wire or strand the maximum
bow height shall comply with EN 10138 unless given in an appropriate European Technical
Approval.
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3.3.2 Properties

(1)P The properties of prestressing steel are given in EN 10138, Parts 2 to 4 or European
Technical Approval.

(2)P The prestressing tendons (wires, strands and bars) shall be classified according to:
(i) Strength, denoting the value of the 0,1% proof stress (f,0,1«) and the value of the ratio of
tensile [P strength to proof strength (£, / £, 1) &1 and elongation at maximum load (g)
(i) Class, indicating the relaxation behaviour
(iii) Size
(iv) Surface characteristics.
(3)P The actual mass of the prestressing tendons shall not differ from the nominal mass by

more than the limits specified in EN 10138 or given in an appropriate European Technical
Approval.

(4)P In this Eurocode, three classes of relaxation are defined:
- Class 1: wire or strand - ordinary relaxation
- Class 2: wire or strand - low relaxation
- Class 3: hot rolled and processed bars

Note: Class 1 is not covered by EN 10138.

(5) The design calculations for the losses due to relaxation of the prestressing steel should be
based on the value of pio00, the relaxation loss (in %) at 1000 hours after tensioning and at a
mean temperature of 20 °C (see EN 10138 for the definition of the isothermal relaxation test).

Note: The value of pigqo is €xpressed as a percentage ratio of the initial stress and is obtained for an initial
stress equal to 0,71, where f, is the actual tensile strength of the prestressing steel samples. For design
calculations, the characteristic tensile strength (f) is used and this has been taken into account in the following
expressions.

(6) The values for p1po0 can be either assumed equal to 8% for Class 1, 2,5% for Class 2, and
4% for Class 3, or taken from the certificate.

(7) The relaxation loss may be obtained from the manufacturers test certificates or defined as
the percentage ratio of the variation of the prestressing stress over the initial prestressing
stress, should be determined by applying one of the Expressions below. Expressions (3.28)
and (3.29) apply for wires or strands for ordinary prestressing and low relaxation tendons
respectively, whereas Expression (3.30) applies for hot rolled and processed bars.

AC 0,75 (- )
Class 1 . = 539 P €% (—t j 10°° (3.28)
o, 1000
Ao ¢ 0,75 (1-u )
Class 2 "~ 0,66 e —— 10°° 3.29
o, Pi1ooo [1000j ( )
Ao t 0,75 (1-u )
Class 3 L = 198 et —— 10°° 3.30
o, Piooo (1000] ( )
Where

Aoy is absolute value of the relaxation losses of the prestress
opi  For post-tensioning oy is the absolute value of the initial prestress o, = opmo (See
also 5.10.3 (2));
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For pre-tensioning opiis the maximum tensile stress applied to the tendon minus
the immediate losses occurred during the stressing process see 5.10.4 (1) (i)

t is the time after tensioning (in hours)

u = opilfok, Where fy is the characteristic value of the tensile strength of the
prestressing steel

p1000 IS the value of relaxation loss (in %), at 1000 hours after tensioning and at a mean
temperature of 20°C.

Note: Where the relaxation losses are calculated for different time intervals (stages) and greater accuracy is
required, reference should be made to Annex D.

(8) The long term (final) values of the relaxation losses may be estimated for a time t equal to
500 000 hours (i.e. around 57 years).

(9) Relaxation losses are very sensitive to the temperature of the steel. Where heat treatment
is applied (e.g. by steam), 10.3.2.1 applies. Otherwise where this temperature is greater than
50°C the relaxation losses should be verified.

3.3.3 Strength

(1)P The 0,1% proof stress (fy,1« ) and the specified value of the tensile strength (f. ) are
defined as the characteristic value of the 0,1% proof load and the characteristic maximum load
in axial tension respectively, divided by the nominal cross sectional area as shown in Figure
3.9.
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Figure 3.9: Stress-strain diagram for typical prestressing steel (absolute values
are shown for tensile stress and strain)

3.3.4 Ductility characteristics
(1)P The prestressing tendons shall have adequate ductility, as specified in EN 10138.

(2) Adequate ductility in elongation may be assumed if the prestressing tendons obtain the
specified value of the elongation at maximum load given in EN 10138.
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(3) Adequate ductility in bending may be assumed if the prestressing tendons satisfy the
requirements for bendability of EN ISO 15630.

(4) Stress-strain diagrams for the prestressing tendons, based on production data, shall be
prepared and made available by the producer as an annex to the certificate accompanying the
consignment (see 3.3.1 (9)P).

(5) Adequate ductility in tension may be assumed for the prestressing tendons if % (f, / g 1), 2 k.

Note: The value of k for use in a Country may be found in its National Annex. The recommended value is 1,1.

3.3.5 Fatigue
(1)P Prestressing tendons shall have adequate fatigue strength.

(2)P The fatigue stress range for prestressing tendons shall be in accordance with EN 10138
or given in an appropriate European Technical Approval.

3.3.6 Design assumptions

(1)P Structural analysis is performed on the basis of the nominal cross-section area of the
prestressing steel and the characteristic values fy0 1k, fox @nd Euk.

(2) The design value for the modulus of elasticity, E, may be assumed equal to 205 GPa for
wires and bars. The actual value can range from 195 to 210 GPa, depending on the
manufacturing process. Certificates accompanying the consignment should give the
appropriate value.

(3) The design value for the modulus of elasticity, E, may be assumed equal to 195 GPa for
strand. The actual value can range from 185 GPa to 205 GPa, depending on the manufacturing
process. Certificates accompanying the consignment should give the appropriate value.

(4) The mean density of prestressing tendons for the purposes of design may normally be
taken as 7850 kg/m®

(5) The values given above may be assumed to be valid within a temperature range between
-40°C and +100°C for the prestressing steel in the finished structure.

(6) The design value for the steel stress, fq, is taken as fy0 1«/ s (see Figure 3.10).

7) For cross-section design, either of the following assumptions may be made (see Figure
3.10):
- an inclined branch, with a strain limit 4. The design may also be based on the actual
stress/strain relationship, if this is known, with stress above the elastic limit reduced
analogously with Figure 3.10, or

- a horizontal top branch without strain limit.

Note: The value of g4 for use in a Country may be found in its National Annex. The recommended value is
0,9&u. If more accurate values are not known the recommended values are g4 = 0,02 and fyo 1 fox = 0,9.
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Figure 3.10: Idealised and design stress-strain diagrams for prestressing steel
(absolute values are shown for tensile stress and strain)

3.3.7 Prestressing tendons in sheaths

(1)P Prestressing tendons in sheaths (e.g. bonded tendons in ducts, unbonded tendons etc.)
shall be adequately and permanently protected against corrosion (see 4.3).

(2)P Prestressing tendons in sheaths shall be adequately protected against the effects of fire
(see EN 1992-1-2).

3.4 Prestressing devices
3.4.1 Anchorages and couplers
3.4.1.1 General

(1)P 3.4.1 applies to anchoring devices (anchorages) and coupling devices (couplers) for
application in post-tensioned construction, where:
(i) anchorages are used to transmit the forces in tendons to the concrete in the anchorage
zone
(ii) couplers are used to connect individual lengths of tendon to make continuous tendons.

(2)P Anchorages and couplers for the prestressing system considered shall be in accordance
with the relevant European Technical Approval.

(3)P Detailing of anchorage zones shall be in accordance with 5.10, 8.10.3 and 8.10.4.
3.4.1.2 Mechanical properties
3.4.1.2.1 Anchored tendons

(1)P Prestressing tendon anchorage assemblies and prestressing tendon coupler assemblies
shall have strength, elongation and fatigue characteristics sufficient to meet the requirements of
the design.
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(2) This may be assumed provided that:

(i) The geometry and material characteristics of the anchorage and coupler components
are in accordance with the appropriate European Technical Approval and that their
premature failure is precluded.

(i) Failure of the tendon is not induced by the connection to the anchorage or coupler.

(iii) The elongation at failure of the assemblies > 2%.
(iv) Tendon-anchorage assemblies are not located in otherwise highly-stressed zones.

(v) Fatigue characteristics of the anchorage and coupler components are in accordance
with the appropriate European Technical Approval.

3.4.1.2.2 Anchorage devices and anchorage zones

(1)P The strength of the anchorage devices and zones shall be sufficient for the transfer of the
tendon force to the concrete and the formation of cracks in the anchorage zone shall not impair
the function of the anchorage.

3.4.2 External non-bonded tendons
3.4.2.1 General

(1)P An external non-bonded tendon is a tendon situated outside the original concrete section
and is connected to the structure by anchorages and deviators only.

(2)P The post-tensioning system for the use with external tendons shall be in accordance with
the appropriate European Technical Approval.

(3) Reinforcement detailing should follow the rules given in 8.10.
3.4.2.2 Anchorages

(1) The minimum radius of curvature of the tendon in the anchorage zone for non- bonded
tendons should be given in the appropriate European Technical Approval.
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SECTION 4 DURABILITY AND COVER TO REINFORCEMENT
4.1 General

(1)P A durable structure shall meet the requirements of serviceability, strength and stability
throughout its design working life, without significant loss of utility or excessive unforeseen
maintenance (for general requirements see also EN 1990).

(2)P The required protection of the structure shall be established by considering its intended
use, design working life (see EN 1990), maintenance programme and actions.

(3)P The possible significance of direct and indirect actions, environmental conditions (4.2) and
consequential effects shall be considered.

Note: Examples include deformations due to creep and shrinkage (see 2.3.2).

(4) Corrosion protection of steel reinforcement depends on density, quality and thickness of
concrete cover (see 4.4) and cracking (see 7.3). The cover density and quality is achieved by
controlling the maximum water/cement ratio and minimum cement content (see EN 206-1) and
may be related to a minimum strength class of concrete.

Note: Further information is given in Annex E.

(5) Where metal fastenings are inspectable and replaceable, they may be used with protective
coatings in exposed situations. Otherwise, they should be of corrosion resistant material.

(6) Further requirements to those given in this Section should be considered for special
situations (e.g. for structures of temporary or monumental nature, structures subjected to
extreme or unusual actions etc.).

4.2 Environmental conditions

(1)P Exposure conditions are chemical and physical conditions to which the structure is
exposed in addition to the mechanical actions.

(2) Environmental conditions are classified according to Table 4.1, based on EN 206-1.

(3) In addition to the conditions in Table 4.1, particular forms of aggressive or indirect action
should be considered including:
chemical attack, arising from e.g.
the use of the building or the structure (storage of liquids, etc)
solutions of acids or sulfate salts (EN 206-1, ISO 9690)
chlorides contained in the concrete (EN 206-1)
alkali-aggregate reactions (EN 206-1, National Standards)

physical attack, arising from e.g.
- temperature change

- abrasion (see 4.4.1.2 (13))

- water penetration (EN 206-1).
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Table 4.1: Exposure classes related to environmental conditions in accordance

with EN 206-1

Class Description of the environment Informative examples where exposure classes
designation may occur
1 No risk of corrosion or attack
For concrete without reinforcement or
X0 embedded metal: all exposures except where

there is freeze/thaw, abrasion or chemical
attack

For concrete with reinforcement or embedded
metal: very dry

Concrete inside buildings with very low air humidity

2 Corrosion

induced by carbonation

XC1

Dry or permanently wet

Concrete inside buildings with low air humidity
Concrete permanently submerged in water

XC2

Wet, rarely dry

Concrete surfaces subject to long-term water
contact
Many foundations

XC3

Moderate humidity

Concrete inside buildings with moderate or high air
humidity
External concrete sheltered from rain

XC4

Cyclic wet and dry

Concrete surfaces subject to water contact, not
within exposure class XC2

3 Corrosion

induced by chlorides

XD1 Moderate humidity Concrete surfaces exposed to airborne chlorides
XD2 Wet, rarely dry Swimming pools
Concrete components exposed to industrial waters
containing chlorides
XD3 Cyclic wet and dry Parts of bridges exposed to spray containing

chlorides
Pavements
Car park slabs

4 Corrosion

induced by chlorides from sea water

XS1 Exposed to airborne salt but not in direct Structures near to or on the coast
contact with sea water

XS2 Permanently submerged Parts of marine structures

XS3 Tidal, splash and spray zones Parts of marine structures

5. Freeze/Thaw Attack

XF1 Moderate water saturation, without de-icing Vertical concrete surfaces exposed to rain and
agent freezing
XF2 Moderate water saturation, with de-icing agent | Vertical concrete surfaces of road structures
exposed to freezing and airborne de-icing agents
XF3 High water saturation, without de-icing agents | Horizontal concrete surfaces exposed to rain and
freezing
XF4 High water saturation with de-icing agents or Road and bridge decks exposed to de-icing agents

sea water

Concrete surfaces exposed to direct spray
containing de-icing agents and freezing
Splash zone of marine structures exposed to
freezing

6. Chemical attack

XA1 Slightly aggressive chemical environment Natural soils and ground water
according to EN 206-1, Table 2

XA2 Moderately aggressive chemical environment [ Natural soils and ground water
according to EN 206-1, Table 2

XA3 Highly aggressive chemical environment Natural soils and ground water

according to EN 206-1, Table 2
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Note: The composition of the concrete affects both the protection of the reinforcement and the resistance of the
concrete to attack. Annex E gives indicative strength classes for the particular environmental exposure classes.
This may lead to the choice of higher strength classes than required for the structural design. In such cases
the value of fy, should be associated with the higher strength in the calculation of minimum reinforcement and
crack width control (see 7.3.2 -7.3.4).

4.3 Requirements for durability

(1)P In order to achieve the required design working life of the structure, adequate measures
shall be taken to protect each structural element against the relevant environmental actions.

(2)P The requirements for durability shall be included when considering the following:
Structural conception,
Material selection,
Construction details,
Execution,
Quality Control,
Inspection,
Verifications,
Special measures (e.g. use of stainless steel, coatings, cathodic protection).

4.4 Methods of verification
4.41 Concrete cover
4.4.1.1 General

(1)P The concrete cover is the distance between the surface of the reinforcement closest to the
nearest concrete surface (including links and stirrups and surface reinforcement where
relevant) and the nearest concrete surface.

(2)P The nominal cover shall be specified on the drawings. It is defined as a minimum cover,
Cmin (S€€ 4.4.1.2), plus an allowance in design for deviation, Acgey (See 4.4.1.3):

Cnom = Cmin + ACdev (41)
4.4.1.2 Minimum cover, Cnin

(1)P Minimum concrete cover, cmin, shall be provided in order to ensure:
- the safe transmission of bond forces (see also Sections 7 and 8)
- the protection of the steel against corrosion (durability)
- an adequate fire resistance (see EN 1992-1-2)

(2)P The greater value for cnin satisfying the requirements for both bond and environmental
conditions shall be used.

Cmin = Max {Cmin,b; Cmin,dur T ACdur,y - ACqur,st - ACdur,add; 10 mm} (42)

where:
Cminb  Minimum cover due to bond requirement, see 4.4.1.2 (3)
Cmindur Minimum cover due to environmental conditions, see 4.4.1.2 (5)
Acqury  additive safety element, see 4.4.1.2 (6)
Acqurst  reduction of minimum cover for use of stainless steel, see 4.4.1.2 (7)
ACquradd reduction of minimum cover for use of additional protection, see 4.4.1.2 (8)
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(3) In order to transmit bond forces safely and to ensure adequate compaction of the concrete,
the minimum cover should not be less than cminp given in table 4.2.

Table 4.2: Minimum cover, Cninb, requirements with regard to bond

Bond Requirement

Arrangement of bars

Minimum cover Cpinp”

Separated

Diameter of bar

Bundled

Equivalent diameter (¢,)(see 8.9.1)

*: If the nominal maximum aggregate size is greater than 32 mm, cyinp Should be increased by 5 mm.

Note: The values of cmnp for post-tensioned circular and rectangular ducts for bonded tendons, and pre-
tensioned tendons for use in a Country may be found in its National Annex. The recommended values for post-

tensioned ducts are:

circular ducts: diameter
rectangular ducts: greater of the smaller dimension or half the greater dimension
There is no requirement for more than 80 mm for either circular or rectangular ducts.

The recommended values for pre-tensioned tendon:
1,5 x diameter of strand or plain wire
2,5 x diameter of indented wire.

(4) For prestressing tendons, the minimum cover of the anchorage should be provided in
accordance with the appropriate European Technical Approval.

(5) The minimum cover values for reinforcement and prestressing tendons in normal weight
concrete taking account of the exposure classes and the structural classes is given by Cmin,dur-

Note: Structural classification and values of ¢pminqur for use in a Country may be found in its National Annex.
The recommended Structural Class (design working life of 50 years) is S4 for the indicative concrete strengths
given in Annex E and the recommended modifications to the structural class is given in Table 4.3N. The
recommended minimum Structural Class is S1.

The recommended values of Cmin,gur @re given in Table 4.4N (reinforcing steel) and Table 4.5N (prestressing

steel).

Table 4.3N: Recommended structural classification

Structural Class

Exposure Class according to Table 4.1

production ensured

Criterion X0 XC1 [ XC2/XC3 | XC4 XD1__ | XD2/XS1]|XD3/XS2/XS3

Design Working Life of | increase | increase increase increase | increase | increase | increase class

100 years classby 2 | classby 2 | class by 2 | class by 2 | class by 2 | class by 2 by 2

Strength Class "? >C30/37 | >C30/37 | >C35/45 | >C40/50 | > C40/50 | > C40/50 > C45/55

reduce reduce reduce reduce reduce reduce |reduce class by

classby 1 | classby 1| classby 1 | class by 1 | class by 1 | class by 1 1

Member with slab reduce reduce reduce reduce reduce reduce |reduce class by

geometry classby 1 | classby 1| classby 1 | class by 1 | class by 1 | class by 1 1

(position of reinforcement

not affected by construction

process)

Special Quality reduce reduce reduce reduce reduce reduce |reduce class by

Control of the concrete | class by 1 | class by 1 | classby 1 | class by 1 | class by 1 | class by 1 1

Notes to Table 4.3N
1. The strength class and w/c ratio are considered to be related values. A special composition (type of
cement, w/c value, fine fillers) with the intent to produce low permeability may be considered.

2. The limit may be reduced by one strength class if air entrainment of more than 4% is applied.
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Table 4.4N: Values of minimum cover, Cyin dur; requirements with regard to durability for
reinforcement steel in accordance with EN 10080.

Environmental Requirement for ¢cpin.qur (MM)
Structural Exposure Class according to Table 4.1
Class X0 XC1 | XC2/XC3 XC4 XD1/X81 | XD2/XS2 | XD3/XS3
S1 10 10 10 15 20 25 30
S2 10 10 15 20 25 30 35
S3 10 10 20 25 30 35 40
S4 10 15 25 30 35 40 45
S5 15 20 30 35 40 45 50
S6 20 25 35 40 45 50 55

Table 4.5N: Values of minimum cover, Cyin dur, requirements with regard to durability for
prestressing steel

Environmental Requirement for cin.4ur (MM)
Structural Exposure Class according to Table 4.1
Class X0 XC1 XC2/XC3 XC4 XD1/XS1 | XD2/XS2 | XD3/XS3
S1 10 15 20 25 30 35 40
S2 10 15 25 30 35 40 45
S3 10 20 30 35 40 45 50
S4 10 25 35 40 45 50 55
S5 15 30 40 45 50 55 60
S6 20 35 45 50 55 60 65

(6) The concrete cover should be increased by the additive safety element Acqur,, .

Note: The value of Acq,, for use in a Country may be found in its National Annex. The recommended value is
0 mm.

(7) Where stainless steel is used or where other special measures have been taken, the
minimum cover may be reduced by Acqurst. For such situations the effects on all relevant
material properties should be considered, including bond.

Note: The value of Acq,r st for use in a Country may be found in its National Annex. The recommended value,
without further specification, is 0 mm.

(8) For concrete with additional protection (e.g. coating) the minimum cover may be reduced by
ACdur,add-

Note: The value of Acquraqq fOr use in a Country may be found in its National Annex. The recommended value,
without further specification, is 0 mm.

(9) Where in-situ concrete is placed against other concrete elements (precast or in-situ) the
minimum concrete cover of the reinforcement to the interface may be reduced to a value
corresponding to the requirement for bond (see (3) above) provided that:

- the strength class of concrete is at least C25/30,

- the exposure time of the concrete surface to an outdoor environment is short (< 28 days),

- the interface has been roughened.

(10) For unbonded tendons the cover should be provided in accordance with the European
Technical Approval.

(11) For uneven surfaces (e.g. exposed aggregate) the minimum cover should be increased by
at least 5 mm.
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(12) Where freeze/thaw or chemical attack on concrete (Classes XF and XA) is expected
special attention should be given to the concrete composition (see EN 206-1 Section 6). Cover
in accordance with 4.4 will normally be sufficient for such situations.

(13) For concrete abrasion special attention should be given on the aggregate according to EN
206-1. Optionally concrete abrasion may be allowed for by increasing the concrete cover
(sacrificial layer). In that case the minimum cover cmin should be increased by k1 for Abrasion
Class XM1, by k» for XM2 and by k3 for XM3.

Note: Abrasion Class XM1 means a moderate abrasion like for members of industrial sites frequented by
vehicles with air tyres. Abrasion Class XM2 means a heavy abrasion like for members of industrial sites
frequented by fork lifts with air or solid rubber tyres. Abrasion Class XM3 means an extreme abrasion like for
members industrial sites frequented by fork lifts with elastomer or steel tyres or track vehicles.

The values of k4, k, and k; for use in a Country may be found in its National Annex. The recommended values
are 5mm, 10 mm and 15 mm.

4.4.1.3 Allowance in design for deviation

(1)P To calculate the nominal cover, chom, an addition to the minimum cover shall be made in
design to allow for the deviation (Acgev). The required minimum cover shall be increased by the
absolute value of the accepted negative deviation.

Note: The value of Acqe, for use in a Country may be found in its National Annex. The recommended value is
10 mm.

(2) For Buildings, ENV 13670-1 gives the acceptable deviation. This is normally also sufficient
for other types of structures. It should be considered when choosing the value of nominal cover
for design. The nominal value of cover for design should be used in the calculations and stated
on the drawings, unless a value other than the nominal cover is specified (e.g. minimum value).

(3) In certain situations, the accepted deviation and hence allowance, Acgev, may be reduced.

Note: The reduction in Acge, in such circumstances for use in a Country may be found in its National Annex.
The recommended values are:
- where fabrication is subjected to a quality assurance system, in which the monitoring includes

measurements of the concrete cover, the allowance in design for deviation Ac4ey may be reduced:
10 mm > AcCgey = 5 mm (4.3N)
- where it can be assured that a very accurate measurement device is used for monitoring and non

conforming members are rejected (e.g. precast elements), the allowance in design for deviation Acgey
may be reduced:

10 mm > AcCgey > 0 mm (4.4N)

[©<)(4) For concrete cast against uneven surfaces, the nominal cover should generally be
increased by allowing larger deviations in design. The increase should comply with the
[©vdifference caused by the unevenness, but the nominal cover should be at least k1 mm for il
concrete cast against prepared ground (including blinding) and k, mm for concrete cast directly
against soil. The cover to the reinforcement for any surface feature, such as ribbed finishes or
exposed aggregate, should also be increased to take account of the uneven surface (see
4.4.1.2 (11)).

Note: The values of k4 and k, for use in a Country may be found in its National Annex. The recommended
values are 40 mm and 75 mm.
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SECTION 5 STRUCTURAL ANALYSIS
5.1 General

5.1.1 General requirements

(1)P The purpose of structural analysis is to establish the distribution of either internal forces
and moments, or stresses, strains and displacements, over the whole or part of a structure.
Additional local analysis shall be carried out where necessary.

Note: In most normal cases analysis will be used to establish the distribution of internal forces and moments,
and the complete verification or demonstration of resistance of cross sections is based on these action effects;
however, for certain particular elements, the methods of analysis used (e.g. finite element analysis) give
stresses, strains and displacements rather than internal forces and moments. Special methods are required to
use these results to obtain appropriate verification.

(2) Local analyses may be necessary where the assumption of linear strain distribution is not
valid, e.g.:

- in the vicinity of supports

- local to concentrated loads

- in beam-column intersections

- in anchorage zones

- at changes in cross section.

(3) For in-plane stress fields a simplified method for determining reinforcement may be used.
Note: A simplified method is given in Annex F.

(4)P Analyses shall be carried out using idealisations of both the geometry and the behaviour
of the structure. The idealisations selected shall be appropriate to the problem being
considered.

Clause deleted

(5)P The effect of the geometry and properties of the structure on its behaviour at each stage
of construction shall be considered in the design

(6) Common idealisations of the behaviour used for analysis are:
- linear elastic behaviour (see 5.4)
- linear elastic behaviour with limited redistribution (see 5.5)
- plastic behaviour (see 5.6), including strut and tie models (see 5.6.4)
- non-linear behaviour (see 5.7)

(7) In buildings, the effects of shear and axial forces on the deformations of linear elements
and slabs may be ignored where these are likely to be less than 10% of those due to
bending.

5.1.2 Special requirements for foundations

(1)P Where ground-structure interaction has significant influence on the action effects in the
structure, the properties of the soil and the effects of the interaction shall be taken into
account in accordance with EN 1997-1.

Note: For more information concerning the analysis of shallow foundations see Annex G.
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(2) For the design of spread foundations, appropriately simplified models for the description of
the soil-structure interaction may be used.

Note: For simple pad footings and pile caps the effects of soil-structure interaction may usually be ignored.

(3) For the strength design of individual piles the actions should be determined taking into
account the interaction between the piles, the pile cap and the supporting soil.

(4) Where the piles are located in several rows, the action on each pile should be evaluated by
considering the interaction between the piles.

(5) This interaction may be ignored when the clear distance between the piles is greater than
two times the pile diameter.

5.1.3 Load cases and combinations

(1)P In considering the combinations of actions, see EN 1990 Section 6, the relevant cases
shall be considered to enable the critical design conditions to be established at all sections,
within the structure or part of the structure considered.

Note: Where a simplification in the number of load arrangements for use in a Country is required, reference is
made to its National Annex. The following simplified load arrangements are recommended for buildings:

(a) alternate spans carrying the design variable and permanent load ()oQ« + 7Gx+ Pn), other spans carrying
only the design permanent load, Gk + P, and

(b) any two adjacent spans carrying the design variable and permanent loads (jqQx + cGk+ Pn). All other
spans carrying only the design permanent load, cGi+ P, .

5.1.4 Second order effects

(1)P Second order effects (see EN 1990 Section 1) shall be taken into account where they are
likely to affect the overall stability of a structure significantly and for the attainment of the
ultimate limit state at critical sections.

(2) Second order effects should be taken into account according to 5.8.
(3) For buildings, second order effects below certain limits may be ignored (see 5.8.2 (6)).
5.2 Geometric imperfections

(1)P The unfavourable effects of possible deviations in the geometry of the structure and the
position of loads shall be taken into account in the analysis of members and structures.
Note: Deviations in cross section dimensions are normally taken into account in the material safety factors.
These should not be included in structural analysis. A minimum eccentricity for cross section design is given
in 6.1 (4).

(2)P Imperfections shall be taken into account in ultimate limit states in persistent and
accidental design situations.

(3) Imperfections need not be considered for serviceability limit states.

(4) The following provisions apply for members with axial compression and structures with
vertical load, mainly in buildings. Numerical values are related to normal execution deviations
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(Class 1 in ENV 13670). With the use of other deviations (e.g. Class 2), values should be
adjusted accordingly.

(5) Imperfections may be represented by an inclination, 4, given by:
6 = 6 an atm (5.1)

where
& is the basic value:

an is the reduction factor for length or height: an=2/\1; 213< on<1
om is the reduction factor for number of members: am = +4/0,5(1+1/m)

| is the length or height [m], see (6)
m is the number of vertical members contributing to the total effect

Note: The value of 4, for use in a Country may be found in its National Annex. The recommended value is
1/200

(6) In Expression (5.1), the definition of /and m depends on the effect considered, for which
three main cases can be distinguished (see also Figure 5.1):

- Effect on isolated member: [ = actual length of member, m =1.

- Effect on bracing system: [ = height of building, m = number of vertical members
contributing to the horizontal force on the bracing system.

- Effect on floor or roof diaphragms distributing the horizontal loads: /= storey height,
m = number of vertical elements in the storey(s) contributing to the total horizontal force on
the floor.

(7) For isolated members (see 5.8.1), the effect of imperfections may be taken into account in
two alternative ways a) or b):

a) as an eccentricity, e;, given by
e =06 /0/2 (52)

where [y is the effective length, see 5.8.3.2

For walls and isolated columns in braced systems, e; = lo/400 may always be used as a
simplification, corresponding to o, = 1.

b) as a transverse force, H;, in the position that gives maximum moment:

for unbraced members (see Figure 5.1 a1):
Hi=aN (5.3a)

for braced members (see Figure 5.1 a2):
H =28N (5.3b)

where N is the axial load

Note: Eccentricity is suitable for statically determinate members, whereas transverse load can be used for
both determinate and indeterminate members. The force H, may be substituted by some other equivalent
transverse action.
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b) Bracing system c1) Floor diaphragm c2) Roof diaphragm
Figure 5.1: Examples of the effect of geometric imperfections

(8) For structures, the effect of the inclination & may be represented by transverse forces, to be
included in the analysis together with other actions.

Effect on bracing system, (see Figure 5.1 b):

Hi =@ (Np - Na) (5.4)
Effect on floor diaphragm, (see Figure 5.1 c1):

Hi = 6(No + Na) / 2 (5.5)
Effect on roof diaphragm, (see Figure 5.1 c2):

Hi = 8- Na (5.6)
where N, and N, are longitudinal forces contributing to H..

(9) As a simplified alternative for walls and isolated columns in braced systems, an eccentricity
ei = 1/400 may be used to cover imperfections related to normal execution deviations (see 5.2(4)).
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5.3 Idealisation of the structure
5.3.1 Structural models for overall analysis

(1)P The elements of a structure are classified, by consideration of their nature and function, as
beams, columns, slabs, walls, plates, arches, shells etc. Rules are provided for the analysis of
the commoner of these elements and of structures consisting of combinations of these
elements.

(2) For buildings the following provisions (3) to (7) are applicable:

(3) A beam is a member for which the span is not less than 3 times the overall section depth.
Otherwise it should be considered as a deep beam.

(4) A slab is a member for which the minimum panel dimension is not less than 5 times the
overall slab thickness.

(5) A slab subjected to dominantly uniformly distributed loads may be considered to be one-
way spanning if either:
- it possesses two free (unsupported) and sensibly parallel edges, or
- it is the central part of a sensibly rectangular slab supported on four edges with a ratio of
the longer to shorter span greater than 2.

(6) Ribbed or waffle slabs need not be treated as discrete elements for the purposes of
analysis, provided that the flange or structural topping and transverse ribs have sufficient
torsional stiffness. This may be assumed provided that:
- the rib spacing does not exceed 1500 mm
- the depth of the rib below the flange does not exceed 4 times its width.
- the depth of the flange is at least 1/10 of the clear distance between ribs or 50 mm,
whichever is the greater.
- transverse ribs are provided at a clear spacing not exceeding 10 times the overall depth of
the slab.

The minimum flange thickness of 50 mm may be reduced to 40 mm where permanent blocks
are incorporated between the ribs.

(7) A column is a member for which the section depth does not exceed 4 times its width and
the height is at least 3 times the section depth. Otherwise it should be considered as a wall.

5.3.2 Geometric data
5.3.2.1 Effective width of flanges (all limit states)

(1)P In T beams the effective flange width, over which uniform conditions of stress can be
assumed, depends on the web and flange dimensions, the type of loading, the span, the
support conditions and the transverse reinforcement.

(2) The effective width of flange should be based on the distance /, between points of zero
moment, which may be obtained from Figure 5.2.
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Figure 5.2: Definition of Iy, for calculation of effective flange width

Note: The length of the cantilever, /5, should be less than half the adjacent span and the ratio of adjacent
spans should lie between 2/3 and 1,5.

(3) The effective flange width b, for a T beam or L beam may be derived as:

bey =D bog; +b,, <b (5.7)
where
b.;=0,2b,+0,11,<0,2I, (5.7a)
and
b <b, (5.7b)
(for the notations see Figures 5.2 above and 5.3 below).
- beff o
- beff,‘l - <beff,27
M
L2 A A v A ]
[ b, A [
b1 b1 ) b2 L b2 _
- b |

Figure 5.3: Effective flange width parameters
(4) For structural analysis, where a great accuracy is not required, a constant width may be
assumed over the whole span. The value applicable to the span section should be adopted.
5.3.2.2 Effective span of beams and slabs in buildings

Note: The following provisions are provided mainly for member analysis. For frame analysis some of these
simplifications may be used where appropriate.

(1) The effective span, /4, of a member should be calculated as follows:
lg=1+a,+a, (5.8)

where:
| is the clear distance between the faces of the supports;

n
values for a, and a, , at each end of the span, may be determined from the appropriate a

values in Figure 5.4 where t is the width of the supporting element as shown.
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Figure 5.4: Effective span (/) for different support conditions

(2) Continuous slabs and beams may generally be analysed on the assumption that the
supports provide no rotational restraint.

(3) Where a beam or slab is monolithic with its supports, the critical design moment at the
support should be taken as that at the face of the support. The design moment and reaction
transferred to the supporting element (e.g. column, wall, etc.) should be generally taken as the
greater of the elastic or redistributed values.

Note: The moment at the face of the support should not be less than 0,65 that of the full fixed end moment.
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(4) Regardless of the method of analysis used, where a beam or slab is continuous over a
support which may be considered to provide no restraint to rotation (e.g. over walls), the design
support moment, calculated on the basis of a span equal to the centre-to-centre distance
between supports, may be reduced by an amount AM, as follows:

AMg, = Feqsupt/ 8 (5.9)
where:

Feqsup is the design support reaction

t is the breadth of the support (see Figure 5.4 b))

Note: Where support bearings are used t should be taken as the bearing width.

5.4 Linear elastic analysis

(1) Linear analysis of elements based on the theory of elasticity may be used for both the
serviceability and ultimate limit states.

(2) For the determination of the action effects, linear analysis may be carried out assuming:
i) uncracked cross sections,
ii) linear stress-strain relationships and
iii) mean value of the modulus of elasticity.

(3) For thermal deformation, settlement and shrinkage effects at the ultimate limit state (ULS),
a reduced stiffness corresponding to the cracked sections, neglecting tension stiffening but
including the effects of creep, may be assumed. For the serviceability limit state (SLS) a
gradual evolution of cracking should be considered.

5.5 Linear elastic analysis with limited redistribution

(1)P The influence of any redistribution of the moments on all aspects of the design shall be
considered.

(2) Linear analysis with limited redistribution may be applied to the analysis of structural
members for the verification of ULS.

(3) The moments at ULS calculated using a linear elastic analysis may be redistributed,
provided that the resulting distribution of moments remains in equilibrium with the applied loads.

(4) In continuous beams or slabs which:

a) are predominantly subject to flexure and

b) have the ratio of the lengths of adjacent spans in the range of 0,5 to 2,
redistribution of bending moments may be carried out without explicit check on the rotation
capacity, provided that:

0> ky+ kox,/d  for fy < 50 MPa (5.10a)
0 > ks + kaxy/d  for fy > 50 MPa (5.10b)

> ks where Class B and Class C reinforcement is used (see Annex C)
> ks where Class A reinforcement is used (see Annex C)

Where:
o is the ratio of the redistributed moment to the elastic bending moment
Xy is the depth of the neutral axis at the ultimate limit state after redistribution
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d is the effective depth of the section

Note: The values of k k; k3 k4 ksand kg for use in a Country may be found in its National Annex. The
recommended value for kqis 0,44 for k; is 1,25(0,6+0,0014/&,,) for ks = 0,54, for k4 = 1,25(0,6+0,0014/&,,,), for
ks = 0,7 and ks = 0,8. &, is the ultimate strain according to Table 3.1.

(5) Redistribution should not be carried out in circumstances where the rotation capacity cannot
be defined with confidence (e.g. in the corners of prestressed frames).

(6) For the design of columns the elastic moments from frame action should be used without
any redistribution.

5.6 Plastic analysis
5.6.1 General
(1)P Methods based on plastic analysis shall only be used for the check at ULS.

(2)P The ductility of the critical sections shall be sufficient for the envisaged mechanism to be
formed.

(3)P The plastic analysis should be based either on the lower bound (static) method or on the
upper bound (kinematic) method.

Note: A Country’s National Annex Guidance may refer to non-contradictory complementary information.

(4) The effects of previous applications of loading may generally be ignored, and a monotonic
increase of the intensity of actions may be assumed.

5.6.2 Plastic analysis for beams, frames and slabs

(1)P Plastic analysis without any direct check of rotation capacity may be used for the ultimate
limit state if the conditions of 5.6.1 (2)P are met.

(2) The required ductility may be deemed to be satisfied without explicit verification if all the
following are fulfilled:
i) the area of tensile reinforcement is limited such that, at any section
xu/d < 0,25 for concrete strength classes < C50/60
xu/d < 0,15 for concrete strength classes > C55/67
ii) reinforcing steel is either Class B or C
iii) the ratio of the moments at intermediate supports to the moments in the span should be
between 0,5 and 2.

(3) Columns should be checked for the maximum plastic moments which can be transmitted by
connecting members. For connections to flat slabs this moment should be included in the
punching shear calculation.

(4) When plastic analysis of slabs is carried out account should be taken of any non-uniform
reinforcement, corner tie down forces, and torsion at free edges.

(5) Plastic methods may be extended to non-solid slabs (ribbed, hollow, waffle slabs) if their
response is similar to that of a solid slab, particularly with regard to the torsional effects.
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5.6.3 Rotation capacity

(1) The simplified procedure for continuous beams and continuous one way spanning slabs is
based on the rotation capacity of beam/slab zones over a length of approximately 1,2 times the
depth of section. It is assumed that these zones undergo a plastic deformation (formation of
yield hinges) under the relevant combination of actions. The verification of the plastic rotation in
the ultimate limit state is considered to be fulfilled, if it is shown that under the relevant
combination of actions the calculated rotation, 65, is less than or equal to the allowable plastic
rotation (see Figure 5.5).

0,6h 0,6h

-
- -
-

JEg——
-
- -

Figure 5.5: Plastic rotation & of reinforced concrete sections for continuous
beams and continuous one way spanning slabs.

Aty (2) In region of yield hinges, x,/d should not exceed the value 0,45 for concrete strength classes
less than or equal to C50/60, and 0,35 for concrete strength classes greater than or equal to
C55/67.

