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Foreword

This European Standard EN 1998-2, Eurocode 8: Design of structures for earthquake
resistance: Bridges, 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 May 2006, and
conflicting national standards shall be withdrawn at latest by March 2010.

This document supersedes ENV 1998-2:1994.

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

Background of 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 Communitics and the European Committee for Standardisation (CEN)
concerning the work on EUROCODES for the design of building and civil engincering 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: 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 &: 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

In accordance with Art. 3.3 of the CPD, the essential requirements (ERs) shall be given conerete form in interpretative documents
for the creation of the necessary links between the cssential requirements and the mandates for harmoniscd ENs and ETAGs/ETAs.
“ In accordancc with Art. 12 of the CPD the interpretative documents shall:

a) give concrete form to the cssential requirements by harmonising the terminology and the technical bascs and indicating classcs
or levels for cach requirement where necessary :

b) indicatc mcthods of corrclating these classes or levels of requirement with the technical specifications, ¢.g. methods of
calculation and of proof, technical rules for project design, ctc.;

¢) 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 ficld of the ER | and a part of ER 2.
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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.

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, i.e.:

— 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.

[t may also contain
— decisions on the use of informative annexes, and

— 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 1s 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 shall clearly mention which Nationally Determined Parameters have been
taken into account.

Additional information specific to EN 1998-2
The scope of this Part of EN 1998 is defined in 1.1.

Except where otherwise specified in this Part, the seismic actions are as defined in EN
1998-1:2004, Section 3.

* see Art.3.3 and Art.12 of the CPD, as well as 4.2, 4.3.1,4.3.2and 5.2 of ID |.
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Due to the peculiarities of the bridge seismic resisting systems, in comparison to those
of buildings and other structures, all other sections of this Part are in general not
directly related to those of EN 1998-1:2004. However several provisions of EN 1998-
1:2004 are used by direct reference.

Since the seismic action is mainly resisted by the piers and the latter are usually
constructed of reinforced concrete, a greater emphasis has been given to such piers.

Bearings are in many cases important parts of the seismic resisting system of a bridge
and are therefore treated accordingly. The same holds for seismic isolation devices.

National annex for EN 1998-2

This standard gives alternative procedures, values and recommendations for classes,
with notes indicating where national choices may have to be made. Therefore the
National Standard implementing EN 1998-2 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 1998-2:2005 through clauses:

Reference Item —’
1.1.1(8) Informative Annexes A, B, C, D, E, F, [0 H, JJ and K ¢4l
2.1(3)P Reference return period Tncr of seismic action for the no-collapse
requirement of the bridge (or, equivalently, reference probability of |
exceedance in 50 years, Pncr). \
\
2.1(4)P Importance classes for bridges
| .
- 2.1(6) Importance factors for bridges
2.2.2(5) Conditions under which the seismic action may be considered as
accidental action, and the requirements of 2.2.2(3) and 2.2.2 (4) may r
\ be relaxed.
2.3.5.3(1) Expression for the length of plastic hinges
2.3.6.3(5) Fractions of design displacements for non-critical structural elements
2.3.7(1) Cases of low seismicity
2.3.7(1) Simplified criteria for the design of bridges in cases of low seismicity
3223 Definition of active fault
3.3(H)P Length of continuous deck beyond which the spatial variability of

seismic action may have to be taken into account \
!

3.3(6) Distance beyond which the seismic ground motions may be
considered as completely uncorrelated

3.3(6) factor accounting for the magnitude of ground displacements
occurring in opposite direction at adjacent supports

4.1.2(4)pP ya values for traffic loads assumed concurrent with the design
seismic action

4.1.8(2) Upper limit for the value in the left-hand-side of expression (4.4) for
the seismic behaviour of a bridge to be considered irregular
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5.3(4) Value of ovestrength factor x

54D Simplified methods for second order effects in linear analysis

5.6.2(2)Pb Value of additional safety factor ygq; on shear resistance

5.6.33(1)P b | Alternatives for determination of additional safety factor ysq on shear
resistance of ductile members outside plastic hinges

6.2.1.4(1)P Type of confinement reinforcement

6.5.1(1)P Simplified verification rules for bridges of limited ductile behaviour
in low seismicity cases

6.6.2.3(3) Allowable extent of damage of elastomeric bearings in bridges where
the seismic action is considered as accidental action, but is not
resisted entirely by elastomeric bearings

6.6.3.2(1)P Percentage of the compressive (downward) reaction due to the
permanent load that is exceeded by the total vertical reaction on a
support due to the design seismic action, for holding-down devices to
be required.

6.7.3(7) Upper value of design seismic displacement to limit damage of the
soil or embankment behind abutments rigidly connected to the deck.

7.4.1(1)P Value of control period 7p for the design spectrum of bridges with
seismic isolation

7.6.2(1)pP Value of amplication factor s on design displacement of isolator
units

7.6.2(5) Value of 3, for elastomeric bearings

7.7.1(2) Values of the ratio & for the evaluation of the lateral restoring
capability

7.7.1(4) Value of y,, reflecting uncertainties in the estimation of design
displacements

J.1(2) Values of minimum isolator temperature in the seismic design
situation

1.2(1) Values of A-factors for commonly used isolators

Foreword to amendment A1

This document (EN 1998-2:2005/A1:2009) 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 1998-2:2005 shall be given the status of a national
standard, either by publication of an identical text or by endorsement, at the latest by September 2009,

and conflicting national standards shall be withdrawn at the latest by March 2010.

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.

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, Cyprus,
Czech Republic, Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Iceland, Ireland, Italy,
Latvia, Lithuania, Luxembourg, Malta, Netherlands, Norway, Poland, Portugal, Romania, Slovakia,

Slovenia, Spain, Sweden, Switzerland and United Kingdom.
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Foreword to amendment A2

This document (EN 1998-2:2005/A2:2011) has been prepared by Technical Committee CEN/TC “Structural
Eurocodes”, the secretariat of which is held by BSI.

This Amendment to the European Standard EN 1998-2:2005 shall be given the status of a national standard,
either by publication of an identical text or by endorsement, at the latest by September 2012, and conflicting
national standards shall be withdrawn at the latest by September 2012.

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.

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, France, Germany, Greece, Hungary, Iceland, Ireland, ltaly, Latvia,
Lithuania, Luxembourg, Malta, Netherlands, Norway, Poland, Portugal, Romania, Slovakia, Slovenia, Spain,
Sweden, Switzerland and the United Kingdom.
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1 INTRODUCTION

1.1  Scope

1.1.1 Scope of EN 1998-2

(1) The scope of Eurocode 8 is defined in EN 1998-1:2004, 1.1.1 and the scope of
this Standard is defined in 1.1.1. Additional parts of Eurocode & are indicated in EN
1998-1:2004, 1.1.3.

(2) Within the framework of the scope set forth in EN 1998-1:2004, this part of the
Standard contains the particular Performance Requirements, Compliance Criteria and
Application Rules applicable to the design of earthquake resistant bridges.

(3) This Part primarily covers the seismic design of bridges in which the horizontal
seismic actions are mainly resisted through bending of the piers or at the abutments; i.e.
of bridges composed of vertical or nearly vertical pier systems supporting the traffic
deck superstructure. It 1s also applicable to the seismic design of cable-stayed and
arched bridges, although its provisions should not be considered as fully covering these
cases.

(4) Suspension bridges, timber and masonry bridges, moveable bridges and floating
bridges are not included in the scope of this Part.

(5) This Part contains only those provisions that, in addition to other relevant
Eurocodes or relevant Parts of EN 1998, should be observed for the design of bridges in
seismic regions. In cases of low seismicity, simplified design criteria may be established
(see 2.3.7(1)).

(6) The following topics are dealt with in the text of this Part:
— Basic requirements and Compliance Criteria,

— Seismic Action,

— Analysis,

— Strength Verification,

— Detailing.

This Part also includes a special section on seismic isolation with provisions covering
the application of this method of seismic protection to bridges.

(7) Annex G contains rules for the calculation of capacity design effects.

(8) Annex J contains rules regarding the variation of design properties of seismic
isolator units and how such variation may be taken into account in design.

NOTE I Informative Annex A provides information for the probabilities of the reference seismic

event and recommendations for the selection of the design seismic action during the construction
phase.
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NOTE 2 Informative Annex B provides information on the relationship between the
displacement ductility and the curvature ductility of plastic hinges in concrete piers.

NOTE 3 Informative Annex C provides information for the estimation of the effective stitffness
of reinforced concrete ductile members.

NOTE 4 Informative Annex D provides information for modelling and analysis for the spatial
variability of earthquake ground motion.

NOTE 5 Informative Annex E gives information on probable material properties and plastic
hinge deformation capacities for non-linear analyses.

NOTE 6 Informative Annex F gives information and guidance for the added mass of entrained
water in immersed piers.

NOTE 7 Informative Annex H provides guidance and information for static non-linear analysis
(pushover).

NOTE 8 Informative Annex JJ provides information on A-factors for common isolator types.

NOTE 9 Informative Annex K contains tests requirements for validation of design properties of
seismic isolator units.

1.1.2  Further parts of EN 1998

See EN 1998-1:2004.
1.2 Normative References

1.2.1 Use

(1)P  The following normative documents contain provisions, which through
references in this text, constitute 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 (including amendments).

1.2.2 General reference standards

EN 1998-1:2004, 1.2.1 applies.

1.2.3 Reference Codes and Standards

EN 1998-1:2004, 1.2.2 applies.

1.2.4 Additional general and other reference standards for bridges

EN 1990: Annex A2 Basis of structural design: Application for bridges

EN 1991-2:2003 Actions on structures: Traffic loads on bridges
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EN 1992-2:2005 Design of concrete structures. Part 2 — Bridges
EN 1993-2:2005 Design of steel structures. Part 2 — Bridges
EN 1994-2:2005 Design of composite (steel-concrete) structures. Part 2 — Bridges

EN 1998-1:2004 Design of structures for earthquake resistance. General rules,
seismic actions and rules for buildings

EN 1998-5:2004 Design of structures for earthquake resistance. Foundations,
retaining structures and geotechnical aspects.

EN 1337-2:2000 Structural bearings — Part 2: Sliding elements

EN 1337-3:2005 Structural bearings — Part 3: Elastomeric bearings
prEN 15129:200X  Antiseismic Devices

1.3 Assumptions

(D) In addition to the general assumptions of EN 1990:2002, 1.3 the following
assumption applies.

(2)P It 1s assumed that no change of the structure will take place during the
construction phase or during the subsequent life of the structure, unless proper
justification and verification is provided. Due to the specific nature of the seismic
response this applies even in the case of changes that lead to an increase of the
structural resistance of members.

1.4 Distinction between principles and application rules

(1) The rules of EN 1990:2002, 1.4 apply.

1.5 Definitions

1.5.1 General

(1) For the purposes of this standard the following definitions are applicable.

1.5.2 Terms common to all Eurocodes

(D The terms and definitions of EN 1990:2002, 1.5 apply.

1.5.3 Further terms used in EN 1998-2

capacity design

design procedure used when designing structures of ductile behaviour to ensure the
hierarchy of strengths of the various structural components necessary for leading to the
intended configuration of plastic hinges and for avoiding brittle failure modes
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ductile members
members able to dissipate energy through the formation of plastic hinges

ductile structure

structure that under strong seismic motions can dissipate significant amounts of input
energy through the formation of an intended configuration of plastic hinges or by other
mechanisms

limited ductile behaviour
seismic behaviour of bridges, without significant dissipation of energy in plastic hinges
under the design seismic action

positive linkage
connection implemented by seismic links

seismic isolation
provision of bridge structures with special 1solating devices for the purpose of reducing
the seismic response (forces and/or displacements)

spatial variability (of seismic action)

situation in which the ground motion at different supports of the bridge differs and,
hence, the seismic action cannot be based on the characterisation of the motion at a
single point

seismic behaviour

behaviour of the bridge under the design seismic event which, depending on the
characteristics of the global force-displacement relationship of the structure, can be
ductile or limited ductile/essentially elastic

seismic links

restrainers through which part or all of the seismic action may be transmitted. Used in
combination with bearings, they may be provided with appropriate slack, so as to be
activated only in the case when the design seismic displacement is exceeded

minimum overlap length

safety measure in the form of a minimum distance between the inner edge of the
supported and the outer edge of the supporting member. The minimum overlap is
intended to ensure that the function of the support is maintained under extreme seismic
displacements

design seismic displacement
displacement induced by the design seismic actions.

total design displacement in the seismic design situation

displacement used to determine adequate clearances for the protection of critical or
major structural members. It includes the design seismic displacement, the displacement
due to the long term effect of the permanent and quasi-permanent actions and an
appropriate fraction of the displacement due to thermal movements.
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1.6 Symbols
1.6.1 General
(1) The symbols indicated in EN 1990:2002, 1.6 apply. For the material-dependent

symbols, as well as for symbols not specifically related to earthquakes, the provisions of
the relevant Eurocodes apply.

(2)

Further symbols, used in connection with the seismic actions, are defined in the

text where they occur, for ease of use. However, in addition, the most frequently
occurring symbols in EN 1998-2 are listed and defined in the following subsections.

1.6.2

dp
dEc

Ha
7]
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Further symbols used in Sections 2 and 3 of EN 1998-2

design seismic displacement (due only to the design seismic action)
seismic displacement determined from linear analysis

long term displacement due to the permanent and quasi-permanent actions
design ground displacement in accordance with EN 1998-1:2004, 3.2.2.4
ground displacement of set B at support 7

ground displacement at support i relative to reference support 0
displacement due to thermal movements

ultimate displacement

yield displacement

design seismic action

design value of resisting force to the earthquake action

distance beyond which the ground motion may be considered completely
uncorrelated

distance of support i from reference support O
distance between consecutive supports i-/ and /
reaction force at the base of pier i
site-averaged response spectrum
site-dependent response spectrum

effective period of the isolation system
importance factor

ground displacement of intermediate support i relative to adjacent supports i-1
and i+1

displacement ductility factor

combination factor for the quasi-permanent value of thermal action
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Further symbols used in Section 4 of EN 1998-2

average of the displacements in the transverse direction of all pier tops under the
transverse seismic action, or under the action of a transverse load of similar
distribution

displacement of the /-th nodal point

asymptotic value of the spectrum for the m-th motion for long periods, expressed
in terms of displacements

Ca + €d
accidental mass eccentricity (= 0,03L, or 0,035)

additional eccentricity reflecting the dynamic effect of simultaneous
translational and torsional vibration (= 0,05L or 0,058)

theoretical eccentricity

acceleration of gravity

depth of the cross-section in the direction of flexure of the plastic hinge
effect of the m-th independent motion

required local force reduction factor at ductile member i

minimum value of r;

maximum value of r;

design seismic action

seismic action in direction x

seismic action in direction y

seismic action in direction y

width of the deck

probable maximum value of an action effect

response in mode 7

horizontal force determined in accordance with the fundamental mode method

total effective weight of the structure, equal to the weight of the deck plus the
weight of the top half of the piers

weight concentrated at the i-th nodal point

stiffness of the system

total length of the continuous deck

distance from the plastic hinge to the point of zero moment
total mass

maximum value of design moment in the seismic design situation at the intended
location of plastic hinge of ductile member 7

design flexural resistance of the plastic hinge section of ductile member i

equivalent static moment about the vertical axis through the centre of mass of
the deck
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Ok characteristic value of traffic load
Ry design value of resistance

Sq(T) spectral acceleration of the design spectrum

T period of the fundamental mode of vibration for the direction under
consideration

X horizontal longitudinal axis of the bridge

Y horizontal transverse axis of the bridge

vertical axis
Qs shear span ratio of the pier

Ag maximum difference of the displacements in the transverse direction of all pier
tops under the transverse seismic action, or under the action of a transverse load
of similar distribution

Tk normalized axial force (= Npa/(Afek))

6,qa  design value of plastic rotation capacity

6,:  plastic hinge rotation demand

- viscous damping ratio

wri  factor for quasi-permanent value of variable action i

1.6.4 Further symbols used in Section 5 of EN 1998-2

dra relative transverse displacement of the ends of the ductile member under

consideration
fek characteristic value of concrete strength
fetd design value of tensile strength of concrete
Jd reduced stress of reinforcement, for limitation of cracking
Jey design value of yield strength of the joint reinforcement
Zh internal lever arm of the beam end sections
Zc internal lever arm of the plastic hinge section of the column

Ac Ve, Mc, Ne) capacity design effects

Ae area of the concrete section

Ara  design seismic action (seismic action alone)

Asq action in the seismic design situation

Aox area of horizontal joint reinforcement

A, area of vertical joint reinforcement

Eq design value of action effect of in the seismic design situation
Gy characteristic value of permanent load

M, overstrength moment
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Mpq  design moment in the seismic design situation
Mgy design value of flexural strength of the section

Neg  axial force in the seismic design situation

Neg  axial force in the column under the permanent and the quasi-permanent actions
in the seismic design situation

N, vertical axial force in a joint

O\« characteristic value of the traffic load

0 quasi-permanent value of actions of long duration
Py characteristic value of prestressing after all losses
R4 design value of the resistance of the section

Rgs  design value of the maximum friction force of sliding bearing
Tre resultant force of the tensile reinforcement of the column

Vea  design value of shear force

Vix design value of horizontal shear of the joint
Vi, design value of vertical shear of the joint

Viee  shear force of the beam adjacent to the tensile face of the column

M material partial factor

Yo overstrength factor

Yof magnification factor for friction due to ageing effects

IBd, VBd] additional safety factor against brittle failure modes

Ox ratio of horizontal reinforcement in joint

Oy reinforcement ratio of closed stirrups in the transverse direction of the joint
panel (orthogonal to the plane of action)

o2 ratio of vertical reinforcement in joint

w, ~ combination factor

AAs  area of horizontal joint reinforcement placed outside joint body

AAs, area of vertical joint reinforcement placed outside joint body

1.6.5 Further symbols used in Section 6 of EN 1998-2

&

as

design ground acceleration on type A ground (see EN 1998-1:2004, 3.2.2.2).

oy

cross-sectional dimension of the concrete core perpendicular to the direction of
the confinement under consideration, measured to the centre line of the
perimeter hoop

bmin  smallest dimension of the concrete core
AL diameter of longitudinal bar

deo effective displacement due to the spatial variation of the seismic ground
displacement
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effective seismic displacement of the support due to the deformation of the
structure

design peak ground displacement as specified by EN 1998-1:2004, 3.2.2.4
tensile strength

yield strength

yield strength of the longitudinal reinforcement

yield strength of the tie

minimum support length securing the safe transmission of the vertical reaction
minimum overlap length

spacing of tie legs on centres

maximum (longitudinal) spacing

spacing of between hoop legs or supplementary cross ties on centres
transverse spacing

design ground velocity

shear wave velocity in the soil at small shear strains

area of the gross concrete section

cross-sectional area of the confined concrete core of the section
cross-sectional area of the spiral or hoop bar

total cross-sectional area of hoops or ties in the one transverse direction of
confinement

cross-sectional area of one tie leg
inside diameter
diameter of the spiral or hoop bar

total earth pressure acting on the abutment under seismic conditions as per EN
1998-5: 2004

design resistance
design length of plastic hinges
effective length of deck

weight of the section of the deck linked to a pier or abutment, or the least of the
weights of the two deck sections on either side of an intermediate separation
joint

soil factor specified in EN 1998-1:2004, 3.2.2.2

comer period of elastic spectrum as specified in EN 1998-1:2004, 3.2.2.2
design ground acceleration on type A ground

importance factor

free-field seismic shear deformation of the soil
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o parameter depending on the ratio fi/fy

s required curvature ductility factor

2As  sum of the cross-sectional areas of the longitudinal bars restrained by the tie

oL ratio of the longitudinal reinforcement

Pw transverse reinforcement ratio

wws  mechanical ratio of confinement reinforcement

1.6.6 Further symbols used in Section 7 and Annexes J, JJ and K of EN 1998-2

ag design ground acceleration on type A ground

agr  reference peak ground acceleration on type A ground reference

d design displacement

dh displacement of isolator

Ao design displacement of isolator corresponding to the design displacement of the
isolating system d.q

;i displacement of isolator i

dvia  increased design displacement of isolator i

dvig  design displacement of isolator i

deq design displacement of the isolating system

det design displacement of the isolating system resulting from the fundamental
mode method

dam  displacement of the stiffness centre derived from the analysis

By dsi offset displacement of isolator i

diq displacement of the superstructure at the location of substructure and isolator i

A displacement capacity of the isolating system

dmax  maximum displacement

) dpn; maximum total displacement of each isolator unit i

dy, dy minimum negative and positive displacement in test respectively

dw  residual displacement of the isolating system

dy yield displacement

ex eccentricity in the longitudinal bridge direction

r radius of gyration of the deck mass about vertical axis through its centre of mass

sign( a;b ) sign of the velocity vector c.z’b

lo total elastomer thickness

v velocity of motion of a viscous isolator

Vmax ~ Maximum velocity of motion of a viscous isolator

Xi,yi  co-ordinates of pier i in plan

21



BS EN 1998-2:2005+A2:2011 www.amiralikhalvati.com

EN 1998-2:2005+A2:2011 (E)

Ap effective cross-sectional area of elastomeric bearing
Ep dissipated energy per cycle at the design displacement of isolating system dq

Ep;  dissipated energy per cycle of isolator unit 7, at the design displacement of
isolating system dq

Ex design seismic forces

Ers  seismic internal forces derived from the analysis

Fmax  max force corresponding to the design displacement

F,, F, minimum negative and maximum positive forces of test, respectively, for units
with hysteretic or frictional behaviour, or negative and positive forces of test
respectively corresponding to oy, and d,, respectively, for units with viscoelastic

behaviour
Fy yield force under monotonic loading
Fo force at zero displacement under cyclic loading
Gy shear modulus of elastomeric bearing

apparent conventional shear modulus of elastomeric bearing in accordance with
EN 1337-3:2005

HDRB High Damping Rubber Bearing
H, height of pier i

K effective stiffness of isolator unit i

K. elastic stiffness of bilinear hysteretic isolator under monotonic loading

K stiffness of lead core of lead-rubber bearing

K, post elastic stiffness of bilinear hysteretic isolator

Koy effective stiffness of the isolation system in the principal horizontal direction

under consideration, at a displacement equal to the design displacement dq
Keri composite stiffness of isolator units and the corresponding pier i
K rotation stiffness of foundation of pier i

Kr stiffness of rubber of lead-rubber bearing

K rotation stiffness of foundation of pier i
K displacement stiffness of shaft of pier
Kii translation stiffness of foundation of pier i

Ky, Kyieffective composite stiffness of isolator unit and pier i
LRB Lead Rubber Bearing

My mass of the superstructure

Ngqy axial force through the isolator

PTFE polytetrafluorethylene

Og permanent axial load of isolator
Ry radius of spherical sliding surface
S soil factor of elastic spectrum in accordance with EN 1998-1:2004, 3.2.2.2
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Tc, Tp corner periods of the elastic spectrum in accordance with 7.4.1(1)P and EN

Tci'l‘
Tmin,b
Vi

Ve

1998-1:2004, 3.2.2.2

effective period of the isolating system

minimum bearing temperature for seismic design

maximum shear force transferred through the isolation interface

maximum shear force estimated through the fundamental mode method

UBDP Upper bound design properties of isolators

LBDP Lower bound design properties of isolators

243

A
AFq
AFy,
Ha

[
gcﬂ'
Whi

exponent of velocity of viscous damper

importance factor of the bridge

additional vertical load due to seismic overturning effects
force increase between displacements d,,/2 and di,
dynamic friction coefficient

equivalent viscous damping ratio

contribution of isolators to effective damping

effective damping of the isolation system

combination factor
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2 BASIC REQUIREMENTS AND COMPLIANCE CRITERIA

2.1 Design seismic action

(1)P  The design philosophy of this Standard 1s to achieve with appropriate reliability
the non-collapse requirement of 2.2.2 and of EN 1998-1:2004, 2.1(1)P, for the design
seismic action (A ).