I©2 (3) The rotation 8 should be determined on the basis of the design values for actions and of
mean values for materials and for prestressing at the relevant time.

(4) In the simplified procedure, the allowable plastic rotation may be determined by multiplying
the basic value of allowable rotation, 8,4, by a correction factor k; that depends on the shear
slenderness.

Note: Values of &, 4 for use in a Country may be found in its National Annex. The recommended values for
steel Classes B and C (the use of Class A steel is not recommended for plastic analysis) and concrete
strength classes less than or equal to C50/60 and C90/105 are given in Figure 5.6N.

The values for concrete strength classes C 55/67 to C 90/105 may be interpolated accordingly. The values
apply for a shear slenderness 1 = 3,0. For different values of shear slenderness 6, 4 should be multiplied by
k)h:

k, =413 (5.11N)

Where A is the ratio of the distance between point of zero and maximum moment after redistribution and
effective depth, d.

As a simplification 4 may be calculated for the concordant design values of the bending moment and shear :

/1:M8d /(Vde) (512N)
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Figure 5.6N: Basic value of allowable rotation, 6 4, of reinforced concrete sections for Class B
and C reinforcement. The values apply for a shear slenderness 4= 3,0

5.6.4 Analysis with strut and tie models

(1) Strut and tie models may be used for design in ULS of continuity regions (cracked state of
beams and slabs, see 6.1 - 6.4) and for the design in ULS and detailing of discontinuity regions
(see 6.5). In general these extend up to a distance h (section depth of member) from the
discontinuity. Strut and tie models may also be used for members where a linear distribution
within the cross section is assumed, e.g. plane strain.

(2) Verifications in SLS may also be carried out using strut-and-tie models, e.g. verification of
steel stresses and crack width control, if approximate compatibility for strut-and-tie models is
ensured (in particular the position and direction of important struts should be oriented according
to linear elasticity theory)

(3) Strut-and-tie models consist of struts representing compressive stress fields, of ties
representing the reinforcement, and of the connecting nodes. The forces in the elements of a
strut-and-tie model should be determined by maintaining the equilibrium with the applied loads
in the ultimate limit state. The elements of strut-and-tie models should be dimensioned
according to the rules given in 6.5.

(4) The ties of a strut-and-tie model should coincide in position and direction with the
corresponding reinforcement.

(5) Possible means for developing suitable strut-and-tie models include the adoption of stress
trajectories and distributions from linear-elastic theory or the load path method. All strut-and-tie
models may be optimised by energy criteria.

5.7 Non-linear analysis

(1) Non-linear methods of analysis may be used for both ULS and SLS, provided that
equilibrium and compatibility are satisfied and an adequate non-linear behaviour for materials is
assumed. The analysis may be first or second order.
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(2) At the ultimate limit state, the ability of local critical sections to withstand any inelastic
deformations implied by the analysis should be checked, taking appropriate account of
uncertainties.

(3) For structures predominantly subjected to static loads, the effects of previous applications
of loading may generally be ignored, and a monotonic increase of the intensity of the actions
may be assumed.

(4)P The use of material characteristics which represent the stiffness in a realistic way but take
account of the uncertainties of failure shall be used when using non-linear analysis. Only those
design formats which are valid within the relevant fields of application shall be used.

(5) For slender structures, in which second order effects cannot be ignored, the design method
given in 5.8.6 may be used.

5.8 Analysis of second order effects with axial load
5.8.1 Definitions
Biaxial bending: simultaneous bending about two principal axes

Braced members or systems: structural members or subsystems, which in analysis and
design are assumed not to contribute to the overall horizontal stability of a structure

Bracing members or systems: structural members or subsystems, which in analysis and
design are assumed to contribute to the overall horizontal stability of a structure

Buckling: failure due to instability of a member or structure under perfectly axial compression
and without transverse load

Note. “Pure buckling” as defined above is not a relevant limit state in real structures, due to imperfections and
transverse loads, but a nominal buckling load can be used as a parameter in some methods for second order
analysis.

Buckling load: the load at which buckling occurs; for isolated elastic members it is
synonymous with the Euler load

Effective length: a length used to account for the shape of the deflection curve; it can also
be defined as buckling length, i.e. the length of a pin-ended column with constant normal
force, having the same cross section and buckling load as the actual member

First order effects: action effects calculated without consideration of the effect of structural
deformations, but including geometric imperfections

Isolated members: members that are isolated, or members in a structure that for design
purposes may be treated as being isolated; examples of isolated members with different
boundary conditions are shown in Figure 5.7.

Nominal second order moment: a second order moment used in certain design methods,
giving a total moment compatible with the ultimate cross section resistance (see 5.8.5 (2))

Second order effects: additional action effects caused by structural deformations

65



BS EN 1992-1-1:2004+A1:2014
EN 1992-1-1:2004+A1:2014 (E)

5.8.2 General

(1)P This clause deals with members and structures in which the structural behaviour is
significantly influenced by second order effects (e.g. columns, walls, piles, arches and shells).
Global second order effects are likely to occur in structures with a flexible bracing system.

(2)P Where second order effects are taken into account, see (6), equilibrium and resistance
shall be verified in the deformed state. Deformations shall be calculated taking into account the
relevant effects of cracking, non-linear material properties and creep.

Note. In an analysis assuming linear material properties, this can be taken into account by means of reduced
stiffness values, see 5.8.7.

(3)P Where relevant, analysis shall include the effect of flexibility of adjacent members and
foundations (soil-structure interaction).

(4)P The structural behaviour shall be considered in the direction in which deformations can
occur, and biaxial bending shall be taken into account when necessary.

(5)P Uncertainties in geometry and position of axial loads shall be taken into account as
additional first order effects based on geometric imperfections, see 5.2.

(6) Second order effects may be ignored if they are less than 10 % of the corresponding first
order effects. Simplified criteria are given for isolated members in 5.8.3.1 and for structures in
5.8.3.3.

5.8.3 Simplified criteria for second order effects
5.8.3.1 Slenderness criterion for isolated members

(1) As an alternative to 5.8.2 (6), second order effects may be ignored if the slenderness A (as
defined in 5.8.3.2) is below a certain value Ajm.

Note: The value of 4, for use in a Country may be found in its National Annex. The recommended value

follows from:

Jiim = 20-A-B-C/n (5.13N)

where:
A =1/(1+0,2¢¢)  (if @eris not known, A = 0,7 may be used)
B =41+ 2w (if @ is not known, B = 1,1 may be used)
C =1,7 -y (if ryy is not known, C = 0,7 may be used)
pes  effective creep ratio; see 5.8.4;
w = Asfq/ (Acfeq); mechanical reinforcement ratio;
As is the total area of longitudinal reinforcement
n = Ngq/ (Acfeq); relative normal force
Im = Moy1/Mg2; moment ratio

M1, My, are the first order end moments, !Mozf > |M01|

If the end moments My, and My, give tension on the same side, r,,, should be taken positive (i.e. C < 1,7),
otherwise negative (i.e. C>1,7).

In the following cases, r,,, should be taken as 1,0 (i.e. C =0,7):
- for braced members in which the first order moments arise only from or predominantly due to imperfections
or transverse loading

- for unbraced members in general
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(2) In cases with biaxial bending, the slenderness criterion may be checked separately for each
direction. Depending on the outcome of this check, second order effects (a) may be ignored in
both directions, (b) should be taken into account in one direction, or (c) should be taken into
account in both directions.

5.8.3.2 Slenderness and effective length of isolated members

(1) The slenderness ratio is defined as follows:
A=1loli (5.14)

where:
lo is the effective length, see 5.8.3.2 (2) to (7)
i is the radius of gyration of the uncracked concrete section

(2) For a general definition of the effective length, see 5.8.1. Examples of effective length for
isolated members with constant cross section are given in Figure 5.7.
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Figure 5.7: Examples of different buckling modes and corresponding effective
lengths for isolated members

(38) For compression members in regular frames, the slenderness criterion (see 5.8.3.1) should
be checked with an effective length Iy determined in the following way:

Braced members (see Figure 5.7 (f)):

lo=0,5- || 1+ ki 11+ K, (5.15)
0,45 + K, 0,45 +k,
Unbraced members (see Figure 5.7 (g)):
lo= I-max 1410. KK 1+ k| 4y _Ke (5.16)
k, +k, 1+ K, 1+ K,
where:

k1, ko are the relative flexibilities of rotational restraints at ends 1 and 2 respectively:
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k =(8/M)-(El/])
¢ s the rotation of restraining members for bending moment M;
see also Figure 5.7 (f) and (g)
EI is the bending stiffness of compression member, see also 5.8.3.2 (4) and (5)
/ is the clear height of compression member between end restraints

Note: k =0 is the theoretical limit for rigid rotational restraint, and k = « represents the limit for no restraint at
all. Since fully rigid restraint is rare in practise, a minimum value of 0,1 is recommended for k4 and k..

(4) If an adjacent compression member (column) in a node is likely to contribute to the rotation
at buckling, then (EZI) in the definition of k should be replaced by [(E//[)a+(El/ )], @aand b
representing the compression member (column) above and below the node.

(5) In the definition of effective lengths, the stiffness of restraining members should include the
effect of cracking, unless they can be shown to be uncracked in ULS.

(6) For other cases than those in (2) and (3), e.g. members with varying normal force and/or
cross section, the criterion in 5.8.3.1 should be checked with an effective length based on the
buckling load (calculated e.g. by a numerical method):

ly = JEIINg (5.17)

where:
El is a representative bending stiffness
Ng is buckling load expressed in terms of this E/
(in Expression (5.14), i should also correspond to this EJ)

(7) The restraining effect of transverse walls may be allowed for in the calculation of the
effective length of walls by the factor g given in 12.6.5.1. In Expression (12.9) and Table 12.1, I,
is then substituted by /y determined according to 5.8.3.2.

5.8.3.3 Global second order effects in buildings

(1) As an alternative to 5.8.2 (6), global second order effects in buildings may be ignored if

n E.yl,

Fyeq £k1-ns +S1,6.ZL2d (5.18)
where:

Fveq is the total vertical load (on braced and bracing members)

N is the number of storeys

L is the total height of building above level of moment restraint

E.q s the design value of the modulus of elasticity of concrete, see 5.8.6 (3)

Ic is the second moment of area (uncracked concrete section) of bracing member(s)

Note: The value of k; for use in a Country may be found in its National Annex. The recommended value is
0,31.

Expression (5.18) is valid only if all the following conditions are met:
- torsional instability is not governing, i.e. structure is reasonably symmetrical
- global shear deformations are negligible (as in a bracing system mainly consisting of shear
walls without large openings)
- bracing members are rigidly fixed at the base, i.e. rotations are negligible
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- the stiffness of bracing members is reasonably constant along the height
- the total vertical load increases by approximately the same amount per storey

(2) k1 in Expression (5.18) may be replaced by k; if it can be verified that bracing members
are uncracked in ultimate limit state.

Note 1: The value of k, for use in a Country may be found in its National Annex. The recommended value is
0,62.

Note 2: For cases where the bracing system has significant global shear deformations and/or end rotations,
see Annex H (which also gives the background to the above rules).

5.8.4 Creep

(1)P The effect of creep shall be taken into account in second order analysis, with due
consideration of both the general conditions for creep (see 3.1.4) and the duration of different
loads in the load combination considered.

(2) The duration of loads may be taken into account in a simplified way by means of an
effective creep ratio, ¢, Which, used together with the design load, gives a creep deformation
(curvature) corresponding to the quasi-permanent load:

Pef = Pw,10) -Moegp !/ Mokd (5.19)

where:
Pt0) IS the final creep coefficient according to 3.1.4
Moeqp is the first order bending moment in quasi-permanent load combination (SLS)
Moeq s the first order bending moment in design load combination (ULS)

Note. Itis also possible to base ¢ on total bending moments Mgy, and Mgy, but this requires iteration and a
verification of stability under quasi-permanent load with @t = @(os 10)-

(3) If Moeqp/ Moeq varies in @ member or structure, the ratio may be calculated for the section
with maximum moment, or a representative mean value may be used.

(4) The effect of creep may be ignored, i.e. g = 0 may be assumed, if the following three
conditions are met:

- Q)< 2

- AL75

- Mogd/Neq > h

Here Mogq is the first order moment and h is the cross section depth in the corresponding
direction.

Note. If the conditions for neglecting second order effects according to 5.8.2 (6) or 5.8.3.3 are only just
achieved, it may be too unconservative to neglect both second order effects and creep, unless the mechanical
reinforcement ratio (o, see 5.8.3.1 (1)) is at least 0,25.

5.8.5 Methods of analysis

(1) The methods of analysis include a general method, based on non-linear second order
analysis, see 5.8.6 and the following two simplified methods:

(a) Method based on nominal stiffness, see 5.8.7

(b) Method based on nominal curvature, see 5.8.8
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Note 1: The selection of Simplified Method (a) and (b) to be used in a Country may be found in its National
Annex.

Note 2: Nominal second order moments provided by the simplified methods (a) and (b) are sometimes
greater than those corresponding to instability. This is to ensure that the total moment is compatible with the
cross section resistance.

(2) Method (a) may be used for both isolated members and whole structures, if nominal
stiffness values are estimated appropriately; see 5.8.7.

(3) Method (b) is mainly suitable for isolated members; see 5.8.8. However, with realistic
assumptions concerning the distribution of curvature, the method in 5.8.8 can also be used for
structures.

5.8.6 General method

(1)P The general method is based on non-linear analysis, including geometric non-linearity i.e.
second order effects. The general rules for non-linear analysis given in 5.7 apply.

(2)P Stress-strain curves for concrete and steel suitable for overall analysis shall be used. The
effect of creep shall be taken into account.

(3) Stress-strain relationships for concrete and steel given in 3.1.5, Expressions (3.14) and 3.2.7
(Figure 3.8) may be used. With stress-strain diagrams based on design values, a design value
of the ultimate load is obtained directly from the analysis. In Expression (3.14), and in the k-
value, fom is then substituted by the design compressive strength f.q and E.n, is substituted by

ECd = Ecm /ch (520)

Note: The value of 7, for use in a Country may be found in its National Annex. The recommended value is
1,2.¢cil

(4) In the absence of more refined models, creep may be taken into account by multiplying all
strain values in the concrete stress-strain diagram according to 5.8.6 (3) with a factor (1 + ¢e),
where ¢ is the effective creep ratio according to 5.8.4.

(5) The favourable effect of tension stiffening may be taken into account.
Note: This effect is favourable, and may always be ignored, for simplicity.

(6) Normally, conditions of equilibrium and strain compatibility are satisfied in a number of
cross sections. A simplified alternative is to consider only the critical cross section(s), and to
assume a relevant variation of the curvature in between, e.g. similar to the first order moment or
simplified in another appropriate way.

5.8.7 Method based on nominal stiffness
5.8.7.1 General

(1) In a second order analysis based on stiffness, nominal values of the flexural stiffness
should be used, taking into account the effects of cracking, material non-linearity and creep on
the overall behaviour. This also applies to adjacent members involved in the analysis, e.g.
beams, slabs or foundations. Where relevant, soil-structure interaction should be taken into
account.
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(2) The resulting design moment is used for the design of cross sections with respect to
D bending moment and axial force according to 6.1, as compared with 5.8.5 (1).¢c

5.8.7.2 Nominal stiffness

(1) The following model may be used to estimate the nominal stiffness of slender compression
members with arbitrary cross section:

E] = KcEchC + KsEs[s (5.21)

where:
E.q is the design value of the modulus of elasticity of concrete, see 5.8.6 (3)
I is the moment of inertia of concrete cross section
E. is the design value of the modulus of elasticity of reinforcement, 5.8.6 (3)
Is is the second moment of area of reinforcement, about the centre of area of the
concrete
K. is a factor for effects of cracking, creep etc, see 5.8.7.2 (2) or (3)
Ks is a factor for contribution of reinforcement, see 5.8.7.2 (2) or (3)

(2) The following factors may be used in Expression (5.21), provided p > 0,002:

Ks=1

5.22
Ko = kika | (1 + er) (5.22)
where:

p is the geometric reinforcement ratio, As/Ac

As is the total area of reinforcement

A is the area of concrete section

@et is the effective creep ratio, see 5.8.4

ki1 is a factor which depends on concrete strength class, Expression (5.23)

ko is a factor which depends on axial force and slenderness, Expression (5.24)

ki= T /20 (MPa) (5.23)

ko=n-—2— <0,20 (5.24)
170

where:
n is the relative axial force, Ngq / (Acfcq)
A is the slenderness ratio, see 5.8.3

If the slenderness ratio 1 is not defined, k, may be taken as
k2 =n-0,30<0,20 (5.25)

(3) As a simplified alternative, provided p > 0,01, the following factors may be used in
Expression (5.21):
Ks=0

Ke=0,3/(1+0,50) (5.26)

Note. The simplified alternative may be suitable as a preliminary step, followed by a more accurate calculation
according to (2).
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(4) In statically indeterminate structures, unfavourable effects of cracking in adjacent members
should be taken into account. Expressions (5.21-5.26) are not generally applicable to such
members. Partial cracking and tension stiffening may be taken into account e.g. according to
7.4.3. However, as a simplification, fully cracked sections may be assumed. The stiffness
should be based on an effective concrete modulus:

Ecgefr = Ecd/(1 +(0ef) (527)

where:
E.q is the design value of the modulus of elasticity according to 5.8.6 (3)
per IS the effective creep ratio; same value as for columns may be used

5.8.7.3 Moment magnification factor

(1) The total design moment, including second order moment, may be expressed as a
[/cn magnification of the bending moments resulting from a first order analysis, namely: ¢l

ﬂ }
Mg, =My | 1+ ——F——— (5.28)
Ed 0Ed|: (NB /NEd)_1
where:
Moeq is the first order moment; see also 5.8.8.2 (2)
y/j is a factor which depends on distribution of 1% and 2" order moments, see 5.8.7.3
(2)-(3)
Neq  is the design value of axial load
Ns is the buckling load based on nominal stiffness

(2) Forisolated members with constant cross section and axial load, the second order moment
may normally be assumed to have a sine-shaped distribution. Then

B=n°/cq (5.29)

where:
co Is a coefficient which depends on the distribution of first order moment (for instance,
co = 8 for a constant first order moment, ¢y = 9,6 for a parabolic and 12 for a
symmetric triangular distribution etc.).

(3) For members without transverse load, differing first order end moments My and My, may
be replaced by an equivalent constant first order moment My, according to 5.8.8.2 (2).
Consistent with the assumption of a constant first order moment, ¢y, = 8 should be used.

Note: The value of ¢, = 8 also applies to members bent in double curvature. It should be noted that in some
cases, depending on slenderness and axial force, the end moments(s) can be greater than the magnified
equivalent moment

(4) Where 5.8.7.3 (2) or (3) is not applicable, g =1 is normally a reasonable simplification.
Expression (5.28) can then be reduced to:

MOEd

M. =_— "0Ed
= 1_(NEd/NB)

(5.30)
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Note: 5.8.7.3 (4) is also applicable to the global analysis of certain types of structures, e.g. structures braced
by shear walls and similar, where the principal action effect is bending moment in bracing units. For other
types of structures, a more general approach is given in Annex H, Clause H.2.

5.8.8 Method based on nominal curvature

5.8.8.1 General

(1) This method is primarily suitable for isolated members with constant normal force and a
defined effective length /y (see 5.8.3.2). The method gives a nominal second order moment
based on a deflection, which in turn is based on the effective length and an estimated maximum
curvature (see also 5.8.5 (3)).

(2) The resulting design moment is used for the design of cross sections with respect to
bending moment and axial force according to 6.1.

5.8.8.2 Bending moments

(1) The design moment is:
Meq = Moea+ Mo (5.31)

where:
Moeq is the 1% order moment, including the effect of imperfections, see also 5.8.8.2 (2)
M, is the nominal 2" order moment, see 5.8.8.2 (3)

The maximum value of Mg4 is given by the distributions of Myeg and My; the latter may be taken
as parabolic or sinusoidal over the effective length.

Note: For statically indeterminate members, Myeq4 is determined for the actual boundary conditions, whereas
M, will depend on boundary conditions via the effective length, cf. 5.8.8.1 (1).

(2) For members without loads applied between their ends, differing first order end
moments My, and My, may be replaced by an equivalent first order end moment M, : &l

Moe = 0,6 Moz + 0,4 Mo1 > 0,4 Mo (5.32)

My and My, should have the same sign if they give tension on the same side, otherwise
opposite signs. Furthermore, | Moz |>| Mo | .

(8) The nominal second order moment M, in Expression (5.31) is
M2 = NEd (57) (533)

where:
Neq is the design value of axial force
e, is the deflection = (1/r) I,2/ ¢
1/r is the curvature, see 5.8.8.3
I, s the effective length, see 5.8.3.2
¢ is afactor depending on the curvature distribution, see 5.8.8.2 (4)

(4) For constant cross section, ¢ = 10 (~ 7%) is normally used. If the first order moment is
constant, a lower value should be considered (8 is a lower limit, corresponding to constant total
moment).
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Note. The value n® corresponds to a sinusoidal curvature distribution. The value for constant curvature is 8.
Note that ¢ depends on the distribution of the total curvature, whereas ¢, in 5.8.7.3 (2) depends on the
curvature corresponding to the first order moment only.

5.8.8.3 Curvature

(1) For members with constant symmetrical cross sections (incl. reinforcement), the following
may be used:

1/r = KoK, 1/ (5.34)

where:
K: is a correction factor depending on axial load, see 5.8.8.3 (3)
K, is a factor for taking account of creep, see 5.8.8.3 (4)
1//’0 = &yd /(0,45 d)
&yd = fyd /ES
d s the effective depth; see also 5.8.8.3 (2)

(2) If all reinforcement is not concentrated on opposite sides, but part of it is distributed parallel
to the plane of bending, d is defined as

d=(h/l2) + is (5.35)
where js is the radius of gyration of the total reinforcement area

(3) K:in Expression (5.34) should be taken as:

where:
n = Ngq/ (Ac feq), relative axial force
Neq is the design value of axial force
nn =1+ow

npar is the value of n at maximum moment resistance; the value 0,4 may be used
(0] = As fyd / (Ac fcd)

As is the total area of reinforcement

A: is the area of concrete cross section

(4) The effect of creep should be taken into account by the following factor:
Ko =1+ Bpet 21 (5.37)

where:
@er is the effective creep ratio, see 5.8.4
p  =0,35+ f4/200 - 4/150
[*» 4 is the slenderness ratio, see 5.8.3.2

5.8.9 Biaxial bending
(1) The general method described in 5.8.6 may also be used for biaxial bending. The following

provisions apply when simplified methods are used. Special care should be taken to identify
the section along the member with the critical combination of moments.
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(2) Separate design in each principal direction, disregarding biaxial bending, may be made as a
first step. Imperfections need to be taken into account only in the direction where they will have
the most unfavourable effect.

(3) No further check is necessary if the slenderness ratios satisfy the following two conditions

M, <2 and A/Ay <2 (5.38a)

[*» and if the relative eccentricities e,/heq and e./be, (see Figure 5.8) satisfy one the following
conditions:

e,/ h,, e, /b

<0,2 or =2 <0,2 (5.38b)
e,/ b,, e,/ h,
where:
b, h are the width and depth of the section
beq = i ~\/_ 2 and heq = 1, .A/12 for an equivalent rectangular section

/1,,, A, are the slenderness ratios lo/i with respect to y- and z-axis respectively
iy, i are the radii of gyration with respect to y- and z-axis respectively
e, = Meay / Neq; eccentricity along z-axis
ey = Meq4, | Neg; eccentricity along y-axis
Meqy is the design moment about y-axis, including second order moment
Me4, is the design moment about z-axis, including second order moment
Neq  is the design value of axial load in the respective load combination

z

‘ey

Figure 5.8. Definition of eccentricities ey, and e..

(4) If the condition of Expression (5.38) is not fulfilled, biaxial bending should be taken into
account including the 2™ order effects in each direction (unless they may be ignored according
to 5.8.2 (6) or 5.8.3). In the absence of an accurate cross section design for biaxial bending, the
following simplified criterion may be used:

a M a
[’V’ij [ Mes | 240 (5.39)
MRdz MRdy
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where:
Mgz, is the design moment around the respective axis, including a 2™ order moment.
Mrqzy is the moment resistance in the respective direction

a is the exponent;
for circular and elliptical cross sections: a = 2
for rectangular cross sections: Neo/Nrg 0,1 0,7 1,0

a= 1,0 1,5 2,0

with linear interpolation for intermediate values
Neq s the design value of axial force
Nra = Acfeq + Asfyg, design axial resistance of section.
where:
A. is the gross area of the concrete section
As is the area of longitudinal reinforcement

5.9 Lateral instability of slender beams

(1)P Lateral instability of slender beams shall be taken into account where necessary, e.g. for
precast beams during transport and erection, for beams without sufficient lateral bracing in the
finished structure etc. Geometric imperfections shall be taken into account.

(2) A lateral deflection of / / 300 should be assumed as a geometric imperfection in the
verification of beams in unbraced conditions, with / = total length of beam. In finished
structures, bracing from connected members may be taken into account

(3) Second order effects in connection with lateral instability may be ignored if the following
conditions are fulfilled:

~

ot 50

- persistent situations: - < —i and h/b<25 (5.40a)
b (h/b)
: P 70
- transient situations: > <———= and h/b<3,5 (5.40b)
b (h/b)

where:
lot is the distance between torsional restraints
h is the total depth of beam in central part of Iy
b is the width of compression flange

(4) Torsion associated with lateral instability should be taken into account in the design of
supporting structures.

5.10 Prestressed members and structures
5.10.1 General

(1)P The prestress considered in this Standard is that applied to the concrete by stressed
tendons.

(2) The effects of prestressing may be considered as an action or a resistance caused by
prestrain and precurvature. The bearing capacity should be calculated accordingly.
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(3) In general prestress is introduced in the action combinations defined in EN 1990 as part of
the loading cases and its effects should be included in the applied internal moment and axial
force.

(4) Following the assumptions of (3) above, the contribution of the prestressing tendons to the
resistance of the section should be limited to their additional strength beyond prestressing. This
may be calculated assuming that the origin of the stress/strain relationship of the tendons is
displaced by the effects of prestressing.

(5)P Brittle failure of the member caused by failure of prestressing tendons shall be avoided.

(6) Brittle failure should be avoided by one or more of the following methods:
Method A: Provide minimum reinforcement in accordance with 9.2.1.
Method B: Provide pretensioned bonded tendons.

Method C: Provide easy access to prestressed concrete members in order to check and
control the condition of tendons by non-destructive methods or by monitoring.

Method D: Provide satisfactory evidence concerning the reliability of the tendons.

Method E: Ensure that if failure were to occur due to either an increase of load or a
reduction of prestress under the frequent combination of actions, cracking would
occur before the ultimate capacity would be exceeded, taking account of moment
redistribution due to cracking effects.

Note: The selection of Methods to be used in a Country may be found in its National Annex.

5.10.2 Prestressing force during tensioning
5.10.2.1 Maximum stressing force

(1)P The force applied to a tendon, Pnax (i.e. the force at the active end during tensioning) shall
not exceed the following value.

Prax = Ap * Op.max (5.41)

where:
Ap is the cross-sectional area of the tendon
op,max 1S the maximum stress applied to the tendon
= min { ke fpk; ko fp0,1k}

Note: The values of k; and k; for use in a Country may be found in its National Annex. The recommended
values are ky=0,8 and k,=0,9

(2) Overstressing is permitted if the force in the jack can be measured to an accuracy of £ 5 %
of the final value of the prestressing force. In such cases the maximum prestressing force Ppax
[*“Dmay be increased to k3 fyo,1k" Ap (€.9. for the occurrence of an unexpected high friction in @l
long-line pretensioning).

Note: The values of k3 for use in a Country may be found in its National Annex. The recommended value is
0,95.
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5.10.2.2 Limitation of concrete stress

(1)P Local concrete crushing or splitting at the end of pre- and post-tensioned members shall
be avoided.

(2) Local concrete crushing or splitting behind post-tensioning anchors should be avoided in
accordance with the relevant European Technical Approval.

(3) The strength of concrete at application of or transfer of prestress should not be less than
the minimum value defined in the relevant European Technical Approval.

(4) If prestress in an individual tendon is applied in steps, the required concrete strength may
be reduced. The minimum strength f.m(f) at the time t should be k4 [%] of the required concrete
strength for full prestressing given in the European Technical Approval. Between the minimum
strength and the required concrete strength for full prestressing, the prestress may be
interpolated between ks [%] and 100% of the full prestressing.

Note: The values of k4 and k5 for use in a Country may be found in its National Annex. The recommended
value for k, is 50 and for ksis 30.

(5) The concrete compressive stress in the structure resulting from the prestressing force and
other loads acting at the time of tensioning or release of prestress, should be limited to:

O¢c S 0,6 fck(t) (5.42)

where f(t) is the characteristic compressive strength of the concrete at time t when it is
subjected to the prestressing force.

For pretensioned elements the stress at the time of transfer of prestress may be increased to
ke fok(2), if it can be justified by tests or experience that longitudinal cracking is prevented.

Note: The value of Kg for use in a Country may be found in its National Annex. The recommended value is
0,7.

If the compressive stress permanently exceeds 0,45 f(t) the non-linearity of creep should be
taken into account.

5.10.2.3 Measurements

(1)P In post-tensioning the prestressing force and the related elongation of the tendon shall be
checked by measurements and the actual losses due to friction shall be controlled.

5.10.3 Prestress force

(1)P At a given time t and distance x (or arc length) from the active end of the tendon the mean
prestress force Pn(x) is equal to the maximum force Pnax imposed at the active end, minus the
immediate losses and the time dependent losses (see below). Absolute values are considered
for all the losses.

(2) The value of the initial prestress force Pmo(x) (at time t = {0) applied to the concrete
immediately after tensioning and anchoring (post-tensioning) or after transfer of prestressing
(pre-tensioning) is obtained by subtracting from the force at tensioning Pnax the immediate
losses AP;(x) and should not exceed the following value:
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PmO(X) = Ap : O'me(X) (543)

where:
opmo(X) is the stress in the tendon immediately after tensioning or transfer
= min { k7' fpk ; kgfpojk}

Note: The values of k; and kg for use in a Country may be found in its National Annex. The recommended
value for k; is 0,75 and for kgis 0,85

(3) When determining the immediate losses AP;(x) the following immediate influences should
be considered for pre-tensioning and post-tensioning where relevant (see 5.10.4 and 5.10.5):
- losses due to elastic deformation of concrete AP
- losses due to short term relaxation AP,
- losses due to friction AP,(x)
- losses due to anchorage slip AP

(4) The mean value of the prestress force Pn(x) at the time t > t0 should be determined with
respect to the prestressing method. In addition to the immediate losses given in (3) the time-
dependent losses of prestress APcq.s+(X) (see 5.10.6) as a result of creep and shrinkage of the
concrete and the long term relaxation of the prestressing steel should be considered and Pp, (X)

= PmO(X) - APc+s+r(X).
5.10.4 Immediate losses of prestress for pre-tensioning

(1) The following losses occurring during pre-tensioning should be considered:

(i) during the stressing process: loss due to friction at the bends (in the case of curved wires
or strands) and losses due to wedge draw-in of the anchorage devices.

(i) before the transfer of prestress to concrete: loss due to relaxation of the pretensioning
tendons during the period which elapses between the tensioning of the tendons and
prestressing of the concrete.

Note: In case of heat curing, losses due to shrinkage and relaxation are modified and should be assessed
accordingly; direct thermal effect should also be considered (see 10.3.2.1 and Annex D) (Ac1]

(iii) at the transfer of prestress to concrete: loss due to elastic deformation of concrete as
the result of the action of pre-tensioned tendons when they are released from the
anchorages.

5.10.5 Immediate losses of prestress for post-tensioning
5.10.5.1 Losses due to the instantaneous deformation of concrete

(1) Account should be taken of the loss in tendon force corresponding to the deformation of
concrete, taking account the order in which the tendons are stressed.

(2) This loss, APs;, may be assumed as a mean loss in each tendon as follows:

AP, = A E, Z{JEA_ff(t()t)} (5.44)

where:
Aoe(t) is the variation of stress at the centre of gravity of the tendons applied at time ¢
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J is a coefficient equal to
(n-1)2n where n is the number of identical tendons successively
prestressed. As an approximation j may be taken as 1/2
1 for the variations due to permanent actions applied after prestressing.

5.10.5.2 Losses due to friction

(1) The losses due to friction AP,(x) in post-tensioned tendons may be estimated from:

AP, (Xx) =P, (1~ g #(0rkx)y (5.45)
where:
¢ is the sum of the angular displacements over a distance x (irrespective of direction or
sign)

u is the coefficient of friction between the tendon and its duct

k is an unintentional angular displacement for internal tendons (per unit length)

x is the distance along the tendon from the point where the prestressing force is equal
to Pmax (the force at the active end during tensioning)

The values x and k are given in the relevant European Technical Approval. The value u
depends on the surface characteristics of the tendons and the duct, on the presence of rust, on
the elongation of the tendon and on the tendon profile.

The value k for unintentional angular displacement depends on the quality of workmanship, on
the distance between tendon supports, on the type of duct or sheath employed, and on the
degree of vibration used in placing the concrete.

(2) In the absence of data given in a European Technical Approval the values for # given in
Table 5.1 may be assumed, when using Expression (5.45).

(3) In the absence of data in a European Technical Approval, values for unintended regular
displacements for internal tendons will generally be in the range 0,005 < k < 0,01 per metre.

(4) For external tendons, the losses of prestress due to unintentional angles may be ignored.

Table 5.1: Coefficients of friction u of post-tensioned internal tendons and external
unbonded tendons

External unbonded tendons
Internal tendons | Steel duct/ non |HDPE duct/ non | Steel duct/ HDPE duct/
lubricated lubricated lubricated lubricated

Cold drawn wire 0,17 0,25 0,14 0,18 0,12
Strand 0,19 0,24 0,12 0,16 0,10
Deformed bar 0,65 - - - -
Smooth round bar 0,33 - - - -

" for tendons which fill about half of the duct

Note: HDPE - High density polyethylene
5.10.5.3 Losses at anchorage

(1) Account should be taken of the losses due to wedge draw-in of the anchorage devices,

during the operation of anchoring after tensioning, and due to the deformation of the anchorage
itself.
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(2) Values of the wedge draw-in are given in the European Technical Approval.

5.10.6 Time dependent losses of prestress for pre- and post-tensioning

(1) The time dependent losses may be calculated by considering the following two reductions
of stress:

(a) due to the reduction of strain, caused by the deformation of concrete due to creep and
shrinkage, under the permanent loads:

(b) the reduction of stress in the steel due to the relaxation under tension.

Note: The relaxation of steel depends on the concrete deformation due to creep and shrinkage. This
interaction can generally and approximately be taken into account by a reduction factor 0,8.

(2) A simplified method to evaluate time dependent losses at location x under the permanent
loads is given by Expression (5.46).

E,
£.E, +08A0, +E—¢>(tt) QP
APc+s+r =A AO.p C+s+r T Ap E A < (546)
p)[1+08¢)(l‘ t)l

A
1+ 1+
E., A Al ) [l

where:

Acpc+s+r IS the absolute value of the variation of stress in the tendons due to creep,
shrinkage and relaxation at location x, at time t

Ecs is the estimated shrinkage strain according to 3.1.4(6) in absolute value
[’ E, is the modulus of elasticity for the prestressing steel, see 3.3.6 (2)
Ecm is the modulus of elasticity for the concrete (Table 3.1)
Acpr is the absolute value of the variation of stress in the tendons at location x, at

time t, due to the relaxation of the prestressing steel. It is determined for a
stress of o, = 0p(G+Pmot+ 12Q)
where o, = ap(G+Pmo+ Q) is the initial stress in the tendons due to initial
prestress and quasi-permanent actions.

o(t,to) is the creep coefficient at a time t and load application at time fy

Oc,QP is the stress in the concrete adjacent to the tendons, due to self-weight and
initial prestress and other quasi-permanent actions where relevant. The value
of oz op Mmay be the effect of part of self-weight and initial prestress or the effect
of a full quasi-permanent combination of action (oc(G+Pmot 12Q)), depending on
the stage of construction considered.

Ap is the area of all the prestressing tendons at the location x

Ac is the area of the concrete section.

A is the second moment of area of the concrete section.

Zep is the distance between the centre of gravity of the concrete section and the
tendons

Compressive stresses and the corresponding strains given in Expression (5.46) should be used
with a positive sign.

(3) Expression (5.46) applies for bonded tendons when local values of stresses are used and
for unbonded tendons when mean values of stresses are used. The mean values should be
calculated between straight sections limited by the idealised deviation points for external
tendons or along the entire length in case of internal tendons.
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5.10.7 Consideration of prestress in analysis
(1) Second order moments can arise from prestressing with external tendons.

(2) Moments from secondary effects of prestressing arise only in statically indeterminate
structures.

(3) For linear analysis both the primary and secondary effects of prestressing should be applied
before any redistribution of forces and moments is considered (see 5.5).

(4) In plastic and non-linear analysis the secondary effect of prestress may be treated as
additional plastic rotations which should then be included in the check of rotation capacity.

(5) Rigid bond between steel and concrete may be assumed after grouting of post-tensioned
tendons. However before grouting the tendons should be considered as unbonded.

(6) External tendons may be assumed to be straight between deviators.
5.10.8 Effects of prestressing at ultimate limit state

(1) In general the design value of the prestressing force may be determined by Py (x) =
70, Pmi(X) (see 5.10.3 (4) for the definition of Py (x)) and 2.4.2.2 for ..

(2) For prestressed members with permanently unbonded tendons, it is generally necessary to
take the deformation of the whole member into account when calculating the increase of the
stress in the prestressing steel. If no detailed calculation is made, it may be assumed that the
increase of the stress from the effective prestress to the stress in the ultimate limit state is
AopuLs.

Note: The value of Ao, s for use in a Country may be found in its National Annex. The recommended value
is 100 MPa.

(3) If the stress increase is calculated using the deformation state of the whole member the
mean values of the material properties should be used. The design value of the stress increase
Aopd = Aoy 7ap should be determined by applying partial safety factors yapsup @nd yap,inf
respectively.

Note: The values of ypsup and yapins for use in a Country may be found in its National Annex. The
recommended values for yp s, and yapinr are 1,2 and 0,8 respectively. If linear analysis with uncracked
sections is applied, a lower limit of deformations may be assumed and the recommended value for both yp sup
and VAP, inf is 1,0.