(2)P  Unless otherwise specified in this part, the elastic spectrum of the design seismic
action in accordance with EN 1998-1:2004, 3.2.2.2, 3.2.2.3 and 3.2.2.4 applies. For
application of the equivalent linear method of 4.1.6 (using the behaviour factor ¢) the
spectrum shall be the design spectrum in accordance with EN 1998-1:2004, 3.2.2.5.

(3)P  The design seismic action, Agg, is expressed in terms of: (a) the reference
seismic action, Ay, associated with a reference probability of exceedance, Pncr, in 50
years or a reference return period, Tncr, (see EN 1998-1:2004, 2.1(1)P and 3.2.1(3)) and
(b) the importance factor y (see EN 1990: 2002 and EN 1998-1:2004, 2.1(2)P, 2.1(3)P
and (4)) to take into account reliability differentiation:

Agd = Ak (2.1)

NOTE 1 The value to be ascribed to the reference return period, Tycr, associated with the
reference seismic action for use in a country, may be found in its National Annex. The
recommended value is: Tcr = 475 years.

NOTE 2 Informative Annex A gives information on the reference seismic action and on the
selection of the design seismic action during the construction phase.

()P Bridges shall be classified in importance classes, depending on the
consequences of their failure for human life, on their importance for maintaining
communications, especially in the immediate post-earthquake period, and on the
economic consequences of collapse.

NOTE The definitions of the importance classes for bridges in a country may be found in its
National Annex. The recommended classification is in three importance classes, as follows:

In general road and railway bridges are considered to belong to importance class Il (average
importance), with the exceptions noted below.

Importance class 111 comprises bridges of critical importance for maintaining communications,
especially in the immediate post-earthquake period, bridges the failure of which is associated
with a large number of probable fatalities and major bridges where a design life greater than
normal is required.

A bridge may be classified to importance class I (less than average importance) when both of the
following conditions are met.

— the bridge is not critical for communications, and

— the adoption of either the reference probability of exceedance, Pxcr, In 50 years for the
design seismic action, or of the standard bridge design life of 50 years is not economically
justified.

Importance classes 1, 11 and 111 correspond roughly to consequences classes CC1, CC2 and CC3,
respectively, defined in EN 1990:2002, B3.1.
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(5P  The importance classes are characterised by different importance factors » as
described in 2.1(3)P and in EN 1998-1:2004, 2.1(3)P.

(6) The importance factor 1 = 1,0 is associated with a seismic action having the
reference return period indicated in 2.1(3)P and in EN 1998-1:2004, 3.2.1(3).

NOTE The values to be ascribed to y for use in a country may be found in its National Annex.
The values of y may be different for the various seismic zones of the country, depending on the
seismic hazard conditions and on public safety considerations (see NOTE to EN 1998-1:2004,
2.1(4)). The recommended values of y for importance classes I, and 11l are equal to 0,85, and
1,3, respectively.

2.2 Basic requirements

2.2.1 General

()P The design shall aim at fulfilling the following two basic requirements.

2.2.2 No-collapse (ultimate limit state)

()P After occurrence of the design seismic action, the bridge shall retain its
structural integrity and adequate residual resistance, although at some parts of the
bridge considerable damage may occur.

(2) Flexural yielding of specific sections (i.e. the formation of plastic hinges) is
allowed to occur in the piers. When no seismic isolation is provided, such flexural
yielding is in general necessary in regions of high seismicity, in order to reduce the
design seismic action to a level corresponding to a reasonable increase of the additional
construction cost, compared to a bridge not designed for earthquake resistance.

(3)  The bridge deck should in general be designed to avoid damage, other than
locally to secondary components such as expansion joints, continuity slabs (see
2.3.2.2(4)) or parapets.

4) When the design seismic action has a substantial probability of exceedance
within the design life of the bridge, the design should aim at a damage tolerant
structure. Parts of the bridge susceptible to damage by their contribution to energy
dissipation under the design seismic action should be designed to enable the bridge to
be used by emergency traffic, following the design seismic action, and to be easily
repairable.

(%) When the design seismic action has a low probability of being exceeded within
the design life of the bridge, the seismic action may be considered as an accidental
action, in accordance with EN 1990:2002, 1.5.3.5 and 4.1.1(2). In such a case the
requirements of (3) and (4) may be relaxed.

NOTE The National Annex may specify the conditions under which (5) will be applied, as well
as the extent of the relevant relaxations of (3) and (4). It is recommended that (3) and (4) are
applicable when the reference return period Txcr 1s approximately equal to 475 years.
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2.2.3 Minimisation of damage (serviceability limit state)

()P A seismic action with a high probability of occurrence may cause only minor
damage to secondary components and to those parts of the bridge intended to contribute
to energy dissipation. All other parts of the bridge should remain undamaged.

2.3 Compliance criteria

2.3.1 General

()P To conform to the basic requirements set forth in 2.2, the design shall comply
with the criteria outlined in the following Clauses. In general the criteria, while aiming
explicitly at satisfying the no-collapse requirement (2.2.2), implicitly cover the damage
minimisation requirement (2.2.3) as well.

(2) Compliance with the criteria set forth in this standard is deemed to satisty all
basic requirements of 2.2.

(3)P  The compliance criteria depend on the behaviour which is intended for the
bridge under the design seismic action. This behaviour may be selected in accordance
with 2.3.2.

2.3.2 Intended seismic behaviour
2.3.2.1 General

(1)P  The bridge shall be designed so that its behaviour under the design seismic
action is either ductile, or limited ductile/essentially elastic, depending on the seismicity
of the site, on whether seismic isolation is adopted for its design, or any other
constramts which may prevail. This behaviour (ductile or limited ductile) is
characterised by the global force-displacement relationship of the structure, shown
schematically in Figure 2.1 (see also Table 4.1).
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E - Essentially elastic
LD - Limited ductile
D - Ductile

Figure 2.1: Seismic behaviour
2.3.2.2 Ductile behaviour

(1) In regions of moderate to high seismicity it is usually preferable, both for
economic and safety reasons, to design a bridge for ductile behaviour, i.e. to provide it
with reliable means to dissipate a significant amount of the input energy under severe
earthquakes. This is accomplished by providing for the formation of an intended
configuration of flexural plastic hinges or by using isolating devices in accordance with
Section 7. The part of this sub-clause that follows refers to ductile behaviour achieved
by flexural plastic hinges.

(2)P  Bridges of ductile behaviour shall be designed so that a dependably stable partial
or full mechanism can develop in the structure through the formation of flexural plastic
hinges. These hinges normally form in the piers and act as the primary energy
dissipating components.

3) As far as is reasonably practicable, the location of plastic hinges should be
selected at points accessible for inspection and repair.

(4)P The bridge deck shall remain within the elastic range. However, formation of
plastic hinges (in bending about the transverse axis) is allowed in flexible ductile
concrete slabs providing top slab continuity between adjacent simply-supported precast
concrete girder spans.
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(5)P  Plastic hinges shall not be formed in reinforced concrete sections where the
normalised axial force 7 defined in 5.3(4) exceeds 0.6.

(6)P  This standard does not contain rules for provision of ductility in prestressed or
post-tensioned members. Consequently such members should be protected from
formation of plastic hinges under the design seismic action.

(7) Flexural plastic hinges need not necessarily form in all piers. However the
optimum post-elastic seismic behaviour of a bridge is achieved if plastic hinges develop
approximately simultaneously in as many piers as possible.

(8) The capability of the structure to form flexural hinges is necessary, in order to
ensure energy dissipation and consequently ductile behaviour (see 4.1.6(2)).

NOTE The deformation of bridges supported exclusively by simple low damping elastomeric
bearings 1s predominantly elastic and does not lead in general to ductile behaviour (see
4.1.6(11)P).

9) The global force-displacement relationship should exhibit a significant force
plateau at yield and should ensure hysteretic energy dissipation over at least five
inelastic deformation cycles (see Figures 2.1, 2.2 and 2.3).

NOTE Elastomeric bearings used over some supports in combination with monolithic support on
other piers, may cause the resisting force to increase with increasing displacements, after plastic
hinges have formed in the other supporting members. However, the rate of increase of the
resisting force should be appreciably reduced after the formation of plastic hinges.

(10)  Supporting members (piers or abutments) connected to the deck through sliding
or flexible mountings (sliding bearings or flexible elastomeric bearings) should, in
general, remain within the elastic range.

2.3.2.3 Limited ductile behaviour

(1 In structures with limited ductile behaviour, a yielding region with significant
reduction in secant stiffness need not appear under the design seismic action. In terms
of force-displacement characteristics, the formation of a force plateau is not required,
while deviation from the ideal elastic behaviour provides some hysteretic energy
dissipation. Such behaviour corresponds to a value of the behaviour factor ¢ < 1,5 and
shall be referred to, in this Standard, as "limited ductile".

NOTE Values of ¢ in the range 1 < ¢ < 1,5 are mainly attributed to the inherent margin between
design and probable strength in the seismic design situation.

(2) For bridges where the seismic response may be dominated by higher mode
effects (e.g cable-stayed bridges), or where the detailing of plastic hinges for ductility
may not be reliable (e.g. due to a high axial force or a low shear-span ratio), a behaviour
factor of ¢ = 1 is recommended, corresponding to elastic behaviour.
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2.3.3 Resistance verifications

()P In bridges designed for ductile behaviour the regions of plastic hinges shall be
verified to have adequate flexural strength to resist the design seismic action effects as
specified in 5.5. The shear resistance of the plastic hinges, as well as both the shear and
flexural resistances of all other regions, shall be designed to resist the "capacity design
effects" specified in 2.3.4 (see also 5.3).

(2) In bridges designed for limited ductile behaviour, all sections should be verified
to have adequate strength to resist the design seismic action effects of 5.5 (see 5.6.2).

2.3.4 Capacity design

(1)P  For bridges of ductile behaviour, capacity design shall be used to ensure that an
appropriate hierarchy of resistance exists within the various structural components. This
is to ensure that the intended configuration of plastic hinges will form and that brittle
failure modes are avoided.

(2)P  Fulfilment of (1)P shall be achieved by designing all members intended to
remain elastic against all brittle modes of failure, using "capacity design etfects". Such
effects result from equilibrium conditions at the intended plastic mechanism, when all
flexural hinges have developed an upper fractile of their flexural resistance
(overstrength), as specified in 5.3.

3) For bridges of limited ductile behaviour the application of the capacity design
procedure is not required.

2.3.5 Provisions for ductility
2.3.5.1 General requirement

()P The intended plastic hinges shall be provided with adequate ductility, to ensure
the required overall global ductility of the structure.

NOTE The definitions of global and local ductilities, given in 2.3.5.2 and 2.3.5.3, are intended to
provide the theoretical basis of ductile behaviour. In general they are not required for practical
verification of ductility, which is effected in accordance with 2.3.5.4.

2.3.5.2 Global ductility

(1) Referring to an equivalent one-degree-of-freedom system with an idealised
elastic-perfectly plastic force-displacement relationship, as shown in Figure 2.2, the
design value of the ductility factor of the structure (available displacement ductility
factor) is defined as the ratio of the ultimate limit state displacement (d,) to the yield

displacement (d)), both measured at the centre of mass: i.e. uy =d,, /dy .

(2) When an equivalent linear analysis is performed, the yield force of the global
elastic-perfectly plastic force-displacement is assumed equal to the design value of the
resisting force, Frqy. The yield displacement defining the elastic branch is selected so as
to best approximate the design force-displacement curve (for monotonic loading).
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3) The ultimate displacement d,, is defined as the maximum displacement satisfying
the following condition. The structure should be capable of sustaining at least 5 full
cycles of deformation to the ultimate displacement:

— without initiation of failure of the confining reinforcement for reinforced concrete
sections, or local buckling effects for steel sections; and

— without a drop of the resisting force for steel ductile members or without a drop
exceeding 20% of the ultimate resisting force for reinforced concrete ductile
members (see Figure 2.3).
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Figure 2.2: Global force-displacement diagram (Monotonic loading)
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Figure 2.3: Force-displacement cycles (Reinforced concrete)
2.3.5.3 Local ductility at the plastic hinges

(D) The global ductility of the structure depends on the available local ductility at
the plastic hinges (see Figure 2.4). This can be expressed in terms of the curvature
ductility factor of the cross-section:

fy =P /@V (2.2)

[

or, in terms of the chord rotation ductility factor at the end where the plastic hinge
forms, that depends on the plastic rotation capacity, 6, = 6,-6,, of the plastic hinge:

wy =0,/0, =1+ (0, ~6, )/, =1+0, /0, (2.3)

The chord rotation is measured over the length L, between the end section of the plastic
hinge and the section of zero moment, as shown in Figure 2.4.

NOTE 1 For concrete members the relationship between 6, @,, @, L and L, is given by equation
(EL6b) in E.3.2 of Informative Annex E.

NOTE 2 The length of plastic hinges L, for concrete members may be specified in the National

Annex, as a function of the geometry and other characteristics of the member. The recommended
expression is that given in Annex E.
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(2)  In the above expressions the ultimate deformations should conform to the
definitions in 2.3.5.2(3).

NOTE The relationship between curvature ductility of a plastic hinge and the global
displacement ductility factor for a simple case is given in Annex B. That relationship is not
intended for ductility verification.

2.3.5.4 Ductility verification

()P Conformance to the Specific Rules specified in Section 6 is deemed to ensure
the availability of adequate local and global ductility.

(2)P  When non-linear static or dynamic analysis is performed, chord rotation
demands shall be checked against available rotation capacities of the plastic hinges (see
4.2.4.4).

(3) For bridges of limited ductile behaviour the provisions of 6.5 should be applied.

2.3.6 Connections - Control of displacements - Detailing
2.3.6.1 Effective stiffness - Design seismic displacement

(1)P When equivalent linear analysis methods are used, the stiffness of each member
shall be chosen corresponding to its secant stiffness under the maximum calculated
stresses under the design seismic action. For members containing plastic hinges this
corresponds to the secant stiffness at the theoretical yield point (See Figure 2.5).
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Figure 2.5: Moment - deformation diagrams at plastic hinges

Left: Moment-rotation relationship of plastic hinge for structural steel;
Right: Moment-curvature relationship of cross-section for reinforced concrete.

(2) For reinforced concrete members in bridges designed for ductile behaviour, and
unless a more accurate method is used for its estimation, the effective flexural stiffness
to be used in linear analysis (static or dynamic) for the design seismic action may be
estimated as follows.

— For reinforced concrete piers, a value calculated on the basis of the secant stiffness
at the theoretical yield point.

— For prestressed or reinforced concrete decks, the stiffness of the uncracked gross
concrete sections.

NOTE Annex C gives guidance for the estimation of the effective stiftness of reinforced
concrete members.

(3) In bridges designed for limited ductile behaviour, either the rules of (2) may be
applied or the flexural stiffness of the uncracked gross concrete sections may be used
tor the entire structure.

(4) For both ductile and limited ductile bridges, the significant reduction of the
torsional stiffness of concrete decks, in relation to the torsional stiffness of the
uncracked deck, should be accounted for. Unless a more accurate calculation is made,
the following fractions of the torsional stiffness of the uncracked gross section may be
used:

— for open sections or slabs, the torsional stiffness may be ignored;
— for prestressed box sections, 50% of the uncracked gross section stiffness;

— for reinforced concrete box sections, 30% of the uncracked gross section stiffness.
%) For both ductile and limited ductile bridges, displacements obtained from an
analysis in accordance with (2) and (3) should be multiplied by the ratio of (a) the

flexural stiffness of the member used in the analysis to (b) the value of flexural stiffness
that corresponds to the level of stresses resulting from the analysis.
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NOTE It is noted that in the case of equivalent linear analysis (see 4.1.6(1)P) an overestimation
of the effective stiffness leads to results which are on the safe side regarding the seismic action
effects. In such a case, only the displacements need be corrected after the analysis, on the basis
of the flexural stiffness that corresponds to the resulting level of moments. On the other hand, if
the effective stiffness initially assumed is significantly lower than that corresponding to the
stresses from the analysis, the analysis should be repeated using a better approximation of the
effective stiffness.

(6)P  If linear seismic analysis based on the design spectrum in accordance with EN
1998-1:2004, 3.2.2.5 is used, the design seismic displacements, dr, shall be derived
from the displacements, dp, determined from such an analysis as follows:

CIIE ==+ 17//46/[;‘0 (24)

where

n is the damping correction factor specified in EN 1998-1:2004, 3.2.2.2(3)
determined with the & values specified for damping in 4.1.3(1).

(7) When the displacements dg. are derived from a linear elastic analysis based on
the elastic spectrum in accordance with EN 1998-1:2004, 3.2.2.2 (¢ = 1.0), the design
displacement, dr, shall be taken as equal to dg..

(8)P  The displacement ductility factor shall be assumed as follows:

— when the fundamental period 7 in the considered horizontal direction is
T>T,=1.25Tc, where T¢ is the corner period defined in accordance with EN 1998-
1:2004, 3.2.2.2, then

Ha=¢q (2.5)
— f T<T,, then

Iy :(q—,l)%+1g5q—4 (2.6)

where ¢ is the value of the behaviour factor assumed in the analysis that results in the
value of d.

NOTE Expression (2.6) provides a smooth transition between the “equal displacement” rule that
is applicable for T = 7, and the short period range (not typical to bridges) where the assumption
of a low g-value is expedient. For very small periods (T < 0,033 sec), ¢ = 1 should be assumed
(see also 4.1.6(9)), giving: gy = 1.

(9P When non-linear time-history analysis is used, the deformation characteristics of
the yielding members shall approximate their actual post-elastic behaviour, both as far
as the loading and unloading branches of the hysteresis loops are concerned, as well as
potential degradation effects (see 4.2.4.4).
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2.3.6.2 Connections

()P Connections between supporting and supported members shall be designed in
order to ensure structural integrity and avoid unseating under extreme seismic
displacements.

(2) Unless otherwise specified in this Part, bearings, links and holding-down
devices used for securing structural integrity, should be designed using capacity design
effects (see 5.3, 6.6.2.1, 6.6.3.1 and 6.6.3.2).

3) In new bridges appropriate overlap lengths should be provided between
supporting and supported members at moveable connections, in order to avoid
unseating (see 6.6.4).

4) In retrofitting existing bridges as an alternative to the provision of overlap
length, positive linkage between supporting and supported members may be used (see
6.6.1(3)P and 6.6.3.1(1)).

2.3.6.3 Control of displacements - Detailing

()P In addition to ensuring the required overall ductility, structural and non-
structural detailing of the bridge and its components shall be provided to accommodate
the displacements in the seismic design situation.

(2)P  Clearances shall be provided for protection of critical or major structural
members. Such clearances shall accommodate the total design value of the displacement
in the seismic design situation, di4, determined as follows:

drq = dg + do + yady (2.7)

where the following displacements shall be combined with the most unfavourable sign:

di: is the design seismic displacement in accordance with 2.3.6.1;

dg is the long term displacement due to the permanent and quasi-permanent actions
(e.g. post-tensioning, shrinkage and creep for concrete decks);

dr is the displacement due to thermal movements;

7 is the combination factor for the quasi-permanent value of thermal action, in

accordance with EN 1990:2002, Tables A2.1, A2.2 or A2.3.

Second order effects shall be taken into account in the calculation of the total design
value of the displacement in the seismic design situation, when such effects are
significant.

(3) The relative design seismic displacement, di, between two independent sections
of a bridge may be estimated as the square root of the sum of squares of the values of
the design seismic displacement calculated for each section in accordance with 2.3.6.1.

(4)P  Large shock forces, caused by unpredictable impact between major structural
members, shall be prevented by means of ductile/resilient members or special energ
absorbmg devices (buffers). Such members shall possess a slack at least equal to the
total design value of the displacement in the seismic design situation, dig.
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(5) The detailing of non-critical structural components (e.g. deck movement joints
and abutment back-walls), expected to be damaged due to the design seismic action,
should cater for a predictable mode of damage, and provide for the possibility of
permanent repair. Clearances should accommodate appropriate fractions of the design
seismic displacement and of the thermal movement, pr and pr, respectively, after
allowing for any long term creep and shrinkage effects, so that damage under frequent
earthquakes 1s avoided. The appropriate values of such fractions may be chosen, based
on a judgement of the cost-effectiveness of the measures taken to prevent damage.

NOTE 1 The value ascribed to pg and pr for use in a country in the absence of an explicit
optimisation may be found in its National Annex. The recommended values are as follows:
pr: = 0,4 (for the design seismic displacement); pr = 0,5 (for the thermal movement).

NOTE 2 At joints of railway bridges, transverse differential displacement may have to be either
avoided or limited to values appropriate for preventing derailment.

2.3.7 Simplified criteria

(hH In cases of low seismicity, simplified design criteria may be established.

NOTE 1: The selection of the categories of bridge, ground type and seismic zone in a country
for which the provisions of low seismicity apply may be found in its National Annex. It is
recommended that cases of low seismicity (and by consequence those of moderate to high
seismicity) should be defined as recommended in the Note in EN 1998-1:2004, 3.2.1(4).

NOTE 2: Classification of bridges and simplified criteria for the seismic design pertaining to
individual bridge classes in cases of low seismicity may be established by the National Annex. It
is recommended that these simplified criteria are based on a limited ductile/essentially elastic
seismic behaviour of the bridge, for which no special ductility requirements are necessary.

2.4 Conceptual design

(1) Consideration of the implications of the seismic action at the conceptual stage of
the design of bridges is important, even in cases of low to moderate seismicity.

(2) In cases of low seismicity the type of intended seismic behaviour of the bridge
(see 2.3.2) should be decided. If a limited ductile (or essentially elastic) behaviour is
selected, simplified criteria, in accordance with 2.3.7 may be applied.

(3) In cases of moderate or high seismicity, the selection of ductile behaviour is
generally expedient. Its implementation, either by providing for the formation of a
dependable plastic mechanism or by using seismic isolation and energy dissipation
devices, should be decided. When a ductile behaviour is selected, (4) to (8) should be
observed.

4) The number of supporting members (piers and abutments) that will be used to
resist the seismic forces in the longitudinal and transverse directions should be decided.
In general bridges with continuous deck behave better under seismic conditions than
those with many movement joints. The optimum post-elastic seismic behaviour is
achieved if plastic hinges develop approximately simultaneously in as many piers as
possible. However, the number of the piers that resist the seismic action may have to be
less than the total number of piers, by using sliding or flexible mountings between the
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deck and some piers in the longitudinal direction, to reduce the stresses arising from
imposed deck deformations due to thermal actions, shrinkage and other non-seismic
actions.

(5) A balance should be maintained between the strength and the flexibility
requirements of the horizontal supports. High flexibility reduces the magnitude of
lateral forces induced by the design seismic action but increases the movement at the
joints and moveable bearings and may lead to high second order effects.

(6) In the case of bridges with a continuous deck and with transverse stiffness of the
abutments and of the adjacent piers which is very high compared to that of the other
piers (as may occur in steep-sided valleys), it may be preferable to use transversally
sliding or elastomeric bearings over the short piers or the abutments to avoid
unfavourable distribution of the transverse seismic action among the piers and the
abutments such as that exemplified in Figure 2.6.