5.10.9 Effects of prestressing at serviceability limit state and limit state of fatigue

(1)P For serviceability and fatigue calculations allowance shall be made for possible variations
in prestress. Two characteristic values of the prestressing force at the serviceability limit state
are estimated from:

Pk,sup = I'sup Py (X) (5.47)
Px.int = fint Pm(X) (5.48)
where:

Pxsup is the upper characteristic value
Pxint is the lower characteristic value
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Note: The values of ry,, and riys for use in a Country may be found in its National Annex. The recommended
values are:

for pre-tensioning or unbonded tendons: rs,, = 1,05 and ri;= 0,95

for post-tensioning with bonded tendons: rg,, = 1,10 and ris= 0,90

when appropriate measures (e.g. direct measurements of pretensioning) are taken: rg, = rins= 1,0.

5.11 Analysis for some particular structural members
(1)P Slabs supported on columns are defined as flat slabs.

(2)P Shear walls are plain or reinforced concrete walls that contribute to lateral stability of the
structure.

Note: For information concerning the analysis of flat slabs and shear walls see Annex |.
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SECTION 6 ULTIMATE LIMIT STATES (ULS)
6.1 Bending with or without axial force

(1)P This section applies to undisturbed regions of beams, slabs and similar types of members
for which sections remain approximately plane before and after loading. The discontinuity
regions of beams and other members in which plane sections do not remain plane may be
designed and detailed according to 6.5.

(2)P When determining the ultimate moment resistance of reinforced or prestressed concrete
cross-sections, the following assumptions are made:

plane sections remain plane.

- the strain in bonded reinforcement or bonded prestressing tendons, whether in tension or
in compression, is the same as that in the surrounding concrete.

- the tensile strength of the concrete is ignored.

- the stresses in the concrete in compression are derived from the design stress/strain
relationship given in 3.1.7.

- the stresses in the reinforcing or prestressing steel are derived from the design curves in
3.2 (Figure 3.8) and 3.3 (Figure 3.10).

- the initial strain in prestressing tendons is taken into account when assessing the

stresses in the tendons.

(3)P The compressive strain in the concrete shall be limited to &2, or &3, depending on the
stress-strain diagram used, see 3.1.7 and Table 3.1. The strains in the reinforcing steel and the
prestressing steel shall be limited to &,4 (where applicable); see 3.2.7 (2) and 3.3.6 (7)
respectively.

(4) For cross-sections loaded by the compression force it is necessary to assume the minimum
eccentricity, eo = h/30 but not less than 20 mm where h is the depth of the section. ¢l

[©)(5) In parts of cross-sections which are subjected to approximately concentric loading (ey4/h <
0,1), such as compression flanges of box girders, the mean compressive strain in that part of
the section should be limited to &2 (or &g if the bilinear relation of Figure 3.4 is used). (]

(6) The possible range of strain distributions is shown in Figure 6.1.
(7) For prestressed members with permanently unbonded tendons see 5.10.8.

(8) For external prestressing tendons the strain in the prestressing steel between two
subsequent contact points (anchors or deviation saddles) is assumed to be constant. The strain
in the prestressing steel is then equal to the initial strain, realised just after completion of the
prestressing operation, increased by the strain resulting from the structural deformation
between the contact areas considered. See also 5.10.
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- reinforcing steel tension strain limit
- concrete compression strain limit
- concrete pure compression strain limit

Figure 6.1: Possible strain distributions in the ultimate limit state

Shear

General verification procedure

(1)P For the verification of the shear resistance the following symbols are defined:

Vrac is the design shear resistance of the member without shear reinforcement.
Vras is the design value of the shear force which can be sustained by the yielding shear

reinforcement.

VRamax IS the design value of the maximum shear force which can be sustained by the

member, limited by crushing of the compression struts.

In members with inclined chords the following additional values are defined (see Figure 6.2):

Veea IS the design value of the shear component of the force in the compression area, in

Vid

the case of an inclined compression chord.
is the design value of the shear component of the force in the tensile reinforcement,
in the case of an inclined tensile chord.

Figure 6.2: Shear component for members with inclined chords
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(2)  The shear resistance of a member with shear reinforcement is equal to:

VRd = VRds + Veed + Vig (6.1)

(3) In regions of the member where Vg4 <VRrq NO calculated shear reinforcement is necessary.
Veq is the design shear force in the section considered resulting from external loading and
prestressing (bonded or unbonded).

(4) When, on the basis of the design shear calculation, no shear reinforcement is required,
minimum shear reinforcement should nevertheless be provided according to 9.2.2. The
minimum shear reinforcement may be omitted in members such as slabs (solid, ribbed or
hollow core slabs) where transverse redistribution of loads is possible. Minimum reinforcement
may also be omitted in members of minor importance (e.g. lintels with span <2 m) which do not
contribute significantly to the overall resistance and stability of the structure.

(5) In regions where Vgq > VRrq, according to Expression (6.2), sufficient shear reinforcement
[.<») should be provided in order that Vg < Vrg (see Expression (6.1)).¢]

(6) The sum of the design shear force and the contributions of the flanges, Veq - Viecd - Via,
should not exceed the permitted maximum value Vrgmax (See 6.2.3), anywhere in the member.

(7) The longitudinal tension reinforcement should be able to resist the additional tensile force
caused by shear (see 6.2.3 (7)).

(8) For members subject to predominantly uniformly distributed loading the design shear force
need not to be checked at a distance less than d from the face of the support. Any shear
reinforcement required should continue to the support. In addition it should be verified that the
shear at the support does not exceed Vrqmax (S€€ also 6.2.2 (6) and 6.2.3 (8).

(9) Where a load is applied near the bottom of a section, sufficient vertical reinforcement to
carry the load to the top of the section should be provided in addition to any reinforcement
required to resist shear.

6.2.2 Members not requiring design shear reinforcement

(1) The design value for the shear resistance Vgq is given by:
Viae = [Cra,ck(100 p1f) "™ + ki o5p] bud (6.2.)
with a minimum of
VRd.c = (Vmin + K10cp) bwd (6.2.b)

where:
foc isin MPa

1+1/¥ < 2,0 with din mm

Ad 0,02
d

k

Pl

Asl is the area of the tensile reinforcement, which extends > (4 + d) beyond the
section considered (see Figure 6.3).
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bw is the smallest width of the cross-section in the tensile area [mm]
oo = NedlAc <0,2fq [MPQ]
Neqg  is the axial force in the cross-section due to loading or prestressing [in N] (Ngg>0
[xcp for compression). The influence of imposed deformations on Ngq may be ignored.cil
Ac is the area of concrete cross section [mm?]
VRd,c is [N]

Note: The values of Crq., Vmin @and kq for use in a Country may be found in its National Annex. The
recommended value for Crq, is 0,18/, that for vy, is given by Expression (6.3N) and that for k; is 0,15.

Vmin =0,035 k% £, (6.3N)

CI 5°&J 459

- section considered

Figure 6.3: Definition of Ag in Expression (6.2)

(2) In prestressed single span members without shear reinforcement, the shear resistance of
the regions cracked in bending may be calculated using Expression (6.2a). In regions
uncracked in bending (where the flexural tensile stress is smaller than fqx 0,05/%c) the shear
resistance should be limited by the tensile strength of the concrete. In these regions the shear
resistance is given by:

I-b,
VRd,c = T \/ (fctd )2 +alo-cpfctd (64)
where
i is the second moment of area

bw is the width of the cross-section at the centroidal axis, allowing for the presence of
ducts in accordance with Expressions (6.16) and (6.17)

S is the first moment of area above and about the centroidal axis

a = Kllrz < 1,0 for pretensioned tendons
= 1,0 for other types of prestressing

Iy is the distance of section considered from the starting point of the transmission
length

L is the upper bound value of the transmission length of the prestressing element
according to Expression (8.18).

o  Is the concrete compressive stress at the centroidal axis due to axial loading
and/or prestressing (ocp = Neq/Ac in MPa, Ngg > 0 in compression)

For cross-sections where the width varies over the height, the maximum principal stress may

occur on an axis other than the centroidal axis. In such a case the minimum value of the shear
resistance should be found by calculating Vg, at various axes in the cross-section.
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(3) The calculation of the shear resistance according to Expression (6.4) is not required for
cross-sections that are nearer to the support than the point which is the intersection of the
elastic centroidal axis and a line inclined from the inner edge of the support at an angle of 45°.

(4) For the general case of members subjected to a bending moment and an axial force, which
can be shown to be uncracked in flexure at the ULS, reference is made to 12.6.3.

(5) For the design of the longitudinal reinforcement, in the region cracked in flexure, the Mgq -
line should be shifted over a distance a, = d in the unfavourable direction (see 9.2.1.3 (2)).

(6) For members with loads applied on the upper side within a distance 0,5d < a, < 2d from
the edge of a support (or centre of bearing where flexible bearings are used), the contribution
of this load to the shear force Vgq may be multiplied by g = a,/2d. This reduction may be
applied for checking Vrg in Expression (6.2.a). This is only valid provided that the
longitudinal reinforcement is fully anchored at the support. For a, < 0,5d the value a, = 0,5d
should be used.

The shear force Vgg, calculated without reduction by g, should however always satisfy the
condition

Veg £0,5 byd vfeq (6.5)
where vis a strength reduction factor for concrete cracked in shear

Note: The value vfor use in a Country may be found in its National Annex. The recommended value follows

from:
v=06|1 2 (fx in MPa) (6.6N)
=Y, T A~ ck | .
250 ‘
av
LN it
| d |
E d
=
(a) Beam with direct support (b) Corbel

Figure 6.4: Loads near supports

(7) Beams with loads near to supports and corbels may alternatively be designed with strut and
tie models. For this alternative, reference is made to 6.5.
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6.2.3 Members requiring design shear reinforcement

(1) The design of members with shear reinforcement is based on a truss model (Figure 6.5).
Limiting values for the angle @ of the inclined struts in the web are given in 6.2.3 (2).

In Figure 6.5 the following notations are shown:

is the angle between shear reinforcement and the beam axis perpendicular to the
shear force (measured positive as shown in Figure 6.5)

is the angle between the concrete compression strut and the beam axis
perpendicular to the shear force

is the design value of the tensile force in the longitudinal reinforcement

is the design value of the concrete compression force in the direction of the
longitudinal member axis.

is the minimum width between tension and compression chords

is the inner lever arm, for a member with constant depth, corresponding to the
bending moment in the element under consideration. In the shear analysis of
reinforced concrete without axial force, the approximate value z = 0,9d may normally
be used.

In elements with inclined prestressing tendons, longitudinal reinforcement at the tensile chord
[x<<» should be provided to carry the longitudinal tensile force due to shear defined in (7).¢cl

V(cot @- cota)

|

z N M
2= 09d ‘ﬁ

Y V

- compression chord, - struts, - tensile chord, [D]- shear reinforcement

| A

Figure 6.5: Truss model and notation for shear reinforced members

(2) The angle @ should be limited.

Note: The limiting values of coté for use in a Country may be found in its National Annex. The recommended
limits are given in Expression (6.7N).

1<cotd<2,5 (6.7N)
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(3) For members with vertical shear reinforcement, the shear resistance, Vgrqis the smaller
value of:

(4)

90

Vigs :Aﬁz foua COLO (6.8)
‘ s

Note: If Expression (6.10) is used the value of f,,,4 should be reduced to 0,8 f, in Expression (6.8)

and
where:
Asw is the cross-sectional area of the shear reinforcement
S is the spacing of the stirrups
fiwda  is the design yield strength of the shear reinforcement
12 is a strength reduction factor for concrete cracked in shear

aew i a coefficient taking account of the state of the stress in the compression chord

Note 1: The value of v anda,, for use in a Country may be found in its National Annex. The recommended
value of vy is v (see Expression (6.6N)).

Note 2: If the design stress of the shear reinforcement is below 80% of the characteristic yield stress f, v
may be taken as:
v =0,6 for fy < 60 MPa (6.10.aN)
v =0,9-14/200>0,5 forfy =60 MPa (6.10.bN)

Note 3: The recommended value of «, is as follows:
1 for non-prestressed structures

(1 + oeplfea) for 0 < ogp < 0,25 fiq (6.11.aN)
1,25 for 0,25 fo4 < 0 < 0,5 g (6.11.bN)
2,5 (1 - ogplfeq) for 0,5 fog < op < 1,0 g (6.11.cN)
where:

o ¢ is the mean compressive stress, measured positive, in the concrete due to the design axial force.
This should be obtained by averaging it over the concrete section taking account of the reinforcement.
The value of o, need not be calculated at a distance less than 0.5d cot 9 from the edge of the support.

Note 4: The maximum effective cross-sectional area of the shear reinforcement, Ay max, for cotd=1 is given
by:

Aswt,;:;fywd <1 auf, (6.12)
For members with inclined shear reinforcement, the shear resistance is the smaller value of
Vias = Asﬁ zf,4 (cotd+cota)sina (6.13)
and
Vigmax = Conbu2vifg(cotd + cota)/(1 + cot’0) (6.14)

Note: The maximum effective shear reinforcement, Ag,, max for cotd =1 follows from:

A f,

1
Sw,max ywd < Eacwv1f;:d (6 15)
b,s sina
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(5) In regions where there is no discontinuity of Vgq (e.g. for uniformly distributed loading
applied at the top) the shear reinforcement in any length increment / = z(cotf) may be
calculated using the smallest value of Vg4 in the increment.

(6) Where the web contains grouted metal ducts with a diameter ¢ > b,,/8 the shear
resistance Vrgmax Should be calculated on the basis of a nominal web thickness given by:

bw,nom = by - 0,52(15 (616)

where ¢ is the outer diameter of the duct and ¢ is determined for the most unfavourable
level.

For grouted metal ducts with ¢ < by, /8, by nom = bw

For non-grouted ducts, grouted plastic ducts and unbonded tendons the nominal web thickness
is:

bwnom = bw - 1,2 X¢ (617)

The value 1,2 in Expression (6.17) is introduced to take account of splitting of the concrete
struts due to transverse tension. If adequate transverse reinforcement is provided this value
may be reduced to 1,0.

(7) The additional tensile force, AFq, in the longitudinal reinforcement due to shear Veq may be
calculated from:

AF= 0,5 Vg4 (cot 6 - cot ) (6.18)

(Me4/z) + AFq should be taken not greater than Meg max/z, where Mg max is the maximum
moment along the beam.

(8) For members with loads applied on the upper side within a distance 0,5d < a, < 2,0d the
contribution of this load to the shear force Vgs may be reduced by g = a,/2d.
The shear force Vgq4, calculated in this way, should satisfy the condition

where Asw-fywa is the resistance of the shear reinforcement crossing the inclined shear crack
between the loaded areas (see Figure 6.6). Only the shear reinforcement within the central
0,75 ay, should be taken into account. The reduction by £ should only be applied for
calculating the shear reinforcement. It is only valid provided that the longitudinal
reinforcement is fully anchored at the support.

0,75a. ’_L 0,75a.
— j L
: : ‘ ‘ é : : 1
| |
| : \a \ :a
N\ J
O
e ]

Figure 6.6: Shear reinforcement in short shear spans with direct strut action
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For a, < 0,5d the value a, = 0,5d should be used.
The value Vgq calculated without reduction by 4, should however always be less than
VRd,max, see Expression (6.9).¢ci

6.2.4 Shear between web and flanges

(1) The shear strength of the flange may be calculated by considering the flange as a system
of compressive struts combined with ties in the form of tensile reinforcement.

(2) A minimum amount of longitudinal reinforcement should be provided, as specified in 9.3.1.

(3) The longitudinal shear stress, vgq at the junction between one side of a flange and the web
is determined by the change of the normal (longitudinal) force in the part of the flange
considered, according to:

VEq = AFd/(hf- AX) (620)

where:
hy is the thickness of flange at the junctions
AXx is the length under consideration, see Figure 6.7
AFg4 is the change of the normal force in the flange over the length Ax.

Fq
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. < ’ N Yo
< DR AN
N Y«
. < Sy
VN A )
| “.
NS

- compressive struts - longitudinal bar anchored beyond this projected point
(see 6.2.4 (7))

Figure 6.7: Notations for the connection between flange and web

The maximum value that may be assumed for Ax is half the distance between the section
where the moment is 0 and the section where the moment is maximum. Where point loads are
applied the length Ax should not exceed the distance between point loads.

(4) The transverse reinforcement per unit length As/sf may be determined as follows:

(Asffyd/Sf) > Vgq - hil cot 05 (621)
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To prevent crushing of the compression struts in the flange, the following condition should be
satisfied:
Veg < Vg SinBs COSOs (6.22)

Note: The permitted range of the values for cot ; for use in a country may be found in its National Annex.
The recommended values in the absence of more rigorous calculation are:

1,0<cot 8;<2,0 for compression flanges (45° >6¢ > 26,5°)

1,0<cot #:<1,25 for tension flanges (45° > ;> 38,6°)

(5) In the case of combined shear between the flange and the web, and transverse bending,
the area of steel should be the greater than that given by Expression (6.21) or half that given by
Expression (6.21) plus that required for transverse bending.

(6) If veq is less than or equal to kfig No extra reinforcement above that for flexure is required.

Note: The value of k for use in a Country may be found in its National Annex. The recommended value is 0,4.

(7) Longitudinal tension reinforcement in the flange should be anchored beyond the strut
required to transmit the force back to the web at the section where this reinforcement is
required (See Section (A - A) of Figure 6.7).

6.2.5 Shear at the interface between concrete cast at different times

(1) In addition to the requirements of 6.2.1- 6.2.4 the shear stress at the interface between
concrete cast at different times should also satisfy the following:

VEdi < VRdi (6.23)
VEgi IS the design value of the shear stress in the interface and is given by:
Vedi = 8 Vea / (z bi) (6.24)

where:

£ is the ratio of the longitudinal force in the new concrete area and the total
longitudinal force either in the compression or tension zone, both calculated for the
section considered

Veq is the transverse shear force

z  is the lever arm of composite section

bi is the width of the interface (see Figure 6.8)

VRdi IS the design shear resistance at the interface and is given by:

VRdi = C fotg + Hontp fyd (,U sin a + cos 0[) <0,5vfy (625)

where:

c and p are factors which depend on the roughness of the interface (see (2))

fotd is as defined in 3.1.6 (2)P

Oh stress per unit area caused by the minimum external normal force across the
interface that can act simultaneously with the shear force, positive for
compression, such that o, < 0,6 f,q, and negative for tension. When a;, is tensile ¢
feta should be taken as 0.

P =As ! A
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b;
1
U, u
T
Figure 6.8: Examples of interfaces
As is the area of reinforcement crossing the interface, including ordinary shear
reinforcement (if any), with adequate anchorage at both sides of the interface.
A is the area of the joint
a is defined in Figure 6.9, and should be limited by 45° < o < 90°
1% is a strength reduction factor (see 6.2.2 (6))
45°< ¢<90°
Neq

h.<10d

\. \———— d>5mm

hi<10d
<30°

- new concrete, - old concrete, - anchorage

Figure 6.9: Indented construction joint

(2) In the absence of more detailed information surfaces may be classified as very smooth,

smooth, rough or indented, with the following examples:

Acy. Very smooth: a surface cast against steel, plastic or specially prepared wooden moulds:
c=0,025t0 0,10 and #=0,5
Smooth: a slipformed or extruded surface, or a free surface left without further treatment
after vibration: ¢= 0,20 and = 0,6
Rough: a surface with at least 3 mm roughness at about 40 mm spacing, achieved by
raking, exposing of aggregate or other methods giving an equivalent behaviour: ¢ = 0,40
and u = 0,7 ¢l

- Indented: a surface with indentations complying with Figure 6.9: ¢ =0,50 and «=0,9

3) A stepped distribution of the transverse reinforcement may be used, as indicated in Figure
6.10. Where the connection between the two different concretes is ensured by reinforcement
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(beams with lattice girders), the steel contribution to vrgi may be taken as the resultant of the
forces taken from each of the diagonals provided that 45° < o < 135°.

(4) The longitudinal shear resistance of grouted joints between slab or wall elements may be
calculated according to 6.2.5 (1). However in cases where the joint can be significantly cracked,
¢ should be taken as 0 for smooth and rough joints and 0,5 for indented joints (see also 10.9.3

(12)).

(5) Under fatigue or dynamic loads, the values for ¢ in 6.2.5 (1) should be halved.

AN

\ Cfus *+ 1 o,

Figure 6.10: Shear diagram representing the required interface reinforcement

6.3 Torsion
6.3.1 General

(1)P Where the static equilibrium of a structure depends on the torsional resistance of
elements of the structure, a full torsional design covering both ultimate and serviceability limit
states shall be made.

(2) Where, in statically indeterminate structures, torsion arises from consideration of
compatibility only, and the structure is not dependent on the torsional resistance for its stability,
then it will normally be unnecessary to consider torsion at the ultimate limit state. In such cases
a minimum reinforcement, given in Sections 7.3 and 9.2, in the form of stirrups and longitudinal
bars should be provided in order to prevent excessive cracking.

(3) The torsional resistance of a section may be calculated on the basis of a thin-walled closed
section, in which equilibrium is satisfied by a closed shear flow. Solid sections may be modelled
by equivalent thin-walled sections. Complex shapes, such as T-sections, may be divided into a

series of sub-sections, each of which is modelled as an equivalent thin-walled section, and the

total torsional resistance taken as the sum of the capacities of the individual elements.

(4) The distribution of the acting torsional moments over the sub-sections should be in
proportion to their uncracked torsional stiffnesses. For non-solid sections the equivalent wall
thickness should not exceed the actual wall thickness.

(5) Each sub-section may be designed separately.
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6.3.2 Design procedure

(1) The shear stress in a wall of a section subject to a pure torsional moment may be
calculated from:

TEd

doti =50 6.26
Tt,l ef,i 2Ak ( )
The shear force Vggq,in a wall i due to torsion is given by:
Veai = Tyileri Z (6.27)
where

Teq is the applied design torsion (see Figure 6.11)

- centre-line

- outer edge of effective cross-
section, circumference u,

- cover

Figure 6.11: Notations and definitions used in Section 6.3

Ak is the area enclosed by the centre-lines of the connecting walls, including inner
hollow areas.

Tt is the torsional shear stress in wall i

fet) is the effective wall thickness. It may be taken as A/u, but should not be taken as

less than twice the distance between edge and centre of the longitudinal
reinforcement. For hollow sections the real thickness is an upper limit

A is the total area of the cross-section within the outer circumference, including inner
hollow areas

u is the outer circumference of the cross-section

Zi is the side length of wall i defined by the distance between the

intersection points with the adjacent walls
(2) The effects of torsion and shear for both hollow and solid members may be superimposed,
assuming the same value for the strut inclination 6. The limits for € given in 6.2.3 (2) are also
fully applicable for the case of combined shear and torsion.

The maximum bearing capacity of a member loaded in shear and torsion follows from 6.3.2 (4).

(3) The required cross-sectional area of the longitudinal reinforcement for torsion *Ag may be
calculated from Expression (6.28):
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z Asl fyd TEd

= coté (6.28)
U, 2A,
where
Uk is the perimeter of the area A
fyd is the design yield stress of the longitudinal reinforcement A
0 is the angle of compression struts (see Figure 6.5).

In compressive chords, the longitudinal reinforcement may be reduced in proportion to the
available compressive force. In tensile chords the longitudinal reinforcement for torsion should
be added to the other reinforcement. The longitudinal reinforcement should generally be
distributed over the length of side, z, but for smaller sections it may be concentrated at the ends
of this length.

(4) The maximum resistance of a member subjected to torsion and shear is limited by the
capacity of the concrete struts. In order not to exceed this resistance the following condition
should be satisfied:

Ted/ Trd,max + VEd/ VRamax < 1,0 (6.29)

where:
Teq is the design torsional moment
VEq is the design transverse force
Tramax is the design torsional resistance moment according to
T

Rd,max

= 2va,, [ At

cw'cd

singcosd (6.30)

efi

[*c» where v follows from 6.2.2 (6) and «a., from Expression (6.9)

Vkamax IS the maximum design shear resistance according to Expressions (6.9) or
(6.14). In solid cross sections the full width of the web may be used to determine

VRd,max
5) For approximately rectangular solid sections only minimum reinforcement is required (see
9.2.1.1) provided that the following condition is satisfied:
Teq/ Trdc + VEd/ VRae < 1,0 (6.31)
where

Trac is the torsional cracking moment, which may be determined by setting zt; = fuq
VRra. follows from Expression (6.2)

6.3.3 Warping torsion

(1) For closed thin-walled sections and solid sections, warping torsion may normally be
ignored.

(2) In open thin walled members it may be necessary to consider warping torsion. For very
slender cross-sections the calculation should be carried out on the basis of a beam-grid model
and for other cases on the basis of a truss model. In all cases the design should be carried out
according to the design rules for bending and longitudinal normal force, and for shear.

97



BS EN 1992-1-1:2004+A1:2014
EN 1992-1-1:2004+A1:2014 (E)

6.4 Punching
6.4.1 General

(1)P The rules in this Section complement those given in 6.2 and cover punching shear in solid
slabs, waffle slabs with solid areas over columns, and foundations.

(2)P Punching shear can result from a concentrated load or reaction acting on a relatively small
area, called the loaded area Ajyaq Of @ slab or a foundation.

(3) An appropriate verification model for checking punching failure at the ultimate limit state is
shown in Figure 6.12.

’ : h
0 onN__ 9

6 = arctan (1/2) I I .......... ...
=26.6° ' - basic control
’ c section

a) Section

- basic control area Acont

- basic control perimeter, uy
[D]- loaded area Ajpag

reont further control perimeter

b) Plan

Figure 6.12: Verification model for punching shear at the ultimate limit state

(4) The shear resistance should be checked at the face of the column and at the basic control
perimeter u4. If shear reinforcement is required a further perimeter uqt er should be found where
shear reinforcement is no longer required.
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(5) The rules given in 6.4 are principally formulated for the case of uniformly distributed
loading. In special cases, such as footings, the load within the control perimeter adds to the
resistance of the structural system, and may be subtracted when determining the design
punching shear stress.

6.4.2 Load distribution and basic control perimeter

(1) The basic control perimeter u4 may normally be taken to be at a distance 2,0d from the
loaded area and should be constructed so as to minimise its length (see Figure 6.13).

The effective depth of the slab is assumed constant and may normally be taken as:

(d, +d,)

d. =
eff 2

(6.32)

where d, and d, are the effective depths of the reinforcement in two orthogonal directions.

2 —_— T T~
2d F /U1 2d 4 N U
Y Ty N 7 N
PR BN un / I \ / \
/ N | | 2d 7 \
/ \ I | \
' \ bz| 1 I f !
1 ! | ) | |
\ / I I I I
\ / ) ) ! !
N 7 \ / \ /
\‘_// y S e e . ” S e ____. 7
by
il

Figure 6.13: Typical basic control perimeters around loaded areas

(2) Control perimeters at a distance less than 2d should be considered where the concentrated
force is opposed by a high pressure (e.g. soil pressure on a base), or by the effects of a load or
reaction within a distance 2d of the periphery of area of application of the force.

(3) For loaded areas situated near openings, if the shortest distance between the perimeter of
the loaded area and the edge of the opening does not exceed 64, that part of the control
perimeter contained between two tangents drawn to the outline of the opening from the centre
of the loaded area is considered to be ineffective (see Figure 6.14).

[ = I h> L

| PR e
: <\l\r I2 \/(11 )
; | AN _

[
‘o ! - opening

Figure 6.14: Control perimeter near an opening

(4) For a loaded area situated near an edge or a corner, the control perimeter should be taken
as shown in Figure 6.15, if this gives a perimeter (excluding the unsupported edges) smaller
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than that obtained from (1) and (2) above.

\ | 2d

Figure 6.15: Basic control perimeters for loaded areas close to or at edge or corner

(5) For loaded areas situated near an edge or corner, i.e. at a distance smaller than d, special
edge reinforcement should always be provided, see 9.3.1.4.

(6) The control section is that which follows the control perimeter and extends over the
effective depth d. For slabs of constant depth, the control section is perpendicular to the middle
plane of the slab. For slabs or footings of variable depth other than step footings, the effective

depth may be assumed to be the depth at the perimeter of the loaded area as shown in Figure
6.16.

\ - loaded area

6 > arctan (1/2)

Figure 6.16: Depth of control section in a footing with variable depth

(7) Further perimeters, ui, inside and outside the basic control area should have the same
shape as the basic control perimeter.

(8) For slabs with circular column heads for which Iy < 2hy (see Figure 6.17) a check of the
punching shear stresses according to 6.4.3 is only required on the control section outside the
column head. The distance of this section from the centroid of the column r¢.nt may be taken as:

rcont = 2d + /H + 0,5C (633)

where:
I is the distance from the column face to the edge of the column head
¢ is the diameter of a circular column
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leont : Font \
3 = = = = =

= b‘f'\ —
h| o

= arctan (1/2

hH . .
- basic control section

= 26,6° / \ - loaded area Ajad
C
ly< 20h, L—J ly< 20h,

Figure 6.17: Slab with enlarged column head where Iy < 2,0 hy

For a rectangular column with a rectangular head with Iy < 2,0hy (see Figure 6.17) and overall
dimensions /1 and I, (I1 = ¢1 + 2ly1, I, = c2 + 2l4, 11 < ), the value reont may be taken as the lesser
of:

Ieont = 2d + 0,56 \/I1/2 (6.34)
and
Feont = 2d + 0,69 /4 (6.35)

(9) For slabs with enlarged column heads where Iy > 2hy (see Figure 6.18) control sections
both within the head and in the slab should be checked.

(10) The provisions of 6.4.2 and 6.4.3 also apply for checks within the column head with d
taken as dy according to Figure 6.18.

(11) For circular columns the distances from the centroid of the column to the control sections
in Figure 6.18 may be taken as:

I'context = v+ 2d+ 0,5¢c (636)
I'cont,int = 2(d + hH) +0,5¢ (637)
Icont,ext IFcont,ext

ACq

|
|- Icont,int : IFcont,int

d7h| b \\' LN hd hd 'E: hd hd A '/¢ hd A4 /é*_e _‘rd
| or-. S v Jgo a7
A dy[ i ;’/C’H//J—-L\* ——+
H ' 9/\\\ __:;:__ s y H
T [A]- basic control
sections for
S circular columns
0 = 26,67 ‘\
(o4
I, > 2h, o 1, >2n, - loaded area Ajsaq

Figure 6.18: Slab with enlarged column head where 1, 22h, ¢
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6.4.3 Punching shear calculation

(1)P The design procedure for punching shear is based on checks at the face of the column
and at the basic control perimeter uy. If shear reinforcement is required a further perimeter Uyt ef
(see figure 6.22) should be found where shear reinforcement is no longer required. The
following design shear stresses (MPa) along the control sections, are defined:

Vrdc IS the design value of the punching shear resistance of a slab without punching shear
reinforcement along the control section considered.

Vrdcs IS the design value of the punching shear resistance of a slab with punching shear
reinforcement along the control section considered.

VRd,max IS the design value of the maximum punching shear resistance along the control
section considered.

(2) The following checks should be carried out:

(a) At the column perimeter, or the perimeter of the loaded area, the maximum punching
shear stress should not be exceeded:

VEd £ VRd,max

(b) Punching shear reinforcement is not necessary if:

%) VE4 < VRdc

(c) Where vgq exceeds the value vrq for the control section considered, punching shear
reinforcement should be provided according to 6.4.5.

(3) Where the support reaction is eccentric with regard to the control perimeter, the maximum
shear stress should be taken as:

VEd
V., = 3 —Ed 6.38
e = f ud (6.38)
where
d is the mean effective depth of the slab, which may be taken as (d, + d)/2 where:
dy, d; is the effective depths in the y- and z- directions of the control section
u; is the length of the control perimeter being considered

B is given by:
ﬂ=1+k%-% (6.39)
Ed 1
where

uq is the length of the basic control perimeter

k is a coefficient dependent on the ratio between the column dimensions ¢4 and c3: its
value is a function of the proportions of the unbalanced moment transmitted by
uneven shear and by bending and torsion (see Table 6.1).

W; corresponds to a distribution of shear as illustrated in Figure 6.19 and is a function of
the basic control perimeter u;:

W, = ['|eld! (6.40)

102



BS EN 1992-1-1:2004+A1:2014
EN 1992-1-1:2004+A1:2014 (E)

d/ is alength increment of the perimeter
e is the distance of d/ from the axis about which the moment Mgq4 acts

Table 6.1: Values of k for rectangular loaded areas

ci/c; <0,5 1,0 2,0 23,0
k 0,45 0,60 0,70 0,80

N

C2

Figure 6.19: Shear distribution due to an unbalanced moment at a slab-internal
column connection

For a rectangular column:
2

W, =%1+c1c:2 +4c,d +16d? + 2xd, (6.41)

where:
c1 is the column dimension parallel to the eccentricity of the load
¢y is the column dimension perpendicular to the eccentricity of the load

For internal circular columns S follows from:

p=1+006r (6.42)

D + 4d

where D is the diameter of the circular column
e is the eccentricity of the applied load e = Mgy / Veqg

For an internal rectangular column where the loading is eccentric to both axes, the following
approximate expression for 8 may be used:

e, 2 e, 2
i

where:
ey and e, are the eccentricities Mgq/Veq along y and z axes respectively
by and b, is the dimensions of the control perimeter (see Figure 6.13)

Note: e, results from a moment about the z axis and e, from a moment about the y axis.

(4) For edge column connections, where the eccentricity perpendicular to the slab edge
(resulting from a moment about an axis parallel to the slab edge) is toward the interior and there
is no eccentricity parallel to the edge, the punching force may be considered to be uniformly
distributed along the control perimeter us+ as shown in Figure 6.20(a).
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<1,5d
<0,5¢:
\
| | 2d e 1—<15d
| I <0,5¢:
! C1 )
C2 | uw 4 2d
:\ U N,
/ 2d
_ Ve
ci od <1,5d
| <0,5¢
a) edge column b) corner column

Figure 6.20: Reduced basic control perimeter u4-

Where there are eccentricities in both orthogonal directions, 8 may be determined using the
following expression:

u, u,
=— + k—¢ 6.44
IB u1* WI par ( )
where:

U+ is the basic control perimeter (see Figure 6.15)

Uq+ is the reduced basic control perimeter (see Figure 6.20(a))

€par is the eccentricity parallel to the slab edge resulting from a moment about an axis
perpendicular to the slab edge.

k may be determined from Table 6.1 with the ratio c4/c, replaced by c¢/2c;

W 4 is calculated for the basic control perimeter u; (see Figure 6.13).

For a rectangular column as shown in Figure 6.20(a):

2

W, = %2 +¢,c,+4c,d +8d? + adc, (6.45)

If the eccentricity perpendicular to the slab edge is not toward the interior, Expression (6.39)
applies. When calculating W/, [x¢) the distance e should be measured from the centroid axis
of the control perimeter.¢ci]

(5) For corner column connections, where the eccentricity is toward the interior of the slab, it is
assumed that the punching force is uniformly distributed along the reduced control perimeter
us+, as defined in Figure 6.20(b). The B-value may then be considered as:

p=1 (6.46)
Uy

If the eccentricity is toward the exterior, Expression (6.39) applies.
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(6) For structures where the lateral stability does not depend on frame action between the
slabs and the columns, and where the adjacent spans do not differ in length by more than 25%,
approximate values for # may be used.

Note: Values of gfor use in a Country may be found in its National Annex. Recommended values are given in
Figure 6.21N.

'

=15

- internal column

- edge column

— corner column
Figure 6.21N: Recommended values for S

(7) Where a concentrated load is applied close to a flat slab column support the shear force
reduction according to 6.2.2 (6) and 6.2.3 (8) respectively is not valid and should not be
included.

(8) The punching shear force Vgq in a foundation slab may be reduced due to the favourable
action of the soil pressure.

(9) The vertical component V4 resulting from inclined prestressing tendons crossing the
control section may be taken into account as a favourable action where relevant.

6.4.4 Punching shear resistance of slabs and column bases without shear reinforcement

(1) The punching shear resistance of a slab should be assessed for the basic control section
according to 6.4.2. The design punching shear resistance [MPa] may be calculated as follows:

VRd,c = CRd,c k (1 OOIOI f;:k )1/3 + k10 2 (Vmin +k1ocp) (647)

cp —

where:
fo is in MPa

k=1+ 272032,0 d inmm

A =4/py - P, <0,02

Pu, P relate to the bonded tension steel in y- and z- directions respectively. The values
pi and pj; should be calculated as mean values taking into account a slab width

equal to the column width plus 3d each side.
Op = (Ocy + 0c2)/2
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where

oy, Oz are the normal concrete stresses in the critical section in y- and z-
directions (MPa, positive if compression):

NEd,z
A

cy cz

Neqy, Neq, are the longitudinal forces across the full bay for internal columns and the
longitudinal force across the control section for edge columns. The force
may be from a load or prestressing action.

Ac is the area of concrete according to the definition of Ngg

N,
_ " "Edy _
Ooy = and o, =

Note: The values of Crgc, Vmin @nd k4 for use in a Country may be found in its National Annex. The
recommended value for Crqis 0,18/, for v, is given by Expression (6.3N) and that for k4 is 0,1.

(2) The punching resistance of column bases should be verified at control perimeters within 2d
from the periphery of the column.

For concentric loading the net applied force is

VEdred = VEd - AVEg (6.48)

where:
Veqs is the applied shear force

AVeq is the net upward force within the control perimeter considered i.e. upward
pressure from soil minus self weight of base.

VEq = VEd,red/Ud (649)
Vas = Crook(100 pfy )" x 2d /a2 v, x 29/ (6.50)
where

a is the distance from the periphery of the column to the control perimeter considered
CRrac is defined in 6.4.4(1)
Vmin IS defined in 6.4.4(1)
k is defined in 6.4.4(1)

For eccentric loading

Vi
VEd=M’I+kM (6.51)
ud Veared W

Where k is defined in 6.4.3 (3) or 6.4.3 (4) as appropriate and W is similar to W; but for
perimeter u.