(7) The locations selected for energy dissipation should be chosen so as to ensure
accessibility for inspection and repair. Such locations should be clearly indicated in the
appropriate design documents.

(8) The location of areas of potential or expected seismic damage other than those
in (7) should be identified and the difficulty of repairs should be minimised.

9) In exceptionally long bridges, or in bridges crossing non-homogeneous soil
formations, the number and location of intermediate movement joints should be
decided.

(10) In bridges crossing potentially active tectonic faults, the probable discontinuity
of the ground displacement should be estimated and accommodated either by adequate
flexibility of the structure or by provision of suitable movement joints.

(11)  The liquefaction potential of the foundation soil should be investigated in
accordance with the relevant provisions of EN 1998-5:2004.
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Figure 2.6: Unfavourable distribution of transverse seismic action
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3 SEISMIC ACTION

3.1 Definition of the seismic action

3.1.1 General

(1)P  The complexity of the model selected to describe the seismic action shall be
appropriate to the relevant earthquake motion to be described and the importance of the
structure and commensurate with the sophistication of the model used in the analysis of
the bridge.

(2)P  In this Section only the shaking transmitted by the ground to the structure is
considered in the quantification of the seismic action. However, earthquakes can induce
permanent displacements in soils arising from ground failure or fault rupture. These
displacements may result in imposed deformations with severe consequences for
bridges. This type of hazard shall be evaluated through specific studies. Its
consequences shall be minimised by appropriate measures, such as selecting a suitable
structural system. Tsunami effects are not treated in this Standard.

3.1.2 Application of the components of the motion

(1)P  In general only the three translational components of the seismic action need to
be taken into account for the design of bridges. When the response spectrum method is
applied, the bridge may be analysed separately for the translational components of the
seismic action in the longitudinal, transverse and vertical directions. In this case the
seismic action is represented by three one-component actions, one for each direction,
quantified in accordance with 3.2. The action effects shall be combined in accordance
with 4.2.1.4.

(2)P  When non-linear time-history analysis is performed, the bridge shall be analysed
under the simultaneous action of the different components.

(3) The seismic action is applied at the interface between the structure and the
ground. If springs are used to represent the soil stiffness either in connection with
spread footings or with deep foundations, such as piles, shafts (caissons), etc. (see EN
1998-5:2004), the motion is applied at the soil end of the springs.

3.2 Quantification of the components

3.2.1 General

(1)P  Each component of the earthquake motion shall be quantified in terms of a
response spectrum, or a time-history representation (mutually consistent) as set out in
EN 1998-1:2004, Section 3, which also provides the basic definitions.

39



BS EN 1998-2:2005+A2:2011WWWw.amiralikhalvati.com
EN 1998-2:2005+A2:2011 (E)

3.2.2 Site dependent elastic response spectrum
3.2.2.1 Horizontal component

()P The horizontal component shall be in accordance with EN 1998-1:2004, 3.2.2.2,
depending on the ground type at the foundation of the supports of the bridge. When
more than one ground types correspond to these supports, then 3.3 applies.

3.2.2.2 Vertical component

()P When the vertical component of the seismic motion needs to be taken into
account (sec 4.1.7), the site-dependent response spectrum of this component shall be
taken in accordance with EN 1998-1:2004, 3.2.2.3.

3.2.2.3 Near source effects

()P Site-specific spectra considering near source effects shall be used, when the site
is located within 10 km horizontally of a known active seismotectonic fault that may
produce an event of Moment Magnitude higher than 6,5.

NOTE Unless the National Annex defines otherwise, it is recommended that a seismotectonic
fault be considered to be active for the purposes of this requirement when there is an average
historic slip rate of at least | mm/year and topographic evidence of seismic activity within the
Holocene times (past 11000 years).

3.2.3 Time-history representation

(HP When a non-linear time-history analysis is carried-out, at least three pairs of
horizontal ground motion time-history components shall be used. The pairs should be
selected from recorded events with magnitudes, source distances, and mechanisms
consistent with those that define the design seismic action.

(2) When the required number of pairs of appropriate recorded ground motions is
not available, appropriate modified recordings or simulated accelerograms may replace
the missing recorded motions.

(3)P  Consistency to the relevant 5% damped elastic response spectrum of the design
seismic action shall be established by scaling the amplitude of motions as follows.

a. For each earthquake consisting of a pair of horizontal motions, the SRSS spectrum
shall be established by taking the square root of the sum of squares of the 5%-
damped spectra of each component.

b. The spectrum of the ensemble of earthquakes shall be formed by taking the average
value of the SRSS spectra of the individual earthquakes of the previous step.

c. The ensemble spectrum shall be scaled so that it is not lower than 1,3 times the 5%-
damped elastic response spectrum of the design seismic action, in the period range
between 0,27 and 1,57, where T is the natural period of the fundamental mode of
the structure in the case of a ductile bridge, or the effective period (7.y) of the
isolation system in the case of a bridge with seismic isolation (see 7.2).
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d. The scaling factor derived from the previous step shall be applied to all individual
seismic motion components.

4) When the SRSS spectrum of the components of a recorded accelerogram gives
accelerations the ratio of which to the corresponding values of the elastic response
spectrum of the design seismic action shows large variation in the period range in (3)Pc,
modification of the recorded accelerogram may be carried out, so that the SRSS
spectrum of the modified components is in closer agreement with the elastic response
spectrum of the design seismic action.

(5)P  The components of each pair of time-histories shall be applied simultaneously.

(6) When three component ground motion time-history recordings are used for non-
linear time-history analysis, scaling of the horizontal pairs of components may be
carried out in accordance with (3)P, independently from the scaling of the vertical
components. The latter shall be effected so that the average of the relevant spectra of the
ensemble is not lower by more than 10% of the 5% damped elastic response spectrum
of the vertical design seismic action in the period range between 0,27, and 1,57, where
T, is the period of the lowest mode where the response to the vertical component
prevails over the response to the horizontal components (e.g, in terms of participating
mass).

(7)  The use of pairs of horizontal ground motion recordings in combination with
vertical recordings of different seismic motions, consistent with the requirements of
()P above, is also allowed. The independent scaling of the pairs of horizontal
recordings and of the vertical recordings shall be carried out as in (6).

(8) Modification of the recorded vertical component in (6) and (7) is permitted
using the method specified in (4).

3.2.4 Site dependent design spectrum for linear analysis

(1)P  Both ductile and limited ductile structures shall be designed by performing
linear analysis using a reduced response spectrum, called design spectrum, as specified
by EN 1998-1:2004, 3.2.2.5.

3.3 Spatial variability of the seismic action

(1)P For bridge sections with a continuous deck the spatial variability shall be
considered when one or both of the following two conditions hold.

— Soil properties along the bridge vary to the extent that more than one ground types
(as specified in EN 1998-1:2004, 3.1.1) correspond to the supports of the bridge
deck.

— Soil properties along the bridge are approximately uniform, but the length of the
continuous deck exceeds an appropriate limiting length, Liiy.

NOTE The value ascribed to Ly, for use in a country may be found in its National Annex. The
recommended value is: Ly, = L/1.5 where the length L, is defined in (6) below.

(2)P The model describing spatial variability should account, even if only in a
simplified way, for the propagative character of the seismic waves, as well as for the
progressive loss of correlation between motions at different locations due to the random
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non homogeneity of the soil, involving complex reflections and refractions of the
waves. The model should also account, even if only in a simplified way, for the further
increase in loss of correlation due to differences in the mechanical properties of the soil
along the bridge, which also modify the frequency content from one support to the
other.

NOTE Models of the spatial variability of the earthquake motions and appropriate methods of
analysis are presented in informative Annex D.

(3) Unless a more accurate evaluation is made, the simplified method specified in
the paragraphs (4) to (7) may be used.

4) The inertia response should be accounted for by one of the methods specified in
Section 4 (see 4.2.1, 4.2.3 and 4.2.4) using a single input seismic action for the entire
structure (e.g. a single response spectrum or corresponding accelerogram sets),
corresponding to the most severe ground type underneath the bridge supports.

(%) The spatial variation of the seismic action may be estimated by pseudo-static
effects of appropriate displacement sets, imposed at the foundation of the supports of
the bridge deck. These sets should reflect probable configurations of the spatial
variability of the seismic motion at free field and should be selected so as to induce
maximum values of the seismic action effect under investigation.

(6) The requirements in (5) are deemed to be satisfied, by imposing each of the
following two sets of horizontal displacements, applied separately, in each horizontal
direction of the analysis, on the relevant support foundations or on the soil end of the
relevant spring representing the soil stiffness. The effects of the two sets need not be
combined.

a. Set A

Set A consists of relative displacements:
di= &L < dg\E

d N2

with &, = —

applied simultaneously with the same sign (+ or —) to all supports of the bridge (/ to n)
in the horizontal direction considered (see Figure 3.1).
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Figure 3.1 : Displacement Set A
where:
dy is the design ground displacement corresponding to the ground type of support i,
in accordance with EN 1998-1:2004, 3.2.2.4;
L is the distance (projection on the horizontal plane) of support i from a reference

support i = 0, that may be conveniently selected at one of the end supports;

L, is the distance beyond which the ground motions may be considered as
completely uncorrelated.
NOTE 1: The value ascribed to L, for use in a country may be found in its National Annex. The
recommended value is given in Table 3.1N, depending on the ground type:
Table 3.1N: distance beyond which ground motions may be considered uncorrelated
Ground Type A B C D E
L, (m) 600 500 400 300 500
b. Set B

Set B covers the influence of ground displacements occurring in opposite directions at
adjacent piers. This is accounted for by assuming displacements Ad; of any intermediate
support i (>1) relative to its adjacent supports i-/ and i+/ considered undisplaced (see
Figure 3.1).

Ad; = iﬂrgrL(lv,i

where:

Leyvi 1s the average of the distances Li.;; and Lij+ of intermediate support i to its
adjacent supports i-1 and i+1 respectively. For the end supports (0 and 1) Lyyo =
LOI and L(t.v,n = Ln—l,n;

B is a factor accounting for the magnitude of ground displacements occurring in
opposite direction at adjacent supports.

NOTE 2: The value ascribed to 4, for use in a country may be found in its National Annex. The
recommended value is:
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5= 0.5 when altl three supports have the same ground type

5= 1.0 when the ground type at one of the supports is different than at the other two.

& 1s as defined for set A above. If a change of ground type appears between two
supports, the maximum value of & should be used.

Set B consists of the following configuration of imposed absolute displacements with
opposed sign at adjacent supports i and i+/, for i = 0 to n-7 (see Figure 3.2).

di = iAdi/2
div) = TAd /2

t’fi A

AN
0 & 4

A 4

Figure 3.2 : Displacement Set B

(7)P  In each horizontal direction the most severe effects resulting from the pseudo
static analyses of (5) and (6) shall be combined with the relevant effects of the inertia
response of (4), by using the SSRS rule (square root of the sum of squares). The result
of this combination constitutes the effects of the analysis in the direction considered.
For the combination of the effects of the different components of seismic action, the
rules of 4.2.1.4 are applicable.

(8) When time-history analysis is performed the seismic motions applied at each
support should retlect with sufficient reliability the probable spatial variability of the
seismic action.

NOTE Guidance for generating samples of seismic motion reflecting the probable spatial
variability is given in D.2 of Informative Annex D.
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4 ANALYSIS

4.1 Modelling

4.1.1 Dynamic degrees of freedom

(1)P  The model of the bridge and the selection of the dynamic degrees of freedom
shall represent the distribution of stiffness and mass so that all significant deformation
modes and inertia forces are activated under the design seismic excitation.

(2) It is sufficient, in certain cases, to use two separate models in the analysis, one
for modelling the response in the longitudinal direction of the bridge, and the other for
the transverse direction. The cases when it is necessary to consider the vertical
component of the seismic action are defined in 4.1.7.

4.1.2 Masses

(1)P  The mean values of the permanent masses and the quasi-permanent values of the
masses corresponding to the variable actions shall be considered.

(2) Distributed masses may be lumped at nodes in accordance with the selected
degrees of freedom.

(3)P  For design purposes the mean values of the permanent actions shall be taken
equal to their characteristic values.

(4)P  The quasi-permanent values of variable actions shall be taken as equal to
w10k where Oy 1s the characteristic value of traffic load.

NOTE The value ascribed to:ys; for use in a country may be found in its National Annex. The
recommended values are:
Bridges with normal traffic and footbridges. In general and in accordance with the
recommendation of EN 1990:2002, Annex A2, v, =0.
Bridges with severe traffic and for the UDL system of Model 1 (LM1)

Road bridges yry =0,2;

Railway bridges yr) =0,3.

Road bridges with severe traffic conditions may be considered as applying to motorways and
other roads of national importance. Railway bridges with severe traffic conditions may be
considered as applying to inter-city rail links and high speed railways.

When using O, the adjustment factors aq and a4 should be applied in accordance with EN
1991-2:2003

(%) When the piers are immersed in water, and unless a more accurate assessment of
the hydrodynamic interaction is made, this effect may be estimated by taking into
account an added mass of entrained water acting in the horizontal directions per unit
length of the immersed pier. The hydrodynamic influence on the vertical seismic action
may be omitted.

NOTE Informative Annex F gives a procedure for the calculation of the added mass of
entrained water in the horizontal directions, for immersed piers.

45



BS EN 1998_22005+A22011WWW3m|raI|kha|V8t|Com
EN 1998-2:2005+A2:2011 (E)

4.1.3 Damping of the structure and stiffness of members

() When response spectrum analysis is used, the following values of equivalent
viscous damping ratio £ may be assumed, on the basis of the material of the members
where the larger part of the deformation energy is dissipated during the seismic
response. In general this will occur in the piers.

Welded steel 0,02
Bolted steel 0,04
Reinforced concrete 0,05

Prestressed concrete 0,02

NOTE When the structure comprises several components /i with different viscous damping
ratios, &, the effective viscous damping of the structure &y may be estimated as:

where Ey 1s the deformation energy induced in component 7 by the seismic action. Effective
damping ratios may be conveniently estimated separately for each eigenmode, on the basis of the
relevant value of £y;.

(2) Member stiffness may be estimated in accordance with 2.3.6.1.

(3) In concrete decks consisting of precast concrete beams and cast in-situ slabs,
continuity slabs (see 2.3.2.2(4)) should be included in the model of seismic analysis,
taking into account their eccentricity relative to the deck axis and a reduced value of
their flexural stiffness. Unless this stiffness is estimated on the basis of the rotation of
the relevant plastic hinges, a value of 25% of the flexural stiffness of the uncracked
gross concrete section may be used.

4) For second order effects 2.4 (5) and 5.4 (1) apply. Significant second order
effects may occur in bridges with slender piers and in special bridges, like arch and
cable-stayed bridges.

4.1.4 Modelling of the soil

()P For the seismic analysis of the global system, the supporting members which
transmit the seismic action from the soil to the deck shall, in general, be assumed as
fixed relative to the foundation soil (see 3.1.2(3)). Soil-structure interaction effects may
be considered in accordance with EN 1998-5:2004, using appropriate impedances or
appropriately defined soil springs.

(2) Soil-structure interaction effects should always be accounted for in piers where,
under the action of a unit horizontal load in a given direction at the top of the pier, the
soil flexibility contributes more than 20% of the total displacement at the top of the pier.
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(3) Effects of soil-structure interaction on piles or shafts (caissons) shall be
determined in accordance with EN 1998-5:2004, 5.4.2, taking into account the
provisions of 6.4.2.

4) In cases in which it is difficult to estimate reliably the mechanical properties of
the soil, the analysis should be carried out using the estimated probable highest and
lowest values. High estimates of soil stiffness should be used for calculating the internal
forces and low estimates for calculating the displacements of the bridge.

4.1.5 Torsional effects

(I)P  Torsional motions of the bridge about a vertical axis shall be considered only in
skewed bridges (skew angle ¢ >20") and bridges with a ratio B/L > 2.0.

NOTE Such bridges tend to rotate about the vertical axis, even when the centre of mass
theoretically coincides with the centre of stiffness. (L is the total length of the continuous deck
and B is the width of the deck).

<

B

Figure 4.1: Skewed bridge

(2) Highly skewed bridges (¢ > 45°) should in general be avoided in high seismicity
regions. If this is not possible, and the bridge is supported on the abutments through
bearings, the actual horizontal stiffness of the bearings should be accurately modelled,
taking into account the concentration of vertical reactions near the obtuse angles.
Alternatively, an increased accidental eccentricity may be used.

(3)P  When using the Fundamental Mode Method (see 4.2.2) for the design of skewed
bridges, the following equivalent static moment shall be considered to act about the
vertical axis at the centre of gravity of the deck:

M, =xFe 4.1)
where:
F is the horizontal force determined in accordance with expression (4.12);
e=e,tey

e, = 0,03L or 0,038 is the accidental eccentricity of the mass; and
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eq = 0,05L or 0,058 is an additional eccentricity reflecting the dynamic effect of
simultaneous translational and torsional vibration.

For the calculation of e, and ¢4 the dimension L or B transverse to the direction of
excitation shall be used.

(4) When using a Full Dynamic Model (space model), the dynamic part of the
torsional excitation is taken into account if the centre of mass is displaced by the
accidental eccentricity e, in the most unfavourable direction and sense. However, the
torsional effects may also be estimated using the static torsional moment of expression

4.1).

(5)P  The torsional resistance of a bridge structure shall not rely on the torsional
rigidity of a single pier. In single span bridges the bearings shall be designed to resist
the torsional effects.

4.1.6 Behaviour factors for linear analysis

()P The reference procedure of the present standard is a response spectrum analysis
for the design spectrum defined in EN 1998-1:2004, 3.2.2.5 (see 3.2.4(1)). The
behaviour factor is defined globally for the entire structure and reflects its ductility
capacity, i.e. the capability of the ductile members to withstand, with acceptable
damage but without failure, seismic actions in the post-elastic range. The available
levels of ductility are specified in 2.3.2. The capability of ductile members to develop
flexural plastic hinges 1s an essential requirement for the application of the values of the
behaviour factor ¢ specified in Table 4.1 for ductile behaviour.

NOTE The linear analysis method, using sufficiently conservative global force reduction factors
(behaviour factors as defined by Table 4.1), is generally considered to be a reasonable
compromise between the uncertainties intrinsic to the seismic problem and the relevant
admissible errors on the one hand and the required effort for the analysis and design on the
other.

(2) This required capability of ductile members to develop flexural plastic hinges is
deemed to be ensured when the detailing rules of Section 6 are followed and capacity
design in accordance with 5.3 is performed.

(3)P  The maximum values of the behaviour factor ¢ which may be used for the two
horizontal seismic components are specified in Table 4.1, depending on the post-elastic
behaviour of the ductile members where the main energy dissipation takes place. If a
bridge has various types of ductile members, the behaviour factor ¢ corresponding to
the type-group with the major contribution to the seismic resistance shall be used.
Different values of the behaviour factor ¢ may be used in each of the two horizontal
directions.

NOTE Use of behaviour factor values less than the maximum allowable specified in Table 4.1

will normally lead to reduced ductility demands, implying in general a reduction of potential
damage. Such a use 1s therefore at the discretion of the designer and the owner.
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Table 4.1: Maximum values of the behaviour factor ¢

Type of Ductile Members Seismic Behaviour
Limited Ductile
Ductile
Reinforced concrete piers:
Vertical piers in bending 1,5 3,5 ()
Inclined struts in bending 1,2 2,1 M)

Steel Piers:

Vertical piers in bending 1,5 3.5
Inclined struts in bending 1,2 2.0
Piers with normal bracing 1,5 2;5
Piers with eccentric bracing - 3.5

Abutments rigidly connected to the deck:

In general 1,5 1,5
Locked-in structures (see. 4.1.6(9), (10)) 1,0 1.0
Arches 1,2 2,0

*asz Ly/h is the shear span ratio of the pier, where L is the distance from

the plastic hinge to the point of zero moment and % is the depth of the
cross-section in the direction of flexure of the plastic hinge.
For o >3 Ala)=1,0

I>a> 1,0 Moy = J%

NOTE In piers of rectangular shape, when under the seismic action in the global direction under
consideration, the compression zone has triangular shape, the minimum of the values of «,
corresponding to the two sides of the section, should be used.

4) For all bridges with regular seismic behaviour as specified in 4.1.8, the values of
the g-factor specified in Table 4.1 for Ductile Behaviour may be used without any
special verification of the available ductility, provided that the detailing requirements
specified in Section 6 are met. When only the requirements specified in 6.5 are met, the
values of the g-factor specified in Table 4.1 for Limited Ductile Behaviour may be used
without any special verification of the available ductility, regardless of the regularity or
irregularity of the bridge.

(5)P  For reinforced concrete ductile members the values of g-factors specified in
Table 4.1 are valid when the normalised axial force 7 defined in 5.3(4) does not exceed

0,30. If 0,30 < 7 < 0,60 even in a single ductile member, the value of the behaviour
factor shall be reduced to:

n —03
q;q—ﬂﬁw—l)zm (4.2)
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A value for g, = 1,0 (elastic behaviour) should be used for bridges in which the seismic
force resisting system contains members with 7 > 0,6.

(6) The values of the g-factor for Ductile Behaviour specified in Table 4.1 may be
used only if the locations of all the relevant plastic hinges are accessible for inspection
and repair. Otherwise, the values of Table 4.1 shall be multiplied by 0,6; however, final
g-values less than 1,0 need not be used.

NOTE The term “accessible”, as used in the paragraph above, has the meaning of “accessible
even with reasonable difficulty”. The foot of a pier shaft located in backfill, even at substantial
depth, is considered to be “accessible”. On the contrary, the foot of a pier shaft immersed in
deep water, or the heads of piles beneath a large pile cap, should not be considered as
“accessible™.

(7) When energy dissipation is intended to occur at plastic hinges located in piles
designed for ductile behaviour, and at points which are not accessible, the final g-value
to be used need not be less than 2,1 for vertical piles and 1,5 for inclined piles (see also
EN 1998-5:2004, 5.4.2(5)).

(8) Subclause 2.3.2.2(4)P applies for plastic hinge formation in the deck.

NOTE The potential formation of plastic hinges in secondary deck members (continuity slabs) is
allowed in this case, but should not be relied upon to increase the value ot ¢.

9) Bridge structures the mass of which essentially follows the horizontal seismic
motion of the ground (“locked-in” structures) do mnot experience significant
amplification of the horizontal ground acceleration. Such structures are characterised by
a very low value of the natural period in the horizontal directions (7 < 0,03 s). The
inertial response of these structures in the horizontal directions may be assessed by
calculating the horizontal inertia forces directly from the design seismic ground
acceleration and ¢ = 1. Abutments flexibly connected to the deck belong to this
category.

(10)  Bridge structures consisting of an essentially horizontal deck rigidly connected
to both abutments (either monolithically or through fixed bearings or links), may be
considered to belong to the category of (9) irrespective of the value of the natural
period, if the abutments are embedded in stiff natural soil formations over at least 80 %
of their lateral area. If these conditions are not met, then the interaction with the soil at
the abutments should be included in the model, using realistic soil stiffness parameters.
If 7> 0,03 s, then the design spectrum defined in EN 1998-1:2004, 3.2.2.5 should be
used with ¢ = 1,50.

(11)P When the main part of the design seismic action is resisted by elastomeric
bearings, the flexibility of the bearings leads to a practically elastic behaviour of the
system. Such bridges shall be designed in accordance with Section 7.

NOTE: In general no plastic hinges will develop in piers which are flexibly connected to the
deck in the direction considered. A similar situation will occur in individual piers with very low
stiffness i comparison to the other piers (see 2.3.2.2(7) and Note under (9)). Such members
have negligible contribution in resisting the seismic actions and therefore do not affect the value
of the g-tactor (see 4.1.6(3)P).
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(I12)P The behaviour factor for the analysis in the vertical direction shall always be
taken as equal to 1,0.