6.4.5 Punching shear resistance of slabs and column bases with shear reinforcement

I® (1) Where shear reinforcement is required it should be calculated in accordance with
Expression (6.52):

VRd,Cs = O=75 de,c + 1’5 (d/sr)Aswfywd,ef [1 / (I/t1 d)] sina < kmax ) de,c (652)

where

A,, is the area of one perimeter of shear reinforcement around the column [mm2];

106



BS EN 1992-1-1:2004+A1:2014
EN 1992-1-1:2004+A1:2014 (E)

® s, is the radial spacing of perimeters of shear reinforcement [mm];
fwaer 1S the effective design strength of the punching shear reinforcement according to

= 250 + 0,25 d < f,q [MPa];

ywd,ef —
d is the mean of the effective depths in the orthogonal directions [mm];
a is the angle between the shear reinforcement and the plane of the slab;

VrRac according to 6.4.4;

k is the factor, limiting the maximum capacity that can be achieved by application of
shear reinforcement.

max

Note: The value of k., for use in a country may be found in its National Annex. The recommended value is 1,5.

If a single line of bent-down bars is provided, then the ratio d / s, in Expression (6.52) may be
given the value 0,67.

(2) Detailing requirements for punching shear reinforcement are given in 9.4.3.

(3) Adjacent to the column the punching shear resistance is limited to a maximum of:

_ BVeqg

VEd < VRd,max (653)
u,d
where
Uo for an interior column Uo = enclosing minimum periphery [mm]
for an edge column Ug=Cr+3d< ¢+ 2¢c1[mm]
for a corner column Uup = 3d < ¢y + co[mm]

c1, C2 are the column dimensions as shown in Figure 6.20
Texts deleted
p see 6.4.3 (3), (4) and (5)

Note: The value of vrqmax for use in a Country may be found in its National Annex.The recommended value is 0,4
vfes where v is given in Expression (6.6N).(ac7]

(4) The control perimeter at which shear reinforcement is not required, Uoyt (Or Uouter SEE Figure
6.22) should be calculated from Expression (6.54):

Uoutef = BVEd ! (VRdc d) (6.54)

The outermost perimeter of shear reinforcement should be placed at a distance not greater than
kd within uoyt (Or Uouter S€€ Figure 6.22).
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Figure 6.22: Control perimeters at internal columns

Note: The value of k for use in a Country may be found in its National Annex. The recommended value is 1,5.
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(5) Where proprietary products are used as shear reinforcement, Vgrq.cs should be determined
by testing in accordance with the relevant European Technical Approval. See also 9.4.3.

6.5 Design with strut and tie models
6.5.1 General

(1)P Where a non-linear strain distribution exists (e.g. supports, near concentrated loads or
plain stress) strut-and-tie models may be used (see also 5.6.4).

6.5.2 Struts

(1) The design strength for a concrete strut in a region with transverse compressive stress or
no transverse stress may be calculated from Expression (6.55) (see Figure 6.23).

) ! ! ! ! O Rd,max
"t
NYYY transverse compressive stress or
Lo l no transverse stress

Figure 6.23: Design strength of concrete struts without transverse tension
ORd,max — de (655)

It may be appropriate to assume a higher design strength in regions where multi-axial
compression exists.

(2) The design strength for concrete struts should be reduced in cracked compression zones
and, unless a more rigorous approach is used, may be calculated from Expression (6.56) (see
Figure 6.24).

é é A A O Rd,max
==

YVYVYy

Figure 6.24: Design strength of concrete struts with transverse tension

ORd,max — 0,6 Ve (656)

Note: The value of v for use in a Country may be found in its National Annex. The recommended value is
given by equation (6.57N).

V =1 - £y /250 (6.57N)

(3) For struts between directly loaded areas, such as corbels or short deep beams, alternative
calculation methods are given in 6.2.2 and 6.2.3.

6.5.3 Ties

(1) The design strength of transverse ties and reinforcement should be limited in accordance
with 3.2 and 3.3.

(2) Reinforcement should be adequately anchored in the nodes.
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(3) Reinforcement required to resist the forces at the concentrated nodes may be smeared
over a length (see Figure 6.25 a) and b)). When the reinforcement in the node area extends
over a considerable length of an element, the reinforcement should be distributed over the
length where the compression trajectories are curved (ties and struts). The tensile force T may
be obtained by:

a) for partial discontinuity regions (b < gj see Figure 6.25 a:

r_lb-a, (6.58)
4 b

b) for full discontinuity regions (b >gj see Figure 6.25 b:

T2

N
7\

1- 0,7%} (6.59)
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ber=b be=0,5H + 0,658, a<h

a) Partial discontinuity b) Full discontinuity

Figure 6.25: Parameters for the determination of transverse tensile forces in a
compression field with smeared reinforcement

6.5.4 Nodes

(1)P The rules for nodes also apply to regions where concentrated forces are transferred in a
member and which are not designed by the strut-and-tie method.

(2)P The forces acting at nodes shall be in equilibrium. Transverse tensile forces
perpendicular to an in-plane node shall be considered.

(3) The dimensioning and detailing of concentrated nodes are critical in determining their load-
bearing resistance. Concentrated nodes may develop, e.g. where point loads are applied, at
supports, in anchorage zones with concentration of reinforcement or prestressing tendons, at
bends in reinforcing bars, and at connections and corners of members.

(4) The design values for the compressive stresses within nodes may be determined by:

a) in compression nodes where no ties are anchored at the node (see Figure 6.26)
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ORd,max = K1 Ve (6.60)

Note: The value of k4 for use in a Country may be found in its National Annex. The recommended value is 1,0.

where o Rrgmax IS the maximum stress which can be applied at the edges of the node. See
6.5.2 (2) for definition of v.

Fecaz Fecas
’ G:co as
S,
=_ ? o
OFd2 \ — Ecd,
= .
[LLTTTT T T o

FEcd,1/t T tFEcd,‘lr

FEcd,'I = FEcd,1r + FEcd,‘lI
AC
a

Figure 6.26: Compression node without ties

b) in compression - tension nodes with anchored ties provided in one direction (see Figure
6.27),

ORd,max — k2 V’ de (661)

%2 where O rqmax is the maximum of ogq1 and oeq2, See 6.5.2 (2) for definition of V. Gl

a

(]

OEd,2
S
B : .

up Sy I 'C Few
So |
| OEd,1
TFEch
= 280 a1
T |
I ]
Figure 6.27: Compression tension node with reinforcement provided in one

direction

Note: The value of k, for use in a Country may be found in its National Annex. The recommended value is
0,85.
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c) in compression - tension nodes with anchored ties provided in more than one direction
(see Figure 6.28),
where o4 max is the maximum compressive stress which can be applied at the edges of the nodes.
See 6.5.2 (2) for definition of v.

Note: The values of k1, k2 and k3 for use in a Country may be found in its National Annex. The recommended values
are k1=1,0;k2= 0,85 and k3 = 0,75. (Ac2]

Figure 6.28: Compression tension node with reinforcement provided in two
directions

ORd,max — k3 V,fcd (662)

Note: The value of k; for use in a Country may be found in its National Annex. The recommended value is

0,75.
(5) Under the conditions listed below, the design compressive stress values given in 6.5.4 (4)
may be increased by up to10% where at least one of the following applies:

- triaxial compression is assured,

- all angles between struts and ties are > 55°,

- the stresses applied at supports or at point loads are uniform, and the node is confined

by stirrups,
- the reinforcement is arranged in multiple layers,
- the node is reliably confined by means of bearing arrangement or friction.

(6) Triaxially compressed nodes may be checked according to Expression (3.24) and (3.25)
with an upper limit oeqgmax < ks v'f4 if for all three directions of the struts the distribution of
load is known.

Note: The value of k, for use in a Country may be found in its National Annex. The recommended value is 3,0.
(7) The anchorage of the reinforcement in compression-tension nodes starts at the beginning
of the node, e.g. in case of a support anchorage starting at its inner face (see Figure 6.27). The
anchorage length should extend over the entire node length. In certain cases, the reinforcement
may also be anchored behind the node. For anchorage and bending of reinforcement, see 8.4
to 8.6.

(8) In-plane compression nodes at the junction of three struts may be verified in accordance
with Figure 6.26. The maximum average principal node stresses (owo, 0c1, 0c2, 0c3) Should be
checked in accordance with 6.5.4 (4) a). Normally the following may be assumed:

Fed1/a1 = Feg2/az = Feg3/az resulting in ocg1 = 0cd2 = Ocd,3 = Ocd 0.

(9) Nodes at reinforcement bends may be analysed in accordance with Figure 6.28. The
average stresses in the struts should be checked in accordance with 6.5.4 (5). The diameter of
the mandrel should be checked [x)in accordance with 8.3. ¢l
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6.6 Anchorages and laps

(1)P The design bond stress is limited to a value depending on the surface characteristics of
the reinforcement, the tensile strength of the concrete and confinement of surrounding
concrete. This depends on cover, transverse reinforcement and transverse pressure.

(2) The length necessary for developing the required tensile force in an anchorage or lap is
calculated on the basis of a constant bond stress.

(3) Application rules for the design and detailing of anchorages and laps are given in 8.4 to 8.8.
6.7 Partially loaded areas

(1)P For partially loaded areas, local crushing (see below) and transverse tension forces (see
6.5) shall be considered.

(2) For a uniform distribution of load on an area A (see Figure 6.29) the concentrated
resistance force may be determined as follows:

FRdu = AcO 'fcd '\/Ac1 /AcO <30- fcd 'Aco (6-63)

where:
Aco is the loaded area,
Ac1 is the maximum design distribution area with a similar shape to A

(3) The design distribution area A1 required for the resistance force Frqy should correspond to
the following conditions:
- The height for the load distribution in the load direction should correspond to the
conditions given in Figure 6.29
- the centre of the design distribution area A¢1 should be on the line of action passing
through the centre of the load area Ac.
- If there is more than one compression force acting on the concrete cross section, the
designed distribution areas should not overlap.

The value of Frqy should be reduced if the load is not uniformly distributed on the area Ao or
if high shear forces exist.

E - line of action

h > (b2 - by) and
> (dz - d1)

Figure 6.29: Design distribution for partially loaded areas
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(4) Reinforcement should be provided for the tensile force due to the effect of the action.
6.8 Fatigue

6.8.1 Verification conditions

(1)P The resistance of structures to fatigue shall be verified in special cases. This verification
shall be performed separately for concrete and steel.

(2) A fatigue verification should be carried out for structures and structural components which
are subjected to regular load cycles (e.g. crane-rails, bridges exposed to high traffic loads).

6.8.2 Internal forces and stresses for fatigue verification

(1)P The stress calculation shall be based on the assumption of cracked cross sections
neglecting the tensile strength of concrete but satisfying compatibility of strains.

(2)P 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, given by

g Psthe (6.64)
As + Ao\ E(ds 1 ¢p)
where
As is the area of reinforcing steel
Ap is the area of prestressing tendon or tendons
?s is the largest diameter of reinforcement
op is the diameter or equivalent diameter of prestressing steel

#p=1,6 VAp for bundles
op =175 dwire fOr single 7 wire strands where dyire is the wire diameter
o =1,20 dwire fOr single 3 wire strands where ¢yire is the wire diameter

& is the ratio of bond strength between bonded tendons and ribbed steel in
concrete. The value is subject to the relevant European Technical Approval. In
the absence of this the values given in Table 6.2 may be used.

Table 6.2: Ratio of bond strength, £ between tendons and reinforcing steel

<
prestressing steel pre- bonded, post-tensioned
tensioned [™_ c50/60 > C70/85
smooth bars and wires Not 0,3 0,15
applicable
strands 0,6 0,5 0,25
indented wires 0,7 0,6 0,3
ribbed bars 0,8 0,7 0,35
Note: Forintermediate values between C50/60 and C70/85 interpolation may be used.
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(3) In the design of the shear reinforcement the inclination of the compressive struts &, may be
calculated using a strut and tie model or in accordance with Expression (6.65).

tand,,, =+tand <1,0 (6.65)
where:
6 is the angle of concrete compression struts to the beam axis assumed in ULS design
(see 6.2.3)

6.8.3 Combination of actions

(1)P For the calculation of the stress ranges the action shall be divided into non-cycling and
fatigue-inducing cyclic actions (a number of repeated actions of load).

(2)P The basic combination of the non-cyclic load is similar to the definition of the frequent
combination for SLS:

Ey =E{G;Pvi Qv Qi j 21 i >1 (6.66)
The combination of actions in bracket { }, (called the basic combination), may be expressed as:

ZGK,J "+" P "+" W1'1Qk,1 "+" Z:TWZ’IQK,I (6.67)

j>1

Note: Q1 and Qy, are non-cyclic, non-permanent actions

(3)P The cyclic action shall be combined with the unfavourable basic combination:
E,= E{{Gk,j;P;‘//1,1Qk,1;'//z,iQk,i} Qi f21; i>1 (6.68)

The combination of actions in bracket { }, (called the basic combination plus the cyclic action),
can be expressed as:

[z Gk’j ||+|| P ||+|| l//1y1Qk’1 ||+|| zl/lzjok’iJ ||+|| Qfat (669)
j>1 i>1
where:
Qnt  is the relevant fatigue load (e.qg. traffic load as defined in EN 1991 or other cyclic
load)

6.8.4 Verification procedure for reinforcing and prestressing steel

[*¢2 (1) The damage of a single stress range Ac may be determined by using the corresponding
S-N curves (Figure 6.30) for reinforcing and prestressing steel. The applied load should be
multiplied by  rt. The resisting stress range at N* cycles Aorsk obtained should be divided
by the safety factor s fat.

Note 1: The value of yg g is givenin 2.4.2.3 (1).
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log 4a,,, bzi‘ reinforcement at yield

‘ >

N* log N

Figure 6.30: Shape of the characteristic fatigue strength curve (S-N-curves for
reinforcing and prestressing steel)

Note 2: The values of parameters for reinforcing steels and prestressing steels S-N curves for use in a Country
may be found in its National Annex. The recommended values are given in Table 6.3N and 6.4N which apply
for reinforcing and prestressing steel respectively.

Table 6.3N: Parameters for S-N curves for reinforcing steel

Type of reinforcement stress exponent Aowrsk (MPa)
N* k4 k, at N* cycles
Straight and bent bars’ 10° 5 9 162,5
Welded bars and wire fabrics 10’ 3 5 58,5
Splicing devices 10’ 3 5 35

Note 1: Values for Aogrs are those for straight bars. Values for bent bars should be obtained using a
reduction factor £= 0,35 + 0,026 D /¢.

where:
D diameter of the mandrel
@ bar diameter

Table 6.4N: Parameters for S-N curves of prestressing steel

S-N curve of prestressing steel stress exponent Aorsk (MPa)
df

usedtor N* ky k; at N* cycles

pre-tensioning 10° 5 9 185

post-tensioning
— single strands in plastic ducts 108 5 9 185

— straight tendons or curved

6
tendons in plastic ducts 10 5 10 150
— curved tendons in steel ducts 10° 5 7 120
— splicing devices 10° 5 5 80

(2) For multiple cycles with variable amplitudes the damage may be added by using the
Palmgren-Miner Rule. Hence, the fatigue damage factor Dgq4 of steel caused by the relevant
fatigue loads should satisfy the condition:
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< N(Aoy)
Deg =Y. Niro) <1

(6.70)

where:
n(Aoy) is the applied number of cycles for a stress range Ao
N(A40) is the resisting number of cycles for a stress range Ao

(3)P If prestressing or reinforcing steel is exposed to fatigue loads, the calculated stresses
shall not exceed the design yield strength of the steel.

(4) The yield strength should be verified by tensile tests for the steel used.

(5) When the rules of 6.8 are used to evaluate the remaining life of existing structures, or to
assess the need for strengthening, once corrosion has started the stress range may be
determined by reducing the stress exponent k; for straight and bent bars.

Note: The value of k;for use in a Country may be found in its National Annex. The recommended values is 5.

(6)P The stress range of welded bars shall never exceed the stress range of straight and bent
bars.

6.8.5 Verification using damage equivalent stress range

(1) Instead of an explicit verification of the damage strength according to 6.8.4 the fatigue
verification of standard cases with known loads (railway and road bridges) may also be
performed as follows:

— by damage equivalent stress ranges for steel according to 6.8.5 (3)

— damage equivalent compression stresses for concrete according to 6.8.7

(2) The method of damage equivalent stress range consists of representing the actual
operational loading by N* cycles of a single stress range. EN 1992-2 gives relevant fatigue
loading models and procedures for the calculation of the equivalent stress range Aos equ for
superstructures of road and railway bridges.

(3) For reinforcing or prestressing steel and splicing devices adequate fatigue resistance
should be assumed if the Expression (6.71) is satisfied:

Aogy (N
VE fat 'Aas,equ (N*) < R (_) (6.71)
Vs tat
where:
Aorsk(N*)  is the stress range at N* cycles from the appropriate S-N curves given in

Figure 6.30.
Note: See also Tables 6.3N and 6.4N.

Aosequ(N*) is the damage equivalent stress range for different types of reinforcement
and considering the number of loading cycles N*. For building construction
Aosequ(N*) may be approximated by Acs max .

A0S, max is the maximum steel stress range under the relevant load combinations
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6.8.6 Other verifications

(1) Adequate fatigue resistance may be assumed for unwelded reinforcing bars under tension,
if the stress range under frequent cyclic load combined with the basic combination is Aos < kj.

Note: The value of k4 for use in a Country may be found in its National Annex. The recommended value is
70MPa.

For welded reinforcing bars under tension adequate fatigue resistance may be assumed if the
stress range under frequent cyclic load combined with the basic combination is Aos < ky. ¢l

Note: The value of k,for use in a Country may be found in its National Annex. The recommended value is
35MPa.

(2) As a simplification to (1)Ix ) above verification may be carried out using the frequent load
combination. If this is satisfied then no further checks are necessary.

(3) Where welded joints or splicing devices are used in prestressed concrete, no tension
should exist in the concrete section within 200 mm of the prestressing tendons or reinforcing
steel under the frequent load combination together with a reduction factor of k3 for the mean
value of prestressing force, Pn,

Note: The value of k;for use in a Country may be found in its National Annex. The recommended value is 0,9.
6.8.7 Verification of concrete under compression or shear

(1) A satisfactory fatigue resistance may be assumed for concrete under compression, if the
following condition is fulfilled:

E i maxeqe T 0:43J1-R,,, <1 (6.72)

where:
E . .
Requ = —omnew. (673)
Ecd,max,equ
lo IR
Ecd,min,equ = C;-’mm‘equ (674)
cd,fat
(0)
Ecd,max,equ = C‘;maxvequ (675)
cd,fat
where :
Requ is the stress ratio

Ecaminequ 1S the minimum compressive stress level

Ecd max.equ IS the maximum compressive stress level

fed fat is the design fatigue strength of concrete according to (6.76)
Ocd,maxequ 1S the upper stress of the ultimate amplitude for N cycles
ocd,minequ 1S the lower stress of the ultimate amplitude for N cycles

Note: The value of N (< 10° cgcles) for use in a Country may be found in its National Annex. The
recommended value is N = 10” cycles.
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f
fyi =K t)Ff, | 1—-=% 6.76
cd,fat 1:Bcc( 0) cd( 250} ( )
where:
LSec(to) is a coefficient for concrete strength at first load application (see 3.1.2 (6))
fo is the time of the start of the cyclic loading on concrete in days

Note: The value of k; for use in a Country may be found in its National Annex. The recommended value for N
=10° cycles is 0,85.

(2) The fatigue verification for concrete under compression may be assumed, if the following
condition is satisfied:

O ¢,max < 075 + 0’45 O ¢,min (677)
fcd,fat fcd,fat

<0,9 for fx <50 MPa

<0,8 for fox > 50 MPa

where:
oemax 1S the maximum compressive stress at a fibre under the frequent load combination
(compression measured positive)
Ocmin 1S the minimum compressive stress at the same fibre where o; max 0ccurs. If o min
is a tensile stress, then o min should be taken as 0.

(3) Expression (6.77) also applies to the compression struts of members subjected to shear. In
this case the concrete strength .41t Should be reduced by the strength reduction factor (see
6.2.2 (6)).

(4) For members not requiring design shear reinforcement for the ultimate limit state it may be
assumed that the concrete resists fatigue due to shear effects where the following apply:

Ve,
- for —E&mn >(Q:

Ed,max

V. Ve, <0,9 to C50/60
Wesmae | _ 5., 0,45 Veamn | uP (6.78)
| Vige | | Veae | (£0,8 greater than C55/67
Ve,
- for —E2Mn < Q:
Ed,max
V. VA
| Ed,max | < 0’5_| Ed,min | (679)
I VRd,c | | VRd,c |
where:
Veamax IS the design value of the maximum applied shear force under frequent load

combination

Veamin IS the design value of the minimum applied shear force under frequent load
combination in the cross-section where Vg max 0OCCurs

Vrac is the design value for shear-resistance according to Expression (6.2.a).
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SECTION 7 SERVICEABILITY LIMIT STATES (SLS)

71 General

(1)P This section covers the common serviceability limit states. These are:
- stress limitation (see 7.2)
- crack control (see 7.3)
- deflection control (see 7.4)

Other limit states (such as vibration) may be of importance in particular structures but are not
covered in this Standard.

(2) In the calculation of stresses and deflections, cross-sections should be assumed to be
uncracked provided that the flexural tensile stress does not exceed fyer. The value of fiier may
be taken as f.m or fuma provided that the calculation for minimum tension reinforcement is also
based on the same value. For the purposes of calculating crack widths and tension stiffening
fetm Should be used.

7.2 Stress limitation

(1)P The compressive stress in the concrete shall be limited in order to avoid longitudinal
cracks, micro-cracks or high levels of creep, where they could result in unacceptable effects on
the function of the structure.

(2) Longitudinal cracks may occur if the stress level under the characteristic combination of
loads exceeds a critical value. Such cracking may lead to a reduction of durability. In the
absence of other measures, such as an increase in the cover to reinforcement in the
compressive zone or confinement by transverse reinforcement, it may be appropriate to limit
the compressive stress to a value kife in areas exposed to environments of exposure classes
XD, XF and XS (see Table 4.1).

Note: The value of k4 for use in a Country may be found in its National Annex. The recommended value is 0,6.

(3) If the stress in the concrete under the quasi-permanent loads is less than kxf, linear creep
may be assumed. If the stress in concrete exceeds kafc, non-linear creep should be
considered (see 3.1.4)

Note: The value of k, for use in a Country may be found in its National Annex. The recommended value is
0,45.

(4)P Tensile stresses in the reinforcement shall be limited in order to avoid inelastic strain,
unacceptable cracking or deformation.

(5) For the appearance unacceptable cracking or deformation may be assumed to be
avoided if, under the characteristic combination of loads, the tensile strength in the reinforcement
does not exceed kif,,. Where the stress is caused by an imposed deformation, the tensile
strength should not exceed kyf. The mean value of the stress in prestressing tendons should
not exceed Kif\.

Note: The values of K3, k4 and Ks for use in a Country may be found in its National Annex. The
recommended values are 0,8, 1 and 0,75 respectively.
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7.3 Crack control
7.3.1 General considerations

(1)P Cracking shall be limited to an extent that will not impair the proper functioning or
durability of the structure or cause its appearance to be unacceptable.

(2) Cracking is normal in reinforced concrete structures subject to bending, shear, torsion or
tension resulting from either direct loading or restraint or imposed deformations.

(3) Cracks may also arise from other causes such as plastic shrinkage or expansive chemical
reactions within the hardened concrete. Such cracks may be unacceptably large but their
avoidance and control lie outside the scope of this Section.

(4) Cracks may be permitted to form without any attempt to control their width, provided they
do not impair the functioning of the structure.

(5) A limiting value, wmax, for the calculated crack width, w, taking into account ¢ci] the
proposed function and nature of the structure and the costs of limiting cracking, should be
established.

Note: The value of wn, for use in a Country may be found in its National Annex. The recommended values
for relevant exposure classes are given in Table 7.1N.

Table 7.1N Recommended values of wy,.x (mm)

Exposure Reinforced members and prestressed Prestressed members with
Class members with unbonded tendons bonded tendons
Quasi-permanent load combination Frequent load combination
X0, XC1 0,4' 0,2
XC2, XC3, XC4 0,2%
ACy 0’3
XD1, XD2, XD3, Decompression
XS1, XS2, XS3
Note 1: For X0, XC1 exposure classes, crack width has no influence on durability and
[~ this limit is set to give generally acceptable appearance. In the absence
of appearance conditions this limit may be relaxed.
Note 2: For these exposure classes, in addition, decompression should be checked under the
quasi-permanent combination of loads.

In the absence of specific requirements (e.g. water-tightness), it may be assumed that limiting the calculated
crack widths to the values of w,o« given in Table 7.1N, under the quasi-permanent combination of loads, will
generally be satisfactory for reinforced concrete members in buildings with respect to appearance and
durability.

The durability of prestressed members may be more critically affected by cracking. In the absence of more
detailed requirements, it may be assumed that limiting the calculated crack widths to the values of wy,.« given
in Table 7.1N, under the frequent combination of loads, will generally be satisfactory for prestressed concrete
members. The decompression limit requires that all parts of the bonded tendons or duct lie at least 25 mm
within concrete in compression.

(6) For members with only unbonded tendons, the requirements for reinforced concrete
elements apply. For members with a combination of bonded and unbonded tendons
requirements for prestressed concrete members with bonded tendons apply.
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(7) Special measures may be necessary for members subjected to exposure class XD3. The
choice of appropriate measures will depend upon the nature of the aggressive agent involved.

(8) When using strut-and-tie models with the struts oriented according to the compressive
stress trajectories in the uncracked state, it is possible to use the forces in the ties to obtain the
corresponding steel stresses to estimate the crack width (see 5.6.4 (2).

(9) Crack widths may be calculated according to 7.3.4. A simplified alternative is to limit the bar
size or spacing according to 7.3.3.

7.3.2 Minimum reinforcement areas

(1)P If crack control is required, a minimum amount of bonded reinforcement is required to
control cracking in areas where tension is expected. The amount may be estimated from
equilibrium between the tensile force in concrete just before cracking and the tensile force in
reinforcement at yielding or at a lower stress if necessary to limit the crack width.

(2) Unless a more rigorous calculation shows lesser areas to be adequate, the required
minimum areas of reinforcement may be calculated as follows. In profiled cross sections like T-
beams and box girders, minimum reinforcement should be determined for the individual parts of
the section (webs, flanges).

Asmin0s = Ke K Tfoteft Act (7.1)
where:
Asmin IS the minimum area of reinforcing steel within the tensile zone
Act is the area of concrete within tensile zone. The tensile zone is that part of the
section which is calculated to be in tension just before formation of the first crack
Os is the absolute value of the maximum stress permitted in the reinforcement

immediately after formation of the crack. This may be taken as the yield strength
of the reinforcement, f. A lower value may, however, be needed to satisfy the
crack width limits according to the maximum bar size or spacing (see 7.3.3 (2))
faer  is the mean value of the tensile strength of the concrete effective at the time
when the cracks may first be expected to occur:
feeef = fam  OF lower, (fom(t)), if cracking is expected earlier than 28 days
k is the coefficient which allows for the effect of non-uniform self-equilibrating
stresses, which lead to a reduction of restraint forces
=1,0 for webs with h <300 mm or flanges with widths less than 300 mm
= 0,65 for webs with h > 800 mm or flanges with widths greater than 800 mm
intermediate values may be interpolated

ke is a coefficient which takes account of the stress distribution within the section
immediately prior to cracking and of the change of the lever arm:

For pure tension k. = 1,0

For bending or bending combined with axial forces:
- For rectangular sections and webs of box sections and T-sections:

kc=0,4~{1— Ie }31 (7.2)

Ki(h!h" Yoy e
- For flanges of box sections and T-sections:
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k., =09 Fo >05 (7.3)
Actfct,eff
where
Oc is the mean stress of the concrete acting on the part of the section under
consideration:
o, = Ney (7.4)
bh

Neq  is the axial force at the serviceability limit state acting on the part of the
cross-section under consideration (compressive force positive). Ngg should
be determined considering the characteristic values of prestress and axial
forces under the relevant combination of actions

h* h*=h forh<1,0m
h*=10m forh>=10m
ki is a coefficient considering the effects of axial forces on the stress
distribution:
ki=1,5 if Ngq is @ compressive force
k, = 2377 if Neq is a tensile force

Fe  is the absolute value of the tensile force within the flange immediately prior
to cracking due to the cracking moment calculated with fe e

(3) Bonded tendons in the tension zone may be assumed to contribute to crack control within a
distance < 150 mm from the centre of the tendon. This may be taken into account by adding the
term &Ay Ao, to the left hand side of Expression (7.1),
where
A, is the area of pre or post-tensioned tendons within Ac e
Aceff is the effective area of concrete in tension surrounding the reinforcement or
prestressing tendons of depth, h;ef, Where hcer is the lesser of 2,5(h-d), (h-x)/3 or
h/2 (see Figure 7.1).
& is the adjusted ratio of bond strength taking into account the different diameters of
prestressing and reinforcing steel:

= | o (7.5)
P

¢ ratio of bond strength of prestressing and reinforcing steel, according to Table 6.2

in 6.8.2.

¢slargest bar diameter of reinforcing steel
#pequivalent diameter of tendon according to 6.8.2

If only prestressing steel is used to control cracking, &, = J?

Aoy, Stress variation in prestressing tendons from the state of zero strain of the concrete
at the same level

(4) In prestressed members no minimum reinforcement is required in sections where, under
the characteristic combination of loads and the characteristic value of prestress, the concrete is
compressed or the absolute value of the tensile stress in the concrete is below ot p.

Note: The value of o, for use in a Country may be found in its National Annex. The recommended value is
feteff iIN @ccordance with 7.3.2 (2).
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- level of steel centroid

- effective tension area, Aceft
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i A Al b b &
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” 5 81
c,ef
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- effective tension area, Aceft
b) Slab

‘ h/f . - effective tension area for upper
2

° ° o ° ° I Surface: Act,eff
(VL LLI L LLLS S LLLSL

h d _ . .
J effective tension area for lower
*T A 22000 surface, Acp eff

\
hc,ef ‘ 81

¢) Member in tension

Figure 7.1: Effective tension area (typical cases)

7.3.3 Control of cracking without direct calculation

(1) For reinforced or prestressed slabs in buildings subjected to bending without significant
axial tension, specific measures to control cracking are not necessary where the overall depth
does not exceed 200 mm and the provisions of 9.3 have been applied.

(2) The rules given in 7.3.4 may be presented in a tabular form by restricting the bar diameter
or spacing as a simplification.

Note: Where the minimum reinforcement given by 7.3.2 is provided, crack widths are unlikely to be excessive

if:

for cracking caused dominantly by restraint, the bar sizes given in Table 7.2N are not exceeded where the
steel stress is the value obtained immediately after cracking (i.e. o5 in Expression (7.1)).
for cracks caused mainly by loading, either the provisions of Table 7.2N or the provisions of Table 7.3N are

complied with. The steel stress should be calculated on the basis of a cracked section under the relevant
combination of actions.
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For pre-tensioned concrete, where crack control is mainly provided by tendons with direct bond, Tables 7.2N
and 7.3N may be used with a stress equal to the total stress minus prestress. For post-tensioned concrete,
where crack control is provided mainly by ordinary reinforcement, the tables may be used with the stress in this
reinforcement calculated with the effect of prestressing forces included.

Table 7.2N Maximum bar diameters ¢ for crack control’

Steel stress” Maximum bar size [mm]
[MPa] wi= 0,4 mm wi= 0,3 mm wi= 0,2 mm
160 40 32 25
200 32 25 16
240 20 16 12
280 16 12 8
320 12 10 6
360 10 8 5
400 8 6 4
450 6 5 -

Notes: 1. The values in the table are based on the following assumptions:
¢ = 25mm; fy e = 2,9MPa; hy = 0,5h; (h-d) = 0,1h; k1 = 0,8; k, = 0,5; k, = 0,4; k=1,0;
ki=0,4 and k4= 1,0
2. Under the relevant combinations of actions

Table 7.3N Maximum bar spacing for crack control’

Steel stress” Maximum bar spacing [mm]
[MPa] w,=0,4 mm w,=0,3 mm w,=0,2 mm
160 300 300 200
200 300 250 150
240 250 200 100
280 200 150 50
320 150 100 -
360 100 50 -

For Notes see Table 7.2N

The maximum bar diameter should be modified as follows:

Bending (at least part of section in compression):

ds=&'s (forer/2,9) —kchcr
s — @ s \Ucteff /&, 2(h—d)

Tension (uniform axial tension)

¢s = ¢*s(fct,eff/2 ’ g)hcr/(s(h'd))

where:

&s is the adjusted maximum bar diameter

#'s is the maximum bar size given in the Table 7.2N

h is the overall depth of the section

her is the depth of the tensile zone immediately prior to cracking, considering the characteristic values
of prestress and axial forces under the quasi-permanent combination of actions

d is the effective depth to the centroid of the outer layer of reinforcement

(7.6N)

(7.7N)

Where all the section is under tension h - d is the minimum distance from the centroid of the layer of
reinforcement to the face of the concrete (consider each face where the bar is not placed symmetrically).
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(3) Beams with a total depth of 1000 mm or more, where the main reinforcement is
concentrated in only a small proportion of the depth, should be provided with additional skin
reinforcement to control cracking on the side faces of the beam. This reinforcement should be
evenly distributed between the level of the tension steel and the neutral axis and should be
located within the links. The area of the skin reinforcement should not be less than the amount
obtained from 7.3.2 (2) taking k as 0,5 and os as fx. The spacing and size of suitable bars may
be obtained from 7.3.4 or a suitable simplification assuming pure tension and a steel
stress of half the value assessed for the main tension reinforcement.

(4) It should be noted that there are particular risks of large cracks occurring in sections where
there are sudden changes of stress, e.g.

- at changes of section

- near concentrated loads

- positions where bars are curtailed

- areas of high bond stress, particularly at the ends of laps

Care should be taken at such areas to minimise the stress changes wherever possible.
However, the rules for crack control given above will normally ensure adequate control at these
points provided that the rules for detailing reinforcement given in Sections 8 and 9 are applied.

(5) Cracking due to tangential action effects may be assumed to be adequately controlled if the
detailing rules given in 9.2.2, 9.2.3, 9.3.2 and 9.4.3 are observed. (il

7.3.4 Calculation of crack widths

(1)  The crack width, wx, may be calculated from Expression (7.8):

Wk = Srmax (&m - &m) (7.8)
where
Srmax IS the maximum crack spacing
Esm is the mean strain in the reinforcement under the relevant combination of loads,
including the effect of imposed deformations and taking into account the effects of
tension stiffening. Only the additional tensile strain beyond the state of zero strain
of the concrete at the same level is considered
&m  is the mean strain in the concrete between cracks

(2) &m- &m May be calculated from the expression:

Os— kt f(:ti@ + aepp,eff )

o
Eom — Eom = bof > 0,6 = (7.9)
Es ES
where:
Os is the stress in the tension reinforcement assuming a cracked section. For

pretensioned members, o; may be replaced by Aoy, the stress variation in
prestressing tendons from the state of zero strain of the concrete at the same

level.
e is the ratio Es/Ecm
Poeft =(As + & A'p ) Acert (7.10)
Ay and Acerr are as defined in 7.3.2 (3)
& according to Expression (7.5)
ki is a factor dependent on the duration of the load
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ki = 0,6 for short term loading
ki = 0,4 for long term loading

(3) In situations where bonded reinforcement is fixed at reasonably close centres within the
tension zone (spacing < 5(c+¢/2), the maximum final crack spacing may be calculated from
Expression (7.11) (see Figure 7.2):

- Neutral axis

- Concrete tension surface

- Crack spacing predicted by
Expression (7.14)

[D] - Crack spacing predicted by
Expression (7.11)

- Actual crack width

Figure 7.2: Crack width, w, at concrete surface relative to distance from bar

Srmax = ksc + k1k2k4¢/pp,eﬁ (7.1 1)
where:
¢ is the bar diameter. Where a mixture of bar diameters is used in a section, an
equivalent diameter, ¢4, should be used. For a section with n; bars of diameter ¢
and ny bars of diameter ¢, the following expression should be used
2 2
b = Mgy +Nyfy. (7.12)
n1¢1 + n2¢2
¢ is the cover to the longitudinal reinforcement
ki is a coefficient which takes account of the bond properties of the bonded
reinforcement:
= 0,8 for high bond bars
= 1,6 for bars with an effectively plain surface (e.g. prestressing tendons)
ko is a coefficient which takes account of the distribution of strain:
= 0,5 for bending
= 1,0 for pure tension
For cases of eccentric tension or for local areas, intermediate values of k, should be
used which may be calculated from the relation:
Dk, =(g+¢,)/(2¢) (7.13)
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Note: The values of k3 and k, for use in a Country may be found in its National Annex. The recommended
values are 3,4 and 0,425 respectively.

Where the spacing of the bonded reinforcement exceeds 5(c+¢#/2) (see Figure 7.2) or where
there is no bonded reinforcement within the tension zone, an upper bound to the crack width
may be found by assuming a maximum crack spacing:

Sr’max = 1,3 (h = X) (7.14)

(4) Where the angle between the axes of principal stress and the direction of the
reinforcement, for members reinforced in two orthogonal directions, is significant (>15°), then
the crack spacing s max may be calculated from the following expression:

1 (7.15)
cosd + sind

Sr,max =

Srmaxy Srmax,z
where:
¢ is the angle between the reinforcement in the y direction and the direction of the
principal tensile stress
Srmaxy Srmaxz are the crack spacings calculated in the y and z directions respectively,
according to 7.3.4 (3)

(5) For walls subjected to early thermal contraction where the horizontal steel area, As does not
fulfil the requirements of 7.3.2 and where the bottom of the wall is restrained by a previously
cast base, srmax may be assumed to be equal to 1,3 times the height of the wall.

Note: Where simplified methods of calculating crack width are used they should be based on the properties
given in this Standard or substantiated by tests.

7.4 Deflection control
7.4.1 General considerations

(1)P The deformation of a member or structure shall not be such that it adversely affects its
proper functioning or appearance.

(2) Appropriate limiting values of deflection taking into account the nature of the structure, of
the finishes, partitions and fixings and upon the function of the structure should be established.

(3) Deformations should not exceed those that can be accommodated by other connected
elements such as partitions, glazing, cladding, services or finishes. In some cases limitation
may be required to ensure the proper functioning of machinery or apparatus supported by the
structure, or to avoid ponding on flat roofs.

Note: The limiting deflections given in (4) and (5) below are derived from ISO 4356 and should generally
result in satisfactory performance of buildings such as dwellings, offices, public buildings or factories. Care
should be taken to ensure that the limits are appropriate for the particular structure considered and that that
there are no special requirements. Further information on deflections and limiting values may be obtained from
ISO 4356.

(4) The appearance and general utility of the structure could be impaired when the calculated
sag of a beam, slab or cantilever subjected to quasi-permanent loads exceeds span/250. The
sag is assessed relative to the supports. Pre-camber may be used to compensate for some or
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all of the deflection but any upward deflection incorporated in the formwork should not generally
exceed span/250.

(5) Deflections that could damage adjacent parts of the structure should be limited. For the
deflection after construction, span/500 is normally an appropriate limit for quasi-permanent
loads. Other limits may be considered, depending on the sensitivity of adjacent parts.

(6) The limit state of deformation may be checked by either:
- by limiting the span/depth ratio, according to 7.4.2 or
- by comparing a calculated deflection, according to 7.4.3, with a limit value

Note: The actual deformations may differ from the estimated values, particularly if the values of applied

moments are close to the cracking moment. The differences will depend on the dispersion of the material
properties, on the environmental conditions, on the load history, on the restraints at the supports, ground
conditions, etc.

7.4.2 Cases where calculations may be omitted

(1)P Generally, it is not necessary to calculate the deflections explicitly as simple rules, for
example limits to span/depth ratio may be formulated, which will be adequate for avoiding
deflection problems in normal circumstances. More rigorous checks are necessary for members
which lie outside such limits, or where deflection limits other than those implicit in simplified
methods are appropriate.

(2) Provided that reinforced concrete beams or slabs in buildings are dimensioned so that they
comply with the limits of span to depth ratio given in this clause, their deflections may be
considered as not exceeding the limits set out in 7.4.1 (4) and (5). The limiting span/depth ratio
may be estimated using Expressions (7.16.a) and (7.16.b) and multiplying this by correction
factors to allow for the type of reinforcement used and other variables. No allowance has been
made for any pre-camber in the derivation of these Expressions.

/ _ 2 2 72

E:K 11+1,5,/fck—°+3,21/fck[—°—1J if p< o (7.16.a)
P P

/ I yo, 1 /p' .

—=K|[11+15./f ° 4+ _Jf, &= if o> 7.16.b

d I ck p_p. 12 ck p0j| ,0 pO ( )

where:

I/d is the limit span/depth
K is the factor to take into account the different structural systems

po is the reference reinforcement ratio = 103 \/E
p is the required tension reinforcement ratio at mid-span to resist the moment due to
the design loads (at support for cantilevers)
o is the required compression reinforcement ratio at mid-span to resist the moment due
to design loads (at support for cantilevers)
fex is in MPa units

Expressions (7.16.a) and (7.16.b) have been derived on the assumption that the steel stress,
under the appropriate design load at SLS at a cracked section at the mid-span of a beam or
slab or at the support of a cantilever, is 310 MPa, (corresponding roughly to fyx = 500 MPa).
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Where other stress levels are used, the values obtained using Expression (7.16) should be
multiplied by 310/cs. It will normally be conservative to assume that:

310 / Osg = 500 /(fyk As’req / Asyprov) (7.17)
where:
Os is the tensile steel stress at mid-span (at support for cantilevers) under the design
load at SLS

Asprov IS the area of steel provided at this section
Asreq i the area of steel required at this section for ultimate limit state

For flanged sections where the ratio of the flange breadth to the rib breadth exceeds 3, the
values of I/d given by Expression (7.16) should be multiplied by 0,8.

For beams and slabs, other than flat slabs, with spans exceeding 7 m, which support partitions
liable to be damaged by excessive deflections, the values of //d given by Expression (7.16)
should be multiplied by 7 / ls (let in metres, see 5.3.2.2 (1)).

For flat slabs where the greater span exceeds 8,5 m, and which support partitions liable to be
damaged by excessive deflections, the values of //d given by Expression (7.16) should be
multiplied by 8,5 / I (leff in metres).

[ic2)Note: Values of K for use in a Country may be found in its National Annex. Recommended values of K are
given in Table 7.4N. Values obtained using Expression (7.16) for common cases (C30/37, os= 310 MPa,
different structural systems and reinforcement ratios p = 0,5 % and p = 1,5 %) are also given.

Table 7.4N: Basic ratios of span/effective depth for reinforced concrete members without axial
compression

Concrete highly stressed Concrete lightly stressed
Structural System K 0=1,5% p=0,5%

Simply supported beam, one- or
two-way spanning simply 1,0 14 20
supported slab

End span of continuous beam or
one-way continuous slab or two- 1,3 18 26
way spanning slab continuous over
one long side

Interior span of beam or one-way 15 20 30
or two-way spanning slab ’

Slab supported on columns without

beams (flat slab) (based on longer 1.2 17 24
span)
Cantilever 0,4 6 8

Note 1: The values given have been chosen to be generally conservative and calculation may frequently
show that thinner members are possible.

Note 2: For 2-way spanning slabs, the check should be carried out on the basis of the shorter span. For
flat slabs the longer span should be taken.

Note 3: The limits given for flat slabs correspond to a less severe limitation than a mid-span deflection of
span/250 relative to the columns. Experience has shown this to be satisfactory.

The values given by Expression (7.16) and Table 7.4N have been derived from results of a parametric study
made for a series of beams or slabs simply supported with rectangular cross section, using the general
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approach given in 7.4.3. Different values of concrete strength class and a 500 MPa characteristic yield strength
were considered. For a given area of tension reinforcement the ultimate moment was calculated and the quasi-
permanent load was assumed as 50% of the corresponding total design load. The span/depth limits obtained
satisfy the limiting deflection given in 7.4.1(5).

7.4.3 Checking deflections by calculation

(1)P Where a calculation is deemed necessary, the deformations shall be calculated under
load conditions which are appropriate to the purpose of the check.

(2)P The calculation method adopted shall represent the true behaviour of the structure under
relevant actions to an accuracy appropriate to the objectives of the calculation.

(3) Members which are not expected to be loaded above the level which would cause the
tensile strength of the concrete to be exceeded anywhere within the member should be
considered to be uncracked. Members which are expected to crack, but may not be fully
cracked, will behave in a manner intermediate between the uncracked and fully cracked
conditions and, for members subjected mainly to flexure, an adequate prediction of behaviour is
given by Expression (7.18):

a=Cay+(1-4)a (7.18)

where
a is the deformation parameter considered which may be, for example, a
strain, a curvature, or a rotation. (As a simplification, « may also be taken as a
deflection - see (6) below)
a), ay are the values of the parameter calculated for the uncracked and fully
cracked conditions respectively

< is a distribution coefficient (allowing for tensioning stiffening at a section) given by

Expression (7.19):

2
;:1_ﬂ(05f] (7.19)
Os

¢ = 0 for uncracked sections

s is a coefficient taking account of the influence of the duration of the loading

or of repeated loading on the average strain

= 1,0 for a single short-term loading

= 0,5 for sustained loads or many cycles of repeated loading

Os is the stress in the tension reinforcement calculated on the basis of a

cracked section

osr IS the stress in the tension reinforcement calculated on the basis of a
cracked section under the loading conditions causing first cracking

Note: o./os may be replaced by M./M for flexure or N./N for pure tension, where M, is the cracking moment
and N, is the cracking force.

(4) Deformations due to loading may be assessed using the tensile strength and the effective
modulus of elasticity of the concrete (see (5)).
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Table 3.1 indicates the range of likely values for tensile strength. In general, the best estimate
of the behaviour will be obtained if .. is used. Where it can be shown that there are no axial
tensile stresses (e.g. those caused by shrinkage or thermal effects) the flexural tensile strength,
feim,, (S€€ 3.1.8) may be used.

(5) For loads with a duration causing creep, the total deformation including creep may be

calculated by using an effective modulus of elasticity for concrete according to Expression

(7.20):

__ Em (7.20)
1+ (p(oo, to)

where:

¢(o,t,) is the creep coefficient relevant for the load and time interval (see 3.1.4)

c,eff

(6) Shrinkage curvatures may be assessed using Expression (7.21):

L) (7.21)

1/res is the curvature due to shrinkage
Ecs is the free shrinkage strain (see 3.1.4)

S is the first moment of area of the reinforcement about the centroid of the section
7 is the second moment of area of the section
e is the effective modular ratio

e = Es | Eceft

S and 7/should be calculated for the uncracked condition and the fully cracked condition, the
final curvature being assessed by use of Expression (7.18).

(7) The most rigorous method of assessing deflections using the method given in (3) above is
to compute the curvatures at frequent sections along the member and then calculate the
deflection by numerical integration. In most cases it will be acceptable to compute the deflection
twice, assuming the whole member to be in the uncracked and fully cracked condition in turn,
and then interpolate using Expression (7.18).

Note: Where simplified methods of calculating deflections are used they should be based on the properties
given in this Standard and substantiated by tests.
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SECTION 8 DETAILING OF REINFORCEMENT AND PRESTRESSING TENDONS -
GENERAL

8.1 General
(1)P The rules given in this Section apply to ribbed reinforcement, mesh and prestressing
tendons subjected predominantly to static loading. They are applicable for normal buildings and
bridges. They may not be sufficient for:

- elements subjected to dynamic loading caused by seismic effects or machine vibration,

impact loading and
- to elements incorporating specially painted, epoxy or zinc coated bars.

Additional rules are provided for large diameter bars.

(2)P The requirements concerning minimum concrete cover shall be satisfied (see 4.4.1.2).
(3) For lightweight aggregate concrete, supplementary rules are given in Section 11.

(4) Rules for structures subjected to fatigue loading are given in 6.8.

8.2 Spacing of bars

(1)P The spacing of bars shall be such that the concrete can be placed and compacted
satisfactorily for the development of adequate bond.

(2) The clear distance (horizontal and vertical) between individual parallel bars or horizontal
layers of parallel bars should be not less than the maximum of k4 -bar diameter, (dy + ko mm) or
20 mm where d, is the maximum size of aggregate.

Note: The value of k; and k for use in a Country may be found in its National Annex. The recommended
values are 1 and 5 mm respectively.

(3) Where bars are positioned in separate horizontal layers, the bars in each layer should be
located vertically above each other. There should be sufficient space between the resulting
columns of bars to allow access for vibrators and good compaction of the concrete.

(4) Lapped bars may be allowed to touch one another within the lap length. See 8.7 for more
details.

8.3 Permissible mandrel diameters for bent bars

(1)P The minimum diameter to which a bar is bent shall be such as to avoid bending cracks in
the bar, and to avoid failure of the concrete inside the bend of the bar.

(2) In order to avoid damage to the reinforcement the diameter to which the bar is bent
(Mandrel diameter) should not be less than @ min.

Note: The values of ¢, min for use in a Country may be found in its National Annex. The recommended values
are given in Table 8.1N.
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Table 8.1N: Minimum mandrel diameter to avoid damage to reinforcement

a) for bars and wire

Minimum mandrel diameter for
Bar diameter bends, hooks and loops (see Figure 8.1)
$<16 mm 4¢
¢$>16 mm 7¢

b) for welded bent reinforcement and mesh bent after welding
Minimum mandrel diameter

LorL \@dﬁor;

d>3¢ : 5¢
5S¢ d < 3¢ or welding within the curved zone:
20¢

Note: The mandrel size for welding within the curved zone may be reduced to 5¢
[£c) where the welding is carried out in accordance with[A¢2) EN 1SO 17660.(c] ]

(3) The mandrel diameter need not be checked to avoid concrete failure if the following conditions
exist:
- either the anchorage of the bar does not require a length more than 5 ¢ past the end of the
bend or the bar is not positioned at the edge (plane of bend close to concrete face) and
there is a cross bar diameter 2 ¢ inside the bend.

- the mandrel diameter is at least equal to the recommended values given in Table 8.1N.

Otherwise the mandrel diameter, ¢m min, Should be increased in accordance with Expression
(8.1)

¢m,min > Fbt((1/ab)+1/(2¢)) / fcd (81)
where:
Fot is the tensile force from ultimate loads in a bar or group of bars in contact at the

start of a bend

ap for a given bar (or group of bars in contact) is half of the centre-to-centre distance
between bars (or groups of bars) perpendicular to the plane of the bend. For a
bar or group of bars adjacent to the face of the member, a, should be taken as the
cover plus ¢/2

The value of f,q should not be taken greater than that for concrete class C55/67.
8.4 Anchorage of longitudinal reinforcement
8.4.1 General
(1)P Reinforcing bars, wires or welded mesh fabrics shall be so anchored that the bond forces
are safely transmitted to the concrete avoiding longitudinal cracking or spalling. Transverse

reinforcement shall be provided if necessary.

(2) Methods of anchorage are shown in Figure 8.1 (see also 8.8 (3)).
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>54
o 7 —

‘gﬁ /b,eq
- l -
90° < a < 150°
a) Basic tension anchorage length, /b rqd, b) Equivalent anchorage length for
for any shape measured along the standard bend

centerline

>5¢ . ¢ 064 >5¢
>150 8 ( T ~
-0( = — .t \r_.t 3 —>
lb,e | lbve | /b,eq
c) Equivalent anchorage d) Equivalent anchorage e) Equivalent anchorage

length for standard hook length for standard loop length for welded
transverse bar

Figure 8.1: Methods of anchorage other than by a straight bar
(3) Bends and hooks do not contribute to compression anchorages.
(4) Concrete failure inside bends should be prevented by complying with 8.3 (3).

(5) Where mechanical devices are used the test requirements should be in accordance with the
relevant product standard or a European Technical Approval.

(6) For the transmission of prestressing forces to the concrete, see 8.10.
8.4.2 Ultimate bond stress

(1)P The ultimate bond strength shall be sufficient to prevent bond failure.

(2) The design value of the ultimate bond stress, f,q4, for ribbed bars may be taken as:

foa = 2,25 N1 N2 foua (8.2)

where:

fa is the design value of concrete tensile strength according to 3.1.6 (2)P. Due to the
increasing brittleness of higher strength concrete, f.« 0,05 should be limited here to the
value for C60/75, unless it can be verified that the average bond strength increases
above this limit

n: is a coefficient related to the quality of the bond condition and the position of the bar
during concreting (see Figure 8.2):
n+= 1,0 when ‘good’ conditions are obtained and
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n1 = 0,7 for all other cases and for bars in structural elements built with slip-forms,
unless it can be shown that ‘good’ bond conditions exist
n2 is related to the bar diameter:
m=1,0for ¢ <32 mm
m2 = (132 - ¢)/100 for ¢ > 32 mm

A]

f
R0 P 250} B NNNRARNNNRNNN

a) 45° < o < 90° ¢) h>250 mm

t
| w | 7

b) h <250 mm d) h > 800 mm
@ Direction of concreting

Figure 8.2: Description of bond conditions
8.4.3 Basic anchorage length

(1)P The calculation of the required anchorage length shall take into consideration the type of
steel and bond properties of the bars.

(2) The basic required anchorage length, I rq4, for anchoring the force As osq in a straight bar
assuming constant bond stress equal to f,4 follows from:

Io,rqa = (¢/ 4) (0sd/ foa) (8.3)

Where o4 is the design stress of the bar at the position from where the anchorage is
measured from.

Values for f,q are given in 8.4.2.

[ (3) For bent bars the basic required anchorage length, k4, and the design length, fy,
should be measured along the centre-line of the bar (see Figure 8.1a).

(4) Where pairs of wires/bars form welded fabrics the diameter, ¢, in Expression (8.3) should
be replaced by the equivalent diameter ¢, = 2.
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8.4.4 Design anchorage length

(1) The design anchorage length, lyg, is:

lhd = Q1 203 A4 A5 Iprgd = Io,min (8.4)
where a1, az, a3, a4 and as are coefficients given in Table 8.2:
a, is for the effect of the form of the bars assuming adequate cover (see Figure 8.1).

a, is for the effect of concrete minimum cover (see Figure 8.3)

oo o T |
1 ¢ e C, E“’B | e
C | —™ | e —
T | i T .
a) Straight bars b) Bent or hooked bars c) Looped bars
Cq = min (a/2, ¢y, €) Cq = min (a/2, ¢y) Cq=¢C

Figure 8.3: Values of ¢4 for beams and slabs

as is for the effect of confinement by transverse reinforcement

ay is for the influence of one or more welded transverse bars (¢4 > 0,6¢) along the design
anchorage length /4 (see also 8.6)

a5 is for the effect of the pressure transverse to the plane of splitting along the design
anchorage length

The product (aasas) > 0,7 (8.5)

lorqa is taken from Expression (8.3)

lbmin is the minimum anchorage length if no other limitation is applied:

ac) - for anchorages in tension: fp min > max{0,3h,rqd¢; 10¢; 100 mm} (8.6)
- for anchorages in compression: lpmin > max{0,6/ qq; 10¢; 100 mm} (8.7)

(2) As a simplified alternative to 8.4.4 (1) the tension anchorage of certain shapes shown in
Figure 8.1 may be provided as an equivalent anchorage length, eq. h.eq is defined in this figure
and may be taken as:

- o Ip,rqq for shapes shown in Figure 8.1b to 8.1d (see Table 8.2 for values of o4 )

- oy by rqq for shapes shown in Figure 8.1e (see Table 8.2 for values of o).

where
oy and a4 are defined in (1)
lorqa is calculated from Expression (8.3)
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Table 8.2: Values of a4, az, as a; and as coefficients

Type of anchorage

Reinforcement bar

Influencing factor In tension In compression
Shape of bars Straight ar =1,0 a =1,0
Other than straight ar =0,7if cg>3¢
(see Figure 8.1 (b), otherwise a1 = 1,0 a =10
(c) and (d) (see Figure 8.3 for values of cy)
az =1-0,15 (cq— @)/
Straight > 8,7 e a =1,0
Concrete cover <1,0
Other than straight a=1- O>’1057(Cd — 394 a =10
(see Figure 8.1 (b), = 20
(c) and (d)) =10
(see Figure 8.3 for values of cy)
Confinement by
transverse az =1—-KA az =1,0
reinforcement not | All types >0,7
welded to main <1,0
reinforcement
Confinement by All types, position
welded transverse | and size as specified as =0,7 as =0,7
reinforcement* in Figure 8.1 (e)
Confinement by as =1-0,04p
transverse All types > 0,7 -
pressure <1,0
where:
A = (2Ast- 2Astmin)! As
JAst cross-sectional area of the transverse reinforcement along the design anchorage

length lpg

2Astmin  Cross-sectional area of the minimum transverse reinforcement

= 0,25 A for beams and O for slabs
As area of a single anchored bar with maximum bar diameter
K values shown in Figure 8.4
p transverse pressure [MPa] at ultimate limit state along lyg

* See also 8.6: For direct supports l,g may be taken less than I, min provided that there is at
least one transverse wire welded within the support. This should be at least
15 mm from the face of the support.

K=0,1

J ASt

AS ¢t7 ASt

K=0,05

As ¢t’ ASt
. / .

K=0

Figure 8.4: Values of K for beams and slabs
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8.5 Anchorage of links and shear reinforcement

(1) The anchorage of links and shear reinforcement should normally be effected by means of
bends and hooks, or by welded transverse reinforcement. A bar should be provided inside a
hook or bend.

(2) The anchorage should comply with Figure 8.5. Welding should be carried out in
accordance with EN ISO 17660 and have a welding capacity in accordance with 8.6 (2).

Note: For definition of the bend angles see Figure 8.1.

5¢, but 10¢, but -
Zigmm legﬂmm ' ;2? mm >10 mm
=210 mm il
4\} () T <50 mm T > 1,44
> 0,74
¢ ¢ 4 4
a) b) c) d)

Note: For c) and d) the cover should not be less than either 34 or 50 mm.
Figure 8.5: Anchorage of links
8.6 Anchorage by welded bars

(1) Additional anchorage to that of 8.4 and 8.5 may be obtained by transverse welded bars
(see Figure 8.6) bearing on the concrete. The quality of the welded joints should be shown to
be adequate.

T

/ wd

R

cm

cl

Figure 8.6: Welded transverse bar as anchoring device

(2) The anchorage capacity of one welded transverse bar (diameter 14 mm- 32 mm), welded
on the inside of the main bar, is Fuq. osq in Expression (8.3) may then be reduced by Fyd/As,
where Ags is the area of the bar.

Note: The value of Fy for use in a Country may be found in its National Annex. The recommended value is
determined from:

Fota = kg & og but not greater than Fq (8.8N)

where:
Fua is the design shear strength of weld (specified as a factor times As fq4; say 0.5 A, fyq where Agis the
cross-section of the anchored bar and f4 is its design yield strength)
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la is the design length of transverse bar: iy = 1,16 ¢ (fyd/atd)o’5 <h
k is the length of transverse bar, but not more than the spacing of bars to be anchored
¢ is the diameter of transverse bar

o is the concrete stress; oig = (fog toem)y < 3 fog

oem IS the compression in the concrete perpendicular to both bars (mean value, positive for compression)
y isafunction: y = 0,015 + 0,14 %'

x is a function accounting for the geometry: x = 2 (¢c/¢) + 1

¢ is the concrete cover perpendicular to both bars

(3) If two bars of the same size are welded on opposite sides of the bar to be anchored, the
capacity calculated from 8.6 (2) may be doubled provided that the cover to the outer bar is in
accordance with Section 4.

(4) If two bars are welded to the same side with a minimum spacing of 3¢, the capacity should
be multiplied by a factor of 1,41.

(5) For nominal bar diameters of 12 mm and less, the anchorage capacity of a welded cross
bar is mainly dependent on the design strength of the welded joint. It may be calculated as
follows:

Fota = Fwa < 16 As fea ¢/ @) (8.9)
where:

Fwe  design shear strength of weld (see 8.6 (2))

0 nominal diameter of transverse bar: ¢: < 12 mm

A nominal diameter of bar to anchor: ¢, <12 mm

If two welded cross bars with a minimum spacing of ¢; are used, the anchorage capacity
given by Expression (8.9) should be multiplied by a factor of 1,41.¢cil

8.7 Laps and mechanical couplers
8.7.1 General

(1)P Forces are transmitted from one bar to another by:
- lapping of bars, with or without bends or hooks;
- welding;
- mechanical devices assuring load transfer in tension-compression or in compression only.

8.7.2 Laps

(1)P The detailing of laps between bars shall be such that:
- the transmission of the forces from one bar to the next is assured;
- spalling of the concrete in the neighbourhood of the joints does not occur;
- large cracks which affect the performance of the structure do not occur.

(2) Laps:
- between bars should normally be staggered and not located in areas of high moments
/forces (e.g. plastic hinges). Exceptions are given in (4) below;
- at any section should normally be arranged symmetrically.

(3) The arrangement of lapped bars should comply with Figure 8.7:
- the clear distance between lapped bars should not be greater than 4¢ or 50 mm,
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otherwise the lap length should be increased by a length equal to the clear space where it
exceeds 4¢ or 50 mm;

- the longitudinal distance between two adjacent laps should not be less than 0,3 times the
lap length, /o;

- In case of adjacent laps, the clear distance between adjacent bars should not be less than
2¢ or 20 mm.

(4) When the provisions comply with (3) above, the permissible percentage of lapped bars in
tension may be 100% where the bars are all in one layer. Where the bars are in several layers
the percentage should be reduced to 50%.

All bars in compression and secondary (distribution) reinforcement may be lapped in one
section.

2 0,3/, I
= . - < 20 mm
<
- ¥ T
E a 224
< = 20 mm K
FS T Y 2 —F>
- * i _ﬁ
Figure 8.7: Adjacent laps
8.7.3 Lap length
(1) The design lap length is:
lo =ay az az as A lbrqa = lo,min (8.10)
where:
lhrqa is calculated from Expression (8.3)
[%D) fo,min = Max{0,3 a6 Ib,rqa; 15¢; 200 mm} (8.11)

Values of a4, a,, az and as may be taken from Table 8.2; however, for the calculation of
a3, 2Astmin Should be taken as 1,0As(osq/ fyq), With As = area of one lapped bar.

as = (p1/25)°° but not exceeding 1,5 nor less than 1,0, where p; is the percentage of
reinforcement lapped within 0,65 Iy from the centre of the lap length considered (see
Figure 8.8). Values of as are given in Table 8.3.

Table 8.3: Values of the coefficient ag

Percentage of lapped bars relative < 25% 33% 50% >50%
to the total cross-section area

as 1 1,15 1,4 1,5
Note: Intermediate values may be determined by interpolation.
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m] [o][o] [@

. 0,65/, ' 0,65,
A

Section considered Bar | Barll [D] Barlll Bar IV

Example: Bars Il and Il are outside the section being considered: % = 50 and as =1,4
Figure 8.8: Percentage of lapped bars in one lapped section
8.7.4 Transverse reinforcement in the lap zone
8.7.4.1 Transverse reinforcement for bars in tension
(1) Transverse reinforcement is required in the lap zone to resist transverse tension forces.
(2) Where the diameter, ¢, of the lapped bars is less than 20 mm, or the percentage of lapped
bars in any section is less than 25%, then any transverse reinforcement or links necessary for

other reasons may be assumed sufficient for the transverse tensile forces without further
justification.

(3) Where the diameter, ¢, of the lapped bars is greater than or equal to 20 mm, the transverse
reinforcement should have a total area, A (sum of all legs parallel to the layer of the spliced il
reinforcement) of not less than the area As of one lapped bar (£Ast > 1,0As). The transverse bar
should be placed perpendicular to the direction of the lapped reinforcement.

If more than 50% of the reinforcement is lapped at one point and the distance, a, between
adjacent laps at a section is < 10¢ (see Figure 8.7) transverse reinforcement should be formed
by links or U bars anchored into the body of the section.

(4) The transverse reinforcement provided for (3) above should be positioned at the outer
sections of the lap as shown in Figure 8.9(a).

8.7.4.2 Transverse reinforcement for bars permanently in compression
(1) In addition to the rules for bars in tension one bar of the transverse reinforcement should be

placed outside each end of the lap length and within 4 ¢ of the ends of the lap length (Figure
8.9b).
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b) bars in compression
Figure 8.9: Transverse reinforcement for lapped splices
8.7.5 Laps for welded mesh fabrics made of ribbed wires
8.7.5.1 Laps of the main reinforcement
(1) Laps may be made either by intermeshing or by layering of the fabrics (Figure 8.10).

K K

s
- e _© o o 0 o o

b) layered fabric (longitudinal section)

Figure 8.10: Lapping of welded fabric
(2) Where fatigue loads occur, intermeshing should be adopted

(3) For intermeshed fabric, the lapping arrangements for the main longitudinal bars should
conform with 8.7.2. Any favourable effects of the transverse bars should be ignored: thus

taking a3 = 1,0.
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(4) For layered fabric, the laps of the main reinforcement should generally be situated in zones
where the calculated stress in the reinforcement at ultimate limit state is not more than 80% of
the design strength.

(5) Where condition (4) above is not fulfilled, the effective depth of the steel for the calculation
of bending resistance in accordance with 6.1 should apply to the layer furthest from the tension
face. In addition, when carrying out a crack-verification next to the end of the lap, the steel
stress used in Tables 7.2 and 7.3 should be increased by 25% due to the discontinuity at the
ends of the laps,.

(6) The percentage of the main reinforcement, which may be lapped in any one section, should
comply with the following:

For intermeshed fabric, the values given in Table 8.3 are applicable.
For layered fabric the permissible percentage of the main reinforcement that may be spliced by

lapping in any section, depends on the specific cross-section area of the welded fabric provided
(As/S)orov , Where s is the spacing of the wires:

- 100% if (As/S)prov < 1200 mm?/m
- 60% if (As/S)prov > 1200 mm?/m.

The joints of the multiple layers should be staggered by at least 1,3/y (lo is determined from
8.7.3).

(7) Additional transverse reinforcement is not necessary in the lapping zone.

8.7.5.2 Laps of secondary or distribution reinforcement
(1) All secondary reinforcement may be lapped at the same location.

The minimum values of the lap length Iy are given in Table 8.4; the lap length of two secondary
bars should cover two main bars.

Table 8.4: Required lap lengths for secondary wires of fabrics

Diameter of Lap lengths

secondary wires (mm)

¢ < 6 > 150 mm; at least 1 wire pitch within the lap
length

6<¢ <85 > 250 mm; at least 2 wire pitches

8,5<¢ <12 > 350 mm; at least 2 wire pitches

8.8 Additional rules for large diameter bars

(1) For bars with a diameter larger than @arge the following rules supplement those given in 8.4
and 8.7.

Note: The value of ﬁarge for use in a Country may be found in its National Annex. The recommended value is
32 mm.
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(2) When such large diameter bars are used, crack control may be achieved either by using
surface reinforcement (see 9.2.4) or by calculation (see 7.3.4).

(3) Splitting forces are higher and dowel action is greater with the use of large diameter bars.
Such bars should be anchored with mechanical devices. As an alternative they may be
anchored as straight bars, but links should be provided as confining reinforcement.

(4) Generally large diameter bars should not be lapped. Exceptions include sections with a
minimum dimension 1,0 m or where the reinforcement stress is not greater than 80% of
the design ultimate strength. @il

(5) Transverse reinforcement, additional to that for shear, should be provided in the anchorage
zones where transverse compression is not present.

(6) For straight anchorage lengths (see Figure 8.11 for the notation used) the additional
reinforcement referred to in (5) above should not be less than the following:
- in the direction parallel to the tension face:

Asn = 0,25 As ny (8.12)
- in the direction perpendicular to the tension face:
ASV = 0,25 AS n2 (813)

where:
As is the cross sectional area of an anchored bar,
ny is the number of layers with bars anchored at the same point in the member
ny is the number of bars anchored in each layer.

(7) The additional transverse reinforcement should be uniformly distributed in the anchorage
zone and the spacing of bars should not exceed 5 times the diameter of the longitudinal
reinforcement.

YA« > 0,5As: 2As = 0,5As:

O Anchored bar

® Continuing bar

/
YAsn 2> 0,25As1  TA« > 0,5As:

Example: In the left hand case ny = 1, n, = 2 and in the right hand case ny =2, n, = 2

Figure 8.11: Additional reinforcement in an anchorage for large diameter bars
where there is no transverse compression.

(8) For surface reinforcement, 9.2.4 applies, but the area of surface reinforcement should not
be less than 0,01 Actext in the direction perpendicular to large diameter bars, and 0,02 At ext
parallel to those bars.
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8.9 Bundled bars
8.9.1 General

(1) Unless otherwise stated, the rules for individual bars also apply for bundles of bars. In a
bundle, all the bars should be of the same characteristics (type and grade). Bars of different
sizes may be bundled provided that the ratio of diameters does not exceed 1,7.

(2) In design, the bundle is replaced by a notional bar having the same sectional area and the

same centre of gravity as the bundle. The equivalent diameter, ¢, of this notional bar is such
that:

¢ = ¢p\Nnp <55 mm (8.14)

where
n, is the number of bars in the bundle, which is limited to:
np <4  for vertical bars in compression and for bars in a lapped joint,
np, <3 forall other cases.

(3) For a bundle, the rules given in 8.2 for spacing of bars apply. The equivalent diameter, ¢,
should be used but the clear distance between bundles should be measured from the actual
external contour of the bundle of bars. The concrete cover should be measured from the actual
external contour of the bundles and should not be less than ¢,.

(4) Where two touching bars are positioned one above the other, and where the bond
conditions are good, such bars need not be treated as a bundle.

8.9.2 Anchorage of bundles of bars

(1) Bundles of bars in tension may be curtailed over end and intermediate supports. Bundles
with an equivalent diameter < 32 mm may be curtailed near a support without the need for
staggering bars. Bundles with an equivalent diameter > 32 mm which are anchored near a
support should be staggered in the longitudinal direction as shown in Figure 8.12.

(2) Where individual bars are anchored with a staggered distance greater than 1,3 /, ,qa (Where
lhrqa is based on the bar diameter), the diameter of the bar may be used in assessing /g (see
Figure 8.12). Otherwise the equivalent diameter of the bundle, ¢,, should be used.

Ay | Zhorga 21,3 higa |_’A

| | | Fs

—_— rY

(A A-A g

Figure 8.12: Anchorage of widely staggered bars in a bundle

(3) For compression anchorages bundled bars need not be staggered. For bundles with an
equivalent diameter > 32 mm, at least four links having a diameter > 12 mm should be provided
at the ends of the bundle. A further link should be provided just beyond the end of the curtailed
bar.
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8.9.3 Lapping bundiles of bars

(1) The lap length should be calculated in accordance with 8.7.3 using ¢, (from 8.9.1 (2)) as the
equivalent diameter of bar.

(2) For bundles which consist of two bars with an equivalent diameter < 32 mm the bars may
be lapped without staggering individual bars. In this case the equivalent bar size should be
used to calculate /o.

(3) For bundles which consist of two bars with an equivalent diameter > 32 mm or of three bars,
individual bars should be staggered in the longitudinal direction by at least 1,3/y as shown in
Figure 8.13, where Iy is based on a single bar. For this case bar No. 4 is used as the lapping
bar. Care should be taken to ensure that there are not more than four bars in any lap cross
section. Bundles of more than three bars should not be lapped.

Figure 8.13: Lap joint in tension including a fourth bar
8.10 Prestressing tendons
8.10.1 Arrangement of prestressing tendons and ducts
8.10.1.1 General

(1)P The spacing of ducts or of pre-tensioned tendons shall be such as to ensure that placing
and compacting of the concrete can be carried out satisfactorily and that sufficient bond can be
attained between the concrete and the tendons.

8.10.1.2 Pre-tensioned tendons

(1) The minimum clear horizontal and vertical spacing of individual pre-tensioned tendons
should be in accordance with that shown in Figure 8.14. Other layouts may be used provided
that test results show satisfactory ultimate behaviour with respect to:

- the concrete in compression at the anchorage

- the spalling of concrete

- the anchorage of pre-tensioned tendons

- the placing of the concrete between the tendons.

Consideration should also be given to durability and the danger of corrosion of the tendon at the
end of elements.
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Note: Where ¢is the diameter of pre-tensioned tendon and d, is the maximum size of aggregate.

Figure 8.14: Minimum clear spacing between pre-tensioned tendons.

(2) Bundling of tendons should not occur in the anchorage zones, unless placing and
compacting of the concrete can be carried out satisfactorily and sufficient bond can be attained
between the concrete and the tendons.

8.10.1.3 Post-tension ducts

(1)P The ducts for post-tensioned tendons shall be located and constructed so that:
- the concrete can be safely placed without damaging the ducts;
- the concrete can resist the forces from the ducts in the curved parts during and after
stressing;
- no grout will leak into other ducts during grouting process.

(2) Ducts for post-tensioned members, should not normally be bundled except in the case of a
pair of ducts placed vertically one above the other.

(3) The minimum clear spacing between ducts should be in accordance with that shown in
Figure 8.15.

>d,+5
2 ¢

>50 mm

@
>
>40 mm ‘ o

4 > d,
> ¢
‘ _ y=40mm

Note: Where ¢is the diameter of post-tension duct and dy is the maximum size of aggregate.

Figure 8.15: Minimum clear spacing between ducts
8.10.2 Anchorage of pre-tensioned tendons
8.10.2.1 General
(1) In anchorage regions for pre-tensioned tendons, the following length parameters should be

considered, see Figure 8.16:
a) Transmission length, /y, over which the prestressing force (Po) is fully transmitted to the
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concrete; see 8.10.2.2 (2),

b) Dispersion length, l4sp Over which the concrete stresses gradually disperse to a linear
distribution across the concrete section; see 8.10.2.2 (4),

c) Anchorage length, lypqg, Over which the tendon force Fpq in the ultimate limit state is fully
anchored in the concrete; see 8.10.2.3 (4) and (5).
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Figure 8.16: Transfer of prestress in pretensioned elements; length parameters
8.10.2.2 Transfer of prestress

(1) Atrelease of tendons, the prestress may be assumed to be transferred to the concrete by a
constant bond stress fypt, where:

fopt = 1p1 11 Feta(£) (8.15)
where:
nmp1  is a coefficient that takes into account the type of tendon and the bond situation at
release

np1 = 2,7 for indented wires
np1 = 3,2 for 3 and 7-wire strands
m = 1,0 for good bond conditions (see 8.4.2)
= 0,7 otherwise, unless a higher value can be justified with regard to special
circumstances in execution

[ foa(t) is the design tensile value of strength at time of release; fea(f) = aet0,7-fem(f) / 7
(see also 3.1.2 (9) and 3.1.6 (2)P)

Note: Values of 7,1 for types of tendons other than those given above may be used subject to a European
Technical Approval

(2) The basic value of the transmission length, Iy, is given by:

Ipt = o a2¢o-pm0/fbpt (816)
where:
o =1,0 for gradual release

= 1,25 for sudden release

o =0,25 for tendons with circular cross section
= 0,19 for 3 and 7-wire strands

¢ is the nominal diameter of tendon

opmo IS the tendon stress just after release

(3) The design value of the transmission length should be taken as the less favourable of two
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values, depending on the design situation:

or
Iz = 1,2 Iy (8.18)

Note: Normally the lower value is used for verifications of local stresses at release, the higher value for
ultimate limit states (shear, anchorage etc.).

(4) Concrete stresses may be assumed to have a linear distribution outside the dispersion
length, see Figure 8.16:

lyop = 1% +? (8.19)

(5) Alternative build-up of prestress may be assumed, if adequately justified and if the
transmission length is modified accordingly.

8.10.2.3 Anchorage of tendons for the ultimate limit state

(1) The anchorage of tendons should be checked in sections where the concrete tensile stress
exceeds f.x 0,05. The tendon force should be calculated for a cracked section, including the
[cheffect of shear according t0 6.2.3 (7); see also 9.2.1.3. Where the concrete tensile stress is less
than f. 0,05, NO anchorage check is necessary.

(2) The bond strength for anchorage in the ultimate limit state is:

fopd = 7702 71 Totd (8.20)
where:
npe2 is a coefficient that takes into account the type of tendon and the bond situation at
anchorage

ne2 = 1,4 for indented wires or
2 = 1,2 for 7-wire strands
n1 is as defined in 8.10.2.2 (1)

Note : Values of 7, for types of tendons other than those given above may be used subject to a European
Technical Approval.

(3) Due to increasing brittleness with higher concrete strength, f.« 0,05 should here be limited to
the value for C60/75, unless it can be verified that the average bond strength increases above
this limit.

(4) The total anchorage length for anchoring a tendon with stress oyq is:

lopd = Ipt2 + 02 Opd - Opm)/fopd (8.21)

where
lot2 is the upper design value of transmission length, see 8.10.2.2 (3)
ap as defined in 8.10.2.2 (2)
opd IS the tendon stress corresponding to the force described in (1)
Opmw 1S the prestress after all losses

(5) Tendon stresses in the anchorage zone are illustrated in Figure 8.17.
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Figure 8.17: Stresses in the anchorage zone of pre-tensioned members:
(1) at release of tendons, (2) at ultimate limit state

(6) In case of combined ordinary and pre-tensioned reinforcement, the anchorage capacities of
each may be summed.