4.1.7 Vertical component of the seismic action

(N The effects of the vertical seismic component on the piers may be omitted in
cases of low and moderate seismicity. In zones of high seismicity these effects need
only be taken into account if the piers are subjected to high bending stresses due to
vertical permanent actions of the deck, or when the bridge is located within 5 km of an
active seismotectonic fault, with the vertical seismic action determined in accordance
with 3.2.2.3

(2)P  The effects of the vertical seismic component acting in the upward direction on
prestressed concrete decks, shall be always taken into account.

(3)P  The effects of the vertical seismic component on bearings and links shall always
be taken into account.

(4) The estimation of the effects of the vertical component may be carried out using
the Fundamental Mode Method and the Flexible Deck Model (see 4.2.2.4).

4.1.8 Regular and irregular seismic behaviour of ductile bridges

() Designating by Mgg; the maximum value of design moment at the intended
plastic hinge location of ductile member 7/ as derived from the analysis for the seismic
design situation and by Mgq; the design flexural resistance of the same section with its
actual reinforcement under the concurrent action of the non-seismic action effects in the
seismic design situation, then the local force reduction factor r; associated with member
i, under the specific seismic action is defined as:

MEd’
= q—" (43)
MR(IJ

Note I Since Mg £ Mgy, it follows that r; < ¢

Note 2 When in a regular bridge the maximum value of r; among all ductile members, 7y, 18
substantially lower than ¢, the design cannot fully exploit the allowable maximum g-values.
When r. = 1,0 the bridge responds elastically to the design earthquake considered.

(2)P A bridge shall be considered to have regular seismic behaviour in the considered
horizontal direction, when the following condition is satistied

Voo
p=—<p, (4.4)
Finin

where:
Fmin 18 the minimum value of r; and
Fmax 18 the maximum value of »; among all ductile members /, and;

Po 18 a limit value selected so as to ensure that sequential yielding of the ductile
members will not cause unacceptably high ductility demands on one member.
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NOTE The value ascribed to p, for use in a country may be in found in its National Annex. The
recommended value is g, = 2,0.

(3) One or more ductile members (piers) may be exempted from the above
calculation of ry, and iy, if their total shear contribution does not exceed 20% of the
total seismic shear in the considered horizontal direction.

()P Bridges that do not conform to expression (4.4), shall be considered to have
irregular seismic behaviour, in the considered horizontal direction. Such bridges shall
either be designed using a reduced g-value:

P
g =¢g—21,0 (4.5)
" p

or shall be designed based on results of non-linear analysis in accordance with 4.1.9.

4.1.9 Non-linear analysis of irregular bridges

(1) In bridges of irregular seismic behaviour, the sequential yielding of the ductile
members (piers) may cause substantial deviations of the results of the equivalent linear
analysis performed with the assumption of a global force reduction factor ¢ (behaviour
factor) from those of the non-linear response of the bridge structure. The deviations are
due mainly to the following effects.

— The plastic hinges which appear first usually develop the maximum post-elastic
strains, which may lead to concentration of unacceptably high ductility demands in
these hinges;

— Following the formation of the first plastic hinges (normally in the stiffer members),
the distribution of stiffnesses and hence of forces may change from that predicted by
the equivalent linear analysis. This may lead to a substantial change in the assumed
pattern of plastic hinges.

(2) In general the realistic response of irregular bridges under the design seismic
action may be estimated by means of a dynamic non-linear time-history analysis,
performed in accordance with 4.2.4.

(3) An approximation of the non-linear response may also be obtained by a
combination of an equivalent linear analysis with a non-linear static analysis (pushover
analysis) in accordance with 4.2.5.

4.2 Methods of analysis

4.2.1 Linear dynamic analysis - Response spectrum method
4.2.1.1 Definition and field of application

(D The Response Spectrum Analysis is an elastic calculation of the peak dynamic
responses of all significant modes of the structure, using the ordinates of the site-
dependent design spectrum (see EN 1998-1:2004, 3.2.2.5). The overall response is
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obtained by statistical combination of the maximum modal contributions. Such an
analysis may be applied in all cases in which a linear analysis is allowed.

(2)P  The earthquake action effects shall be determined from an appropriate discrete
linear model (Full Dynamic Model), idealised in accordance with the laws of mechanics
and the principles of structural analysis, and compatible with an associated idealisation
of the seismic action. In general this model is a space model.

4.2.1.2 Significant modes

()P All modes making significant contribution to the total structural response shall
be taken into account.

2) For bridges in which the total mass M can be considered as a sum of "effective
modal masses" M,, the criterion (1) is deemed to be satisfied if the sum of the effective
modal masses for the modes considered, (2M;)., amounts to at least 90% of the total
mass of the bridge.

3) If the condition (2) is not satisfied after consideration of all modes with 7" >
0,033 sec, the number of modes considered may be deemed acceptable provided that
both of the following conditions are satisfied:

— (IM)JM > 0,70

— The final values of the seismic action effects are multiplied by M/(ZM;).

4.2.1.3 Combination of modal responses

(1)P In general the probable maximum value £ of a seismic action effect (force,
displacement etc.), shall be taken as equal to the square root of the sum of squares of the
modal responses, £; (SRSS-rule)

o \[Z‘Elz (4.6)

This action effect shall be assumed to act with plus and minus signs.

(2)P  When two modes have closely spaced natural periods the SRSS rule (expression
(4.6)) is unconservative and more accurate rules shall be applied. Two natural periods,
Ti, T;, may be considered as closely spaced natural periods if they satisfy the condition:

0,1

< pi =TT <1+10[J5¢
0.1+ 2c : :

(4.7)

where & and ¢ are the viscous damping ratios of modes 7 and j respectively (see (3)),.

3) For any two modes satistfying expression (4.7), the method of the Complete
Quadratic Combination (CQC) may be used instead of the SRSS rule:

(4.8)
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In expression (4.8) rj; is the correlation factor:

BJES (& +p Ep"
- 1]

(I=p2) +4&8p (14 p2)+4(E +E0)p:
1 S 1 R 1

7 'I]

(4.9)

where:
&, & are the viscous damping ratios i corresponding to modes i and j respectively.

NOTE Expression (4.9) gives 1y = r;;. When 7; = T, then &= & and ry; = 1.

4.2.1.4 Combination of the components of the seismic action

(1) The probable maximum action effect £, due to the simultaneous occurrence of
the components of the seismic action along the horizontal axes X and Y and the vertical
axis Z, may be estimated in accordance with EN 1998-1: 2004, 4.3.3.5.2(4), 1.e. through
application of the SRSS rule to the maximum action effects £y, £, and £, due to
independent seismic action along each axis:

E=\E+E*E; (4.10)

(2) Again in accordance with EN 1998-1: 2004, 4.3.3.5.2(4), the probable maximum
action effect £ may be taken as the most adverse of the effects calculated from EN
1998-1: 2004, expressions (4.18)-(4.22).

4.2.2 Fundamental mode method
4.2.2.1 Definition

(1) In the Fundamental mode method, equivalent static seismic forces are derived
from the inertia forces corresponding to the fundamental mode and natural period of the
structure in the direction under consideration, using the relevant ordinate of the site
dependent design spectrum. The method also includes simplifications regarding the
shape of the first mode and the estimation of the fundamental period.

(2) Depending on the particular characteristics of the bridge, this method may be
applied using three different approaches for the model, namely:

— the Rigid Deck Model
— the Flexible Deck Model
— the Individual Pier Model

(3)P  The rules of 4.2.1.4 for the combination of the components of seismic action
shall be applied.
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4.2.2.2 Field of application

(1) The method may be applied in all cases in which the dynamic behaviour of the
structure can be sufficiently approximated by a single dynamic degree of freedom
model. This condition is considered to be satisfied in the following cases.

(a) In the longitudinal direction of approximately straight bridges with continuous
deck, when the seismic forces are carried by piers the total mass of which is less than
20% of the mass of the deck.

(b) In the transverse direction of case (a), if the structural system 1s approximately
symmetric about the centre of the deck, i.e. when the theoretical eccentricity e, between
the centre of stiffness of the supporting members and the centre of mass of the deck
does not exceed 5% of the length of the deck (L).

() In the case of piers carrying simply-supported spans, if no significant interaction
between piers 1s expected and the total mass of each pier 1s less than 20% of the
tributary mass of the deck.

4.2.2.3 Rigid deck model

(1) This model may only be applied, when, under the seismic action, the
deformation of the deck within a horizontal plane is negligible compared to the
horizontal displacements of the pier tops. This condition is always met in the
longitudinal direction of approximately straight bridges with continuous deck. In the
transverse direction the deck may be assumed rigid either if L/B < 4,0, or if the
following condition is satisfied:

Ad
—<0,20 4.11
J (4.11)
where:
L is the total length of the continuous deck;
B 1s the width of the deck; and
Aq and d, are respectively the maximum difference and the average of the

displacements in the transverse direction of all pier tops under the transverse
seismic action, or under the action of a transverse load of similar distribution.

(2)P  The earthquake effects shall be determined by applying a horizontal equivalent
static force F at the deck given by the expression:

F=M S«(T) (4.12)

where:

M is the total effective mass of the structure, equal to the mass of the deck plus the
mass of the upper half of the piers;

Sd(T) s the spectral acceleration of the design spectrum (EN 1998-1:2004, 3.2.2.5)
corresponding to the fundamental period 7 of the bridge, estimated as:
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[M
T =2m|— 4.13
% (4.13)

where K=K, is the stiffness of the system, equal to the sum of the stiffnesses of the
resisting members.

3) In the transverse direction the force F may be distributed along the deck
proportionally to the distribution of the effective masses.

4.2.2.4 Flexible deck model

()P The Flexible Deck Model shall be used when expression (4.11) is not satisfied.

(2) Unless a more accurate calculation is made, the fundamental period of the
structure in the horizontal direction considered, may be estimated via the Rayleigh
quotient, using a generalised single-degree-of-freedom system, as follows:

(4.14)
M, is the mass at the i-th nodal point
di is the displacement in the direction under examination when the structure is
acted upon by forces gM,; acting at all nodal points in the horizontal direction
considered.

(3)P  The earthquake effects shall be determined by applying horizontal forces F; at
all nodal points given by:

47’
Fy =—=S84(DdM; (4.15)

gre

where:

T is the period of the fundamental mode of vibration for the horizontal direction
considered,

M, 1s the mass concentrated at the i-th point,

d; is the displacement of the i-th nodal point in an approximation of the shape of

the first mode (may be taken as equal to the values determined in (2) above),

Sq(T) is the spectral acceleration of the design spectrum (EN 1998-1:2004, 3.2.2.5),
and

g 1s the acceleration of gravity.
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4.2.2.5 Torsional effects in the transverse direction (rotation about the vertical
axis)

() When the Rigid or the Flexible Deck Model 1s used in the transverse direction of
a bridge, torsional effects may be estimated by applying a static torsional moment M; in

accordance with expression (4.1) of 4.1.5(3)P. The relevant eccentricity shall be
estimated as follows:

e=e,t e, (4.16)

where:
€o is the theoretical eccentricity (see case (b) 0f 4.2.2.2(1))

e, = 0,05L is an additional eccentricity accounting for accidental and dynamic
amplification effects

(2) The force F may be determined either from expression (4.12), or as 2F; from
expression (4.15). The moment A may be distributed to the supporting members using

the Rigid Deck Model.

4.2.2.6 Individual pier model

(1) In some cases the seismic action in the transverse direction of the bridge is
resisted mainly by the piers, without significant interaction between adjacent piers. In
such cases the seismic action effects acting in the i-th pier may be approximated by
applying on it an equivalent static force:

,Fi :M; Sd(T|) (4 1 7)
where
M, 1s the effective mass attributed to pier 7 and

T =2z |20 (4.18)

i

is the fundamental period of the same pier, considered independently of the rest of the
bridge.

(2) This simplification may be applied as a first approximation for preliminary
analyses, when the following condition is met by the results of expression (4.18) for all
adjacent piers / and i+1:

090 < Ti/Tiv1 < 1,10 (4.19)

Otherwise a redistribution of the effective masses attributed to each pier is required,
leading to the satisfaction of the above condition.
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4.2.3 Alternative linear methods
4.2.3.1 Time series analysis

()P In a time series analysis, the design seismic action shall be taken as the average
of the extreme response computed for each accelerogram in a set of time-histories
considered. Subclause 3.2.3 applies for the choice of time-histories.

4.2.4 Non-linear dynamic time-history analysis
4.2.4.1 General

(1)P The time dependent response of the structure shall be obtained through direct
numerical integration of its non-linear differential equations of motion. The seismic
input shall consist of ground motion time-histories (accelerograms, see 3.2.3). The
effects of gravity loads and of the other quasi-permanent actions in the seismic design
situation, as well as second order effects, shall be taken into account.

(2)P  Unless otherwise specified in this Part, this method can be used only in
combination with a standard response spectrum analysis to provide insight into the post
-elastic response and comparison between required and available local ductility
demands. Generally, the results of the non-linear analysis shall not be used to relax
requirements resulting from the response spectrum analysis. However, in the cases of
bridges with isolating devices (see Section 7) or trregular bridges (see 4.1.8) lower
values estimated from a rigorous time-history analysis may be substituted for the results
of the response spectrum analysis.

4.2.4.2 Ground motions and design combination

(1)P  The provisions of 3.2.3 apply.
(2)P  The provisions of 5.5(1) and 4.1.2 apply.

4.2.4.3 Design action effects

()P When non-linear dynamic analysis is performed for at least seven independent
pairs of horizontal ground motions, the average of the individual responses may be used
as the design value of the action effects, except if otherwise required in this part. When
less than seven non-linear dynamic analyses are performed for the corresponding
independent pairs of input motions, the maximum responses of the ensemble should be
used as design action effects.

4.2.4.4 Ductile structures

(1) Objectives

The main objectives of a non-linear time-history analysis of a ductile bridge are the
following.
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— The identification of the actual pattern of plastic hinge formation

— The estimation and verification of the probable post-yield deformation demands in
plastic hinges and the estimation of the displacement demands

— The determination of the strength requirements for the prevention of non-ductile
failure modes in the superstructure and for the verification of the soil.

(2) Requirements

For a ductile structure subjected to high local ductility demands, achievement of the
above objectives requires the following.

(a) A realistic identification of the extent of the structure that remains elastic. Such
Text deleted &1l identification should be based on probable values of the yield stresses
and strains of the materials.

(b) In the regions of plastic hinges, the stress-strain diagrams for both concrete and
reinforcement or structural steel, should reflect the probable post-yield behaviour,
taking into account confinement of concrete, when relevant, and strain hardening and/or
local buckling effects for steel. The shape of hysteresis loops should be properly
modelled, taking into account strength and stiffness degradation and hysteretic
pinching, if indicated by appropriate laboratory tests.

(c) The verification that deformation demands are safely lower than the capacities
of the plastic hinges, should be performed by comparing plastic hinge rotation demands,
6,.i, to the relevant design rotation capacities, 6,4, as follows:

Goc < Gha (4.20)

The design values of the plastic rotation capacities, 6,4, should be derived from relevant
test results or calculated from ultimate curvatures, by dividing the probable value 6, , by
a factor, y p, that reflects local defects of the structure, uncertainties of the model and/or
the dispersion of relevant test results, as follows:

Hp.u
b 4= 4.21)

I R.p

The same condition should be checked for other deformation demands and capacities of
dissipative zones of steel structures (e.g. elongation of tensile members in diagonals and
shear deformation of shear panels in eccentric bracings).

NOTE Informative Annex E gives information for the estimation of 6,4 and for y,

(d) Member strength verification against bending with axial force 1s not needed, as
such a verification is inherent in the non-linear analysis procedure according to (a)
above. However it should be verified that no significant yield occurs in the deck
(5.6.3.6(1)P and (2)).

(e) Verification of members against non-ductile failure modes (shear of members

and shear in joints adjacent to plastic hinges), as well as of foundation failure, should be
performed in accordance with the relevant rules of Section 5. The capacity design action
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effects should be taken as the action effects resulting from the non-linear analysis
multiplied by g4, in accordance with 5.6.2(2)Pb. These values should not exceed the
design resistances Ry (= Ry/yv) of the corresponding sections, i.e.:

max£ty < Ry (4.22)

4.2.4.5 Bridges with seismic isolation

() The objective of the analysis in this case is the realistic assessment of the
displacement and force demands:

— properly taking into account the effect of the variability of the properties of the
isolators, and

— ensuring that the isolated structure remains essentially elastic
(2) The provisions of Section 7 apply.

4.2.5 Static non-linear analysis (pushover analysis)

(1)P  Pushover analysis is a static non-linear analysis of the structure under constant
vertical (gravity) loads and monotonically increased horizontal loads, representing the
effect of a horizontal seismic component. Second order effects shall be accounted for.
The horizontal loads are increased until a target displacement is reached at a reference
point.

(2) The main objectives of the analysis are the following.
— The estimation of the sequence and the final pattern of plastic hinge formation;

— The estimation of the redistribution of forces following the formation of plastic
hinges;

— The assessment of the force-displacement curve of the structure (“capacity curve”)
and of the deformation demands of the plastic hinges up to the target displacement.

(3) The method may be applied to the entire bridge structure or to individual
components.

4) The requirements of 4.2.4.4(2) apply, with the exception of the requirement for
modelling of the hysteresis loop shape in 4.2.4.4(2)b.

NOTE 1 A recommended procedure for the application of this method is given in Informative
Annex H.

NOTE 2 It is noted that a static non-linear (pushover) analysis, such as the one given in Annex
H, leads to realistic results in structures, the response of which to the horizontal seismic action in
the direction considered can be reasonably approximated by a generalized one degree of freedom
system. Assuming the influence of the pier masses to be minor, the above condition is always
met in the longitudinal direction of approximately straight bridges. The condition is also met in
the transverse direction, when the distribution of the stiffness of piers along the bridge provides
a more or less uniform lateral support to a relatively stitf deck. This is the most common case for
bridges where the height of the piers decreases towards the abutments or does not present
intense variations. When, however, the bridge has one exceptionally stiff and unyielding pier,
located between groups of regular piers, the system cannot be approximated in the transverse
direction by a single-degree-of-freedom and the pushover analysis may not lead to realistic
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results. A similar exception holds for long bridges, when very stiff piers are located between
groups of regular ones, or in bridges in which the mass of some piers has a significant effect on
the dynamic behaviour, in either of the two directions. Such irregular arrangements may be
avoided, e.g. by providing sliding connection between the deck and the pier(s) causing the
irregularity. If this is not possible or expedient, then non-linear time history analysis should be
used.
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5 STRENGTH VERIFICATION

5.1 General

(1)P The provisions of this Section apply to the earthquake resisting system of
bridges designed by an equivalent linear method taking into account a ductile or limited
ductile behaviour of the structure (see 4.1.6). For bridges provided with isolating
devices, Section 7 shall be applied. For verifications on the basis of results of non-linear
analysis, 4.2.4 applies. In both latter cases 5.2.1 applies.

5.2 Materials and design strength

5.2.1 Materials

(1)P  In bridges designed for ductile behaviour with ¢ > 1,5, concrete members where
plastic hinges may form, shall be reinforced with steel of Class C in accordance with
EN 1992-1-1:2004, Table C.1.

(2) Concrete members of bridges designed for ductile behaviour, where no plastic
hinges may form (as a consequence of capacity design), as well as all concrete members
of bridges designed for limited ductile behaviour (¢ < 1,5) or all concrete members of

bridges with seismic isolation in accordance with Section 7, may be reinforced using
steel of Class B in accordance with EN 1992-1-1:2004, Table C.4.

(3)P  Structural steel members of all bridges shall conform to EN 1998-1: 2004, 6.2.

5.2.2 Design strength

()P The design value of member resistance shall be determined in accordance with
EN 1998-1:2004, 5.2.4, 6.1.3 or 7.1.3, as appropriate.

5.3 Capacity design

()P For structures designed for ductile behaviour, capacity design effects F¢ (Ve,
Mec, Nc) shall be calculated by analysing the intended plastic mechanism under:

a) the non-seismic actions in the design seismic situation and
b) the level of seismic action in the direction under consideration (see (6)) at which all
intended tlexural hinges have developed bending moments equal to an upper fractile of

their flexural resistance, called the overstrength moment, M,,.

(2) The capacity design effects need not be taken as greater than those resulting at
the seismic design situation (see 5.5) in the direction under consideration, with the
seismic action effects multiplied by the behaviour factor ¢ used in the analysis for the
design seismic action.

(3)P  The overstrength moment of a section shall be calculated as:

M, = Mg (5.1)
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where:
Yo 1s the overstrength factor;

Mg is the design flexural strength of the section, in the selected direction and sign,
based on the actual section geometry, including reinforcement where relevant,
and material properties (with , values for fundamental design situations). In

determining Myq, biaxial bending shall be taken into account under: (a) the
action effects of the non-seismic actions in the seismic design situation and (b)
the other seismic action effects corresponding to the design seismic action with
the selected direction and sign.

4) The value of the overstrength factor should reflect the variability of material
strength properties, and the ratio of the ultimate strength to the yield strength.

NOTE The value ascribed to j, for use in a country may be found in its National Annex. The
recommended values are:
For concrete members: v, = 1,35;
For steel members: Vo= 1,25,

w

In the case of reinforced concrete sections with special confining reinforcement in
accordance with 6.2.1, and with the value of the normalized axial force

M = NEd/(Ac ck) (52)
exceeding 0,1, the value of the overstrength factor shall be multiplied by 1+2(7,-0,1 )

where:

Neq  1s the value of the axial force at the plastic hinge seismic design situation,
positive if compressive;

Ae 1s the cross-sectional area of the section; and

Jex is the characteristic concrete strength.

(5)P  Within the length of members that develop plastic hinge(s), the capacity design
bending moment M, at the vicinity of the hinge (see Figure 5.1) shall not be assumed to

be greater than the relevant design flexural resistance Mrq of the nearest hinge
calculated in accordance with 5.6.3.1.
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Figure 5.1: Capacity design moments M¢ within the length of member containing
plastic hinges

NOTE 1: The Mpg-diagrams shown in Figure 5.1 correspond to a pier with variable cross-section
(increasing downwards). In the case of a constant cross-section with constant reinforcement, My
is also constant.

NOTE 2: For Lj, see 6.2.1.5.

(6) In general capacity design effects should be calculated separately for seismic
action acting (with + and — sign) in each of the longitudinal and the transverse
directions. A relevant procedure and simplifications are given in Annex G.

(7)P When sliding bearings participate in the plastic mechanism, their capacity shall
be assumed as equal to y,Ryr, where:

Yor = 1,30 is a magnification factor for friction due to ageing effects and

Rar is the maximum design friction force of the bearing.

(8)P In bridges with elastomeric bearings and intended to have ductile behaviour,
members where no plastic hinges are intended to form and which resist shear forces
from the bearings shall be designed as follows: the capacity design effects shall be
calculated on the basis of the maximum deformation of the bearings corresponding to
the design displacement of the deck and a bearing stiffness increased by 30%.

5.4 Second order effects

(1) For linear analysis, approximate methods may be used for estimating the
influence of second order effects on the critical sections (plastic hinges), also taking
into account the cyclic character of the seismic action wherever it has a significant
unfavourable effect.
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NOTE: Approximate methods for use in a country to estimate second order effects under seismic
actions may be found in its National Annex. The recommended procedure is to assume that the
increase of bending moments of the plastic hinge section due to second order effects, is:

where Ny is the axial force and drq is the relative transverse displacement of the ends of the
considered ductile member, both in the design seismic situation.