8.10.3 Anchorage zones of post-tensioned members

(1) The design of anchorage zones should be in accordance with the application rules given in
this clause and those in 6.5.3.

(2) When considering the effects of the prestress as a concentrated force on the anchorage
zone, the design value of the prestressing tendons should be in accordance with 2.4.2.2 (3) and
the lower characteristic tensile strength of the concrete should be used.

(3) The bearing stress behind anchorage plates should be checked in accordance with the
relevant European Technical Approval.

(4) Tensile forces due to concentrated forces should be assessed by a strut and tie model, or
other appropriate representation (see 6.5). Reinforcement should be detailed assuming that it
acts at its design strength. If the stress in this reinforcement is limited to 300 MPa no check of
crackwidths is necessary.

(5) As a simplification the prestressing force may be assumed to disperse at an angle of spread

2/ (see Figure 8.18), starting at the end of the anchorage device, where f may be assumed to
be arc tan 2/3.
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Plan of flange

S = arc tan(2/3) = 33.7°

A] - tendon

Figure 8.18: Dispersion of prestress
8.10.4 Anchorages and couplers for prestressing tendons

(1)P The anchorage devices used for post-tensioned tendons shall be in accordance with those
specified for the prestressing system, and the anchorage lengths in the case of pre-tensioned
tendons shall be such as to enable the full design strength of the tendons to be developed,
taking account of any repeated, rapidly changing action effects.

(2)P Where couplers are used they shall be in accordance with those specified for the
prestressing system and shall be so placed - taking account of the interference caused by these
devices - that they do not affect the bearing capacity of the member and that any temporary
anchorage which may be needed during construction can be introduced in a satisfactory
manner.

(3) Calculations for local effects in the concrete and for the transverse reinforcement should be
made in accordance with 6.5 and 8.10.3.

(4) In general, couplers should be located away from intermediate supports.

(5) The placing of couplers on 50% or more of the tendons at one cross-section should be
avoided unless it can be shown that a higher percentage will not cause more risk to the safety
of the structure.

8.10.5 Deviators

(1)P A deviator shall satisfy the following requirements:
- withstand both longitudinal and transverse forces that the tendon applies to it and transmit
these forces to the structure;
- ensure that the radius of curvature of the prestressing tendon does not cause any
overstressing or damage to it.

(2)P In the deviation zones the tubes forming the sheaths shall be able to sustain the radial

pressure and longitudinal movement of the prestressing tendon, without damage and without
impairing its proper functioning.
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(3)P The radius of curvature of the tendon in a deviation zone shall be in accordance with EN
10138 and appropriate European Technical Approvals.

(4) Designed tendon deviations up to an angle of 0,01 radians may be permitted without using
a deviator. The forces developed by the change of angle using a deviator in accordance with
the relevant European Technical Approval should be taken into account in the design
calculations.
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SECTION 9 DETAILING OF MEMBERS AND PARTICULAR RULES
9.1 General

(1)P The requirements for safety, serviceability and durability are satisfied by following the
rules given in this section in addition to the general rules given elsewhere.

(2) The detailing of members should be consistent with the design models adopted.

(8) Minimum areas of reinforcement are given in order to prevent a brittle failure, wide cracks
and also to resist forces arising from restrained actions.

Note: The rules given in this section are mainly applicable to reinforced concrete buildings.

9.2 Beams
9.2.1 Longitudinal reinforcement
9.2.1.1 Minimum and maximum reinforcement areas

(1) The area of longitudinal tension reinforcement should not be taken as less than A min.
Note 1: See also 7.3 for area of longitudinal tension reinforcement to control cracking.

Note 2: The value of A i, for beams for use in a Country may be found in its National Annex. The
recommended value is given in the following:

As.min = 0,26 ';3‘"‘ b.d but not less than 0,0013b,d (9.1N)
yk

Where:
b, denotes the mean width of the tension zone; for a T-beam with the flange in compression, only the

width of the web is taken into account in calculating the value of b,.

fam should be determined with respect to the relevant strength class according to Table 3.1.

Alternatively, for secondary elements, where some risk of brittle failure may be accepted, As mn may be taken
as 1,2 times the area required in ULS verification.

(2) Sections containing less reinforcement than As min Should be considered as unreinforced
(see Section 12).

(3) The cross-sectional area of tension or compression reinforcement should not exceed As max
outside lap locations.

Note: The value of A nax for beams for use in a Country may be found in its National Annex. The
recommended value is 0,04A..

(4) For members prestressed with permanently unbonded tendons or with external prestressing
cables, it should be verified that the ultimate bending capacity is larger than the flexural
cracking moment. A capacity of 1,15 times the cracking moment is sufficient.

9.2.1.2 Other detailing arrangements

(1) In monolithic construction, even when simple supports have been assumed in design, the
section at supports should be designed for a bending moment arising from partial fixity of at
least g of the maximum bending moment in the span.
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Note 1: The value of 1 for beams for use in a Country may be found in its National Annex. The
recommended value is 0,15.

Note 2: The minimum area of longitudinal reinforcement section defined in 9.2.1.1 (1) applies.

(2) Atintermediate supports of continuous beams, the total area of tension reinforcement A, of

a flanged cross-section should be spread over the effective width of flange (see 5.3.2). Part of it
may be concentrated over the web width (See Figure 9.1).

Deff
As
oo ‘hf
b L
beff1 bw beff2
Q______ J

Figure 9.1: Placing of tension reinforcement in flanged cross-section.

(3) Any compression longitudinal reinforcement (diameter ¢) which is included in the resistance
calculation should be held by transverse reinforcement with spacing not greater than 15¢.

9.2.1.3 Curtailment of longitudinal tension reinforcement

(1) Sufficient reinforcement should be provided at all sections to resist the envelope of the
acting tensile force, including the effect of inclined cracks in webs and flanges.

(2) For members with shear reinforcement the additional tensile force, AF, should be
calculated according to 6.2.3 (7). For members without shear reinforcement AFq may be
estimated by shifting the moment curve a distance a, = d according to 6.2.2 (5). This "shift rule"
may also be used as an alternative for members with shear reinforcement, where:

a =z (cot #-cot a)/2 (symbols defined in 6.2.3) (9.2)
The additional tensile force is illustrated in Figure 9.2.

(3) The resistance of bars within their anchorage lengths may be taken into account, assuming
a linear variation of force, see Figure 9.2. As a conservative simplification this contribution may
be ignored.

(4) The anchorage length of a bent-up bar which contributes to the resistance to shear should
be not less than 1,3 /4 in the tension zone and 0,7 /,, in the compression zone. It is measured

from the point of intersection of the axes of the bent-up bar and the longitudinal reinforcement.
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- Envelope of Med/z + Ngg - acting tensile force Fs - resisting tensile force Frs

Figure 9.2: lllustration of the curtailment of longitudinal reinforcement, taking into
account the effect of inclined cracks and the resistance of
reinforcement within anchorage lengths

9.2.1.4 Anchorage of bottom reinforcement at an end supports

(1) The area of bottom reinforcement provided at end supports with little or no end fixity
assumed in design, should be at least S, of the area of steel provided in the span.

Note: The value of £ for beams for use in a Country may be found in its National Annex. The recommended
value is 0,25.

(2) The tensile force to be anchored may be determined according to 6.2.3 (7)
(memberswith shearreinforcement) including the contribution of the axial force if any, or

according to the shift rule:
Feq = |Veq| - @/ Z + Ngy (9.3)

where N, is the axial force, to be added to or subtracted from the tensile force; a, see
9.2.1.3 (2).

(3) The anchorage length is g according to 8.4.4, measured from the line of contact between

beam and support. Transverse pressure may be taken into account for direct support. See
Figure 9.3.
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Ib

a) Direct support: Beam supported by b) Indirect support: Beam intersecting another
wall or column supporting beam

Figure 9.3: Anchorage of bottom reinforcement at end supports
9.2.1.5 Anchorage of bottom reinforcement at intermediate supports

(1) The area of reinforcement given in 9.2.1.4 (1) applies.

(2) The anchorage length should not be less than 10¢ (for straight bars) or not less than the
diameter of the mandrel (for hooks and bends with bar diameters at least equal to 16 mm) or
twice the diameter of the mandrel (in other cases) (see Figure 9.4 (a)). These minimum values
are normally valid but a more refined analysis may be carried out in accordance with 6.6.

(3) The reinforcement required to resist possible positive moments (e.g. settlement of the
support, explosion, etc.) should be specified in contract documents. This reinforcement should
be continuous which may be achieved by means of lapped bars (see Figure 9.4 (b) or (c)).

lbd /bd

Ga S S
/z1o¢|._L_,,de | _l1=10¢ | l

a) b) c)

Figure 9.4: Anchorage at intermediate supports
9.2.2 Shear reinforcement

(1) The shear reinforcement should form an angle a of between 45° and 90° to the longitudinal
axis of the structural element.

(2) The shear reinforcement may consist of a combination of:
- links enclosing the longitudinal tension reinforcement and the compression zone (see
Figure 9.5);
- bent-up bars;
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- cages, ladders, etc. which are cast in without enclosing the longitudinal reinforcement but
are properly anchored in the compression and tension zones.

B A =0\ [® -
_ L L p L
/ @ \*\.
LT[ \\\
|
|~
| / \.
ele o o \o/ o/ o

Inner link alternatives Enclosing link
Figure 9.5: Examples of shear reinforcement

(3) Links should be effectively anchored. A lap joint on the leg near the surface of the web is
permitted provided that the link is not required to resist torsion.

(4) Atleast g; of the necessary shear reinforcement should be in the form of links.

Note: The value of [35 for use in a Country may be found in its National Annex. The recommended value is 0, 5.
(5) The ratio of shear reinforcement is given by Expression (9.4):

Py =As! (s. b, .sina) (9.4)

where:
P, s the shear reinforcement ratio
p,, Should not be less than p,, ...
A,, Iis the area of shear reinforcement within length s
s is the spacing of the shear reinforcement measured along the longitudinal axis of
the member
b, is the breadth of the web of the member

w
a is the angle between shear reinforcement and the longitudinal axis (see 9.2.2 (1))

Note: The value of p, . for beams for use in a Country may be found in its National Annex. The
recommended value is given Expression (9.5N)

Pusmin =(0.08,[f, )/F, (9.5N)

(6) The maximum longitudinal spacing between shear assemblies should not exceed s, .-

Note: The value of s, max for use in a Country may be found in its National Annex. The recommended value is
given by Expression (9.6N)

Simax = 0,75d (1 + cot o ) (9.6N)

where «is the inclination of the shear reinforcement to the longitudinal axis of the beam.
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(7) The maximum longitudinal spacing of bent-up bars should not exceed s, .,,:

Note: The value of s for use in a Country may be found in its National Annex. The recommended value is

b,max

given by Expression (9.7N)
=0,6 d(1+cot ) (9.7N)

Sb,max

(8) The transverse spacing of the legs in a series of shear links should not exceed s

t,max"

Note: The value of s, for use in a Country may be found in its National Annex. The recommended value is
given by Expression (9.8N)

Stmax = 0,75d < 600 mm (9.8N)
9.2.3 Torsion reinforcement

(1) The torsion links should be closed and be anchored by means of laps or hooked ends, see
Figure 9.6, and should form an angle of 90° with the axis of the structural element.

| I [} (]
0
e o o o e o9
al) a2) a3)
a) recommended shapes b) not recommended shape

Note: The second alternative for a2) (lower sketch) should have a full lap length along the top.

Figure 9.6: Examples of shapes for torsion links

(2) The provisions of 9.2.2 (5) and (6) are generally sufficient to provide the minimum torsion
links required.

(3) The longitudinal spacing of the torsion links should not exceed u / 8 (see 6.3.2, Figure 6.11,
for the notation), or the requirement in 9.2.2 (6) or the lesser dimension of the beam cross-
section.

(4) The longitudinal bars should be so arranged that there is at least one bar at each corner,
the others being distributed uniformly around the inner periphery of the links, with a spacing not
greater than 350 mm.

9.2.4 Surface reinforcement

(1) It may be necessary to provide surface reinforcement either to control cracking or to ensure
adequate resistance to spalling of the cover.

Note: Guidance on surface reinforcements is given in Informative Annex J.(Ac2]
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9.2.5 Indirect supports

(1) Where a beam is supported by a beam instead of a wall or column, reinforcement should
be provided and designed to resist the mutual reaction. This reinforcement is in addition to that
required for other reasons. This rule also applies to a slab not supported at the top of a beam.

(2) The supporting reinforcement between two beams should consist of links surrounding the
principal reinforcement of the supporting member. Some of these links may be distributed
outside the volume of the concrete, which is common to the two beams, (see Figure 9.7).

<hi/3

L <2

-—————>

supporting beam with height h, supported beam with height h, (h1 > h2)

Figure 9.7: Placing of supporting reinforcement in the intersection zone of two
beams (plan view)

9.3 Solid slabs

(1) This section applies to one-way and two-way solid slabs for which b and / are not less
than 5h (see 5.3.1).

9.3.1 Flexural reinforcement
9.3.1.1 General

(1) For the minimum and the maximum steel percentages in the main direction 9.2.1.1 (1) and
(3) apply.

Note: In addition to Note 2 of 9.2.1.1 (1), for slabs where the risk of brittle failure is small, A nin may be taken
as 1,2 times the area required in ULS verification.

(2) Secondary transverse reinforcement of not less than 20% of the principal reinforcement
should be provided in one way slabs. In areas near supports transverse reinforcement to
principal top bars is not necessary where there is no transverse bending moment.

(3) The spacing of bars should not exceed Smax siabs-
Note; The value of Spaxsiabs fOr use in a Country may be found in its National Annex. The recommended value
is:
- for the principal reinforcement, 3h < 400 mm, where h is the total depth of the slab;
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- for the secondary reinforcement, 3,5h < 450 mm .

In areas with concentrated loads or areas of maximum moment those provisions become respectively:
- for the principal reinforcement, 2h <250 mm
- for the secondary reinforcement, 3h <400 mm.

(4) The rules givenin 9.2.1.3 (1) to (3), 9.2.1.4 (1) to (3) and 9.2.1.5 (1) to (2) also apply but
with a, = d.

9.3.1.2 Reinforcement in slabs near supports

(1) In simply supported slabs, half the calculated span reinforcement should continue up to the
support and be anchored therein in accordance with 8.4.4.

Note: Curtailment and anchorage of reinforcement may be carried out according to 9.2.1.3, 9.2.1.4 and
9.2.1.5.

(2) Where partial fixity occurs along an edge of a slab, but is not taken into account in the
analysis, the top reinforcement should be capable of resisting at least 25% of the maximum
moment in the adjacent span. This reinforcement should extend at least 0,2 times the length of
the adjacent span, measured from the face of the support. It should be continuous across
internal supports and anchored at end supports. At an end support the moment to be resisted
may be reduced to 15% of the maximum moment in the adjacent span.

9.3.1.3 Corner reinforcement

(1) If the detailing arrangements at a support are such that lifting of the slab at a corner is
restrained, suitable reinforcement should be provided.

9.3.1.4 Reinforcement at the free edges

(1) Along a free (unsupported) edge, a slab should normally contain longitudinal and transverse
reinforcement, generally arranged as shown in Figure 9.8.

(2) The normal reinforcement provided for a slab may act as edge reinforcement.

R ]

| > 2h |

Figure 9.8: Edge reinforcement for a slab
9.3.2 Shear reinforcement
(1) A slab in which shear reinforcement is provided should have a depth of at least 200 mm.

(2) In detailing the shear reinforcement, the minimum value and definition of reinforcement ratio
in 9.2.2 apply, unless modified by the following.

(3) Inslabs, if [Vgy| < 1/3 Vg max (S€€ 6.2), the shear reinforcement may consist entirely of
bent-up bars or of shear reinforcement assemblies.
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(4) The maximum longitudinal spacing of successive series of links is given by:
Smax = 0,75d(1+cota ) (9.9)
where « is the inclination of the shear reinforcement.

The maximum longitudinal spacing of bent-up bars is given by:
Smax = d- (9.10)

(5) The maximum transverse spacing of shear reinforcement should not exceed 1,5d.

9.4 Flat slabs
9.4.1 Slab at internal columns

(1) The arrangement of reinforcement in flat slab construction should reflect the behaviour
under working conditions. In general this will result in a concentration of reinforcement over the
columns.

(2) Atinternal columns, unless rigorous serviceability calculations are carried out, top

reinforcement of area 0,5 A; should be placed in a width equal to the sum of 0,125 times the
panel width on either side of the column. A; represents the area of reinforcement required to
resist the full negative moment from the sum of the two half panels each side of the column.

(3) Bottom reinforcement (> 2 bars) in each orthogonal direction should be provided at internal
columns and this reinforcement should pass through the column.

9.4.2 Slab at edge and corner columns

(1) Reinforcement perpendicular to a free edge required to transmit bending moments from the
slab to an edge or corner column should be placed within the effective width b, shown in Figure
9.9.

Cz C:
\

A o

|
|
| [ | Cy
y| l Vi
| | |
T T |
D | 4
| be - CZ + y | |
I h ' A
aeye | A
be=2z+y/2 Slab edge
Note: y can be > ¢, Note: z can be > ¢, and ycan be > ¢,
a) Edge column b) Corner column

Note: yis the distance from the edge of the slab to the innermost face of the column.

Figure 9.9: Effective width, b, of a flat slab
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9.4.3 Punching shear reinforcement

(1) Where punching shear reinforcement is required (see 6.4) it should be placed between the
loaded area/column and kd inside the control perimeter at which shear reinforcement is no
longer required. It should be provided in at least two perimeters of link legs (see Figure 9.10).
The spacing of the link leg perimeters should not exceed 0,75d.

The spacing of link legs around a perimeter should not exceed 1,5d within the first control
perimeter (2d from loaded area), and should not exceed 2d for perimeters outside the first
control perimeter where that part of the perimeter is assumed to contribute to the shear capacity
(see Figure 6.22).

For bent down bars as arranged in Figure 9.10 b) one perimeter of link legs may be considered
sufficient.

A
A < \
< kd 0,25d ||
E— >0,3d
N N V4
<0,75d
- outer control perimeter requiring ” <054
shear reinforcement % | —
= A RN I
- first control perimeter not requiring | 1,
shear reinforcement =2d
a) Spacing of links b) Spacing of bent-up bars

Figure 9.10: Punching shear reinforcement
Note: See 6.4.5 (4) for the value of k.

(2) Where shear reinforcement is required the area of a link leg (or equivalent), Asw min, iS given
by Expression (9.11).

A2 Asw,min - (1,5-sina + cosa)/(S;- St) = 0,08-—quk (9.11)
k
where : ’

a is the angle between the shear reinforcement and the main steel (i.e. for vertical links
o =90°and sina = 1)

Sy is the spacing of shear links in the radial direction

st is the spacing of shear links in the tangential direction

fe is in MPa
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The vertical component of only those prestressing tendons passing within a distance of 0.5d of
the column may be included in the shear calculation.

(3) Bent-up bars passing through the loaded area or at a distance not exceeding 0,25d from
this area may be used as punching shear reinforcement (see Figure 9.10 b), top).

(4) The distance between the face of a support, or the circumference of a loaded area, and the
nearest shear reinforcement taken into account in the design should not exceed d/2. This
distance should be taken at the level of the tensile reinforcement. If only a single line of bent-up
bars is provided, their slope may be reduced to 30°.

9.5 Columns

9.5.1 General

(1) This clause deals with columns for which the larger dimension h is not greater than 4 times
the smaller dimension b.

9.5.2 Longitudinal reinforcement

(1) Longitudinal bars should have a diameter of not less than ¢ nin.

Note: The value of ¢, for use in a Country may be found in its National Annex. The recommended value is
8 mm.

(2) The total amount of longitudinal reinforcement should not be less than A

s,min*

Note: The value of A, . for use in a Country may be found in its National Annex. The recommended value is
given by Expression (9.12N)
0,10 N;

d

min = or 0,002 A. whichever is the greater (9.12N)
yd
where:

fq is the design yield strength of the reinforcement
N, is the design axial compression force

(3) The area of longitudinal reinforcement should not exceed A

s,max*

Note: The value of A for use in a Country may be found in its National Annex. The recommended value is

S,max
0,04 A.outside lap locations unless it can be shown that the integrity of concrete is not affected, and that the
full strength is achieved at ULS. This limit should be increased to 0,08 A_ at laps.

(4) For columns having a polygonal cross-section, at least one bar should be placed at each
corner. The number of longitudinal bars in a circular column should not be less than four.

9.5.3 Transverse reinforcement

(1) The diameter of the transverse reinforcement (links, loops or helical spiral reinforcement)
should not be less than 6 mm or one quarter of the maximum diameter of the longitudinal bars,
whichever is the greater. The diameter of the wires of welded mesh fabric for transverse
reinforcement should not be less than 5 mm.

(2) The transverse reinforcement should be anchored adequately.
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(38) The spacing of the transverse reinforcement along the column should not exceed S| tmax

Note: The value of sy max fOr use in a Country may be found in its National Annex. The recommended value is
the least of the following three distances:

- 20 times the minimum diameter of the longitudinal bars

- the lesser dimension of the column

- 400 mm

(4) The maximum spacing required in (3) should be reduced by a factor 0,6:

(i) in sections within a distance equal to the larger dimension of the column cross-section
above or below a beam or slab;

(i) near lapped joints, if the maximum diameter of the longitudinal bars is greater than 14
mm. A minimum of 3 bars evenly placed in the lap length is required.

(5) Where the direction of the longitudinal bars changes, (e.g. at changes in column size), the
spacing of transverse reinforcement should be calculated, taking account of the lateral forces
involved. These effects may be ignored if the change of direction is less than or equal to 1 in 12.

(6) Every longitudinal bar or bundle of bars placed in a corner should be held by transverse
reinforcement. No bar within a compression zone should be further than 150 mm from a
restrained bar.

9.6 Walls
9.6.1 General

(1) This clause refers to reinforced concrete walls with a length to thickness ratio of 4 or more
and in which the reinforcement is taken into account in the strength analysis. The amount and
proper detailing of reinforcement may be derived from a strut-and-tie model (see 6.5). For walls
subjected predominantly to out-of-plane bending the rules for slabs apply (see 9.3).

9.6.2 Vertical reinforcement

(1) The area of the vertical reinforcement should lie between Agymin and As vmax-

Note 1: The value of Asymin for use in a Country may be found in its National Annex. The recommended value
is 0,002 A..

Note 2: The value of Asymax fOr use in a Country may be found in its National Annex. The recommended value
is 0,04 A. outside lap locations unless it can be shown that the concrete integrity is not affected and that the
full strength is achieved at ULS. This limit may be doubled at laps.

(2) Where the minimum area of reinforcement, A, controls in design, half of this area should
be located at each face.

(3) The distance between two adjacent vertical bars shall not exceed 3 times the wall thickness
or 400 mm whichever is the lesser.

9.6.3 Horizontal reinforcement

(1) Horizontal reinforcement running parallel to the faces of the wall (and to the free edges)
should be provided at each surface. It should not be less than As nmin-

Note: The value of A min fOr use in a Country may be found in its National Annex. The recommended value is
either 25% of the vertical reinforcement or 0,001 A., whichever is greater.
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(2) The spacing between two adjacent horizontal bars should not be greater than 400 mm.
9.6.4 Transverse reinforcement

(1) In any part of a wall where the total area of the vertical reinforcement in the two faces
exceeds 0,02 Ac, transverse reinforcement in the form of links should be provided in

accordance with the requirements for columns (see 9.5.3). The large dimension referred to in
9.5.3 (4) (i) need not be taken greater than 4 x thickness of wall.

(2) Where the main reinforcement is placed nearest to the wall faces, transverse reinforcement
should also be provided in the form of links with at least of 4 per m? of wall area.

Note: Transverse reinforcement need not be provided where welded wire mesh and bars of diameter ¢ <16
mm are used with concrete cover larger than 2¢,

9.7 Deep beams

(1) Deep beams (for definition see 5.3.1 (3)) should normally be provided with an orthogonal
reinforcement mesh near each face, with a minimum of As gbmin-

[2¢2)Note: The value of As gomin for use in a Country may be found in its National Annex. The recommended value
is 0,0014; but not less than 150 mm?/m in each face and each direction.

(2) The distance between two adjacent bars of the mesh should not exceed the lesser of twice
the deep beam thickness or 300 mm.

(3) Reinforcement, corresponding to the ties considered in the design model, should be fully
anchored for equilibrium in the node, see 6.5.4, by bending the bars, by using U-hoops or by
anchorage devices, unless a sufficient length is available between the node and the end of the
beam permitting an anchorage length of /.

9.8 Foundations
9.8.1 Pile caps

(1) The distance from the outer edge of the pile to the edge of the pile cap should be such that
the tie forces in the pile cap can be properly anchored. The expected deviation of the pile on
site should be taken into account.

(2) Reinforcement in a pile cap should be calculated either by using strut-and-tie or flexural
methods as appropriate.

(3) The main tensile reinforcement to resist the action effects should be concentrated in the
stress zones between the tops of the piles. A minimum bar diameter ¢ mi, should be provided.

If the area of this reinforcement is at least equal to the minimum reinforcement, evenly
distributed bars along the bottom surface of the member may be omitted. Also the sides and the
top surface of the member may be unreinforced if there is no risk of tension developing in these
parts of the member.

Note: The value of ¢, for use in a Country may be found in its National Annex. The recommended value is
8 mm.

(4) Welded transverse bars may be used for the anchorage of the tension reinforcement. In this
case the transverse bar may be considered to be part of the transverse reinforcement in the
anchorage zone of the reinforcement bar considered.
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(5) The compression caused by the support reaction from the pile may be assumed to spread
at 45 degree angles from the edge of the pile (see Figure 9.11). This compression may be
taken into account when calculating the anchorage length.

45 - compressed area

Figure 9.11: Compressed area increasing the anchorage capacity
9.8.2 Column and wall footings
9.8.2.1 General

(1) The main reinforcement should be anchored in accordance with the requirements of 8.4
and 8.5. A minimum bar diameter ¢, should be provided. In footings the design model shown in
9.8.2.2 &l may be used.

Note: The value of ¢, for use in a Country may be found in its National Annex. The recommended value is
8 mm.

(2) The main reinforcement of circular footings may be orthogonal and concentrated in the
middle of the footing for a width of 50% + 10% of the diameter of the footing, see Figure 9.12. In
this case the unreinforced parts of the element should be considered as plain concrete for
design purposes.

0,5B

Figure 9.12: Orthogonal reinforcement in circular spread footing on soil

(3) If the action effects cause tension at the upper surface of the footing, the resulting tensile
stresses should be checked and reinforced as necessary.
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9.8.2.2 Anchorage of bars

(1) The tensile force in the reinforcement is determined from equilibrium conditions, taking into
account the effect of inclined cracks, see Figure 9.13. The tensile force Fs at a location x should
be anchored in the concrete within the same distance x from the edge of the footing.

Neq
Ze

AT B

X

[ —

Figure 9.13: Model for tensile force with regard to inclined cracks

(2) The tensile force to be anchored is given by:

Fs=R - ze/z (9.13)

R is the resultant of ground pressure within distance x

Z. is the external lever arm, i.e. distance between R and the vertical force Ngg

Neq is the vertical force corresponding to total ground pressure between sections A and
B

zi is the internal lever arm, i.e. distance between the reinforcement and the horizontal
force F.

F. is the compressive force corresponding to maximum tensile force Fs max

(3) Lever arms z, and z; may be determined with regard to the necessary compression zones
for Ngq and F. respectively. As simplifications, ze may be determined assuming e = 0,15b, see
Figure 9.13 and z; may be taken as 0,9d.

(4) The available anchorage length for straight bars is denoted I, in Figure 9.13. If this length is
not sufficient to anchor F, bars may either be bent up to increase the available length or be
provided with end anchorage devices.

(5) For straight bars without end anchorage the minimum value of x is the most critical. As a
simplification xmin = h/2 may be assumed. For other types of anchorage, higher values of x may
be more critical.
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9.8.3 Tie beams

(1) Tie beams may be used to eliminate the eccentricity of loading of the foundations. The
beams should be designed to resist the resulting bending moments and shear forces. A
minimum bar diameter ¢, for the reinforcement resisting bending moments should be provided.

Note: The value of ¢, for use in a Country may be found in its National Annex. The recommended value is
8 mm.

(2) Tie beams should also be designed for a minimum downward load of g, if the action of
compaction machinery can cause effects to the tie beams.

Note: The value of g, for use in a Country may be found in its National Annex. The recommended value is
10 kKN/m.

9.8.4 Column footing on rock

(1) Adequate transverse reinforcement should be provided to resist the splitting forces in the
footing, when the ground pressure in the ultimate states exceeds g». This reinforcement may be
distributed uniformly in the direction of the splitting force over the height h (see Figure 9.14). A
minimum bar diameter, ¢ min, should be provided.

Note: The values of g, and of ¢ i, for use in a Country may be found in its National Annex. The
recommended values of g, is 5 MPa and of ¢, is 8 mm.

(2) The splitting force, Fs, may be calculated as follows (see Figure 9.14) :
Fs=0,25 (1 - ¢ /h)Ngg (9.14)
Where h is the lesser of b and H
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a) footing with h>H b) section c) footing withh<H

Figure 9.14: Splitting reinforcement in footing on rock
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9.8.5 Bored piles

(1) The following clauses apply for reinforced bored piles. For unreinforced bored piles see
Section 12.

(2) In order to allow the free flow of concrete around the reinforcement it is of primary
importance that reinforcement, reinforcement cages and any attached inserts are detailed such
that the flow of concrete is not adversely affected.

[0 (3) Bored piles should be provided with a minimum longitudinal reinforcement Asppmin related
to pile cross section A..

Note: The values of Asppmin and the associated A for use in a country may be found in its national annex.
The recommended values are given in Table 9.6N. This reinforcement should be distributed along
the periphery of the section.(Ac1]

Table 9.6N: Recommended minimum longitudinal reinforcement area in cast-in-place bored piles

Minimum area of longitudinal
Pile cross-section: A, reinforcement: As ypmin
A:£0,5m? As>0,005 - A,
05m* <A, <1,0m? As > 25 cm?
A:>1,0m? As 20,0025 - A,

The minimum diameter for the longitudinal bars should not be less than 16 mm. Piles should have at least 6
longitudinal bars. The clear distance between bars should not exceed 200 mm measured along the periphery
of the pile.

(4) For the detailing of longitudinal and transverse reinforcement in bored piles, see EN 1536.
9.9 Regions with discontinuity in geometry or action

(1) D-regions should normally be designed with strut-and-tie models according to section 6.5
and detailed according to the rules given in Section 8.

Note: Further information is given in Annex J.

(2)P The reinforcement, corresponding to the ties, shall be fully anchored by an anchorage of
lhg according to 8.4.

9.10 Tying systems
9.10.1 General

(1)P Structures which are not designed to withstand accidental actions shall have a suitable
tying system, to prevent progressive collapse by providing alternative load paths after local
damage. The following simple rules are deemed to satisfy this requirement.

(2) The following ties should be provided:
a) peripheral ties
b) internal ties
c) horizontal column or wall ties
d) where required, vertical ties, particularly in panel buildings.
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(3) Where a building is divided by expansion joints into structurally independent sections, each
section should have an independent tying system.

(4) In the design of the ties the reinforcement may be assumed to be acting at its characteristic
strength and capable of carrying tensile forces defined in the following clauses.

(5) Reinforcement provided for other purposes in columns, walls, beams and floors may be
regarded as providing part of or the whole of these ties.

9.10.2 Proportioning of ties
9.10.2.1 General

(1) Ties are intended as a minimum and not as an additional reinforcement to that required by
structural analysis.

9.10.2.2 Peripheral ties

(1) At each floor and roof level an effectively continuous peripheral tie within 1,2 m from the
edge should be provided. The tie may include reinforcement used as part of the internal tie.

(2) The peripheral tie should be capable of resisting a tensile force:
Ftie,per= - qi1 = Q2 (915)

where:
Fiie per tie force (here: tension)
i length of the end-span

[’c)Note: Values of g4 and Q, for use in a Country may be found in its National Annex. The recommended value of
g1 is 10 kKN/m and of Q. is 70 kN.{c]

(3) Structures with internal edges (e.g. atriums, courtyards, etc.) should have peripheral ties in
the same way as external edges which shall be fully anchored.

9.10.2.3 Internal ties

(1) These ties should be at each floor and roof level in two directions approximately at right
angles. They should be effectively continuous throughout their length and should be anchored
to the peripheral ties at each end, unless continuing as horizontal ties to columns or walls.

(2) The internal ties may, in whole or in part, be spread evenly in the slabs or may be grouped
at or in beams, walls or other appropriate positions. In walls they should be within 0,5 m from
the top or bottom of floor slabs, see Figure 9.15.

(3) In each direction, internal ties should be capable of resisting a design value of tensile force
Fiieint (in KN per metre width):

Note: Values of Fg i, for use in a Country may be found in its National Annex. The recommended value is 20
kN/m.

(4) In floors without screeds where ties cannot be distributed across the span direction, the
transverse ties may be grouped along the beam lines. In this case the minimum force on an
internal beam line is:
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XD Fie=q3 - (I1+ I) 22 2 Q4 (9.16)
where:
I1 I, are the span lengths (in m) of the floor slabs on either side of the beam (see Figure
9.15)

Note: Values of q; and O, for use in a Country may be found in its National Annex. The recommended value
of g3 is 20 kN/m and of O,is 70 kN.

(5) Internal ties should be connected to peripheral ties such that the transfer of forces is
assured.

A| - peripheral tie - internal tie - horizontal column or wall tie

Figure 9.15: Ties for Accidental Actions
9.10.2.4 Horizontal ties to columns and/or walls

(1) Edge columns and walls should be tied horizontally to the structure at each floor and roof
level.

(2) The ties should be capable of resisting a tensile force fie 1ac per metre of the fagade. For
columns the force need not exceed Fie col.

Note: Values of fie tac and Fe oo for use in @ Country may be found in its National Annex. The recommended
value of fie fac is 20 KN/m and of Fije ¢o is 150 kN.

(8) Corner columns should be tied in two directions. Steel provided for the peripheral tie may be
used as the horizontal tie in this case.

9.10.2.5 Vertical ties

(1) In panel buildings of 5 storeys or more, vertical ties should be provided in columns and/or
walls to limit the damage of collapse of a floor in the case of accidental loss of the column or
wall below. These ties should form part of a bridging system to span over the damaged area.

171



BS EN 1992-1-1:2004+A1:2014
EN 1992-1-1:2004+A1:2014 (E)

(2) Normally, continuous vertical ties should be provided from the lowest to the highest level,
capable of carrying the load in the accidental design situation, acting on the floor above the
column/wall accidentally lost. Other solutions e.g. based on the diaphragm action of remaining
wall elements and/or on membrane action in floors, may be used if equilibrium and sufficient
deformation capacity can be verified.

(3) Where a column or wall is supported at its lowest level by an element other than a
foundation (e.g. beam or flat slab) accidental loss of this element should be considered in the
design and a suitable alternative load path should be provided.

9.10.3 Continuity and anchorage of ties

(1)P Ties in two horizontal directions shall be effectively continuous and anchored at the
perimeter of the structure.

(2) Ties may be provided wholly within the insitu concrete topping or at connections of precast
members. Where ties are not continuous in one plane, the bending effects resulting from the
eccentricities should be considered.

(3) Ties should not normally be lapped in narrow joints between precast units. Mechanical
anchorage should be used in these cases.
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SECTION 10 ADDITIONAL RULES FOR PRECAST CONCRETE ELEMENTS AND
STRUCTURES

10.1 General

(1)P The rules in this section apply to buildings made partly or entirely of precast concrete
elements, and are supplementary to the rules in other sections. Additional matters related to
detailing, production and assembly are covered by specific product standards.

Note: Headings are numbered 10 followed by the number of the corresponding main section. Headings of
lower level are numbered consecutively, without connection to sub-headings in previous sections.

10.1.1 Special terms used in this section

Precast element. element manufactured in a factory or a place other than the final position in
the structure, protected from adverse weather conditions

Precast product: precast element manufactured in compliance with a specific CEN standard

Composite element. element comprising in-situ and precast concrete with or without
reinforcement connectors

Rib and block floor: consists of precast ribs (or beams) with an infill between them, made of
blocks, hollow clay pots or other forms of permanent shuttering, with or without an in-situ

topping

Diaphragm: plane member which is subjected to in-plane forces; may consist of several precast
units connected together

Tie: in the context of precast structures, a ties is a tensile member, effectively continuous,
placed in a floor, wall or column

Isolated precast member. member for which, in case of failure, no secondary means of load
transfer is available

Transient situation in precast concrete construction includes
- demoulding
- transport to the storage yard
- storage (support and load conditions)
- transport to site
- erection (hoisting)
- construction (assembly)

10.2 Basis of design, fundamental requirements

(1)P In design and detailing of precast concrete elements and structures, the following shall be
considered specifically:

- transient situations (see 10.1.1)
- bearings; temporary and permanent
- connections and joints between elements

(2) Where relevant, dynamic effects in transient situations should be taken into account. In the
absence of an accurate analysis, static effects may be multiplied by an appropriate factor (see
also product standards for specific types of precast products).
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(3) Where required, mechanical devices should be detailed in order to allow ease of assembly,
inspection and replacement.

10.3 Materials
10.3.1 Concrete
10.3.1.1 Strength

(1) For precast products in continuous production, subjected to an appropriate quality control
system according to the product standards, with the concrete tensile strength tested, a
statistical analysis of test results may be used as a basis for the evaluation of the tensile
strength that is used for serviceability limit states verifications, as an alternative to Table 3.1.

(2) Intermediate strength classes within Table 3.1 may be used.

(3) In the case of heat curing of precast concrete elements, the compressive strength of

=< concrete at an age t before 28 days, fom(f), may be estimated from Expression (3.1) in which the @]
concrete age t is substituted by the temperature adjusted concrete age obtained by Expression
(B.10) of Annex B.

Note: The coefficient £.(f) should be limited to 1.

For the effect of heat curing Expression (10.1) may be used:

f. —f
f. (t)=Ff._ + MM |og(t—t. +1 10.1
Ot + (oo O +) (10.1)

Where f.mp is the mean compressive strength after the heat curing (i.e. at the release of the
prestress), measured by testing of samples at the time ¢, (f, < t), that went through the same
heat treatment with the precast elements.

10.3.1.2 Creep and shrinkage

(1) Inthe case of a heat curing of the precast concrete elements, it is permitted to estimate the
values of creep deformations according to the maturity function, Expression (B.10) of Annex B.

(2) In order to calculate the creep deformations, the age of concrete at loading £, (in days) in
Expression (B.5) should be replaced by the equivalent concrete age obtained by Expressions
(B.9) and (B.10) of Annex B.

(3) In precast elements subjected to heat curing it may be assumed that:
a) the shrinkage strain is not significant during heat curing and
b) autogenous shrinkage strain is negligible.

10.3.2 Prestressing steel

10.3.2.1 Technological properties of prestressing steel

(1)P  For pre-tensioned members, the effect on the relaxation losses of increasing the
temperature while curing the concrete, shall be considered.
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Note: The relaxation is accelerated during the application of a thermal curing when a thermal strain is
introduced at the same time. Finally, the relaxation rate is reduced at the end of the treatment.

(2) An equivalent time feq should be added to the time after tensioning t in the relaxation time
functions, given in 3.3.2(7), to cater for the effects of the heat treatment on the prestress loss
due to the relaxation of the prestressing steel. The equivalent time can be estimated from
Expression (10.2):

1,4 Tmex 20
=———>\T ;) —20) At, 10.2
eq Tmax —20 I;( (At) ) i ( )
where
feq is the equivalent time (in hours)

Tty is the temperature (in °C) during the time interval Af;
Tmax  is the maximum temperature (in °C) during the heat treatment

10.5 Structural analysis
10.5.1 General

(1)P The analysis shall account for:

- the behaviour of the structural units at all stages of construction using the appropriate
geometry and properties for each stage, and their interaction with other elements (e.g.
composite action with in-situ concrete, other precast units);

- the behaviour of the structural system influenced by the behaviour of the connections
between elements, with particular regard to actual deformations and strength of
connections;

- the uncertainties influencing restraints and force transmission between elements arising
from deviations in geometry and in the positioning of units and bearings.

(2) Beneficial effects of horizontal restraint caused by friction due to the weight of any
supported element may only be used in non seismic zones (using g inf) and where:

- the friction is not solely relied upon for overall stability of the structure;

- the bearing arrangements preclude the possibility of accumulation of irreversible sliding of
the elements, such as caused by uneven behaviour under alternate actions (e.g. cyclic
thermal effects on the contact edges of simply supported elements);

- the possibility of significant impact loading is eliminated

(3) The effects of horizontal movements should be considered in design with respect to the
resistance of the structure and the integrity of the connections.

10.5.2 Losses of prestress

(1) In the case of heat curing of precast concrete elements, the lessening of the tension in the
tendons and the restrained dilatation of the concrete due to the temperature, induce a specific
thermal loss APy. This loss may be estimated by the Expression (10.3):

APy =05 A E a (T -T,) (10.3)
Where

Ap is the cross-section of tendons

Ep is the elasticity modulus of tendons
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oc is the linear coefficient of thermal expansion for concrete (see 3.1.3(5))
Tmax — To is the difference between the maximum and initial temperature in the concrete
near the tendons, in °C

Note: Any loss of prestress, APy, caused by elongation due to heat curing may be ignored if preheating of the
tendons is applied.

10.9 Particular rules for design and detailing
10.9.1 Restraining moments in slabs

(1) Restraining moments may be resisted by top reinforcement placed in the topping or in plugs
in open cores of hollow core units. In the former case the horizontal shear in the connection
should be checked according to 6.2.5. In the latter case the transfer of force between the in situ
concrete plug and the hollow core unit should be verified according to 6.2.5. The length of the
top reinforcement should be in accordance with 9.2.1.3.

(2) Unintended restraining effects at the supports of simply supported slabs should be
considered by special reinforcement and/or detailing.

10.9.2 Wall to floor connections

(1) In wall elements installed over floor slabs, reinforcement should normally be provided for
possible eccentricities and concentrations of the vertical load at the end of the wall. For floor
elements see 10.9.1 (2).

(2) No specific reinforcement is required provided the vertical load per unit length is < 0,5h.f.q,
where h is the wall thickness, see Figure 10.1. The load may be increased to 0,6h.f.q with
reinforcement according to Figure 10.1, having diameter ¢ > 6 mm and spacing s not greater
than the lesser of h and 200 mm. For higher loads, reinforcement should be designed according
to (1). A separate check should be made for the lower wall.

Figure 10.1: Example of reinforcement in a wall over a connection between two
floor slabs.

10.9.3 Floor systems

(1)P The detailing of floor systems shall be consistent with assumptions in analysis and design.
Relevant product standards shall be considered.
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(2)P Where transverse load distribution between adjacent units has been taken into account,
appropriate shear connection shall be provided.

(3)P The effects of possible restraints of precast units shall be considered, even if simple
supports have been assumed in design.

(4) Shear transfer in connections may be achieved in different ways. Three main types of
connections shown in Figure 10.2.

(5) Transverse distribution of loads should be based on analysis or tests, taking into account
possible load variations between precast elements. The resulting shear force between floor
units should be considered in the design of connections and adjacent parts of elements (e.g.
outside ribs or webs).

For floors with uniformly distributed load, and in the absence of a more accurate analysis, this
shear force per unit length may be taken as:

VEd = Qed-be/3 (10.4)
where:

ges is the design value of variable load (kN/m?)

be is the width of the element

Js

a) concreted or grouted b) welded or bolted c) reinforced topping.

connections connections (this shows (vertical reinforcement
one type of welded connectors to topping may
connection as an be required to ensure
example) shear transfer at ULS)

Figure 10.2: Examples of connections for shear transfer

(6) Where precast floors are assumed to act as diaphragms to transfer horizontal loads to
bracing units, the following should be considered:
- the diaphragm should form part of a realistic structural model, taking into account the
deformation compatibility with bracing units,
- the effects of horizontal deformations should be taken into account for all parts of the
structure involved in the transfer of horizontal loads,
- the diaphragm should be reinforced for the tensile forces assumed in the structural
model,
- stress concentrations at openings and connections should be taken into account in the
detailing of reinforcement.

(7) Transverse reinforcement for shear transfer across connections in the diaphragm may be

concentrated along supports, forming ties consistent with the structural model. This
reinforcement may be placed in the topping, if it exists.
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(8) Precast units with a topping of at least 40 mm may be designed as composite members, if
shear in the interface is verified according to 6.2.5. The precast unit should be checked at all
stages of construction, before and after composite action has become effective.

(9) Transverse reinforcement for bending and other action effects may lie entirely within the
topping. The detailing should be consistent with the structural model, e.g. if two-way spanning is
assumed.

(10) Webs or ribs in isolated slab units (i.e. units which are not connected for shear transfer)
should be provided with shear reinforcement as for beams.

(11) Floors with precast ribs and blocks without topping may be analysed as solid slabs, if the
insitu transverse ribs are provided with continuous reinforcement through the precast
longitudinal ribs and at a spacing st according to Table 10.1.

(12) In diaphragm action between precast slab elements with concreted or grouted
connections, the average longitudinal shear stress vrqi should be limited to 0,1 MPa for very
smooth surfaces, and to 0,15 MPa for smooth and rough surfaces. See 6.2.5 for definition of
surfaces.

Table 10.1: Maximum spacing of transverse ribs, st for the analysis of floors with
ribs and block as solid slabs. s_ = spacing of longitudinal ribs, /. =
length (span) of longitudinal ribs, h = thickness of ribbed floor

Type of imposed loading SL< /8 sL>1/8
Residential, snow not required stT<12h
Other sT<10h sT< 8h

10.9.4 Connections and supports for precast elements

10.9.4.1 Materials

(1)P Materials used for connections shall be:
- stable and durable for the design working life of the structure
- chemically and physically compatible
- protected against adverse chemical and physical influences
- fire resistant to match the fire resistance of the structure.

(2)P Supporting pads shall have strength and deformation properties in accordance with the
design assumptions.

(3)P Metal fastenings for claddings, other than in environmental classes X0 and XC1 (Table
4.1) and not protected against the environment, shall be of corrosion resistant material. If
inspection is possible, coated material may also be used.

(4)P Before undertaking welding, annealing or cold forming the suitability of the material shall
be verified.
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10.9.4.2 General rules for design and detailing of connections

(1)P Connections shall be able to resist action effects consistent with design assumptions, to
accommodate the necessary deformations and ensure robust behaviour of the structure.

(2)P Premature splitting or spalling of concrete at the ends of elements shall be prevented,
taking into account

- relative movements between elements

- deviations

- assembly requirements

- ease of execution

- ease of inspection

(3) Verification of resistance and stiffness of connections may be based on analysis, possibly
assisted by testing (for design assisted by testing, see EN 1990, Annex D). Imperfections
should be taken into account. Design values based on tests should allow for unfavourable
deviations from testing conditions.

10.9.4.3 Connections transmitting compressive forces

(1) Shear forces may be ignored in compression connections if they are less than 10% of the
compressive force.

(2) For connections with bedding materials like mortar, concrete or polymers, relative
movement between the connected surfaces should be prevented during hardening of the
material.

(3) Connections without bedding material (dry connections) should only be used where an
appropriate quality of workmanship can be achieved. The average bearing stress between
plane surfaces should not exceed 0,3 f,q. Dry connections including curved (convex) surfaces
should be designed with due consideration of the geometry.

(4) Transverse tensile stresses in adjacent elements should be considered. They may be due
to concentrated compression according to Figure 10.3a, or to the expansion of soft padding
according to Figure 10.3b. Reinforcement in case a) may be designed and located according to
6.5. Reinforcement in case b) should be placed close to the surfaces of the adjacent elements.

(5) In the absence of more accurate models, reinforcement in case b) may be calculated in
accordance with Expression (10.5):

As=0,25 (t/h) Fgq/fyq (10.5)

where:

As is the reinforcement area in each surface

t is the thickness of padding

h is the dimension of padding in direction of reinforcement
Feq is the compressive force in connection.

(6) The maximum capacity of compression connections can be determined according to 6.7, or

can be based on analysis, possibly assisted by testing (for design assisted testing, see EN
1990).
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a) Concentrated bearing b) Expansion of soft padding
Figure 10.3: Transverse tensile stresses at compression connections.
10.9.4.4 Connections transmitting shear forces

(1) For shear transfer in interfaces between two concretes, e.g. a precast element and in situ
concrete, see 6.2.5.

10.9.4.5 Connections transmitting bending moments or tensile forces

(1)P Reinforcement shall be continuous across the connection and anchored in the adjacent
elements.

(2) Continuity may be obtained by, for example
- lapping of bars
- grouting of reinforcement into holes
- overlapping reinforcement loops
- welding of bars or steel plates
- prestressing
- mechanical devices (threaded or filled sleeves)
- swaged connectors (compressed sleeves)

10.9.4.6 Half joints

(1) Half joints may be designed using strut-and-tie models according to 6.5. Two alternative
models and reinforcements are indicated in Figure 10.4. The two models may be combined.

Note: The figure shows only the main features of strut-and-tie models.
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Figure 10.4: Indicative models for reinforcement in half joints.

10.9.4.7 Anchorage of reinforcement at supports

(1) Reinforcement in supporting and supported members should be detailed to ensure
anchorage in the respective node, allowing for deviations. An example is shown in Figure 10.5.

The effective bearing length a4 is controlled by a distance d (see Figure 10.5) from the edge of
the respective elements where:

d =c¢ +Ag with horizontal loops or otherwise end anchored bars
d =c +Aa +r with vertically bent bars
Where

c; is concrete cover
Aa; is a deviation (see 10.9.5.2 (1)
r is the bend radius

See Figure 10.5 and 10.9.5.2 (1) for definitions of Aa; or Aas.

dy > a, +Aas‘ Cs

C

77

' I
’I
Il\

C2| | >a, +Aa, | ds
!

Figure 10.5: Example of detailing of reinforcement in support

181



BS EN 1992-1-1:2004+A1:2014
EN 1992-1-1:2004+A1:2014 (E)

10.9.5 Bearings
10.9.5.1 General

(1)P The proper functioning of bearings shall be ensured by reinforcement in adjacent
members, limitation of bearing stress and measures to account for movement or restraint.

(2)P For bearings which do not permit sliding or rotation without significant restraint, actions
due to creep, shrinkage, temperature, misalignment, lack of plumb etc. shall be taken into
account in the design of adjacent members.

(3) The effects of (2)P may require transverse reinforcement in supporting and supported
members, and/or continuity reinforcement for tying elements together. They may also influence
the design of main reinforcement in such members.

(4)P Bearings shall be designed and detailed to ensure correct positioning, taking into account
production and assembling deviations.

(5)P Possible effects of prestressing anchorages and their recesses shall be taken into
account.

10.9.5.2 Bearings for connected (non-isolated) members

(1) The nominal length a of a simple bearing as shown in Figure 10.6 may be calculated as:

a=a;+ay+az+ \Aa,” +Aa,’ (10.6)

where:

a, is the net bearing length with regard to bearing stress, a1 = Fgq / (b1 frq), but not
less than minimum values in Table 10.2

Feq is the design value of support reaction

by is the net bearing width, see (3)

fra is the design value of bearing strength, see (2)

a; is the distance assumed ineffective beyond outer end of supporting member, see
Figure 10.6 and Table 10.3

as is the similar distance for supported member, see Figure 10.6 and Table 10.4

Figure 10.6: Example of bearing with definitions.
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Aay is an allowance for deviations for the distance between supporting members, see
Table 10.5
Aas is an allowance for deviations for the length of the supported member, daz =
1,/2500, I, is length of member.

Table 10.2: Minimum value of a; in mm

Table 10.3: Distance a; (mm) assumed ineffective from outer end of supporting

ACy

Relative bearing stress, ogq/fcq <0,15 |0,15-04| >04
Line supports (floors, roofs) 25 30 40
Ribbed floors and purlins 55 70 80
Concentrated supports (beams) 90 110 140

member. Concrete padstone should be used in cases (-)

Support material and type | ogq/feq <0,15 0,15-0,4 >0,4
Steel line 0 0 10
concentrated 5 10 15
Reinforced line 5 10 15
concrete > C30/37 concentrated 10 15 25
Plain concrete and line 10 15 25
rein. concrete < C30/37concentrated 20 25 35
Brickwork line 10 15 (-)
concentrated 20 25 (-)

Table 10.4: Distance a; (mm) assumed ineffective beyond outer end of supported

member
Detailing of reinforcement Support
Line Concentrated

Continuous bars over support 0 0
(restrained or not)
Straight bars, horizontal loops, close to 5 15, but not less
end of member than end cover
Tendons or straight bars 5 15
exposed at end of member
Vertical loop reinforcement 15 end cover + inner

radius of bending

Table 10.5: Allowance Aa; for deviations for the clear distance between the faces

of the supports. / = span length

Support material

Aas

Steel or precast concrete

10 <//1200 <30 mm

Brickwork or cast in-situ concrete

15 <1//1200 + 5 <40 mm

183



BS EN 1992-1-1:2004+A1:2014
EN 1992-1-1:2004+A1:2014 (E)

(2) In the absence of other specifications, the following values can be used for the bearing
strength:

fra = 0,4 feq for dry connections (see 10.9.4.3 (3) for definition)
frd = foed < 0,85 foq for all other cases
where

fed is the the lower of the design strengths for supported and supporting member
frea  is the design strength of bedding material

(3) If measures are taken to obtain a uniform distribution of the bearing pressure, e.g. with
mortar, neoprene or similar pads, the design bearing width b1 may be taken as the actual width
of the bearing. Otherwise, and in the absence of a more accurate analysis, by should not be
greater than to 600 mm.

10.9.5.3 Bearings for isolated members
(1)P The nominal length shall be 20 mm greater than for non-isolated members.

(2)P If the bearing allows movements in the support, the net bearing length shall be increased
to cover possible movements.

(3)P If a member is tied other than at the level of its bearing, the net bearing length a4 shall be
increased to cover the effect of possible rotation around the tie.

10.9.6 Pocket foundations
10.9.6.1 General

(1)P Concrete pockets shall be capable of transferring vertical actions, bending moments and
horizontal shears from columns to the soil. The pocket shall be large enough to enable a good
concrete filling below and around the column.

10.9.6.2 Pockets with keyed surfaces

(1) Pockets expressly wrought with indentations or keys may be considered to act
monolithically with the column.

(2) Where vertical tension due to moment transfer occurs careful detailing of the overlap
reinforcement of the similarly wrought column and the foundation is needed, allowing for the
separation of the lapped bars. The lap length according to 8.7 should be increased by at least
the horizontal distance between bars in the column and in the foundation (see Figure 10.7 (a) )
Adequate horizontal reinforcement for the lapped splice should be provided.

(8) The punching shear design should be as for monolithic column/foundation connections
according to 6.4, as shown in Figure 10.7 (a), provided the shear transfer between the column
and footing is verified. Otherwise the punching shear design should be as for pockets with
smooth surfaces.
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10.9.6.3 Pockets with smooth surfaces

(1) The forces and the moment may be assumed to be transferred from column to foundation
by compressive forces F1, F, and F3through the concrete filling and corresponding friction
forces, as shown in Figure 10.7 (b). This model requires

1>1,2 h.

)
s——>h
I
_ o1y | B
o AN i
(a) with keyed joint surface (b) with smooth joint surface

Figure 10.7: Pocket Foundations
(2) The coefficient of friction should not be taken greater than = 0,3.

(3) Special attention should be paid to:
- detailing of reinforcement for F; in top of pocket walls
- transfer of F4 along the lateral walls to the footing
- anchorage of main reinforcement in the column and pocket walls
- shear resistance of column within the pocket
- punching resistance of the footing slab under the column force, the calculation for which may
take into account the insitu structural concrete placed under the precast element.

10.9.7 Tying systems
(1) For plate elements loaded in their own plane, e.g. in walls and floor diaphragms, the
necessary interaction may be obtained by tying the structure together with peripheral and/or

internal ties.

The same ties may also act to prevent progressive collapse according to 9.10.

185



BS EN 1992-1-1:2004+A1:2014
EN 1992-1-1:2004+A1:2014 (E)

SECTION 11 LIGHTWEIGHT AGGREGATE CONCRETE STRUCTURES
11.1 General

(1)P This section provides additional requirements for lightweight aggregate concrete (LWAC).
Reference is made to the other Sections (1 to 10 and 12) of this document and the Annexes.

Note. Headings are numbered 11 followed by the number of the corresponding main section. Headings of
lower level are numbered consecutively, without connection to sub-headings in previous sections. If
alternatives are given for Expressions, Figures or Tables in the other sections, the original reference numbers
are also prefixed by 11.

11.1.1 Scope

(1)P All clauses of the Sections 1 to 10 and 12 are generally applicable, unless they are
substituted by special clauses given in this section. In general, where strength values
originating from Table 3.1 are used in Expressions, those values have to be replaced by the
corresponding values for lightweight concrete, given in this section in Table 11.3.1.

(2)P Section 11 applies to all concretes with closed structure made with natural or artificial
mineral lightweight aggregates, unless reliable experience indicates that provisions different
from those given can be adopted safely.

(3) This section does not apply to aerated concrete either autoclaved or normally cured nor
lightweight aggregate concrete with an open structure.

(4)P Lightweight aggregate concrete is concrete having a closed structure and a density of not
more than 2200 kg/m3 consisting of or containing a proportion of artificial or natural lightweight
aggregates having a particle density of less than 2000 kg/m®

11.1.2 Special symbols
1(P) The following symbols are used specially for lightweight concrete:

LC the strength classes of lightweight aggregate concrete are preceded by the symbol LC
ne is a conversion factor for calculating the modulus of elasticity

n1 is a coefficient for determining tensile strength

n2 is a coefficient for determining creep coefficient

ns is a coefficient for determining drying shrinkage

p is the oven-dry density of lightweight aggregate concrete in kg/m®

For the mechanical properties an additional subscript / (lightweight) is used.
11.2 Basis of design

1(P) Section 2 is valid for lightweight concrete without modifications.
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11.3 Materials

11.3.1 Concrete

(1)P In EN 206-1 lightweight aggregate concrete is classified according to its density

as shown in Table 11.1. In addition this table gives corresponding densities for plain and
reinforced concrete with normal percentages of reinforcement which may be used for design
purposes in calculating self-weight or imposed permanent loading. Alternatively, the density may
be specified as a taget value.

(2) Alternatively the contribution of the reinforcement to the density may be determined by
calculation.

Table 11.1: Density classes and corresponding design densities of LWAC
according to EN 206-1

Density class 1,0 1,2 1,4 1,6 1,8 2,0
Density (kg/m°) 801- 1001- | 1201- | 1401- | 1601- | 1801-
1000 1200 1400 1600 | 1800 | 2000
Density | Plain concrete 1050 | 1250 | 1450 | 1650 | 1850 | 2050
(kg/m3) Reinforced concrete | 1150 1350 1550 1750 1950 | 2150

(3) The tensile strength of lightweight aggregate concrete may be obtained by multiplying the f
values given in Table 3.1 by a coefficient:

m = 0,40 + 0,60p/2200 (11.1)

where
p is the upper limit of the oven dry density for the relevant class in accordance with Table 11.1

11.3.2 Elastic deformation

(1) An estimate of the mean values of the secant modulus E., for LWAC may be obtained by
multiplying the values in Table 3.1, for normal density concrete, by the following coefficient:

ne = (p/2200)° (11.2)

where p denotes the oven-dry density in accordance with EN 206-1 Section 4 (see Table
11.1).

Where accurate data are needed, e.g. where deflections are of great importance, tests should
be carried out in order to determine the E,c, values in accordance with ISO 6784.

Note: A Country’s National Annex may refer to non-contradictory complementary information.

(2) The coefficient of thermal expansion of LWAC depends mainly on the type of aggregate
used and varies over a wide range between about 4-10° and 14-10°/K

For design purposes where thermal expansion is of no great importance, the coefficient of
thermal expansion may be taken as 8-10°/K.

The differences between the coefficients of thermal expansion of steel and lightweight
aggregate concrete need not be considered in design.
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11.3.3 Creep and shrinkage

(1) For lightweight aggregate concrete the creep coefficient ¢ may be assumed equal to the
value of normal density concrete multiplied by a factor (p/2200)?.

The creep strains so derived should be multiplied by a factor, 7., given by

m = 1,3 for figk < LC16/18
= 1,0 for figx > LC20/22

(2) The final drying shrinkage values for lightweight concrete can be obtained by multiplying the
values for normal density concrete in Table 3.2 by a factor, 73, given by

n =1,5 for fik < LC16/18
= 1,2 for fiex > LC20/22

(3) The Expressions (3.11), (3.12) and (3.13), which provide information for autogenous
shrinkage, give maximum values for lightweight aggregate concretes, where no supply of water
from the aggregate to the drying microstructure is possible. If water-saturated, or even partially
saturated lightweight aggregate is used, the autogenous shrinkage values will be considerably
reduced.

11.3.4 Stress-strain relations for non-linear structural analysis

(1) For lightweight aggregate concrete the values &1 and &1 given in Figure 3.2 should be
substituted by &1 and &yt given in Table 11.3.1.

11.3.5 Design compressive and tensile strengths

(1)P The value of the design compressive strength is defined as
[ ficd = Qe flck/VC (11315)

where j¢ is the partial safety factor for concrete, see 2.4.2.4¢c1, and o is a coefficient
according to 3.1.6 (1)P. ¢

Note: The value of ¢ for use in a Country may be found in its National Annex. The recommended value is
0,85.

(2)P The value of the design tensile strength is defined as
€2 fictd = et fictk /}/C (1 1 316)

where Jcis the partial safety factor for concrete, see 2.4.2.4 and «atis a coefficient according
to 3.1.6 (2)P. ¢

Note: The value of ¢ for use in a Country may be found in its National Annex. The recommended value is
0,85.

11.3.6 Stress-strain relations for the design of sections

(1) For lightweight aggregate concrete the values &; and &, given in Figure 3.3 should be
replaced with the values of g¢2 and gc,2 given in Table 11.3.1.
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(2) For lightweight aggregate concrete the values &3 and &3 given in Figure 3.4 should be
replaced with the values of g.3 and gqy3 given in Table 11.3.1.

11.3.7 Confined concrete

(1) If more precise data are not available, the stress-strain relation shown in Figure 3.6 may be
used, with increased characteristic strength and strains according to:

fick.c = fick (1,0 + koo/fick) (11.3.24)

Note: The value of k for use in a Country may be found in its National Annex. The recommended value is:
1,1 for lightweight aggregate concrete with sand as the fine aggregate
1,0 for lightweight aggregate (both fine and coarse aggregate) concrete

dc2,c = &c2 (flckc/flck)2 (11.3.26)
Acuz.c = douz + 0,202/fiek (11.3.27)

where gc and gq,» follow from Table 11.3.1.
11.4 Durability and cover to reinforcement
11.4.1 Environmental conditions

(1) For lightweight aggregate concrete in Table 4.1 the same indicative exposure classes can
be used as for normal density concrete.

11.4.2 Concrete cover and properties of concrete

(1)P For lightweight aggregate concrete the values of minimum concrete cover given in
Table 4.2 shall be increased by 5 mm.

11.5 Structural analysis

11.5.1 Rotational capacity

[~CDNote: For light weight concrete the value of 0,14 @s shown in Figure 5.6N, should be multiplied by a factor
Eicuz! €cu2.(ACq]

11.6 Ultimate limit states
11.6.1 Members not requiring design shear reinforcement

(1) The design value of the shear resistance of a lightweight concrete member without shear
reinforcement Virq follows from:

) Vira.c = [Cira,c71k(100p fisk)"® + ki oep] bud > (171 Vimin + K1Gp)bwd (11.6.2)

> where 74 is defined in Expression (11.1), fi is taken from Table 11.3.1 and o, is the mean
compressive stress in the section due to axial force and prestress, where 0¢,<0.2 4. (]

Note: The values of Crqc, Vimin @nd kq for use in a Country may be found in its National Annex. The
[%D recommended value for Cry, is 0,15/, for viminis 0,028 k¥*f,,"* and that for k;is 0,15.(<1l
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[ic)Table 11.6.1N: Values of v; i, for given values of d and fic«

Vl,min (MPa)
d

(mm) ficc(MPa) (i
20 30 40 50 60 70 80
200 0.36 0.44 0.50 0.56 0.61 0.65 0.70
400 0.29 0.35 0.39 0.44 0.48 0.52 0.55
600 0.25 0.31 0.35 0.39 0.42 0.46 0.49
800 [~ 0.23 ¢l 0.28 0.32 0.36 0.39 0.42 0.45
=1000 0.22 0.27 0.31 0.34 0.37 0.40 0.43

(2) The shear force, Vgg, calculated without reduction g (see 6.2.2 (6) should always satisfy the
condition:

(11.6.5)
VEd= 0,5 bw d vy flcd

where
V| is in accordance with 11.6.2 (1)
11.6.2 Members requiring design shear reinforcement

(1) The reduction factor for the crushing resistance of the concrete struts is vy,

Note 1: The value of v for use in a Country may be found in its National Annex. The recommended value follows

from:
vy = 0,541 - £, /250] (11.6.6N)

Note 2: For lightweight concrete 1| should not be modified in accordance with Note 2 of 6.2.3(3).

11.6.3 Torsion

11.6.3.1 Design procedure

(1) In Expression (6.30) for lightweight concrete vis taken equal to v4 according to 11.6.2 (1).

11.6.4 Punching

11.6.4.1 Punching shear resistance of slabs or column bases without shear
reinforcement

(1) The punching shear resistance per unit area of a lightweight concrete slab follows from

ViRd.c = Cra.c kK 71(100p fiok )™ + ko 0p = (1Vimin + K20cp) (11.6.47)

where
m is defined in Expression (11.1)
CIRd,c see 11.6.1 (1)
Vimin See 11.6.1 (1)

Note: The value k; for use in a Country may be found in its National Annex. The recommended value is 0,08

[*» (2) The punching shear resistance, virq, Of lightweight concrete column bases follows from
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Virde = Cirac 71k (100p fi)™® 2dla = 14 Vimin-2d/a (11.6.50)

where
n1 is defined in Expression (11.1)

=) o = 0,005
CIRd,c see 11.6.1 (1)
Vimin See 11.6.1 (1)

11.6.4.2 Punching shear resistance of slabs or column bases with shear reinforcement
(1) Where shear reinforcement is required the punching shear resistance is given by

VIRd,cs = 0,75 VIRd,c +1,5 (d / Sr) Aswfywd,ef [1 / (I/l1 d)] sina < kmax ' vIRd,c (1 1 652)

where Virg,c is defined in Expression (11.6.47) or (11.6.50) whichever is relevant.

(2) Adjacent to the column the punching shear capacity is limited to a maximum of

V;
Veg = us_fz < Vird max (11.6.53)

[c) The value of virgmax for use in a Country may be found in its National Annex.The
recommended value is 0,4vfi.q, Where v is taken equal to v defined in expression (11.6.6N)

11.6.5 Partially loaded areas

(1) For a uniform distribution of load on an area A (see Figure 6.29) the concentrated
resistance force may be determined as follows:

FRdu:A

C

wa
o Fog [A ] Ay Jra00 <30-f,, 'ACO(ﬁJ (11.6.63)

11.6.6 Fatigue

(1) For fatigue verification of elements made with lightweight aggregated concrete special
consideration is required. Reference should be made to a European Technical Approval.

11.7 Serviceability limit states

(1)P The basic ratios of span/effective depth for reinforced concrete members without axial
compression, given in 7.4.2, should be reduced by a factor 2'"® when applied to LWAC.

11.8 Detailing of reinforcement - General
11.8.1 Permissible mandrel diameters for bent bars

(1) For lightweight aggregate concrete the mandrel sizes for normal density concrete given in
) 8.3 ¢l to avoid splitting of the concrete at bends, hoops and loops, should be increased by 50%.
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11.8.2 Ultimate bond stress

(1) The design value of the ultimate bond stress for bars in lightweight concrete may be
calculated using Expression 8.2, by substituting the value fictg for fetg, With fictg = ficik 0,05/ 7c. The
values for fictk 0,05 are found in Table 11.3.1.

11.9 Detailing of members and particular rules

(1) The diameter of bars embedded in LWAC should not normally exceed 32 mm. For LWAC
bundles of bars should not consist of more than two bars and the equivalent diameter should
not exceed 45 mm.

11.10 Additional rules for precast concrete elements and structures
(1) Section 10 may be applied to lightweight aggregate concrete without modifications.

11.12 Plain and lightly reinforced concrete structures

(1) Section 12 may be applied to lightweight aggregate concrete without modifications.
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SECTION 12 PLAIN AND LIGHTLY REINFORCED CONCRETE STRUCTURES
12.1 General

(1)P This section provides additional rules for plain concrete structures or where the
reinforcement provided is less than the minimum required for reinforced concrete.

Note: Headings are numbered 12 followed by the number of the corresponding main section. Headings of lower
level are numbered consecutively, without reference to subheadings in previous sections.

(2) This section applies to members, for which the effect of dynamic actions may be ignored. It
does not apply to the effects such as those from rotating machines and traffic loads. Examples
of such members include:

- members mainly subjected to compression other than that due to prestressing, e.g. walls,

columns, arches, vaults, and tunnels;

- strip and pad footings for foundations;

- retaining walls;

- piles whose diameter is > 600 mm and where Ngy/Ac < 0,37

(3) Where members are made with lightweight aggregate concrete with closed structure
according to Section 11 or for precast concrete elements and structures covered by this
Eurocode, the design rules should be modified accordingly.

(4) Members using plain concrete do not preclude the provision of steel reinforcement needed
to satisfy serviceability and/or durability requirements, nor reinforcement in certain parts of the
members. This reinforcement may be taken into account for the verification of local ultimate limit
states as well as for the checks of the serviceability limit states.

12.3 Materials
12.3.1 Concrete: additional design assumptions

(1) Due to the less ductile properties of plain concrete the values for accp and ot p Should be
taken to be less than a.; and a. for reinforced concrete.

Note: The values of o and acp for use in a Country may be found in its National Annex. The
recommended value for both is 0,8.

(2) When tensile stresses are considered for the design resistance of plain concrete members,
the stress strain diagram (see 3.1.7) may be extended up to the tensile design strength using
Expression (3.16) or a linear relationship.

fetdpl = Qetpl Fetk,0,05/ 1 @il (12.1)

(3) Fracture mechanic methods may be used provided it can be shown that they lead to the
required level of safety.

12.5 Structural analysis: ultimate limit states
(1) Since plain concrete members have limited ductility, linear analysis with redistribution or a

plastic approach to analysis, e.g. methods without an explicit check of the deformation capacity,
should not be used unless their application can be justified.
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(2) Structural analysis may be based on the non-linear or the linear elastic theory. In the case
of a non-linear analysis (e.g. fracture mechanics) a check of the deformation capacity should be
carried out.

12.6 Ultimate limit states

12.6.1 Design resistance to bending and axial force

(1) In the case of walls, subject to the provision of adequate construction details and curing,
the imposed deformations due to temperature or shrinkage may be ignored.

(2) The stress-strain relations for plain concrete should be taken from 3.1.7.

(3) The axial resistance, Nrq, Of a rectangular cross-section with a uniaxial eccentricity, e, in
the direction of h,, may be taken as:

D Nrg = nfcapr x b x hy x (1-2e/hy) (12.2)
where:
nfeap is the design effective compressive strength (see 3.1.7 (3)
b is the overall width of the cross-section (see Figure 12.1)
hw is the overall depth of the cross-section
e is the eccentricity of Ngq in the direction hy,.

Note: Where other simplified methods are used they should not be less conservative than a rigorous method
using a stress-strain relationship given in 3.1.7.

I

~~J

Y
Figure 12.1: Notation for plain walls

12.6.2 Local failure

(1P Unless measures to avoid local tensile failure of the cross-section have been taken, the
maximum eccentricity of the axial force Ngq in a cross-section shall be limited to avoid large
cracks.
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12.6.3 Shear

(1) In plain concrete members account may be taken of the concrete tensile strength in the
ultimate limit state for shear, provided that either by calculations or by experience brittle failure
can be excluded and adequate resistance can be ensured.

(2) For a section subject to a shear force Vg4 and a normal force Ngq4 acting over a compressive
area Ac the absolute value of the components of design stress should be taken as:

Ocp = Ned/ Ace (12.3)
Tep = kVEeq/ Acc (124)

Note: the value of k for use in a Country may be found in its National Annex. The recommended value is 1,5.

and the following should be checked:

Tcp < fovd
where:
|f Ocp < Oc,lim fcvd = f;‘fd,pl + Jcpfctd,m (1 25)
or
O., —O 2
if Ocp > Oc,lim fcvd = \/fc%d,pl + Ucpf;:td,pl - (CF)TCW] (1 2-6)
Oc,lim = fcd,pl -2 \/fctd,pl(fctd,pl + fcd,pl) (12-7)
where:

fowa IS the concrete design strength in shear and compression
feapi  is the concrete design strength in compression
fudpi IS concrete design strength in tension ¢l

(3) A concrete member may be considered to be uncracked in the ultimate limit state if either it
remains completely under compression or if the absolute value of the principal concrete tensile

[rc) stress ou1 does not exceed feqpl. (il
12.6.4 Torsion

(1) Cracked members should not normally be designed to resist torsional moments unless it
can be justified otherwise.

12.6.5 Ultimate limit states induced by structural deformation (buckling)

12.6.5.1 Slenderness of columns and walls

(1) The slenderness of a column or wall is given by

A= loli (12.8)
where:
i is the minimum radius of gyration
lo is the effective length of the member which can be assumed to be:
lo=p"h (12.9)
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where:
v clear height of the member
p coefficient which depends on the support conditions:
for columns £ = 1 should in general be assumed;
for cantilever columns or walls = 2;
for other walls g -values are given in Table 12.1.

Table 12.1: Values of gfor different edge conditions

Lateral
restraint Sketch Expression Factor g
i ®|
along two 5 @ iv B=1,0 for any
edges ; : ratio of l/b
- : -
b/l B
@ : 0,2 0,26
! 0,4 0,59
Along three ! 1 0,6 0,76
edges @ Iy | P TR 08 0,85
! 14| tw 1,0 0,90
: 3b 1,5 0,95
b | 20 | 097
- = 5,0 1,00
@ If b2k b/l B
1 0,2 0,10
B = T ¢ | 04 020
Along four @ @ Ly ’I+(gj 0,6 0,30
edges @ v 0,8 0,40
If b<l, 1,0 0,50
b b 1,5 0,69
3 - = 20 2,0 0,80
50 0,96

@ - Floor slab - Free edge @ - Transverse wall

Note: The information in Table 12.1 assumes that the wall has no openings with a height exceeding 1/3 of the
wall height /,, or with an area exceeding 1/10 of the wall area. In walls laterally restrained along 3 or 4 sides with
openings exceeding these limits, the parts between the openings should be considered as laterally restrained
along 2 sides only and be designed accordingly.

(2) The pvalues should be increased appropriately if the transverse bearing capacity is affected
by chases or recesses.

(3) A transverse wall may be considered as a bracing wall if:

- its total depth is not less than 0,5 hy, where h,, is the overall depth of the braced wall;

- it has the same height /,, as the braced wall under consideration;

- its length | is at least equal to 1, / 5, where |, denotes the clear height of the braced wall;
- within the length /,, /5 the transverse wall has no.openings.{cl
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(4) In the case of a wall connected along the top and bottom in flexurally rigid manner by
insitu concrete and reinforcement, so that the edge moments can be fully resisted, the values
for g given in Table 12.1 may be factored by 0,85.

(5) The slenderness of walls in plain concrete cast insitu should generally not exceed 1 = 86
(i.e. lo/hy = 25).

12.6.5.2 Simplified design method for walls and columns

(1) In absence of a more rigorous approach, the design resistance in terms of axial force for a
slender wall or column in plain concrete may be calculated as follows:

Nrg=b - h, 'fcd,pl - D (12.10)
where

Nrq is the axial resistance;
is the overall width of the cross-section;
h, is the overall depth of the cross-section;
@ s the factor taking into account eccentricity, including second order effects; see below.

For braced members, the factor @ may be taken as:
®=114-(1-2 ¢/ h,)—002 -1,/ h,s1-2" e/ h, (12.11)
where:

eot=€ytete (12.12)

¢

e, is the first order eccentricity including, where relevant, the effects of floors (e.g. possible
clamping moments transmitted to the wall from a slab) and horizontal actions. In
determination of e, an equivalent first order end moment M, can be used, see 5.8.8.2 (2);
is the additional eccentricity covering the effects of geometrical imperfections, see 5.2;
is the eccentricity due to creep.