5.5 Combination of the seismic action with other actions

()P The design value £y of the effects of actions in the seismic design situation shall
be determined in accordance with EN 1990:2002, 6.4.3.4 and EN 1998-1:2004, 3.2.4(1)
as:

Ed —_ Gk ”+”Pk H_l__’YAEdII_‘__" I//ZIQ“( H+H Q2 (5'4)

where:

“+”  1implies “to be combined with”;

Gy are the permanent actions with their characteristic values;
Py is the characteristic value of prestressing after all losses;
Agg is the design seismic action;

O is the characteristic value of the traffic load;

" is the combination factor for traffic loads in accordance with 4.1.2(3)P; and
) is the quasi-permanent value of actions of long duration (e.g. earth pressure,

buoyancy, currents etc.)

NOTE Actions of long duration are considered to be concurrent with the design seismic action.

(2)P  Seismic action effects need not be combined with action effects due to imposed
deformations (caused by temperature, shrinkage, settlements of supports, residual
ground movements due to seismic faulting).

(3)P  An exception to the rule in (2)P is the case of bridges in which the seismic
action is resisted by elastomeric laminated bearings (see also 6.6.2.3(4)). In such a case
elastic behaviour of the system shall be assumed and the action effects due to imposed
deformations shall be accounted for.

NOTE In the case of (3)P the displacement due to creep does not normally induce additional
stresses to the system and can therefore be neglected. Creep also reduces the effective stresses
induced in the structure by long-term imposed deformations (e.g. by shrinkage).

(4)P Wind and snow actions shall be neglected in the design value Eq of the effects of
actions in the seismic design situation (expression (5.4)).
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5.6 Resistance verification of concrete sections

5.6.1 Design resistance

(1) When the resistance of a section depends on multi-component action effects
(e.g. bending moment, uniaxial or biaxial and axial force), the Ultimate Limit State
conditions specified in 5.6.2 and 5.6.3 may be satisfied by considering separately the
extreme (maximum or minimum) value of each component of the action effect with the
concurrent values of all other components of the action effect.

5.6.2 Structures of limited ductile behaviour

(1)P  For flexural resistance of sections the following condition shall be satisfied:
Ed < Rd (55)

where:

Eq is the design action effect in the seismic design situation including second order
effects; and

Ry is the design flexural resistance of the section in accordance with EN 1992-1-
1:2004, 6.1 and with 5.6.1(1).

(2)P  Verifications of shear resistance of concrete members shall be carried out in
accordance with EN 1992-1-1:2004, 6.2, with the following additional rules.

a)  The design action effects shall be calculated in accordance with 5.5(1)P, where
the seismic action effect Ay shall be multiplied by the behaviour factor ¢ used in
the linear analysis.

b)  The resistance values, Frae, Vras and Framax derived in accordance with EN

1992-1-1:2004, 6.2 shall be divided by an additional safety factor yq; against
brittle failure.

NOTE The value ascribed 1o g [AC1) for (A¢r] use in a country may be found in its National Annex.
The recommended value is ypq = 1,25.

5.6.3 Structures of ductile behaviour
5.6.3.1 Flexural resistance of sections of plastic hinges

(I)P  The following condition shall be satisfied.
Miq < Mpy (5.6)

where:

Mg 1s the design value of the moment as derived from the analysis for the seismic
design situation, including second order effects; and
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Mgy 1s the design flexural resistance of the section, in accordance with 5.6.1(1).

(2)P  The longitudinal reinforcement of the member containing the hinge shall remain
constant and fully effective over the length L, shown in Figure 5.1 and specified in
6.2.1.5.

5.6.3.2 Flexural resistance of sections outside the region of plastic hinges

(1)P  The following condition shall be satisfied.

Me < Mg (5.7)
where :
Mc  is the capacity design moment as specified in 5.3; and

Mgy is the design resistance of the section in accordance with EN 1992-1-1:2004, 6.1
taking into account the interaction of the other components of the design action
effect (axial force and, when applicable, bending moment in the orthogonal
direction).

NOTE As a consequence of 5.3(5)P, the cross-section and the longitudinal reinforcement of the

plastic hinge section shall not be affected by the capacity design verification.

5.6.3.3 Shear resistance of members outside the region of plastic hinges

(1)P  Verifications of shear resistance shall be carried out in accordance with EN
1992-1-1:2004, 6.2, with the following additional rules:

a)  The design action effects shall be assumed equal to the capacity design effects in
accordance with 5.3;

b)  The resistance values, Vrae, Vras and Vegmax derived in accordance with EN
1992-1-1:2004, 6.2 shall be divided by an additional safety factor yq against
brittle failure. One of the following two alternatives shall be used for the value of

7Bd-
: Ve
Alternative 1: 1 <yp, =754, +1 A Ydi (5.8a)
C,o
Alternative 2: 1<yp =Vpa) (5.8b)

where:
41 1S in accordance with 5.6.2(2)P;

Vea  is the maximum value of the shear in seismic design situation of 5.5(1)P;
and

Veo is the capacity design shear determined in accordance with 5.3, without
considering the limitation of 5.3(2).
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NOTE: As shown in Fig. 52N, Alternative 2 is more conservative. The choice between
Alternative 1 and Alternative 2 for use in a country may be found in its National Annex.

YBd

TBdi
] ,0 i -3

B
1O vt gVea/ Veo

Figure 5.2N : Alternative expressions (5.82a), (5.8b)

(2) Unless a more accurate calculation is made, for circular concrete sections of
radius » where the longitudinal reinforcement is distributed over a circle with radius r,
the eftective depth:

2r,

T

d,.=r+

C

(5.9)

may be used instead of d in the relevant expressions for the shear resistance. The value
of the internal lever arm z may be assumed to be equal to: z = 0,9..

5.6.3.4 Shear resistance of plastic hinges

(1)P  Subclause 5.6.3.3(1)P applies.

(2)P  The angle 0 between the concrete compression strut and the main tension chord
shall be assumed to be equal to 45°.

(3)P  The dimensions of the confined concrete core to the centre line of the perimeter
hoop shall be used in lieu of the section dimensions by, and d.

4) Subclause 5.6.3.3(2) may be applied using the dimensions of the confined
concrete core.

(5) For members with shear span ratio o, < 2,0 (see Table 4.1 for the definition of

o), verification of the pier against diagonal tension and sliding failure should be carried
out in accordance with EN 1998-1:2004, 5.5.3.4.3 and 5.5.3.4.4, respectively. In these
verifications, the capacity design effects should be used as design action effects.
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5.6.3.5 Verification of joints adjacent to plastic hinges

5.6.3.5.1 General

(1)P  Any joint between a vertical ductile pier and the deck or a foundation element
adjacent to a plastic hinge in the pier, shall be designed in shear to resist the capacity
design effects of the plastic hinge in the relevant direction. The pier is indexed in the
following paragraphs with “c” (for “column”), while any other member framing into the
same joint 1s referred to as “beam” and indexed with “b”.

(2)P  For a vertical solid pier of depth /. and of width b, transverse to the direction of
flexure of the plastic hinge, the effective width of the joint shall be assumed as follows:

— when the pier frames into a slab or a transverse rib of a hollow slab:

b; = b+ 0,5h, (5.10)

— when the pier frames directly into a longitudinal web of width by, (b, 1s parallel to
be):

b =min(b; b + 0,5k) (5.11)

— for circular piers of diameter d., the above definitions are applied assuming b, = h, =

0,94,

5.6.3.5.2 Joint forces and stresses

(1)P  The design vertical shear of the joint, V,, shall be assumed as:
I/tiZ = 70TRC' VbIC (512)

where:

Tre  1s the resultant force of the tensile reinforcement of the pier corresponding to the
design flexural resistance, Mrg, of the plastic hinge in accordance with 5.3(3)P,
and y is the overstrength factor in accordance with 5.3(3)P and 5.3(4) (capacity
design); and

Viee is the shear force of the “beam” adjacent to the tensile face of the column,
corresponding to the capacity design effects of the plastic hinge.

(2) The design horizontal shear of the joint Vjx may be calculated as (see Figure

Ze

V. =V. (5.13)

ix jz
Zy

where z. and z, are the internal lever arms of the plastic hinge and the “beam” end

sections, respectively, and z. and z, may be assumed to be equal to 0,9 times the
relevant effective section depths (see 5.6.3.3 and 5.6.3.4).
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Forces on the joint Internal forces
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Figure 5.3: Joint forces

(3)  The shear verification should be carried out at the centre of the joint, where, in
addition to Vj, and Fj,, the influence of following axial forces may be taken into
account:

— vertical axial joint force N, equal to:

b.
N =—N_ 5.14
]/ 2b] cG ( )

where:

Neg is the axial force of the column under the non-seismic actions in the design
seismic situation;

horizontal force Njx equal to the capacity design axial force effects in the “beam”,
including the effects of longitudinal prestressing after all losses, if such axial
forces are actually etfective throughout the width b; of the joint;

horizontal force N, in the transverse direction equal to the effect of transverse

- J’ . . . q . . .

prestressing after all losses, effective within the depth /., if such prestressing is
provided.

4) For the joint verification the following average nominal stresses are used.

Shear stresses:

V]-\, VIZ
V= V=V, E = — (5.15)
biz, bz,
Axial stresses:
N 5.16
- bih, (5.16)
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ij
n, = (5.17)
' b_ihb
N
Jy
n, = 5.18
’ hbhc ( )

NOTE: As pointed out in 5.3(6), the capacity design, and therefore the relevant joint
verification, should be carried out with both signs of the seismic action, + and -. It is also noted
that at knee-joints (e.g. over the end column of a multi-column bent in the transverse bridge
direction), the sign of My, and Vy;¢ may be opposite to that shown in Figure 5.3 and N, may be
tensile.

5.6.3.5.3 Verifications

(1)  If the average shear stress in the joint, v;, does not exceed the cracking shear
capacity of the joint, vj .., as given by expression (5.19), then minimum reinforcement
should be provided, in accordance with (6)P.

n n
1+

‘/ctd “ctd

z

i j.er fctd " I,SOjctd (5.19)

where: fod = fewo.0s/ 7% 18 the design value of the tensile strength of concrete.

(2)P  The diagonal compression induced in the joint by the diagonal strut mechanism
shall not exceed the compressive strength of concrete in the presence of transverse
tensile strains, taking into account also confining pressures and reinforcement.

3) Unless a more accurate model, the requirement of (2)P above is deemed to be
satisfied, if the following condition is met.

Vi Svira = 0,500V (5.20)
where,
v=10,6 (1-(f&/250)) (with f;x in MPa) (5.21)

The factor ¢, in expression (5.20) accounts for the effects of any confining pressure (#jy)

and/or reinforcement (py) in the transverse direction y, on the compressive strength of
the diagonal strut:

o= 1+ 2my+ pfia)/fea < 1.5 (5.22)
where:

py = Asy/(hchp) 1s the reinforcement ratio of any closed stirrups in the transverse
direction of the joint panel (orthogonal to the plane of action), and

fs:a =300 MPa is a reduced stress of this transverse reinforcement, for reasons of
limitation of cracking.
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(4) Reinforcement, both horizontal and vertical, should be provided in the joint, at
amounts adequate to carry the design shear force. This requirement may be satisfied by
providing horizontal and vertical reinforcement ratios, p, and p,, respectively, such that:

Vi -ny

(5.23)

(5.24)

where:

p,=—o is the reinforcement ratio in the joint panel in the horizontal direction,

bj hy

4

SZ

h

J e

p, = is the reinforcement ratio in the joint panel in the vertical direction, and

S

Jsys is the design yield strength of the joint reinforcement.
(5)P  The joint reinforcement ratios px and py shall not exceed the maximum value:

- Vf ;d

0= 5.25
[l]]dX 2](;)/ ( )

where v is given by expression (5.21)

(6)P A minimum amount of shear reinforcement shall be provided in the joint panel
in both horizontal directions, in the form of closed links. The required minimum joint
reinforcement ratio:

f ctd

pmin = (526)

5.6.3.5.4 Reinforcement arrangement

(1) Vertical stirrups should enclose the longitudinal “beam” reinforcement at the
face opposite to the pier. Horizontal stirrups should enclose the pier vertical
reinforcement, as well as “beam” horizontal bars anchored into the joint. Continuation
of pier stirrups/hoops into the joint is recommended.

(2) Up to 50% of the total amount of vertical stirrups required in the joint may be U-
bars, enclosing the longitudinal “beam” reinforcement at the face opposite to the
column (see Figure 5.4).

3) 50% of the bars of the top and bottom longitudinal reinforcement of the
“beams”, when continuous through the joint body and adequately anchored beyond it,
may be taken into account for covering the required horizontal joint reinforcement area
Agx.

4) The longitudinal (vertical) pier reinforcement should reach as far as possible
into the “beam”, ending just before the reinforcement layers of the “beam” at the face
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opposite to the pier-“beam” interface. In the direction of flexure of the plastic hinge, the
bars of both tensile regions of the pier should be anchored by a rectangular hook
directed towards the centre of the pier.

(5) When the amount of required reinforcement A4y, and/or Ay, in accordance with
expressions (5.24) and (5.23) is so high as to impair constructability of the joint, then
the alternative arrangement, described in (6) and (7), may be applied (see Figure 5.4).

__.f l'.

(b)

(c)
Key
A : “Beam”-pier interface
B : Stirrups in common areas count in both directions
Figure 5.4: Alternative arrangement of joint reinforcement; (a) vertical section
within plane xz; (b) plan view for plastic hinges forming in the x-direction; (¢) plan
view for plastic hinges in the x- and the y- directions.

(6) Vertical stirrups of amount py, > pin, acceptable from the constructability point
of view, may be placed within the joint body. The remaining area A4, = (p, - pi2)bihe,
should be placed on each side of the “beam”, within the joint width b; and not further
than 0,5/, from the corresponding pier face.
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(7) The horizontal reinforcement within the joint body may be reduced by 44 <
AAg,, provided that the ratio of the horizontal reinforcement remaining within the joint
body satisfies expression (5.26). The tensile reinforcement of the “beam” top and
bottom fibres at the faces of the pier should then be increased by A4, over the
reinforcement required in the relevant “beam” sections for the verification in flexure
under capacity design effects. Additional bars to cover this requirement should be
placed within the joint width b;; these bars should be adequately anchored, so as to be
fully effective at a distance /4, from the pier face.

5.6.3.6 Deck verification

(P It shall be verified that no significant yielding occurs in the deck. This
verification shall be carried out:

— for bridges of limited ductile behaviour, under the most adverse design action effect
in accordance with 5.5;

— for bridges of ductile behaviour, under the capacity design effects determined in
accordance with 5.3.

2) When the horizontal component of the seismic action in the transverse direction
of the bridge is considered, yielding of the deck for flexure within a horizontal plane is
considered to be significant if the reinforcement of the top slab of the deck yields up to
a distance from its edge equal to 10% of the top slab width, or up to the junction of the
top slab with a web, whichever is closer to the edge of the top slab.

(3) When verifying the deck on the basis of capacity design effects for the seismic
action acting in the transverse direction of the bridge, the significant reduction of the
torsional stiffness of the deck with increasing torsional moments should be accounted
for. Unless a more accurate calculation is made, the values specified in 2.3.6.1(4) may
be assumed for bridges of limited ductile behaviour, or 70% of these values for bridges
of ductile behaviour.

5.7 Resistance verification for steel and composite members

5.7.1 Steel piers
5.7.1.1 General

(D) For the verification of the pier under multi-component action effects, 5.6.1(1)
applies.

(2)P Energy dissipation is allowed to take place only in the piers and not in the deck.

(3)P  For bridges designed for ductile behaviour, the provisions of EN 1998-1:2004,
6.5.2, 6.5.4 and 6.5.5 for dissipative structures apply.

4) The provisions of EN 1998-1:2004, 6.5.3 apply. However cross-sectional class 3
is allowed only when g < 1.5.
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(5)  The provisions of EN 1998-1:2004, 6.9 apply for all bridge piers.

5.7.1.2 Piers as moment resisting frames

()P In bridges designed for ductile behaviour, the design values of the axial force,
Nrg, and shear forces, Vg, in piers consisting of moment resisting frames shall be
assumed to be equal to the capacity design action effects N¢ and Ve, respectively, as the
latter are specified in 5.3.

(2)P  The design of the sections of plastic hinges both in beams and columns of the
pier shall satisfy the provisions of EN 1998-1:2004, 6.6.2, 6.6.3 and 6.6.4, using the
values of Nigand Vig as specified in (1)P.

5.7.1.3 Piers as frames with concentric bracings

(1)P  The provisions of EN 1998-1: 2004 apply with the following modifications for
bridges designed for ductile behaviour.

— The design values for the axial shear force shall be in accordance with 5.3, taking
the force in all diagonals as corresponding to the overstrength y, Ny rg of the weakest
diagonal (see 5.3 for y,).

— The second part of expression (6.12) in EN 1998-1:2004, 6.7.4 shall be replaced by
the capacity design action Ngq = N¢

5.7.1.4 Piers as frames with eccentric bracings

()P The provisions of EN 1998-1:2004, 6.8 apply.

5.7.2 Steel or composite deck

(1)P  In bridges designed for ductile behaviour (g > 1,5) the deck shall be verified for
the capacity design effects in accordance with 5.3. In bridges designed for limited
ductile behaviour (¢ < 1,5) the verification of the deck shall be carried out using the
design action effects from the analysis in accordance with expression (5.4). The
verifications may be carried out in accordance with the relevant rules of EN 1993-
2:2005 or EN 1994-2:2005 for steel or composite decks, respectively.

5.8 Foundations

5.8.1 General

(1)P  Bridge foundation systems shall be designed to conform to the general
requirements set forth in EN 1998-5:2004, 5.1. Bridge foundations shall not be
intentionally used as sources of hysteretic energy dissipation and therefore shall, as far
as practicable, be designed to remain elastic under the design seismic action.

(2)P  Soil structure interaction shall be assessed where necessary on the basis of the
relevant provisions of EN 1998-5: 2004, Section 6.
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5.8.2 Design action effects

(1)P  For the purpose of resistance verifications, the design action effects on the
foundations shall be determined in accordance with (2)P to (4).

(2)P  Bridges of limited ductile behaviour (¢ < 1,5) and bridges with seismic isolation

The design action effects shall be those resulting from expression (5.4) with seismic
effects obtained from the linear analysis of the structure for the seismic design situation
in accordance with 5.5, with the analysis results for the design seismic action multiplied
by the g-factor used (i.e. effectively using ¢ = 1).

(3)P  Bridges of ductile behaviour (g > 1,5).

The design action effects shall be obtained by applying the capacity design procedure to
the piers in accordance with 5.3.

4) For bridges designed on the basis of non-linear analysis, the provisions of
4.2.4.4(2)e apply.

5.8.3 Resistance verification

()P The resistance verification of the foundations shall be carried out in accordance
with EN 1998-5:2004, 5.4.1 (Direct foundations) and 5.4.2 (Piles and piers).
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6 DETAILING

6.1 General

()P The rules of this Section apply only to bridges designed for ductile behaviour
and aim to ensure a minimum level of curvature/rotation ductility at the plastic hinges.

(2)P  For bridges of limited ductile behaviour, rules for the detailing of critical
sections and specific non-ductile components are specified in 6.5.

(3)P  In general, plastic hinge formation is not allowed in the deck. Therefore there is
no need for the application of special detailing rules other than those applying for the
design of bridges for the non-seismic actions.

6.2 Concrete piers

6.2.1 Confinement

6.2.1.1 General requirements

(1)P  Ductile behaviour of the compression concrete zone shall be ensured within the
potential plastic hinge regions.

(2)P  In potential hinge regions where the normalised axial force (see 5.3(3)) exceeds
the limit:

Nk = Nea/dofex > 0,08 (6.1)

confinement of the compression zone in accordance with 6.2.1.4 should be provided,
except as specified in (3).

(3)P  No confinement is required in piers if, under ultimate limit state conditions, a
curvature ductility xq = 13 for bridges of ductile behaviour, or x¢ = 7 for bridges of
limited ductile behaviour, is attainable, with the maximum compressive strain in the
concrete not exceeding the value of:

g2 = 0,35% (6.2)
NOTE: The condition of (3)P may be attainable in piers with flanged section, when sufficient
flange area is available in the compressive zone.

(4) In cases of deep compression zones, the confinement should extend at least up to

the depth where the value of the compressive strain exceeds 0,5¢u2

(5P The quantity of confining reinforcement is defined through the mechanical
reinforcement ratio:

Wwd = pw;fyd/_/;d (63)

where;:
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(a) In rectangular sections:

P 1s the transverse reinforcement ratio defined as:
A,
Py =— (6.4)
s b
where:

Aew is the total area of hoops or ties in the one direction of continement;

SL is the spacing of hoops or ties in the longitudinal direction;
b 1s the dimension of the concrete core perpendicular to the direction of the

confinement under consideration, measured to the outside of the perimeter hoop.
(b) In circular sections:

The volumetric ratio p,, of the spiral reinforcement relative to the concrete core is used:
P = _ (65)

where:
Asp is the area of the spiral or hoop bar
Dy, is the diameter of the spiral or hoop bar

SL is the spacing of these bars.

6.2.1.2 Rectangular sections

()P The spacing of hoops or ties in the longitudinal direction, s, shall satisfy both of
the following conditions:

— 5. < 6 times the longitudinal bar diameter, dy,.

— s < 1/5 of the smallest dimension of the confined concrete core, to the hoop centre
line.

(2)P  The transverse distance st between hoop legs or supplementary cross-ties shall
not exceed 1/3 of the smallest dimension by, of the concrete core to the hoop centre
line, nor 200mm (see Figure 6.1a).

(3)P  Bars inclined at an angle a > 0 to the transverse direction in which py, refers to

shall be assumed to contribute to the total area Ay, of expression (6.4) by their area
multiplied by cosa.
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A : 4 closed overlapping hoops

B : 3 closed overlapping hoops plus cross-ties
C : closed overlapping hoops plus cross-ties

Figure 6.1a: Typical confinement details in concrete piers with rectangular section
using overlapping rectangular hoops and cross-ties

6.2.1.3 Circular sections

()P The spacing of spiral or hoop bars, s, shall satisfy both of the following
conditions:

sy < 6 times the longitudinal bar diameter, dy.

sy < 1/5 of the diameter of the confined concrete core to the hoop centre line.
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6.2.1.4 Required confining reinforcement
()P Confinement is implemented through rectangular hoops and/or cross-ties or
through circular hoops or spirals.

NOTE The National Annex may prohibit the use of a certain type of confinement reinforcement.
It is recommended that all types of confinement are allowed.

(2)P The minimum amount of confining reinforcement shall be determined as
follows:

— for rectangular hoops and cross-ties

2 _
wwd,r > lﬂaX(CUw_qu; gcow,minj (66)
where:
A J
s = —& e+ 0,132 (p-0,01) (6.7)
Acc ./cd
where:
Ae is the area of the gross concrete section;

Aee is the confined (core) concrete area of the section to the hoop centerline;
Wy min, A are factors specified in Table 6.1; and

oL is the reinforcement ratio of the longitudinal reinforcement.

Depending on the intended seismic behaviour of the bridge, the minimum values
specified in Table 6.1 apply.

Table 6.1: Minimum values of 4 and ®w,min

Seismic Behaviour A W min
Ductile 0,37 0,18
Limited ductile 0,28 0,12

— for circular hoops or spirals

(6.8)

w > max (l ,460 w,min )

wd.c =

w

w,req

(3)P  When rectangular hoops and cross-ties are used, the minimum reinforcement
condition shall be satisfied in both transverse directions.