In some cases, depending on slenderness, the end moment(s) can be more critical for the
structure than the equivalent first order end moment M. In such cases Expression (12.2) should
be used.

(2) Other simplified methods may be used provided that they are not less conservative than
a rigorous method in accordance with 5.8.

12.7 Serviceability limit states

(1) Stresses should be checked where structural restraint is expected to occur.
(2) The following measures to ensure adequate serviceability should be considered:

a) with regard to crack formation:

- limitation of concrete tensile stresses to acceptable values;

provision of subsidiary structural reinforcement (surface reinforcement, tying system where
necessary);

provision of joints;

choice of concrete technology (e.g. appropriate concrete composition, curing);

choice of appropriate method of construction.

198



BS EN 1992-1-1:2004+A1:2014
EN 1992-1-1:2004+A1:2014 (E)

b) with regard to limitation of deformations:
- a minimum section size (see 12.9 below);

- limitation of slenderness in the case of compression members.

(3) Any reinforcement provided in plain concrete members, although not taken into account
for load bearing purposes, should comply with 4.4.1.

12.9 Detailing of members and particular rules
12.9.1 Structural members

(1) The overall depth h,, of a wall should not be smaller than 120 mm for cast in-situ concrete
walls.

(2) Where chases and recesses are included checks should be carried out to assure the
adequate strength and stability of the member.

12.9.2 Construction joints

[’<2 (1) Where tensile stresses are expected to occur in concrete, reinforcement should be detailed
to control cracking.(]

12.9.3 Strip and pad footings

(1) In the absence of more detailed data, axially loaded strip and pad footings may be
designed and constructed as plain concrete provided that:

089 [Bomftan) (1213

where:
he is the foundation depth
a is the projection from the column face (see Figure 12.2)

ogda is the design value of the ground pressure
[ fotd pi is the design value of the concrete tensile strength (in the same unit as oyq)

As a simplification the relation he/a > 2 may be used.

La] L.
b

Figure: 12.2: Unreinforced pad footings; notations
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Annex A (informative)
Modification of partial factors for materials

A.1 General

(1) The partial factors for materials given in 2.4.2.4 correspond to geometrical deviations of
Class 1 in ENV 13670-1 and normal level of workmanship and inspection (e.g. Inspection Class
2 in ENV 13670-1).

(2) Recommendations for reduced partial factors for materials are given in this Informative
Annex. More detailed rules on control procedures may be given in product standards for
precast elements.

Note: For more information see Annex B of EN 1990.
A.2 In situ concrete structures

A.2.1 Reduction based on quality control and reduced deviations

(1) If execution is subjected to a quality control system, which ensures that unfavourable
deviations of cross-section dimensions are within the reduced deviations given in Table A.1, the
partial safety factor for reinforcement may be reduced to 7s.red1. il

Table A.1: Reduced deviations

Reduced deviations (mm)

horb(mm) | Cross-section dimension | Position of reinforcement
+Ah, Ab (mm) +Ac (mm)
<150 5 5
400 10 10
> 2500 30 20

Note 1: Linear interpolation may be used for intermediate values.
Note 2: +Ac refers to the mean value of reinforcing bars or prestressing tendons in
the cross-section or over a width of one metre (e.g. slabs and walls).

Note: The value of [Ac1) ¥s reds for use in a Country may be found in its National Annex. The recommended
value is 1,1.

(2) Under the condition given in A.2.1 (1), and if the coefficient of variation of the concrete
strength is shown not to exceed 10 %, the partial safety factor for concrete may be reduced to

VC red1. (1]

Note: The value of 7crea1 (Cilfor use in a Country may be found in its National Annex. The recommended
value is 1,4.
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A.2.2 Reduction based on using reduced or measured geometrical data in design

(1) If the calculation of design resistance is based on critical geometrical data, including
effective depth (see Figure A.1), which are either:

- reduced by deviations, or

- measured in the finished structure,

the partial safety factors may be reduced to[i) ys red2 and yc redz- Gl

Note: The values of s eq2 and ycreq2 for use in a Country may be found in its National Annex. The
recommended value of g 4, is 1,05 and of y 4, is 1,45.

b+ Ab

htAh E ‘) A
a = h - d E E * Cnom
a) Cross section b) Position of reinforcement

(unfavourable direction for effective depth)
Figure A.1: Cross-section deviations

(2) Under the conditions given in A.2.2 (1) and provided that the coefficient of variation of the
concrete strength is shown not to exceed 10%, the partial factor for concrete may be reduced to

YC red3(ci]

Note: The value of Yoreds (AC1] for use in a Country may be found in its National Annex. The recommended
value is 1,35.

A.2.3 Reduction based on assessment of concrete strength in finished structure

(1) For concrete strength values based on testing in a finished structure or element, see

EN 13791", EN 206-1 and relevant product standards, [ j; el may be reduced by the
conversion factor 7.

Note: The value of 7 for use in a Country may be found in its National Annex. The recommended value is 0,85.

[%D The value of y to which this reduction is applied may already be reduced according to A.2.1 or
A.2.2. However, the resulting value of the partial factor should not be taken less than ¢ o44-

Note: The value of y; 4, for use in a Country may be found in its National Annex. The recommended value is
1,3.

' EN 13791. Assessment of concrete compressive strength in structures or in structural elements
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A.3 Precast products

A.3.1 General

(1) These provisions apply to precast products as described in Section 10, linked to quality
assurance systems and given attestation of conformity.

Note: Factory production control of CE-marked precast products is certified by notified body (Attestation level
2+).

A.3.2 Partial factors for materials

(1) Reduced partial factors for materials, yc peres @Nd ys,pcred May be used in accordance with
the rules in A.2, if justified by adequate control procedures.@c]

(2) Recommendations for factory production control required to allow the use of reduced partial
factors for materials are given in product standards. General recommendations are given in EN
133609.

A.4 Precast elements

(1) The rules given in A.2 for insitu concrete structures also apply to precast concrete elements
as defined in 10.1.1.
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ANNEX B (Informative)
Creep and shrinkage strain
B.1 Basic equations for determining the creep coefficient

(1) The creep coefficient ¢(t,tr) may be calculated from:

@ (tto) = @0 - fel(t.to) (B.1)
where:
o is the notional creep coefficient and may be estimated from:
@0 = gret * Kfem) - Blto) (B.2)
ory IS a factor to allow for the effect of relative humidity on the notional creep
coefficient:
oy =1+ L= RH/100 for fm < 35 MPa (B.3a)
0,1-3/h,
oy =| 14 ZRAM00 ) for fom > 35 MPa (B.3b)
o1-yh,

RH is the relative humidity of the ambient environment in %

S (fem) is a factor to allow for the effect of concrete strength on the notional creep
coefficient:

16,8
ﬂ(fcm): T

fem is the mean compressive strength of concrete in MPa at the age of 28 days
p (to) is a factor to allow for the effect of concrete age at loading on the notional
creep coefficient:

1

(B.4)

t)=— B.5
IB( 0) (0,1+t8,2o) ( )
ho is the notional size of the member in mm where:
h, = 2A, (B.6)
u
Ac is the cross-sectional area
u is the perimeter of the member in contact with the atmosphere

So(tto) is a coefficient to describe the development of creep with time after loading,
and may be estimated using the following Expression:
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B.(1,) - {%} (B.7)

Ly +t—t,
t is the age of concrete in days at the moment considered
to is the age of concrete at loading in days

t— 1ty is the non-adjusted duration of loading in days
P is a coefficient depending on the relative humidity (RH in %) and the
notional member size (hg in mm). It may be estimated from:

B =1,5[1+ (0,012 RH)"®] hy + 250 < 1500 for fn <35 (B.8a)
B =1,5[1+ (0,012 RH)"] hy + 250 a3 < 1500 a3 for f.n>35  (B.8b)

ouzz - are coefficients to consider the influence of the concrete strength:

351" 351" 351"
a1 = |:f_:| a2 = |:f_:| a3 = |:f_:| (B8C)

(2) The effect of type of cement (see 3.1.2 (6)) on the creep coefficient of concrete may be
taken into account by modifying the age of loading fy in Expression (B.5) according to the
following Expression:

9 (24
ty = tyy {WHJ >05 (B.9)
0,T

where:
for is the temperature adjusted age of concrete at loading in days adjusted according to
Expression (B.10)
a is a power which depends on type of cement
= -1 for cement Class S
= 0 for cement Class N
= 1 for cement Class R

(38) The effect of elevated or reduced temperatures within the range 0 — 80°C on the maturity of
concrete may be taken into account by adjusting the concrete age according to the following
Expression:

tT _ Zn:e_(4000/[273+T(At‘)]_13’65)- Ati (B.10)
i=1
where:
tr is the temperature adjusted concrete age which replaces t in the corresponding
equations
T(At) is the temperature in °C during the time period Af;
At is the number of days where a temperature T prevails.

The mean coefficient of variation of the above predicted creep data, deduced from a
computerised data bank of laboratory test results, is of the order of 20%.
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The values of ¢ (t,ty) given above should be associated with the tangent modulus E..
When a less accurate estimate is considered satisfactory, the values given in Figure 3.1 of 3.1.4
may be adopted for creep of concrete at 70 years.

B.2 Basic equations for determining the drying shrinkage strain

(1) The basic drying shrinkage strain &g is calculated from

Eeao = 0,85 (220 +110 - g, )- exp[— Ay :—mﬂ 107° - By (B.11)
(RHY
=1,55|1- B.12
1] 2 o2
where:
fom is the mean compressive strength (MPa)
femo =10 Mpa

a4s1 IS a coefficient which depends on the type of cement (see 3.1.2 (6))
= 3 for cement Class S
= 4 for cement Class N
= 6 for cement Class R
a4s2 is a coefficient which depends on the type of cement
= 0,13 for cement Class S
= 0,12 for cement Class N
= 0,11 for cement Class R
RH is the ambient relative humidity (%)
RHy =100%.

Note: exp{} has the same meaning as e'’
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ANNEX C (Normative)

Properties of reinforcement suitable for use with this Eurocode

C.1 General

(1) Table C.1 gives the properties of reinforcement suitable for use with this Eurocode. The
properties are valid for temperatures between -40°C and 100°C for the reinforcement in the
finished structure. Any bending and welding of reinforcement carried out on site should be
further restricted to the temperature range as permitted by EN 13670.

Table C.1: Properties of reinforcement

or wire) (%)

Product form Bars and de-coiled rods Wire Fabrics Requirement or
quantile value (%)

Class A B C A B C -

Characteristic yield strength £, 400 to 600 50

or fO,2k (MPa)

Minimum value of k = (f/f,)« >1,05 | >1,08 >1,15 | >1,05 >1,08 >1,15 10,0
<1,35 <1,35

Characteristic strain at >2.5 >5,0 >7,5 >2,5 >5,0 >7,5 10,0

maximum force, &y (%)

Bendability Bend/Rebend test -

Shear strength - 0,25 Afy (A is area of wire) Minimum

Maximum Nominal

deviation from bar size (mm)

nominal mass <8 +6,0 5,0

(individual bar >8 +45

Note: The values for the fatigue stress range with an upper limit of g f, and for the Minimum relative rib area
for use in a Country may be found in its National Annex. The recommended values are given in Table C.2N.
The value of g for use in a Country may be found in its National Annex. The recommended value is 0,6.

Table C.2N: Properties of reinforcement

Product form Bars and de-coiled rods Wire Fabrics Requirement or
quantile value (%)

Class A B C A B C -
Fatigue stress range (MPa)
(for N > 2 x 10° cycles) with an >150 >100 10,0
upper limit of 3 f,«

Nominal
Bond: bar size (mm)
Minimum 5-6 0,035
relative rib 6,5t0 12 0,040 50
area, frmin >12 0,056

Fatigue: Exceptions to the fatigue rules for use in a Country may be found in its National Annex. The
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recommended exceptions are if the reinforcement is for predominantly static loading or higher values of the
fatigue stress range and/or the number of cycles are shown to apply by testing. In the latter case the values in
Table 6.3 may be modified accordingly. Such testing should be in accordance with EN 10080.

Bond: Where it can be shown that sufficient bond strength is achievable with fz values less than specified
above, the values may be relaxed. In order to ensure that sufficient bond strength is achieved, the bond
stresses should satisfy the recommended Expressions (C 1N) and (C 2N) when tested using the
CEB/RILEM beam test:

Tm = 0,098 (80 - 1,2¢) (C.1N)
7> 0,098 (130 - 1,9¢9) (C.2N)
where:

¢ is the nominal bar size (mm)
7m IS the mean value of bond stress (MPa) at 0,01, 0,1 and 1 mm slip
7, is the bond stress at failure by slipping

(2) The values of fy, k and &y in Table C.1 are characteristic values. The maximum % of test
results falling below the characteristic value is given for each of the characteristic values in the
right hand column of Table C.1.

(3) EN10080 does not specify the quantile value for characteristic values, nor the evaluation of
test results for individual test units.

In order to be deemed to comply with the long term quality levels in Table C.1, the following
limits on test results should be applied:

- where all individual test results of a test unit exceed the characteristic value, (or are below
the characteristic value in the case the maximum value of f or k) the test unit may be
assumed to comply.

- the individual values of yield strength f, and &, should be greater than the minimum
values and less than the maximum values. In addition, the mean value, M, of a test unit
should satisfy the equation

M>C,+a (C.3)
where

Cv is the long term characteristic value

a is a coefficient which depends on the parameter considered

Note 1: The value of a for use in a Country may be found in its National Annex. The recommended value for
fu is 10 MPa and for both kand &y is 0.

Note 2: The minimum and maximum values of fyk, k and &y for use in a Country may be found in its National
Annex. The recommended values are given in Table C.3N.

Table C.3N. Absolute limits on test results

Performance characteristic Minimum value Maximum value
Yield strength f 0,97 x minimum C, 1,03 x maximum C,
[xc) k 0,98 x minimum C, 1,02 x maximum C,
Euk 0,80 x minimum C, Not applicable
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C.2 Strength
(1)P The maximum actual yield stress f, max shall not exceed 1,3f.
C.3 Bendability

(1)P Bendability shall be verified by the bend and rebend tests in accordance with EN 10080
and EN ISO 15630-1. In situations where verification is carried out just using a rebend test the
mandrel size shall be no greater than that specified for bending in Table [~)8.1N of this
Eurocode. In order to ensure bendability no cracking shall be visible after the test. (¢l
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ANNEX D (Informative)
Detailed calculation method for prestressing steel relaxation losses
D.1 General

(1) In the case that the relaxation losses are calculated for different time intervals (stages)
where the stress in the prestressing tendon is not constant, for example due to the elastic
shortening of the concrete, an equivalent time method should be adopted.

(2) The concept of the equivalent time method is presented in the Figure D.1, where at time
there is an instantaneous deformation of the prestressing tendon, with:

Op,i is the tensile stress in the tendon just before f;

Cp.i is the tensile stress in the tendon just after f;

opi-1- s the tensile stress in the tendon at the preceding stage

Aoy i1 is the absolute value of the relaxation loss during the preceding stage

Aoy is the absolute value of the relaxation loss of the stage considered

+
Op,i-1

Op,i-

Op,i

| | | -
b f ti = L+ AL
Figure D.1: Equivalent time method

i—1
3) Let ZAO-pr,j be the sum of all the relaxation losses of the preceding stages and f. is
1

defined as the equivalent time (in hours) necessary to obtain this sum of relaxation losses that
i—1

verifies the relaxation time functions in 3.3.2 (7) with an initial stress equal to o,; + ZA O, |
1

i—1

.
Oyt ZA Op

1

Fox

and with u=

[©)(4) For example, for a Class 2 prestressing tendon fe, given by Expression (3.29), becomes: ¢l
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i1 t 075 (1-u) i—1
> Ao, = 0,66 pgy €% (— o, +>.A o, 10° (D.1)
’ 1000 9 ’

1

(5) After resolving the above equation for t., the same formula can be applied in order to
estimate the relaxation loss of the stage considered, Aoy, i (Where the equivalent time £, is
added to the interval of time considered):

Aoy, = 066 oo (LD )T S 1055 D.2
Op,i = U, Pioco € 1000 O, t Z Oy | Z o, ( . )
! 1

(6) The same principle applies for all three classes of prestressing tendons.
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Indicative strength classes for durability

E.1 General

(1) The choice of adequately durable concrete for corrosion protection of reinforcement and

protection of concrete attack, requires consideration of the composition of concrete. This may

result in a higher compressive strength of the concrete than is required for structural design.
The relationship between concrete strength classes and exposure classes (see Table 4.1) may
be described by indicative strength classes.
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(2) When the chosen strength is higher than that required for structural design the value of f.n
should be associated with the higher strength in the calculation of minimum reinforcement
according to 7.3.2 and 9.2.1.1 and crack width control according to 7.3.3 and 7.3.4. ¢

Note: Values of indicative strength classes for use in a Country may be found in its National Annex. The
recommended values are given in Table E.1N.

Table E.1N: Indicative minimum strength class

Exposure Classes according to Table 4.1

Corrosion
Carbonation-induced corrosion Chloride-induced corrosion Chloride-induced corrosion
from sea-water
XC1 XC2 XC3 XC4 XD1 XD2 XD3 XS1 XS2 XS3
C20/25 | C25/30 C30/37 C30/37 C35/45 C30/37 C35/45
Indicative minimum strength class
Damage to Concrete
No risk | Freeze/Thaw Attack Chemical Attack
X0 XF1 XF2 XF3 XA1 XA2 XA3
Indicative minimum strength class | C12/15 C30/37 C25/30 C30/37 C30/37 C35/45
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Annex F (Informative)
Tension reinforcement expressions for in-plane stress conditions
F.1 General

(1) This annex does not include expressions for compression reinforcement.

(2) The tension reinforcement in an element subject to in-plane orthogonal stresses okdx, okdy
and zeqxy may be calculated using the procedure set out below. Compressive stresses should
be taken as positive, with otqx > okqy, and the direction of reinforcement should coincide with
the x and y axes.

The tensile strengths provided by reinforcement should be determined from:

where p, and py are the geometric reinforcement ratios, along the x and y axes respectively.

(3) In locations where or4y and orqy are both compressive and oty - Okgy > PEaxy, design
reinforcement is not required. However the maximum compressive stress should not exceed fyq4
(See 3.1.6)

(4) In locations where orqy is tensile or oray - Okgy < PEaxy, Feinforcement is required.

The optimum reinforcement, indicated by superscript ’, and related concrete stress are
determined by:

For oegx < |Z'dey|

fen= | TEdxy | = Teax (F.2)
ft:jyz | TEdxy | - Okgy (F.3)
Ocd = 2| Tegy]| (F.4)
For oeax > |7Edxyl
=0 (F.5)
f! _ Tédxy F 6
y= —_ ~ Okdy (F.6)
OEdx
0= (1 + (L2 )2) (F.7)

OEdx

The concrete stress, o4, Should be checked with a realistic model of cracked sections (see EN
1992-2), but should not generally exceed vf,q (v may be obtained from Expression (6.5).

Note: The minimum reinforcement is obtained if the directions of reinforcement are identical to the directions of
the principal stresses.

Alternatively, for the general case the necessary reinforcement and the concrete stress may be
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determined by:

fiax = | TEdxy|COtO - OEdx (F.8)
f:[dy = |Tdey|/COt(9 - OEdy (F9)

= cotd + F.10
ch ‘rdey ( Cote ) ( )

where @ is the angle of the principal concrete compressive stress to the x-axis.
Note: The value of Coté should be chosen to avoid compression values of f .

In order to avoid unacceptable cracks for the serviceability limit state, and to ensure the
required deformation capacity for the ultimate limit state, the reinforcement derived from
Expressions (F.8) and (F.9) for each direction should not be more than twice and not less than
half the reinforcement determined by expressions (F2) and (F3) or (F5) and (F6). These
limitations are expressed by afy, <fiy, <2fgy, and Yfy, <f, <2fy, .

(5) The reinforcement should be fully anchored at all free edges, e.g. by U-bars or similar.
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Annex G (Informative)
Soil structure interaction
G.1 Shallow foundations
G.1.1 General

(1) The interaction between the ground, the foundation and the superstructure should be
considered. The contact pressure distribution on the foundations and the column forces are
both dependent on the relative settlements.

(2) In general the problem may be solved by ensuring that the displacements and associated
reactions of the soil and the structure are compatible.

(3) Although the above general procedure is adequate, many uncertainties still exist, due to the
load sequence and creep effects. For this reason different levels of analysis, depending on the
degree of idealisation of the mechanical models, are usually defined.

(4) If the superstructure is considered as flexible, then the transmitted loads do not depend on
the relative settlements, because the structure has no rigidity. In this case the loads are no
longer unknown, and the problem is reduced to the analysis of a foundation on a deforming
ground.

(5) If the superstructure is considered as rigid, then the unknown foundation loads can be
obtained by the condition that settlements should lie on a plane. It should be checked that this
rigidity exists until the ultimate limit state is reached.

(6) A further simplifying scheme arises if the foundation system can be assumed to be rigid or
the supporting ground is very stiff. In either case the relative settlements may be ignored and no
modification of the loads transmitted from the superstructure is required.

(7) To determine the approximate rigidity of the structural system, an analysis may be made
comparing the combined stiffness of the foundation, superstructure framing members and shear
walls, with the stiffness of the ground. This relative stiffness Kgr will determine whether the
foundation or the structural system should be considered rigid or flexible. The following
expression may be used for building structures:

Kr = (EJ)s | (EI®) (G.1)

where:
(EJ)s is the approximate value of the flexural rigidity per unit width of the building
structure under consideration, obtained by summing the flexural rigidity of the
foundation, of each framed member and any shear wall

E is the deformation modulus of the ground
/ is the length of the foundation

Relative stiffnesses higher than 0,5 indicate rigid structural systems.
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G.1.2 Levels of analysis
(1) For design purposes, the following levels of analysis are permitted:
Level O: In this level, linear distribution of the contact pressure may be assumed.

The following preconditions should be fulfilled:
- the contact pressure does not exceed the design values for both the serviceability and
the ultimate limit states;
- at the serviceability limit state, the structural system is not affected by settlements, or the
expected differential settlements are not significant;
- at the ultimate limit state, the structural system has sufficient plastic deformation capacity
so that differences in settlements do not affect the design.

Level 1: The contact pressure may be determined taking into account the relative stiffness of
the foundation and the soil and the resulting deformations evaluated to check that they are
within acceptable limits.

The following preconditions should be fulfilled:

- sufficient experience exists to show that the serviceability of the superstructure is not likely
to be affected by the soil deformation;
- at the ultimate limit state, the structural system has adequate ductile behaviour.

Level 2: At this level of analysis the influence of ground deformations on the superstructure is
considered. The structure is analysed under the imposed deformation of the foundation to
determine the adjustments to the loads applied to the foundations. If the resulting adjustments
are significant (i.e. > [10| % ) then Level 3 analysis should be adopted.

Level 3: This is a complete interactive procedure taking into account the structure, its
foundations and the ground.

G.2 Piled foundations

(1) If the pile cap is rigid, a linear variation of the settlements of the individual piles may be
assumed which depends on the rotation of the pile cap. If this rotation is zero or may be
ignored, equal settlement of all piles may be assumed. From equilibrium equations, the
unknown pile loads and the settlement of the group can be calculated.

(2) However, when dealing with a piled raft, interaction occurs not only between individual piles but
also between the raft and the piles, and no simple approach to analyse this problem is available.

(3) The response of a pile group to horizontal loads generally involves not only the lateral

stiffness of the surrounding soil and of the piles, but also their axial stiffness (e.g. lateral load on
a pile group causes tension and compression on edge piles).
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Annex H (Informative)

Global second order effects in structures

H.1 Criteria for neglecting global second order effects

H.1.1 General

(1) Clause H.1 gives criteria for structures where the conditions in 5.8.3.3 (1) are not met. The
criteria are based on 5.8.2 (6) and take into account global bending and shear deformations, as
defined in Figure H.1.
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Figure H.1: Definition of global bending and shear deformations (1/r and y respectively)
and the corresponding stiffnesses (EI and S respectively)

L

H.1.2 Bracing system without significant shear deformations

(1) For a bracing system without significant shear deformations (e.g. shear walls without
openings), global second order effects may be ignored if:

FV,Ed —<0,1’FV,BB (H1)
where:
Fveq is the total vertical load (on braced and bracing members)
Fves is the nominal global buckling load for global bending, see (2)
(2)  The nominal global buckling load for global bending may be taken as

Fygs = EXEI/L? (H.2)

where:
& is a coefficient depending on number of storeys, variation of stiffness, rigidity of base
restraint and load distribution; see (4)
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YEI is the sum of bending stiffnesses of bracing members in direction considered,
including possible effects of cracking; see (3)
L s the total height of building above level of moment restraint.

(3) In the absence of a more accurate evaluation of the stiffness, the following may be used for a
bracing member with cracked section:

El ~0,4 El. (H.3)

where:
E.qs = Ecm/ye, design value of concrete modulus, see 5.8.6 (3)
I.  second moment of area of bracing member

If the cross-section is shown to be uncracked in the ultimate limit state, constant 0,4 in
Expression (H.3) may be replaced by 0,8.

(4) If bracing members have constant stiffness along the height and the total vertical load
increases with the same amount per storey, then £ may be taken as

_78.."s 1 H.4
=78 "6 Tr30x ™ (H4)

where:
ns is the number of storeys
k is the relative flexibility of moment restraint; see (5).

(5) The relative flexibility of moment restraint at the base is defined as:

k = (OM)-(EI/L) (H.5)

where:
6 is the rotation for bending moment M
EI is the stiffness according to (3)
L is the otal height of bracing unit

Note: For k=0, i.e. rigid restraint, Expressions (H.1)-(H.4) can be combined into Expression (5.18), where the
coefficient 0,31 follows from 0,1- 0,4 -7,8 ~ 0,31.

H.1.3 Bracing system with significant global shear deformations
(1) Global second order effects may be ignored if the following condition is fulfilled:

. FV,BB
1+ FV,BB /FV,BS

Fues <01-F,5 =01 (H.6)

where
Fvg is the global buckling load taking into account global bending and shear
Fvgs is the global buckling load for pure bending, see H.1.2 (2)
Fvgs is the global buckling load for pure shear, Fygs = S
XS s the total shear stiffness (force per shear angle) of bracing units (see Figure H.1)
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Note: The global shear deformation of a bracing unit is normally governed mainly by local bending
deformations (Figure H.1). Therefore, in the absence of a more refined analysis, cracking may be taken
into account for S in the same way as for EJ; see H.1.2 (3).

H.2 Methods for calculation of global second order effects

(1) This clause is based on linear second order analysis according to 5.8.7. Global second
order effects may then be taken into account by analysing the structure for fictitious, magnified
horizontal forces F gq:

Fii£q ZA (H.7)
1_FV,Ed /FV,B
where:
Fu.oeq is the first order horizontal force due to wind, imperfections etc.
Fveq is the total vertical load on bracing and braced members
Fvg is the nominal global buckling load, see (2).

(2) The buckling load Fyg may be determined according to H.1.3 (or H.1.2 if global shear
deformations are negligible). However, in this case nominal stiffness values according to 5.8.7.2
should be used, including the effect of creep.

(3) In cases where the global buckling load Fy g is not defined, the following expression may be
used instead:

F
FH,Ed _ H,0Ed (H.8)
1_FH,1Ed /FH,OEd

where:
Fu 1eq fictitious horizontal force, giving the same bending moments as vertical load Ny gq
acting on the deformed structure, with deformation caused by F oeq (first order
deformation), and calculated with nominal stiffness values according to 5.8.7.2

Note: Expression (H.8) follows from a step-by-step numerical calculation, where the effect of vertical load and
deformation increments, expressed as equivalent horizontal forces, are added in consecutive steps. The
increments will form a geometric series after a few steps. Assuming that this occurs even at the first step,
(which is analogous to assuming # =1in 5.8.7.3 (3)), the sum can be expressed as in Expression (H.8). This
assumption requires that the stiffness values representing the final stage of deformations are used in all steps
(note that this is also the basic assumption behind the analysis based on nominal stiffness values).

In other cases, e.g. if uncracked sections are assumed in the first step and cracking is found to occur in later
steps, or if the distribution of equivalent horizontal forces changes significantly between the first steps, then

more steps have to be included in the analysis, until the assumption of a geometric series is met. Example with
two more steps than in Expression (H.8):

Fred = Froed + Frted * Fr2ed /(1- Frsed / Fr2eq)
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Annex | (Informative)
Analysis of flat slabs and shear walls

1.1 Flat Slabs
1.1.1 General

(1) For the purpose of this section flat slabs may be of uniform thickness or they may
incorporate drops (thickenings over columns).

(2) Flat slabs should be analysed using a proven method of analysis, such as grillage (in which
the plate is idealised as a set of interconnected discrete members), finite element, yield line or
equivalent frame. Appropriate geometric and material properties should be employed.

1.1.2 Equivalent frame analysis

(1) The structure should be divided longitudinally and transversely into frames consisting of
columns and sections of slabs contained between the centre lines of adjacent panels (area
bounded by four adjacent supports). The stiffness of members may be calculated from their
gross cross-sections. For vertical loading the stiffness may be based on the full width of the
panels. For horizontal loading 40% of this value should be used to reflect the increased
flexibility of the column/slab joints in flat slab structures compared to that of column/beam joints.
Total load on the panel should be used for the analysis in each direction.

(2) The total bending moments obtained from analysis should be distributed across the width of
the slab. In elastic analysis negative moments tend to concentrate towards the centre lines of
the columns.

(3) The panels should be assumed to be divided into column and middle strips (see Figure 1.1)
and the bending moments should be apportioned as given in Table 1.1.

1 k(> k) :
W44 = - /2 o
—4——-}—-—+—r ————————————————— |———-f,———|—-
| L [h4 o
""" e S R [N
| ' [h/4 AR
Bt S S B S o
e S
ffffff  m A= L g i+ [A]-columnstrip
MMl N [B] - middle strip

Figure I1.1: Division of panels in flat slabs
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Note: When drops of width > (ly/3) are used the column strips may be taken to be the width of drops. The
width of middle strips should then be adjusted accordingly.

Table 1.1 Simplified apportionment of bending moment for a flat slab

Negative moments Positive moments

Column Strip 60 - 80% 50 - 70%

Middle Strip 40 - 20% 50 - 30%
Note: Total negative and positive moments to be resisted by the column and
middle strips together should always add up to 100%.

(4) Where the width of the column strip is different from 0,5/, as shown in Figure 1.1 (e.g.) and made
equal to width of drop the width of middle strip should be adjusted accordingly.

(5) Unless there are perimeter beams, which are adequately designed for torsion, moments
transferred to edge or corner columns should be limited to the moment of resistance of a
rectangular section equal to 0,17 bed? fy (see Figure 9.9 for the definition of be). The positive
moment in the end span should be adjusted accordingly.

1.1.3 Irregular column layout

(1) Where, due to the irregular layout of columns, a flat slab can not be sensibly analysed using
the equivalent frame method, a grillage or other elastic method may be used. In such a case
the following simplified approach will normally be sufficient:
i) analyse the slab with the full load, yoQ« + 715Gk, on all bays
ii) the midspan and column moments should then be increased to allow for the effects of
pattern loads. This may be achieved by loading a critical bay (or bays) with qQx + 7Gx
and the rest of the slab with 3sGx. Where there may be significant variation in the
permanent load between bays, y; should be taken as 1 for the unloaded bays.
i) the effects of this particular loading may then be applied to other critical bays and
supports in a similar way.
(2) The restrictions with regard to the transfer of moments to edge of columns given
in X 1.1.2 (5) should be applied.

1.2 Shear Walls

(1) Shear walls are plain or reinforced concrete walls which contribute to the lateral stability of
the structure.

(2) Lateral load resisted by each shear wall in a structure should be obtained from a global
analysis of the structure, taking into account the applied loads, the eccentricities of the loads
with respect to the shear centre of the structure and the interaction between the different
structural walls.

(38) The effects of asymmetry of wind loading should be considered (see EN 1991-1-4).
(4) The combined effects of axial loading and shear should be taken into account.

(5) In addition to other serviceability criteria in this code, the effect of sway of shear walls on
the occupants of the structure should also be considered, (see EN 1990).
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(6) In the case of building structures not exceeding 25 storeys, where the plan layout of the
walls is reasonably symmetrical, and the walls do not have openings causing significant global
shear deformations, the lateral load resisted by a shear wall may be obtained as follows:

Pn:P(E[)ni(Pe)yn(Elz)n (1.1)
X(EI) X(EIl)y,
where:
P, isthe lateral load on wall n
(EDn is the stiffness of wall n
P is the applied load

e is the eccentricity of P with respect to the centroid of the stiffnesses (see Figure
1.3)

Vn is the distance of wall n from the centroid of stiffnesses.

(7) If members with and without significant shear deformations are combined in the bracing
system, the analysis should take into account both shear and flexural deformation.

/
{
. A
b
A
P - Centroid of shear wall group
e

Figure 1.3: Eccentricity of load from centroid of shear walls
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Annex J (Informative)
Detailing rules for particular situations
J.1  Surface reinforcement

(1) Surface reinforcement to resist spalling should be used where the main reinforcement is
made up of:

- bars with diameter greater than 32 mm or

- bundled bars with equivalent diameter greater than 32 mm (see 8.8)
The surface reinforcement should consist of wire mesh or small diameter bars, and be placed
outside the links as indicated in Figure J.1.

T
j X As,surf 2 0,01 Act,ext
A ctext

>

As,sun‘

4.‘ Lig150mm o le—s: <150 mm

x is the depth of the neutral axis at ULS

Figure J.1: Example of surface reinforcement

(2) The area of surface reinforcement A, ; ;should be not less than A, ¢ ., in the two

directions parallel and orthogonal to the tension reinforcement in the beam,

Note: The value of A, .. for use in a Country may be found in its National Annex. The recommended value
is 0,01 A where A is the area of the tensile concrete external to the links (see Figure [A¢1)J.1 (&cil).

ct,exts ct,ext

(3) Where the cover to reinforcement is greater than 70 mm, for enhanced durability similar
surface reinforcement should be used, with an area of 0,005 A, .., in each direction.

(4) The minimum cover needed for the surface reinforcement is given in 4.4.1.2.

(5) The longitudinal bars of the surface reinforcement may be taken into account as
longitudinal bending reinforcement and the transverse bars as shear reinforcement provided
that they meet the requirements for the arrangement and anchorage of these types of
reinforcement.
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J.2 Frame corners
J.2.1 General

(1) The concrete strength orgmax Should be determined with respect to 6.5.2 (compression
zones with or without transverse reinforcement).

J.2.2 Frame corners with closing moments

(1) For approximately equal depths of column and beam (2/3 < ho/h4 < 3/2) (see Figure J.2 (a))
no check of link reinforcement or anchorage lengths within the beam column joint is required,
provided that all the tension reinforcement of the beam is bent around the corner.

(2) Figure J.2 (b) shows a strut and tie model for ho/h1< 2/3 for a limited range of tané .

Note: The values of the limits of tané for use in a Country may be found in its National Annex. The
recommended value of the lower limit is 0,4 and the recommended value of the upper limit is 1.

(8) The anchorage length g should be determined for the force AFig = Fig2 - Fiq1.

(4) Reinforcement should be provided for transverse tensile forces perpendicular to an in-plane
node.

Fa _ !
. 3 .
: - :
J Z1 : hi :
o-4--- ;
' v l
! GRd,max
|
L L R R N
‘ O-Rd,max
Fi2
h2

(a) almost equal depth of beam and column

" Fa :

! ! s oo
- < Feas ! - s ;
i | Fias = Fn i ,
! C ' '
! ! > :
AEdE ' Fos Fias = Fn ' B i
! C ! !
:__: y ﬁ: Feas i E
N e o o . - |
: : ch1 E
| { :

Fa Feaz
(b) very different depth of beam and column

Figure J.2: Frame Corner with closing moment. Model and reinforcement
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J.2.3 Frame corners with opening moments

(1) For approximately equal depths of column and beam the strut and tie models given in
Figures J.3 (a) and J.4 (a) may be used. Reinforcement should be provided as a loop in the
corner region or as two overlapping U bars in combination with inclined links as shown in
Figures J.3 (b) and (c) and Figures J.4 (b) and (c).

O,?I:td ORd,max
' ch ' :
——H C R ;
ﬁ&c i h i : a
| ,— —! :
| ' Fu ' P '
U N R 1) (SN [} DY SR |
ch l F(d
h
a) strut and tie model (b) and (c) detailing of reinforcement

Figure J.3: Frame corner with moderate opening moment (e.g. As/bh < 2%)

(2) For large opening moments a diagonal bar and links to prevent splitting should be
considered as shown in Figure J.4.

ORd,max

FtdZ ,
é ch —‘r — : \ 1
o 5 h & \
N — A
T T
M Ftd3
Ftd1
[ /
PR PR P 1. ecbiaiacacas -
chT l Ftd
< h -
a) strut-and-tie model (b) and (c) detailing of reinforcement

Figure J.4: Frame corner with large opening moment (e.g. As/bh > 2%)
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J.3 Corbels

(1) Corbels (a; < zg) may be designed using strut-and-tie models as described in 6.5 (see
Figure J.5). The inclination of the strut is limited by 1,0 < tané@ <2,5.

Figure J.5: Corbel strut-and-tie model

(2) If ac < 0,5 h; closed horizontal or inclined links with Ag nk > k1 As main Should be provided in
addition to the main tension reinforcement (see Figure J.6 (a)).

Note: The value of k; for use in a Country may be found in its National Annex. The recommended value is
0,25.

(3) Ifac> 0,5 he and Feq> VRy, (see 6.2.2), closed vertical links Asnk > k2 Feql/fygs should be
provided in addition to the main tension reinforcement (see Figure J.6 (b)).

Note: The value of k, for use in a Country may be found in its National Annex. The recommended value is 0,5.

(4) The main tension reinforcement should be anchored at both ends. It should be anchored in
the supporting element on the far face and the anchorage length should be measured from the
location of the vertical reinforcement in the near face. The reinforcement should be anchored in
the corbel and the anchorage length should be measured from the inner face of the loading
plate.

(5) If there are special requirements for crack limitation, inclined stirrups at the re-entrant
opening will be effective.
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ZAS,Ink Z As,mam

As.lnk 2 k1 As.main

- anchorage devices or loops - Links
(a) reinforcement for a. < 0,5 h, (b) reinforcement for a; > 0,5 h.

Figure J.6: Corbel detailing
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