(4)P  Interlocking spirals/hoops are quite efficient for confining approximately

rectangular sections. The distance between the centres of interlocking spirals/hoops
shall not exceed 0,6Dy,, where Dy, is the diameter of the spiral/hoop (see Figure 6.1b).
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Figure 6.1b: Typical confinement detail in concrete piers using interlocking
spirals/hoops

6.2.1.5 Extent of confinement - Length of potential plastic hinges

(1)P When ny = Npd/Ac fo £ 0,3 the design length Ly, of potential plastic hinges shall
be estimated as the largest of the following values:

— the depth of the pier section within the plane of bending (perpendicular to the axis
of rotation of the hinge);

— the distance from the point of maximum moment to the point where the design
moment is less than 80% of the value of the maximum moment.

(2)P  When 0,6 > 5 > 0,3 the design length of the potential plastic hinges as
determined in (1)P shall be increased by 50%.

(3) The design length of plastic hinges (Ly) defined above should be used
exclusively for detailing the reinforcement of the plastic hinge. It should not be used for
estimating the plastic hinge rotation.

(4P When confining reinforcement is required, the amount specified in 6.2.1.4 shall
be provided over the entire length of the plastic hinge. Outside the length of the hinge
the transverse reinforcement may be gradually reduced to the amount required by other
criteria. The amount of transverse reinforcement provided over an additional length L,
adjacent to the theoretical end of the plastic hinge shall not be less than 50% of the
amount of the confining reinforcement required in the plastic hinge.

6.2.2 Buckling of longitudinal compression reinforcement

(1)P Buckling of longitudinal reinforcement shall be avoided along potential hinge
areas, even after several cycles into the post-yield region.

(2) To meet the requirement in (1)P, all main longitudinal bars should be restrained
against outward buckling by transverse reinforcement (hoops or cross-ties)
perpendicular to the longitudinal bars at a (longitudinal) spacing s;. not exceeding od,
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where d,,_ 1s the diameter of the longitudinal bars. Coefficient o depends on the ratio f/f,
of the tensile strength fy to the yield strength fy of the transverse reinforcement, in
terms of characteristic values, in accordance with the following relation:

5<0=25(filfu) +2.25 <6 (6.9)

(3) Along straight section boundaries, restraining of longitudinal bars should be
achieved &1 in either one of the following ways:

a) through a perimeter tie engaged by intermediate cross-ties at alternate locations of
longitudinal bars, at transverse (horizontal) spacing s; not exceeding 200 mm. The
cross-ties shall have 135°-hooks at one end and 135°-hooks or 90°-hook at the other.
Cross-ties with 135°-hooks at both ends may consist of two lapped spliced pieces. If 7
> 0,30, 90°-hooks are not allowed for the cross-ties. If the cross-ties have dissimilar
hooks at the two ends, these hooks should be alternated in adjacent cross-ties, both
horizontally and vertically. In sections of large dimensions the perimeter tie may be
spliced using appropriate lapping length combined with hooks;

b) through overlapping closed ties arranged so that every corner bar and at least every
alternate internal longitudinal bar is engaged by a tie leg. The transverse (horizontal)
spacing st of the tie legs should not exceed 200 mm.

(4)P The minimum amount of transverse ties shall be determined as follows:

min| — |=—=—=(mm"/m) (6.10)
ST Ry
where:
A is the area of one tie leg, in mm?;
SL is the spacing of the legs along the axis of the member (1], in m;

XA, is the sum of the areas of the longitudinal bars restrained by the tie, in mm®;
Jit is the yield strength of the tie; and

Jys is the yield strength of the longitudinal reinforcement.

6.2.3 Other rules

()P Due to the potential loss of concrete cover in the plastic hinge region, the
confining reinforcement shall be anchored by 135°-hooks (unless a 90°-hook is used in
accordance with 6.2.2(3)a) surrounding a longitudinal bar plus adequate extension (min.
10 diameters) into the core concrete.

(2)P  Similar anchoring or a full strength weld is required for the lapping of spirals or
hoops within potential plastic hinge regions. In this case laps of successive spirals or
hoops, when located along the perimeter of the member, should be staggered in
accordance with EN 1992-1-1:2004, 8.7.2.

(3)P  No splicing by lapping or welding of longitudinal reinforcement is allowed
within the plastic hinge region. For mechanical couplers see EN 1998-1:2004, 5.6.3(2).
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6.2.4 Hollow piers

(1) The rules of (2) to (4) are not required in cases of low seismicity.

NOTE: For cases of low seismicity the Notes in 2.3.7(1) apply.

(2) Unless appropriate justification is provided, the ratio b/h of the clear width b to
the thickness / of the walls, in the plastic hinge region (length Ly, in accordance with
6.2.1.5) of hollow piers with a single or multiple box cross-section, should not exceed 8.

3) For hollow cylindrical piers the limitation (2) applies to the ratio D;/h, where D;
is the inside diameter.

@) [n piers with simple or multiple box section and when the value of the ratio 7
defined in expression (6.1) does not exceed 0,20, there is no need for verification of the
confining reinforcement in accordance with 6.2.1, provided that the requirements of
6.2.2 are met.

6.3 Steel piers

(1)P  For bridges designed for ductile behaviour, the detailing rules of EN 1998-
1:2004, 6.5, 6.6, 6.7 and 6.8, as modified by 5.7 of the present Part, shall be applied.

6.4 Foundations

6.4.1 Spread foundation

(1)P  Spread foundations such as footings, rafts, box-type caissons, piers etc., shall not
enter the plastic range under the design seismic action, and hence do not require special
detailing reinforcement.

6.4.2 Pile foundations

(1)P  When it is not feasible to avoid localised hinging in the piles, using the capacity
design procedure (see 5.3), pile integrity and ductile behaviour shall be ensured. For
this case following rules apply.

2) The following locations along the pile should be detailed as potential plastic
hinges.

(a) At the pile heads adjacent to the pile cap, when the rotation of the pile cap about a
horizontal axis transverse to the seismic action is restrained by the large stiffness of
the pile group in this degree-of-freedom.

(b) At the depth where the maximum bending moment develops in the pile. This depth
should be estimated by an analysis that takes into account the effective pile flexural
stiffness (see 2.3.6.1), the lateral soil stiffness and the rotational stiffness of the pile
group at the pile cap.

(c) At the interfaces of soil layers with markedly different shear deformability, due to
kinematic pile-soil interaction (see EN 1998-5:2004, 5.4.2(1)P).
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3) At locations of type (a) in (2), confining reinforcement of the amount specified
in 6.2.1.4 along a vertical length equal to 3 times the pile diameter, should be provided.

(4) Unless a more accurate analysis is made, , , longitudinal as well as confining
reinforcement of the same amount as that required at the pile head shall be provided
over a length of two pile diameters on each side of the point of maximum moment at
locations of type (b) in (2), and of each side of the interface at locations of type (c) in

(2).
6.5 Structures of limited ductile behaviour

6.5.1 Verification of ductility of critical sections

()P The following rules apply at the critical sections of structures designed for
limited ductile behaviour (with ¢ < 1,5) in cases other than those of low seismicity, to
ensure a minimum of limited ductility.

NOTE 1: For the definition of cases of low seismicity see Note 1 in 2.3.7(1).

NOTE 2: The National Annex may define simplified verification rules for bridges designed for
limited ductile behaviour in low seismicity cases. It is recommended to apply the same rules as
in cases other than those of low seismicity.

(2)P A section is considered to be critical, i.e. location of a potential plastic hinge,
when:

Mra /Mg < 1,30 (6.11)

where:

Mg 1s the maximum design moment at the section in the seismic design situation,
and

Mgrqg  1s the minimum flexural resistance of the section in the seismic design situation.

3) As far as possible, the location of potential plastic hinges should be accessible
for inspection.

(4)P  Unless confinement is not necessary according to 6.2.1.1(3)P, confining
reinforcement as required by 6.2.1.4 for limited ductility (see Table 6.1), shall be
provided in concrete members. In such cases it is also required to secure the
longitudinal reinforcement against buckling in accordance with 6.2.2.

6.5.2 Avoidance of brittle failure of specific non-ductile components

()P Non-ductile structural components, such as fixed bearings, sockets and
anchorages for cables and stays and other non-ductile connections shall be designed
using either seismic action effects multiplied by the g-factor used in the analysis, or
capacity design effects. The latter shall be determined from the strength of the relevant
ductile members (e.g. the cables) and an overstrength factor of at least 1,3.

84



www.amiralikhalvati.com
BS EN 1998-2:2005+A2:2011
EN 1998-2:2005+A2:2011 (E)

(2)P  This verification may be omitted if it can be demonstrated that the integrity of
the structure is not affected by failure of such connections. This demonstration shall
also address the possibility of sequential failure, such as may occur in stays of cable-
stayed bridges.

6.6 Bearings and seismic links

6.6.1 General requirements

(1)P  Non-seismic horizontal actions on the deck shall be transmitted to the
supporting members (abutments or piers) through the structural connections, which may
be monolithic, or through bearings. For non-seismic actions the bearings shall be
verified in accordance with the relevant standards (Parts 2 of relevant Eurocodes and
EN 1337).

(2)P  In general the design seismic action shall be transmitted through the bearings.
However, seismic links (as specified in 6.6.3) may be used to transmit the entire design
seismic action, provided that dynamic shock effects are mitigated and taken into
account in the design. Seismic links should generally allow the non-seismic
displacements of the bridge to develop, without transmitting significant loads. When
seismic links are used, the connection between the deck and the substructure should be
properly modelled. As a minimum, a linear approximation of the force-displacement
relationship of the linked structure shall be used (see Figure 6.2).
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A : Stiffness of bearing
B : Stiffness of supporting element
C : Linear approximation of the curve

Figure 6.2: Force-displacement relationship for linked structure

NOTE: Certain types of seismic links may not be applicable to bridges subject to large
horizontal non-seismic actions, or to bridges with special displacement limitations, as for
instance in railway bridges.

(3)P  The structural integrity of the bridge shall be ensured under extreme seismic
displacements. At fixed supports this requirement shall be implemented either through
capacity design of the normal bearings (see 6.6.2.1), or through provision of additional
links as a second line of defence (see 6.6.2.1(2) and 6.6.3.1(2)(b). At moveable
connections adequate overlap (seat) lengths in accordance with 6.6.4 shall be provided.
In cases of retrofitting of existing bridge seismic links may be used as an alternative.

(4)P  All types of bearings and seismic links shall be accessible for inspection and
maintenance and shall be replaceable without major difficulty.

6.6.2 Bearings
6.6.2.1 Fixed bearings

()P Except under the conditions of (2), the design seismic action effects on fixed
bearings shall be determined through capacity design.

(2)  Fixed bearings may be designed solely for the effects of the seismic design

situation from the analysis, provided that they can be replaced without difficulties and
that seismic links are provided as a second line of defence.
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6.6.2.2 Moveable bearings

()P Moveable bearings shall accommodate without damage the total design value of
the displacement in the seismic design situation determined in accordance with

2.3.6.3Q2).

6.6.2.3 Elastomeric bearings

(1) Elastomeric bearings may be used in the following arrangements:

a. on individual supports, to accommodate imposed deformations and resist only
non-seismic horizontal actions, while the resistance to the design seismic action is
provided by structural connections (monolithic or through fixed bearings) of the deck to
other supporting members (piers or abutments);

b. on all or on individual supports, with the same function as in (a) above,
combined with seismic links which are designed to resist the seismic action;

C. on all supports, to resist both the non-seismic and the seismic actions.

(2) Elastomeric bearings used in arrangements (a) and (b) of (1) shall be designed to
resist the maximum shear deformation due to the design seismic action in accordance
with 7.6.2(5).

3) Under the conditions specified in 2.2.2(5), significant damage of elastomeric
bearings of (2) is acceptable.

NOTE: The National Annex may define the extent of damage and the relevant verifications.

4) The seismic behaviour of bridges, in which the design seismic action is resisted
entirely by elastomeric bearings on all supports (arrangement (1)c above), 1s governed
by the large flexibility of the bearings. Such bridges and the bearings shall be designed
in accordance with Section 7.

6.6.3 Seismic links, holding-down devices, shock transmission units
6.6.3.1 Seismic links

(1) Seismic links may consist of shear key arrangements, buffers, and/or linkage
bolts or cables. Friction connections are not considered as positive linkage.

(2) Seismic links are required in the following cases.

(a) In combination with elastomeric bearings, where the links are designed to carry the
design seismic action.

(b) In combination with fixed bearings not designed for capacity design effects.

(c) In the longitudinal direction at moveable end-supports between the deck and the
abutment or pier of existing bridges being retrofitted, if the requirements for
minimum overlap length in 6.6.4 are not met.
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(d) Between adjacent sections of the deck at intermediate separation joints (located
within the span).

(3)P  The design actions for the seismic links of the previous paragraph shall be
determined as follows.

— In cases (a), (b) and (¢) of (2) as capacity design effects (the horizontal resistance of
the bearings shall be assumed to be equal to zero).

— In the case of (d) of (2), and unless a more accurate analysis is made taking into
account the dynamic interaction of adjacent sections of the deck, the linkage
elements may be designed for an action equal to 1,5a,5My where « is the design
ground acceleration on type A ground, S is the soil factor from EN 1998-1: 2004,
3.2.2.2 and My is the mass of the section of the deck linked to a pier or abutment, or
the least of the masses of the two deck sections on either side of the intermediate
separation joint.

(4)P  The links shall be provided with adequate slack or margins, so as to remain
inactive:

— under the design seismic action in cases (c) and (d) of (2)

— under any non-seismic actions in case (a) of (2).
(5)  When using seismic links, means for reducing shock effects should be provided.

6.6.3.2 Holding-down devices

()P Holding down devices shall be provided at all supports where the total vertical
reaction due to the design seismic action opposes and exceeds a percentage, py, of the
compressive (downward) reaction due to the permanent load.

NOTE The value ascribed to py for use in a country may be found in its National Annex. The
recommended value are as follows:

—  pu = 80% in bridges of ductile behaviour, where the vertical reaction due to the design
seismic action is determined as a capacity design effect.

—  PH = 50% in bridges of limited ductile behaviour, where the vertical reaction due to the
design seismic action 1s determined from the analysis under the design seismic action alone
(including the contribution of the vertical seismic component).

(2) The requirement (1) refers to the total vertical reaction of the deck on a support
and does not apply to individual bearings of the same support. However, no up-lift of
individual bearings may take place in the seismic design situation in accordance with
5.5.

6.6.3.3 Shock transmission units (STUs)

(1) Shock transmission units (STUs) are devices which provide velocity-dependent
restraint of the relative displacement between the deck and the supporting element (pier
or abutment), as follows.
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— For low velocity movements (v < vy), such as those due to temperature cffects or
creep and shrinkage of the deck, the movement is practically free (with very low
reaction).

— For high velocity movements (v > v5), such as those due to seismic or braking
actions, the movement is blocked and the device acts practically as rigid connection.

— The units can also have a force limiting function, that limits the force transmitted
through it (for v > v») to a defined upper bound, Fi.x, beyond which movement
takes place.

NOTE The properties and the design of STUs will be covered by prEN 15129:200X
(Antiseismic Devices). The order of magnitude of the velocities mentioned above is v; = 0,1
mm/s, v, = 1,0 mm/s.

(2)P  Full description of the laws defining the behaviour of the units used (force-
displacement and force-velocity relationships) shall be available at the design stage
(from the manufacturer of the units), including any influence of environmental factors
(mainly temperature, ageing, cumulative travel) on this behaviour. All values of
parameters necessary for the definition of the behaviour of the units (including the
values of vy, va, Fiy, for the cases mentioned in (1)), as well as the geometric data and
design resistance Fgy of the units and their connections, shall also be available. Such
information shall be based on appropriate official test results, or an ETA.

(3)P  When STUs without force limiting function are used to resist seismic forces,
they shall have a design resistance, Fry, as follows.

— For ductile bridges: Frq should be not less than the reaction corresponding to the
capacity design effects,

— For limited ductile bridges: Frq should be not less than the reaction due to the
design seismic action from the analysis, multiplied by the g-factor used.

The devices shall provide sufficient displacement capability for all slow velocity actions
and shall retain their force capacity at their displaced state.

()P When STUs with force limiting function are used to resist seismic forces, the
devices shall provide sufficient displacement capability to accommodate the total design
value of the relative displacement, dgqy, in the seismic design situation determined in
accordance with 2.3.6.3(2)P, or in accordance with 7.6.2(2) for bridges with seismic
isolation.

(5P  All STUs shall be accessible for inspection and maintenance/replacement.

6.6.4 Minimum overlap lengths

(1)P At supports where relative displacement between supported and supporting
members is intended under seismic conditions, a minimum overlap length shall be
provided.

(2)P  The overlap length shall be such as to ensure that the function of the support is
maintained under extreme seismic displacements.
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(3) At an end support of an abutment the minimum overlap length /,, may be
estimated as follows:

lov = /m + dcg+ dcs (6 1 2)
doo = Loy < 2d, (6.13)
24, (6.14)
g, =— .
< Lg
where:
I is the minimum support length ensuring the safe transmission of the vertical

reaction, but no less than 400 mm,

ey is the effective displacement of the two parts due to the spatial variation of the
seismic ground displacement. When the bridge site is at a distance less than Skm
of a known seismically active fault, capable of producing a seismic event of
magnitude M > 6.5, and unless a specific seismological investigation is
available, the value of d, to be used should be taken as double that obtained
from expression (6.13).

dy is the design ground displacement in accordance with EN 1998-1:2004, 3.2.2.4,
L, is the distance parameter specified in 3.3(6).

Loy 1s the effective length of the deck, taken as the distance from the deck joint in
question to the nearest full connection of the deck to the substructure. If the deck
is fully connected to a group of more than one piers, then L.y shall be taken as
the distance between the support and the centre of the group of piers. In this
context “full connection” means a connection of the deck or deck section to a
substructure member, either monolithically or through fixed bearings, seismic
links, or STUs, without force limiting function.

dos is the effective seismic displacement of the support due to the deformation of the
structure, estimated as follows.

— For decks connected to piers either monolithically or through fixed bearings acting
as full seismic links:

dcs = dEd’ (6]53)

where dgq is the total design value of the longitudinal displacement in the seismic
design situation determined in accordance with expression (2.7) in 2.3.6.3.

— For decks connected to piers or to an abutment through seismic links with slack
equal to s:

des= g + 5 (6.15b)

4 In the case of an intermediate separation joint between two sections of the deck,
lov should be estimated by taking the square root of the sum of the squares of the values
calculated for each of the two sections of the deck in accordance with (3). At an end
support of a deck section on an intermediate pier, /,, should be taken as the value
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estimated in accordance with (3) plus the maximum displacement of the top of the pier
in the seismic design situation, d.

6.7 Concrete abutments and retaining walls

6.7.1 General requirements

()P All critical structural components of the abutments shall be designed to remain
essentially elastic under the design seismic action. The design of the foundation shall be
in accordance with 5.8. Depending on the structural function of the horizontal
connection between the abutment and the deck the provisions of 6.7.2 and 6.7.3 apply.

NOTE: Regarding controlled damage in abutment back-walls see 2.3.6.3(5).

6.7.2 Abutments flexibly connected to the deck

(1) In abutments flexibly connected to the deck, the deck is supported through
sliding or elastomeric bearings. The elastomeric bearings (or the seismic links, if
provided) may be designed to contribute to the seismic resistance of the deck, but not to
that of the abutments.

(2) The following actions, assumed to act in phase, should be taken into account for
the seismic design of these abutments.

a. Earth pressures including seismic effects determined in accordance with EN
1998-5:2004, Section 7.

b. Inertia forces acting on the mass of the abutment and on the mass of earthfill
lying over its foundation. In general these effects may be determined on the basis of the
design ground acceleration at the top of the ground of the site, a,S.

C. Actions from the bearings determined as capacity design effects in accordance
with 5.3(7)P and 5.3(8)P if a ductile behaviour has been assumed for the bridge. If the
bridge is designed for ¢ = 1,0, then the reactions on the bearings resulting from the
seismic analysis shall be used.

(3) When the earth pressures assumed in (2)a are determined in accordance with EN
1998-5:2004, on the basis of an acceptable displacement of the abutment, provision for
this displacement should be made in determining the gap between the deck and the
abutment back-wall. In this case it should also be ensured that the displacement
assumed in determining the actions in (2)a, can actually take place before a potential
failure of the abutment itself occurs. This requirement is deemed to be satisfied if the
design of the body of the abutment is effected using the seismic part of the actions in
(2)a increased by 30%.

6.7.3 Abutments rigidly connected to the deck

(1) The connection of the abutment to the deck is considered as rigid, if it is either
monolithic, or through fixed bearings, or through links designed to carry the seismic
action. Such abutments have a major contribution to the seismic resistance, both in the
longitudinal and in the transverse direction.
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(2) The analysis model should incorporate the effect of interaction of the soil and
the abutments, using either best-estimate values of the relevant soil stiffness parameters
or values corresponding to upper and lower bound stiffness.

(3) When the seismic resistance of the bridge is provided by both piers and
abutments, the use of upper and lower bound estimates of the soil stiffness is
recommended, in order to arrive at results which are on the safe side both for the
abutments and for the piers.

(4)P A behaviour factor ¢ = 1.5 shall be used, in the analysis of the bridge.
(5) The following actions should be taken into account in the longitudinal direction.

a. [nertia forces acting on the mass of the structure, which may be estimated using
the Fundamental Mode Method (see 4.2.2).

b. Static earth pressures acting on both abutments (£,).
C. The additional seismic earth pressures
AEg= Eq— E, (6.16)
where:
Eq is the total earth pressure acting on the abutment under the design seismic action

in accordance with EN 1998-5:2004. The pressures AF4 are assumed to act in
the same direction on both abutments.

(6) The connection of the deck to the abutment (including fixed bearings or links, if
provided) should be designed for the action effects resulting from the above paragraphs.
Reactions on the passive side may be taken into account in accordance with (8).

(7) In order that damage of the soil or the embankment behind an abutment rigidly
connected to the deck is kept within acceptable limits, the design seismic displacement
should not exceed a limit value, diin, depending on the importance class of the bridge.

NOTE: The value ascribed to dj;, for use in a country may be found in its National Annex. The
recommended values of d;,, are as follows:
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Table 6.2N. Recommended limit value of design seismic displacement at abutments rigidly
connected to the deck

Bridge Importance Class Displacement Limit ¢, (mm)
11 30
I 60
I No limitation

(8) The soil reaction activated by the movement of the abutment, and of any wing-

walls monolithically connected to it, towards the fill is assumed to act on the following

surfaces.

— In the longitudinal direction, on the external face of the back-wall of that abutment
which moves against the soil or fill.

— In the transverse direction, on the internal face of those wing-walls which move
against the fill.

These reactions may be estimated on the basis of horizontal soil moduli corresponding
to the specific geotechnical conditions.

The relevant abutment should be designed to resist this soil reaction, in addition to the
static earth pressures.

9) When an abutment is embedded in stiff natural soil formations over more than
80% of its height, it can be considered as fully locked-in. In that case ¢ = 1 should be
used and the inertia forces should be determined on the basis of the design ground
acceleration at the top of the ground of the site, @,S (that is without spectral
amplification).

6.7.4 Culverts with large overburden

(1) In culverts with a large depth of fill over the top slab (exceeding 50% of its
span), the assumptions of inertial seismic response used in 6.7.3 may not be applied, as
they lead to unrealistic results. In such a case the inertial response should be neglected
and the response should be calculated on the basis of kinematic compatibility between
the culvert structure and free-field seismic deformation of the surrounding soil
corresponding to the design seismic action.

(2) To this end the free-field seismic soil deformation may be assumed as a uniform
shear-strain field (see Figure 6.3) with shear strain:

vV
P = — (6.17)

Vs

where

Ve

o
=3

is the peak ground velocity (see (3) below)
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Vs is the shear wave velocity in the soil under the shear strain corresponding to the
ground acceleration. This value may be estimated from the value v ¢ for small
strains, from EN 1998-5:2004, Table 4.1.

Key

vs: Free-field soil deformation

Figure 6.3: Kinematic response of culvert

(3) In the absence of specific data, the peak ground velocity should be estimated
from the design ground acceleration a, on type A ground, using the relation

STca
Vv, =

& 2

(6.18)

where S and T¢ are in accordance with EN 1998-1:2004, 3.2.2.2.

6.7.5 Retaining walls

(1)P  Free standing retaining walls shall be designed in accordance with 6.7.2(2) and
(3), without any action from bearings.
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7 BRIDGES WITH SEISMIC ISOLATION

7.1 General

()P This Section covers the design of bridges that are provided with a special
isolating system, aiming to reduce their response due to horizontal seismic action. The
isolating units are arranged over the isolation interface, usually located under the deck
and over the top of the piers/abutments.

(2) The reduction of the response may be achieved:

— by lengthening of the fundamental period of the structure (effect of period shift in
the response spectrum), which reduces forces but increases displacements;

— by increasing the damping, which reduces displacements and may reduce forces;

— (preferably) by a combination of the two effects.
7.2 Definitions

isolating system
collection of components used for providing seismic isolation, located at the isolation
interface

isolator units or isolators
the individual components, constituting the isolation system. Each unit provides a single
or a combination of the following functions:

— vertical-load carrying capability, combined with high lateral flexibility and high
vertical rigidity;

— energy dissipation (hysteretic, viscous, frictional);
— lateral restoring capability;

— horizontal restraint (sufficient elastic stiffness) under non-seismic service horizontal
loads

substructure(s)

part(s) of the structure located under the isolation interface, usually consisting of the
piers and abutments. The horizontal flexibility of the substructures should in general be
accounted for.

superstructure
part of the structure located above the isolation interface. In bridges this part is usually
the deck

effective stiffness centre
stiffness centre C at the top of the isolation interface, considering the superstructure as
rigid, but accounting for the flexibilities of the isolator units and of the substructure(s)

design displacement (d.4) of the isolating system in a principal direction

maximum horizontal displacement (relative to the ground) of the superstructure at the
stiffness centre, occurring under the design seismic action
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design displacement (d),;) of an isolator i
displacement of the superstructure relative to the substructure at the location of the
isolator, corresponding to the design displacement of the isolating system

increased design displacement (d,;,) of isolator i
design displacement of the isolator, multiplied by the amplification factor us in
accordance with 7.6.2

maximum total displacement of isolator unit /

sum of the increased design displacement, the offset displacement due to permanent
actions, long-term deformations of the superstructure (post-tensioning, shrinkage and
creep for concrete decks) and 50% of the displacement due to thermal movements.

effective stiffness of the isolating system in a principal direction

ratio of the value of the total horizontal force transferred through the isolation interface,
concurrent to the design displacement in the same direction, divided by the absolute
value of the design displacement (secant stiffness).

effective period

fundamental period in the direction considered, of a single-degree-of-freedom system
having the mass of the superstructure and stiffness equal to the effective stiffness of the
isolating system, as specified in 7.5.4

effective damping of the isolating system
value of viscous damping ratio, corresponding to the energy dissipated by the isolation
system during cyclic response at the design displacement

simple low-damping elastomeric bearings
laminated low-damping elastomeric bearings in accordance with EN 1337-3:2005, not
subject to prEN 15129:200X (Antiseismic Devices) (see 7.5.2.3.3(5))

special elastomeric bearings
laminated high damping elastomeric bearings successfully tested in accordance with the
requirements of prEN 15129:200X (Antiseismic Devices) (see 7.5.2.3.3(7)).

7.3 Basic requirements and compliance criteria
(1)P  The basic requirements set forth in 2.2 shall be satisfied.

(2)P  The seismic response of the superstructure and substructures under the design
seismic design situations shall be assumed as limited ductile (¢ < 1,5).

3) The bridge is deemed to satisty the basic requirements, if it is designed in
accordance with 7.4 and 7.5 and conforms to 7.6 and 7.7.

(4)P  Increased reliability is required for the strength and integrity of the isolating
system, due to the critical role of its displacement capability for the safety of the bridge.
This reliability is deemed to be achieved if the isolating system is designed in
accordance with the requirements of 7.6.2.
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(5)P  For all types of isolator units, with the exception of simple elastomeric low-
damping bearings in accordance with 7.5.2.3.3(5) and (6) and the flat sliding bearings in
accordance with 7.5.2.3.5(5), the design properties shall be validated on the basis of
Qualification and Prototype tests.

NOTE Informative annex K is intended to provide guidance on prototype testing in cases where
prEN 15129:200X (“Anti-seismic devices™) does not include detailed requirements for type
testing

7.4 Seismic action

7.4.1 Design spectra

(1)P  The spectrum used shall be not lower than the elastic response spectrum
specified in EN 1998-1:2004, 3.2.2.2 for non-isolated structures (see EN 1998-1:2004,
3.2.2.5(8)P).

NOTE Particular attention should be given to the fact that the safety of structures with seismic
1solation depends mainly on the displacement demands for the isolating system that are directly
proportional to the value of period 7p. Therefore, and in accordance with EN 1998-1:2004,
3.2.2.5(8)P, the National Annex to this Part of Eurocode 8 may specify a value of T, specifically
for the design of bridges with seismic isolation that is more conservative (longer) than the value
ascribed to Tp in the National Annex to EN 1998-1 :2004 (see also 3.2.2.3).

7.4.2 Time-history representation

()P The provisions of 3.2.3 apply.
7.5  Analysis procedures and modelling

7.5.1 General

(1) The following analysis procedures, with conditions for application specified in
7.5.3, are provided for bridges with seismic isolation.

a) Fundamental mode spectrum analysis

b) Multi-mode spectrum analysis

c¢) Time-history non-linear analysis

(2)P  In addition to the conditions specified in 7.5.3, the following are prerequisites

for the application of methods (a) and (b) in (1)

— The usually non-linear force—displacement relationship of the isolating system shall
be approximated with sufficient accuracy by the effective stiffness (K.y), i.e. the
secant value of the stiffness at the design displacement (see Figure 7.1). This
representation shall be based on successive approximations of the design
displacement (deq).

— The energy dissipation of the isolating system shall be expressed in terms of an
equivalent viscous damping as the “effective damping” (o).
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3) [f the isolating system consists exclusively of simple low-damping elastomeric
bearings (equivalent viscous damping ratio approximately 0,05), the normal linear
dynamic analysis methods specified in 4.2 may be applied. The elastomeric bearings
may be considered as linear elastic members, deforming in shear (and possibly in
compression). Their damping may be assumed equal to the global viscous damping of
the structure (see also 7.5.2.3.3(2)). The entire structure should remain essentially
elastic.

7.5.2 Design properties of the isolating system
7.5.2.1 General

(1)P  All isolators shall conform to EN pr15129:200X (Antiseismic Devices) or be
covered by an ETA (European Technical Approval).

NOTE 1: prEN 15129:200X: Antiseismic Devices is being prepared by CEN/TC340. Until this
EN is published by CEN, as well as for the case of isolators whose Prototype tests are not fully
covered by this latter EN, the requirements given in Informative Annex K of the present
standard may be used.

NOTE 2: Regarding simple low-damping elastomeric bearings in accordance with 7.5.2.3.3(4),
(5) and (6) and lubricated PTFE (polytetrafluorethylene) flat sliding bearings used in accordance
with 7.5.2.3.5(5) see references above as well as 7.5.2.4 (5), (6) and (7).

7.5.2.2 Stiffness in vertical direction

(1)P  The 1solator units that carry vertical loads shall be sufficiently stiff in the
vertical direction.

(2) The requirement in (1)P is deemed to be satisfied if the horizontal displacement
at the centre of mass of the superstructure, due to the vertical flexibility of the isolator
units, is less than 5% of the design displacement d.4. This condition need not be
checked if sliding or simple low-damping elastomeric bearings are used as vertical load
carrying elements at the isolation interface.

7.5.2.3 Design properties in horizontal directions

7.5.2.3.1 General

(1)  The design properties of the isolators depend on their behaviour, which may be
one or a combination of those described in subclauses 7.5.2.3.2 to 7.5.2.3.5.

7.5.2.3.2 Hysteretic behaviour

(1) The force-displacement relationship of the isolator unit in the horizontal
direction may be approximated by a bi-linear relationship, as shown in Figure 7.1, for
an 1solator unit i (index 7 is omitted).
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Figure 7.1: Bilinear approximation of hysteretic force-displacement behaviour

2) The parameters of the bi-linear approximation are the following:
dy=  yield displacement;

dwa= design displacement of the isolator corresponding to the design displacement dq
of the isolating system;

Ep=dissipated energy per cycle at the design displacement dq, equal to the area
enclosed by the actual hysteresis loop = 4(Fydba — Finaxdy);

Fy = yield force under monotonic loading;
Fo=force at zero displacement under cyclic loading = Fy — K, dy;
Finax = maximum force, corresponding to the design displacement dhq;

K.= elastic stiffness at monotonic loading = F,/d, . equal also to the unloading
stiffness in cyclic loading;

K,= post-elastic (tangent) stiffness = (Fiax — £y)/(doa — dy).
7.5.2.3.3 Behaviour of elastomeric bearings

(1) Elastomeric bearings considered in this Part are laminated rubber bearings
consisting of rubber layers reinforced by integrally bonded steel plates. With regard to
damping, elastomeric bearings are distinguished in low-damping and high-damping
bearings.

(2) Low-damping elastomeric bearings are those with an equivalent viscous
damping ratio & less than 0,06. Such bearings have a cyclic behaviour similar to
hysteretic behaviour with very slender hysteresis loops. Their behaviour should be
approximated by that of a linear elastic member with equivalent elastic stiffness in the
horizontal direction equal to GyAp/t. where Gy is the shear modulus of the elastomer
(see 7.5.2.4(5)), Ay, its effective horizontal area and 7. is the total thickness of the
elastomer.
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(3) High-damping elastomeric bearings exhibit substantial hysteresis loops,
corresponding to an equivalent viscous damping ratio ¢ usually between 0,10 and 0,20.
Their behaviour should be considered as linear hysteretic.

(4) From the point of view of required special tests for seismic performance,
clastomeric bearings are distinguished in this part as simple low-damping and special
elastomeric bearings.

(5 Low-damping bearings conforming to EN 1337-3:2005 are defined as simple
low-damping elastomeric bearings.

(6) Simple low-damping elastomeric bearings may be used as isolators, without
being subjected to special tests for seismic performance.

(7 Special elastomeric bearings are high damping elastomeric bearings specially
tested in accordance with the requirements of EN pr15129:200X (Antiseismic Devices).

(8) The design properties of elastomeric bearings used in this Section should cover
both the unscragged and the scragged conditions of the bearings.
NOTE Scragging is exhibited by elastomeric bearings if they have been previously (i.e. before
testing) subjected to one or more cycles of high shear deformation. Scragged bearings show a
significant drop of the shear stiffness in subsequent cycles. It appears however that the original
(virgin) shear stiffness of the bearings is practically recovered after a certain time (a few
months). This effect is prominent mainly in high damping and in low shear modulus bearings

and should be accounted for by using an appropriate range of design parameters (see K.2.1 and
K.2.3.3 R4).

9) Lead Rubber Bearings (LRB) consist of low-damping elastomeric bearings with
a cylindrical lead core. Yielding of the lead core provides such devices with substantial
hysteretic behaviour. This hysteretic behaviour may be represented by the bilinear
approximation shown in Figure 7.1 with the following parameters:

— Elastic stiffness: K. = K + Kr

where Ky and K are the shear stiffnesses of the elastomeric and lead parts of the
device, respectively;

— Post-elastic stiffness: K, = Kg;
- Yield force: Fy = Fry (1+Kr/KL)
where £ is the yield force of the lead core.

NOTE I: When Kp<<K|, then K. = Ky and F\y = [,

NOTE 2: LRBs should be in accordance with EN pr15129:200X: Antiseismic Devices.

7.5.2.3.4 Fluid viscous dampers

(1) The reaction of fluid viscous dampers is proportional tov* , where
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v = db:z(db) 1s the velocity of motion. This reaction is zero at the maximum
4

displacement dn.x = diq and therefore does not contribute to the effective stiffness of the
isolating system. The force-displacement relationship of a fluid viscous damper is
shown in Figure7.2 (for sinusoidal motion), depending on the value of the exponent .

Fowe A

Figure 7.2: Viscous force-displacement behaviour

dy= dya sin(wt), with @ = 21/ Ter
F=Cv® = Fan(cos(wt)) ™

Frax = Cldpaw) ™

Ep = A(0n) Finax dba

I2(1+0,504)

b — N2+,
Mow) =2 —

I'( ) = is the gamma function
NOTE: In certain cases of viscous devices (fluid dampers) with low ¢,-values, combination of
the viscous element with a linear spring in series (reflecting the fluid compressibility) is
necessary to give satisfactory agreement of the force-velocity relationship with test results for
Ep. However this has only minor influence on the energy (£p) dissipated by the device.

7.5.2.3.5 Friction behaviour

(1) Sliding devices with a flat sliding surface limit the force transmitted to the
superstructure to:

anx = ,UdNSdSign( C.II b ) (7 ])
where:
g is the dynamic friction coefficient

Ngg  1s the normal force through the device, and

101



BS EN 1998_2:2005+A2:2011www.amira|ikha|vati.com
EN 1998-2:2005+A2:2011 (E)

sign(d) is the sign of the velocity vector '
dy is the relative displacement of the two sliding surfaces

Such devices however can result in substantial permanent displacements. Therefore
they should be used in combination with devices providing adequate restoring
capability (see 7.7.1).

7
il\‘ Sid

Fings ; l

ll;‘{) = f"ma'(;:" }de\‘lsd };1(3 = /ld*Nde TN

— L
dhd

Figure 7.3: Friction force-displacement behaviour

(2) Sliding devices with a spherical sliding surface of radius Ry, provide a restoring
force at displacement ¢, equal to Nsqdw/Rp. For such a device the force displacement
relationship 1s:

v .
Froax = %dbd + 1y Ngysign (dw) "

max
b

NOTE: Expression (7.2) offers sufficient approximation when di/Ry, < 0,25

(3) In both the above cases the energy dissipated per cycle £p (see Figure 7.3), at
the design displacement dh,y amounts to:

Ep=4114Nsqdhq (7.3)

) The dynamic friction coefficient z4q depends mainly on:

the composition of the sliding surfaces;

the use or not of lubrication;

the bearing pressure on the sliding surface in the seismic design situation;

f

the velocity of sliding
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and should be determined by appropriate tests.

NOTE: Information on tests that may be used for the determination of the dynamic friction
coefticient is given in Informative Annex K. It should be noted that for lubricated pure virgin
PTFE that slides on polished stainless steel surface, the dynamic friction coefticient may be
quite Jlow (< 0,01) at the range of velocities corresponding to seismic motions and under the
usual range of bearing pressures on the sliding surface in the seismic design situation.

(%) Provided that the equivalent damping of the isolating system is assessed
ignoring any contribution from these elements, sliding bearings with a lubricated PTFE
flat sliding surface allowing sliding in both horizontal directions in accordance with EN
1337-2:2000 and elastomeric bearings with sliding lubricated PTFE elements allowing
sliding in one horizontal direction, while in the other direction they behave as simple
low damping elastomeric bearings, in accordance with EN 1337-2:2000 and EN 1337-
3:2005, are not subject to special tests for seismic performance.

7.5.2.4 Variability of properties of the isolator units

()P The nominal design properties (DP) of isolator units shall be validated in general
in accordance with prEN15129:200X: Antiseismic Devices or be included in a ETA,
with the exception of the special cases of simple low damping elastomeric bearings in
accordance with 7.5.2.3.3(5) and 7.5.2.3.3(6), and of sliding bearings in accordance
with 7.5.2.3.5(5), for which (4), (5) and (6) below apply.

NOTE See also Note under 7.5.2.1(1)P.

(2)P  The nominal properties of the isolator units, and hence those of the isolating
system, may be affected by ageing, temperature, loading history (scragging),
contamination, and cumulative travel (wear). This variability shall be accounted for in
accordance with Annex J, by using the following two sets of design properties of the
isolating system, properly established.:

— Upper bound design properties (UBDP), and
— Lower bound design properties (LBDP).

(3)P  In general and independently of the method of analysis, two analyses shall be
performed: one using the UBDPs and leading to the maximum forces in the substructure
and the deck, and another using the LBDPs and leading to the maximum displacements
of the isolating system and the deck.

4) Multi-mode spectrum analysis or Time-history analysis may be performed on
the basis of the set of the nominal design properties, only if the design displacements
d.q, resulting from a Fundamental mode analysis, in accordance with 7.5.4, based on
UBDPs and LBDPs, do not differ from that corresponding to the design properties by
more than £15%.

(5) The nominal design properties of simple low-damping elastomeric bearings in
accordance with 7.5.2.3.3(5) and (6), may be assumed as follows:

— Shear modulus Gy, =a Gy
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NOTE: The value of & typically ranges from 1,1 to 1,4. The appropriate value is best determined by
testing of the device.

— where G, is the value of the “apparent conventional shear modulus” in accordance
with EN 1337-3:2005;

— Equivalent viscous damping S = 0,05

(6)  The variability of the design properties of simple low-damping elastomeric bearings,
due to ageing and temperature, may be limited to the value of G\, and assumed as follows:

— LBDPs Gb‘min = Gb

— UBDPs depend on the “minimum bearing temperature for seismic design™ Tininyp (s€€
J.1(2)) as follows:

- when Tpinp 2 0°C
Gb,,max = 172 Gb
- when T, <0°C
the value of Gy, nax should correspond to Tinin .
NOTE: In the absence of relevant test results, the Gy value for T, < 0°C may be obtained
from G, adjusted regarding temperature and ageing in accordance with the 2, values corresponding
to K, specified in Tables JI.1 and 1J.2.
(7) Values of friction parameters of the sliding elements whose contribution in the
energy dissipation is ignored in accordance with 7.5.2.3.5(5), should be taken in

accordance with EN 1337-2:2000.

7.5.3 Conditions for application of analysis methods

()P The Fundamental mode spectrum analysis may be applied if all of the following
conditions are met:

a. The distance of the bridge site to the nearest known seismically active fault exceeds
10 km.

b. The ground conditions of the site correspond to one of the ground types A, B, C or E
of EN 1998-1:2004, 3.1.1.

c. The effective damping ratio does not exceed 0,30.

(2)P  Multi-mode Spectrum Analysis may be applied if both conditions b and ¢ of
(1)P are met.

(3)  Time-history non-linear analysis may be applied for the design of any isolated
bridge.

7.5.4 Fundamental mode spectrum analysis
(1) The rigid deck model (see 4.2.2.3) should be used in all cases.
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(2)P  The shear force transferred through the isolating interface in each principal
direction shall be determined considering the superstructure as a single-degree-of-
freedom system and using:

— the effective stiffness of the isolation system, K

— the effective damping of the isolation system, &y

— the mass of the superstructure, My

— the spectral acceleration S¢(Terr, 7err) (see EN 1998-1:2004, 3.2.2.2) corresponding
to the effective period, T, wWith e = 7(Cerr)

The values of these parameters should be determined as follows:

— Effective stiffness

Keer= 2 Ky (7.4)

where K;  1s the composite stiffness of the isolator unit and the corresponding
substructure (pier) i.

— Effective damping

L . (75)
S Kordy .

where:

2Ep; 1s the sum of dissipated energies of all isolators 7 in a full deformation cycle at
the design displacement deq.

— [Effective Period

M, (7.6)
eff

T\ff = 271-

C

(3) This leads to the results shown in Table 7.1 and Figure 7.4.

Table 7.1: Spectral acceleration S, and design displacement 4

Teff SC Cicd
T. T
Tc<Tew<Tb 25 ——('—agchff e e
“eff TC
T.T T
Tp<Te<4s 2,5 —CZD Y L dc
off T
where:
ag = ylag,R (77)
and
d(j = 0,6?5 agS’//chTCz, (7.8) &l
2
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The value of 5.y should be taken from the expression

0,10
oo = S > 0’40 79
Fen \V0,05+¢ (7.9)

Maximum shear force
Vy=M,S, :Kd_fa’cd (7.10)

where:

S, Tcand T, are parameters of the design spectrum depending on the ground type,
in accordance with 7.4.1(1)P and EN 1998-1:2004, 3.2.2.2;

day is the design ground acceleration on type A ground corresponding to the importance
category of the bridge;
VI is the importance factor of the bridge; and
azr 1s the reference design ground acceleration (corresponding to the reference return
period).
”'Vlr&i‘f:-tg A\
-0
- >

Figure 7.4: Acceleration and displacement spectra

NOTE 1: The clastic response spectrum in EN 1998-1:2004, 3.2.2.2(1)P applies up to periods of 4 s. For
values of T, longer than 4 s the clastic displacement response spectrum in EN 1998-1:2004, Annex A may
be used and the elastic acceleration response spectrum may be derived from the elastic displacement
response spectrum by inverting expression (3.7) in EN 1998-1:2004. Nonetheless, isolated bridges with Ty
>4 s deserve special attention, due to their inherently low stiffness against any horizontal action.

NOTE 2: For a pier of height /; with a displacement stiffness K;; (kN/m), supported by a foundation with
translation stiffness K; (kN/m), rotation stiffness Kj; (kNm/rad), and carrying isolator unit i with effective
stiffness K,; (kN/m), the composite stiffness Kepr; is (see Figure 7.5N):

2

1 1 1 1 H’
=—— (7.11N)
KCI\I‘I Khi Kl' Ksi Kﬁ
F.
The flexibility of the isolator and its relative displacement d,; = —— typically is much larger than the other

bi
components of the superstructure displacement. For this reason the effective damping of the system depends
only on the sum of dissipated energies of the isolators, ZEp;, and the relative displacement of the isolator is
practically equal to the displacement of the superstructure at this point (d/diq = K/ Ky = 1).

106



www.amiralikhalvati.com
BS EN 1998-2:2005+A2:2011

EN 1998-2:2005+A2:2011 (E)

[A)
Hi
i |
/ ' !
£ "/Kti Fi/K \[‘, K
Fg H 32/‘7\';{
Key

A — Superstructure
B - Isolator i

C - Pieri
Figure 7.5N: Composite stiffness of pier and i isolator

) In essentially non-linear systems, K.s and ¢er depend on the design displacement
dea (see dyg in Figure 7.1). Successive approximations of d4 should be performed to
limit deviations between the assumed and calculated values within £5%.

(5) For the determination of the seismic action effects on the isolating system and the
substructures in the principal transverse direction (let’s say direction y), the influence of
plan eccentricity in the longitudinal direction ey (between the effective stiffness centre and
the centre of mass of the deck) on the superstructure displacement diy over pier i, should
be evaluated as follows:

dia = Oided (7.12)
e .
5 =1+—x, (7.13)
rr,
with:
DK+ yiK
. WK, - riK,) (7.14)
2K,
yi
where:
ex is the eccentricity in the longitudinal direction;
r is the radius of gyration of the deck mass about the vertical axis through its

centre of mass;
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x; and v are the coordinates of pier 7 relative to the effective stiffness center;

Kyiand Ky;  are the effective composite stiffnesses of isolator unit and pier i, in the y
and x directions, respectively.
NOTE: In straight bridges usually y; << x;. In such cases the term _yf K, n expression (7.14)

may be omitted.

(6)P  Subclause 4.2.1.4(2) shall be applied for the combination of components of the
seismic action.

7.5.5 Multi-mode Spectrum Analysis

()P The modelling of the isolating system shall reflect with sufficient accuracy:
— the spatial distribution of the isolator units and the relevant overturning effects, and

— the translation in both horizontal directions and the rotation about the vertical axis
of the superstructure.

(2)P  The modelling of the superstructure shall reflect with sufficient accuracy its
deformation in plan. Accidental mass eccentricity need not be considered.

3) The modelling of the substructures should reflect with sufficient accuracy the
distribution of their stiffness properties and at least the rotational stiffness of the
foundation. When the pier has significant mass and height, or if it is immersed in water,
its mass distribution should also be properly modelled.

(4) The effective damping given by expression (7.5) may be applied only to modes
having periods higher than 0,87y For all other modes, unless a more accurate
estimation of the relevant damping ratio is made, the damping ratio corresponding to the
structure without seismic isolation should be used.

(5)P  Subclause 4.2.1.4(2) shall be applied for the combination of the horizontal
components of the seismic action.

(6) The resulting displacement of the stiffness centre of the isolating system (duq)
and the resulting total shear force transferred through the isolation interface (V) in each
of the two-horizontal directions, are subject to lower bounds as follows:

dcd

Py = = > 0,80 (7.15)
cf
v
p, =—2>0,80 (7.16)
.
where:

der, V¢ are respectively the design displacement and the shear force transferred through
the isolation interface, calculated in accordance with the Fundamental mode
spectrum analysis of 7.5.4. For the needs of the verification of expressions
(7.15) and (7.16), the limitations of 7.5.3(1)P do not apply.
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(7) In case the conditions in (6) are not met, the relevant effects on the isolation
system, the deck and the substructures should be multiplied times:

0,80 L
——— for the seismic displacements, or (7.17)
Pa
0,80 S
for the seismic forces and moments (7.18)
Py

(8) The limitations of (6) and the relevant corrections in (7), need not be applied if
the bridge cannot be approximated (even crudely) as a single-degree-of-freedom model.
Such cases may appear in:

— bridges with high piers, the mass of which has a significant influence on the
displacement of the deck

— bridges with a substantial eccentricity e, in the longitudinal direction between the
centre of mass of the deck and the effective stiffness centre (e > 0,101)

In such cases it is recommended that the limitations and corrections of (6) and (7) are
applied in each direction to displacements and forces derived from the fundamental

mode of the actual bridge model in the same direction.

7.5.6 Time history analysis

(1)P  Subclauses 7.5.5(1)P, (2)P, (3), (6), (7)P and (8)P apply, using in expressions
(7.15) and (7.16) as values of dyq and Vy the corresponding design action effects in
accordance with 4.2.4.3(1)P.

7.5.7 Vertical component of seismic action

(1) The effects of the vertical component of the seismic action may be determined
by linear response spectrum analysis, regardless of the method used for the
determination of the response to the horizontal seismic action. For the combination of
the action effects 4.2.1.4 applies.

7.6 Verifications

7.6.1 Seismic design situation

(1)P  The seismic design situation is described by expression (5.4) in 5.5(1)P.

(2)P  The design seismic action effects for the isolating system shall be taken in
accordance with 7.6.2 and those for the superstructure and substructure in accordance
with 7.6.3.

7.6.2 Isolating system

(1)P  The required increased reliability of the isolating system (see 7.3(4)P) shall be
implemented by designing each isolator i for increased design displacements dy;.: ¢l
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dia = Hsclbia (7.19)

where s is an amplification factor that is applied only on the design seismic displacement
dhia of each isolator i resulting from one of the procedures specified in 7.5.

If the spatial variability of the seismic action is accounted for through the simplified
method of 3.3(4), (5), (6) and (7)P, the increased design displacements shall be estimated
by application of the rule of 3.3(7)P, where the displacements d,, ; due the inertia response
determined in accordance with one of the methods in 7.5 shall be amplified in
accordance with expression (7.19) above, while those corresponding to the spatial
variability determined in accordance with 3.3.(5) and (6), need not be amplified.

NOTE The value ascribed 1o ys for use in a country may be defined in its National Annex. The
recommended value is % = 1,50.

(2)P  The maximum total displacement of each isolator unit in each direction dy;
shall be verified from expression (7.19a) by adding to the above increased design seismic
displacement, the offset displacement d; potentially induced by:

a) the permanent actions;

b) the long-term deformations (post-tensioning, shrinkage and creep for concrete decks)
of the superstructure; and

¢) 50% of the thermal action.

i Z dai+ dyia (7.19a)

NOTE An additional condition for the displacement capacity d,,,; o fthe isolators is given in 7.7.1(4).

(3)P  All components of the isolating system shall be capable of functioning without
significant change in isolation properties up to their displacement capacity d,; inthe
relevant direction.

()P The design resistance of each load-carrying member of the isolation system,
including its anchorage, shall exceed the force acting on the member at the total maximum
displacement. It shall also exceed the design force caused by wind loading of the
structure in the relevant direction.

NOTE The maximum reaction of hydraulic viscous dampers (see 7.5.2.3.4) corresponding to the
increased displacement dy,;, may be estimated by multiplying the reaction resulting from the

L a,/2 . .
analysis times Jq "7 with ¢y as defined in 7.5.2.3.4

(%) Isolator units consisting of simple low-damping elastomeric bearings should be
verified for the action effects in (1)P to (4)P, in accordance with the relevant rules of
EN 1337-3:2005 as follows. The maximum total design shear strain in the bearing should
be calculated as the sum of

a) the design shear strain due to vertical compression,
b) the shear strain corresponding to the total design horizontal displacement and

¢) the shear strain corresponding to the total design angular rotation
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of the bearing in the seismic design situation, without multiplication of this sum by an
amplification factor. This strain should not exceed the value of &, 4 according to relation
(2) of 5.3.3 of EN 1337-3:2005. Buckling and sliding stability should be checked
according to the relevant rules of 5.3.3.6 of EN 1337-3:2005.

NOTE The value ascribed to the partial factor ¥, in the relation for &, 4 for use in a country for the
calculation of the design resistance of simple low-damping elastomeric bearings in the seismic
design situation may be specified in the National Annex of the country. The recommended value is

I = 1,00,

(6) For simple low damping elastomeric bearings, in addition to the verification of
(5), the following condition should be verified:

£a<2,0 (7.20)

where & 4 is the shear strain calculated in accordance with expression (10) in EN 1337-
3:2005, 5.3.3.3. In this context vy g and vy 4 should be taken equal to the maximum total
relative displacements in the horizontal directions x and y, as specified in (2) above.

(7) No uplift of isolators carrying vertical force is allowed in the seismic design
situation with the seismic action as specified by 7.4.

(8) The sliding elements mentioned in 7.5.2.3.5(5) should be designed in
accordance with EN 1337-2:2000, for seismic design displacement in accordance with
(1)P above.

7.6.3 Substructures and superstructure

()P The seismic internal forces Ega in the substructures and superstructure due to the
design seismic action alone, shall be derived from the results of an analysis in
accordance with 7.5.

2) The design seismic forces Eg due to the design seismic action alone, may be
derived from the forces Eg, of (1)P, after division by the g-factor corresponding to
limited ductile/essentially elastic behaviour, i.e. Fi = Fpa/g with ¢ < 1,50.

(3) All members of the structure should be verified to have an essentially elastic
behaviour in accordance with the rules of 5.6.2 and 6.5.

(4)P  Design action effects for the foundation shall be in accordance with 5.8.2(2)P.

(5) The design horizontal forces of supporting members (piers or abutments)
carrying sliding bearings described in 7.5.2.3.5(5), should be derived from the
maximum friction values in accordance with the relevant provision of EN 1337-2:2000.

(6) In the case of (5) above and when the same supporting member also carries
viscous fluid dampers, then:

(a) the design horizontal seismic force of the supporting member in the direction of the
action of the damper should be increased by the maximum seismic force of the
damper (see expression (7.21)).
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(b) the design horizontal force of non-seismic design situations under imposed
deformation actions (temperature variation) should be increased by the damper
reaction, estimated as 10% of the maximum seismic force of the damper, used in (a)
above.

(7) When single or multiple mode spectral analysis is carried out for isolating
systems consisting of combination of elastomeric bearings and fluid viscous dampers
supported on the same supporting element(s), the phase difference between the maxima
of the elastic and the viscous elements may be taken into account, by the following
approximation. The seismic forces should be determined as the most adverse of those
corresponding to the following characteristic states:

a. At the state of maximum displacement, as given by expression (7.10). The
damper forces are then equal to zero.

b. At the state of maximum velocity and zero displacement, when the maximum
damper forces should be determined by assuming the maximum velocity to be:

Viax = 27Tdbd/Tc(‘1‘ (72 l)

where dhq 1s the maximum damper displacement corresponding to the design
displacement d.4 of the isolating system.

C. At the state of the maximum inertial force on the superstructure, that should be
estimated as follows:
Fma\ =(/I +2§b.f2)SeMd (722)

where S; is determined from Table 7.1 with K.y in accordance with expression (7.4),
without any stiffness contribution from the dampers, and

Ji = cos[arctan(2&,)] (7.23a)

1> = sin[arctan(2&y)] (7.23b)

where ¢, is the contribution of the dampers to the effective damping &y of expression
(7.5).
At this state the displacement amounts to fjd.q and the velocity of the dampers to v =
févmax

(8) In 1solating systems consisting of a combination of fluid viscous dampers and
clastomeric bearings, as in the case of (7), without sliding elements, the design
horizontal force acting on supporting element(s) that carry both bearings and dampers,
for non-seismic situations of imposed deformation actions (temperature variation, etc.)
should be determined by assuming that the damper reactions are zero.

7.7 Special requirements for the isolating system

7.7.1 Lateral restoring capability

()P The isolating system shall present self-restoring capability in both principal
horizontal directions, to prevent cumulative build-up of displacements. This capability 1s
available when the system has small residual displacements in relation to its displacement

capacity dn,
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(2)  The requirements in (1)P are considered to be satisfied in a direction when the
displacement dj as defined below meets the following condition in the examined
direction:

d -
—dd > (7.24)
d()

where:

ded is the design displacement of the isolating system in the examined direction, as

defined in 7.2,

do is the maximum residual displacement for which the isolating system can be in static
equilibrium in the considered direction using system properties as defined in this
paragraph and in (5) below. Thereby no account should be taken of any limitation
due to the displacement capacity of the isolators (unlimited capacity). For systems
with bilinear behaviour, according to 7.5.2.3.2 or systems that can be approximated
as such, dy 1s given as:

dy=F,/K, (7.25)

) is a numerical value

NOTE 1: The value of ratio & for use in a country may be found in its National Annex. The
recommended value is §= 0,50 (see also Figure 7.8 and 7.7.1(4) Note 2).

NOTE 2: For systems that are approximated by bilinear hysteretic behaviour (see Figure 7.6N) the
properties of the equivalent bilinear system should be determined as follows: The force value at zero
displacement /7, and an estimated value of the design displacement ¢4 are maintained. The straight
lines for the loading branch AB and the unloading branch BC are defined so as to approximate the
corresponding branches of the actual loop on an equal area basis.

NOTE 3: For systems with bilinear behaviour according to 7.5.2.3.2, or systems that can be
approximated as such, the displacement d, = FyK,, depends on properties of the isolating system
considered independently from its displacement capacity. Therefore in Figure 7.6N the systems
with the loops ABCD and AB’C’D have the same . The value of dj, is positive when the post-elastic
stiffness K, is positive, negative when K, is negative, and oo when K|, is zero. Systems with negative
K,should not be used.

NOTE 4: For systems of sliding devices with spherical sliding surface (see 7.5.2.3.5(2)) dy = tfRy,.

NOTE 5: For systems with hysteretic behaviour that cannot be approximated by a bilinear
relationship (see Figure 7.7N) the value of o, may be defined from the intersection of the
post-elastic branches with the displacement axis. The yield displacement d, may be assumed equal
to zero, for increased reliability.

113



BS EN 1998_2:2005+A2:2011WWW.amiraIikhaIvati.Com
EN 1998-2:2005+A2:2011 (E)

Key

F—Force

d — Displacement

@ — Actual force-displacement relation

— Approximation by bilinear model (ABCD)

~ Equal areas

Figure 7.6N: Definition of the equivalent bilinear model for the evaluation of restoring capability
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\:

Key

F—Force

d — Displacement

— Post-elastic branch

@ — Elastic branch

Figure 7.7N: Hysteretic systems that cannot be approximated by a bilinear model

(3) Systems that do not satisfy condition (7.24) in a certain direction may be considered
to meet the requirements of 1(P) if they have sufficient displacement capacity
in order to accommodate, with adequate reliability, the accumulation of residual
displacements in this direction during the service life of the structure.

(4) The condition in (3) is considered to be met when the following relation is satisfied
for every isolator:

dyni 2dg; + Vo dyia P (7.26a)

1—(d,/d )"

where: p, =1+1,35 1280d_d)" (7.26b)
and is depicted in Figure 7.8

and

dmi is the displacement capacity of the isolator 7 in the considered direction, i.e. the

maximum displacement that the isolator can accommodate in this direction,
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dbi,d

da.i
d,

Ydu

19
1,8
17

1.5

is the design displacement of isolator i in the examined direction, as defined in
7.6.2(1)P,

is the non-seismic offset displacement of isolator / according to 7.6.2(2)P,

is the yield displacement of the equivalent bilinear system that is determined
in accordance to (2) above. For sliding systems d, can be assumed zero. When
uncertainties regarding the magnitude of d, are present it should be assumed zero.

is a numerical coefficient reflecting uncertainties in the estimation of design
displacements.

NOTE 1: The value ascribed to vy, for use in a country may be found in its National Annex.
The recommended value is: y,, = 1,20.

NOTE 2: The second term in the expression for p, in (7.26b) reflects the accumulation of residual
displacements under a sequence of earthquake events occurring before the design earthquake,
considered to have a collective probability equal to the probability of the design earthquake. For
systems with d.4/d, > 0,50, the accumulation of residual displacements is insignificant (see Figure
7.8). For systems with d.a/dy, < ¢ the maximum d,; value should be derived either from expression
(7.26a) or from expression (7.19a), whichever gives the greater value.

Figure 7.8: Plot of p, according to expression (7.26b)

(5) The same properties of the isolators under dynamic conditions should be used for the
estimation of both d., and d,. The lateral restoring conditions (7.24) and (7.26) do not
account for effects of velocity variation on the forces of isolators.
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7.7.2 Lateral restraint at the isolation interface

(1)P  The isolating system shall provide sufficient lateral restraint at the isolation
interface to satisfy any relevant requirements of other Eurocodes or Standards regarding
limitation of displacements/deformations under serviceability criteria.

NOTE This requirement is usually critical for braking action in railway bridges.

(2) When sacrificial bracings (a fuse system) are used at certain support(s) in the
final bridge system for implementing serviceability displacement restraints between the
deck and substructures, their yield capacity should not exceed 40% of the design
seismic force transferred through the isolation interface of the isolated structure, at the
same support and direction. If this requirement is not met, the serviceability state
requirements (except fatigue) of the relevant material Eurocodes (EN 1992-2:2005, EN
1993-2:2005 or EN 1994-2:2005) should be satisfied for the members of the bridge
structure, under the loading for which the restraining bracing is designed, when this
loading is increased so that the relevant reaction reaches the yield capacity of the
bracing.

NOTE: prEN 15129:200X, Section 5, gives specifications for rigid connection devices that can
be used fo provide lateral restraint at the isolation interface.

(3) When shock transmission units with force limiting function (see 6.6.3.3) arc
used for implementing serviceability displacement restraints, the shock transmission
units should be included in the model, in the verifications and in the testing procedure
of the isolating system.

7.7.3 Inspection and Maintenance

(1)P  All isolator units shall be accessible for inspection and maintenance.

(2)P  An inspection and maintenance programme for the isolating system and all
components crossing the isolation interface shall be prepared.

(3)P  Repair, replacement or retrofitting of any isolator unit or component crossing the

isolation interface shall be performed under the direction of the entity responsible for
the maintenance of the bridge, and shall be recorded in detail in a relevant report.

117



BS EN 1998_2:2005+A2:2011www.amira|ikha|vati.com
EN 1998-2:2005+A2:2011 (E)

ANNEX A (Informative)
PROBABILITIES RELATED TO THE REFERENCE SEISMIC ACTION.
GUIDANCE FOR THE SELECTION OF DESIGN SEISMIC ACTION
DURING THE CONSTRUCTION PHASE

A.1 Reference seismic action

(1) The reference seismic action can be defined by selecting an acceptably low
probability (p) of it being exceeded within the design life (7.) of the structure. Then the
return period of the event (7x) 1s given by the expression:

T, =1/(1=(1-p)" (A.])

(2) The reference seismic action (corresponding to »# = 1,0) usually reflects a
seismic event with a reference return period, 7ncr, of 475 years. Such an event has a
probability of exceedance between 0,10 and 0,19 for a design life ranging between 50
and 100 years respectively. This level of design action is applicable to the majority of
the bridges considered to be of average importance.

A.2 Design seismic action for the construction phase

(1) Assuming that /. is the duration of the construction phase of a bridge and p is the
acceptable probability of exceedance of the design seismic event during this phase, the
return period 7g. 1S given by expression (A.l), using 7. instead of 7. For the relatively
small values usually associated with 7. (. < 5 years), expression (A.1) may be
approximated by the following simpler relationship:

T =

{
¢ = (A2)
p

It is recommended that the value of p does not exceed 0,05.

(2) The value of the design ground acceleration a,. corresponding to a return period

Tkre, depends on the seismicity of the region. In many cases the following relationship

offers an acceptable approximation
Elgc :( Tl{c k

a,r  Tner

(A.3)

where:

asr 1 the reference peak ground acceleration corresponding to the reference return
period Tncr.

The value of the exponent k depends on the seismicity of the region. Normally, values
in the range of 0,30 — 0,40 may be used.

3) The robustness of all partial bridge structures should be ensured during the
construction phases independently of the design seismic actions.
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ANNEX B(INFORMATIVE)
RELATIONSHIP BETWEEN DISPLACEMENT DUCTILITY AND
CURVATURE DUCTILITY FACTORS OF PLASTIC HINGES IN
CONCRETE PIERS

(1) Assuming that:

— the horizontal displacement at the centre of mass of the deck is due only to the
deformation of a fully fixed cantilever pier of length L, that

— the mass of the pier is negligible compared to that of the deck, and that

— L, 1s the length of the plastic hinge developing at the base of the pier,

the required curvature ductility factor g, of the hinge corresponding to a structure
displacement ductility factor ug, as defined in 2.3.5.2, is:

& =1
o= Doyt (B.1)

P, 32(1-0,51. )

where: 1 = Ly/L

(2) In reinforced concrete sections (where the curvature ductility factor is used as a
measure of the ductility of the plastic hinge), the value of the ratio 4 is influenced by
such effects as the reinforcement tensile strain penetration in the adjoining member, the
inclined cracking due to shear-flexure interaction etc. The value of Z, m accordance
with E.3.2(5) may be used.

(3) When a considerable part of the deck displacement is due to the deformation of
other components which remain elastic after the formation of the plastic hinge, the
required curvature ductility factor upq is given by the expression

Haod = 1 +f(/1<1) - l) (Bz)
where:
f=dild, is the ratio of the total deck displacement d,, to the displacement d,, due

to the deformation of the pier only, and

U is calculated from expression (B.1).

NOTE: If the seismic action is transferred between deck and pier through flexible elastomeric
bearings inducing for example a value of /= 5 and assuming that for example zq = 15, would be
required in the case of rigid connection between the deck and the pier, the required value of ztq
in accordance with equation (B.2) amounts to 71, which is certainly not available. [t is therefore
evident that the high flexibility of the elastomeric bearings, used in the same force path with the
stiff pier, imposes a practically elastic overall behaviour of the system.
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ANNEX C (INFORMATIVE)
ESTIMATION OF THE EFFECTIVE STIFFNESS OF REINFORCED
CONCRETE DUCTILE MEMBERS

C.1 General

(1) The effective stiffness of ductile concrete components used in linear seismic
analysis should be equal to the secant stiffness at the theoretical yield point. Unless
otherwise substantiated by calculation, one of the following approximate methods may
be used to determine the secant stiffness at the theoretical yield point:

C.2 Method 1

() The effective moment of inertia J.; of a pier of constant cross section may be
estimated as follows:

Jcl‘f' = 008 Jun + Jcr (C l)
where:
Jun is the moment of inertia of the gross section of the uncracked pier;
Jor is the moment of inertia of the cracked section at the yield point of the tensile

reinforcement. This may be estimated from the expression:
Jor = My/(E.. Dy) (C.2)

in which M, and @, are the yield moment and curvature of the section respectively and
E. is the elastic modulus of concrete.

(2) These expressions have been derived from a parametric analysis of a simplified
non-linear model of a cantilever pier with hollow rectangular and hollow and solid
circular cross-sections.

C.3 Method 2

(1) The effective stiffness may be estimated from the design ultimate moment Mgy
and the yield curvature @, of the plastic hinge section as follows:

Eodery = VMrd/ @y (C.3)
where:
v=1,20 1s a correction coefficient reflecting the stiffening effect of the uncracked

part of the pier.
The curvature at yield @, may be determined as follows:
Dy = (&y - &ey)/ds (C.4)

and
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ds is the depth of the section to the centre of the tension reinforcement
Esy is the yield strain of the reinforcement,
Ecy is the compressive strain of concrete at yielding of the tension reinforcement.

The value of &y may be estimated by a section analysis on the basis of &, and the actual
force in the seismic design situation, Ngq.

(2) The assumptions of the following value for the yield curvature:
for rectangular sections: @, = 2,1 &,/d (C.5)
and for circular sections: @, = 2,4 &,/d (C.6)
where d is the effective depth of the section, give in general satisfactory approximation.
3) The analysis performed on the basis of a value of E.J.r based on an assumed
value of Mgy needs to be corrected only if the finally required value of flexural capacity,
Mgayreq 1s significantly higher than the assumed value Mgy If Mpageq < Mgy, the

correction may just entail multiplication of the displacements resulting from the first
analysis times the ratio Mra/Mr req-
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ANNEX D (INFORMATIVE)
SPATIAL VARIABILITY OF EARTHQUAKE GROUND MOTION:
MODEL AND METHODS OF ANALYSIS

D.1 Description of the model

(hH Spatial variability can be described by means of a vector of zero-mean random
processes. Under the assumption of stationarity, this vector is fully defined by means of
its symmetric # x # matrix of auto- and cross-power spectral density functions:

G (o) Ghle) .. G, (o)

Glo) = Gh(w) ... G, (w) O.1)

GU” (Cl))

where # 1s the number of supports.

It is useful to introduce the following non-dimensional complex-valued function, called
coherency function:
G, (a))

AN D.2)
G o G, (@ (

7 (w)=

Its modulus is bounded by 0 and 1,0 and provides a measure of the linear statistical
dependence of the two processes at the supports 7 and j, whose distance is d;;.

(2) The following form of the coherency function is frequently referred to [1][2]:

)
k¢ § app

Vi ((u) =V ((u)' Vin (a))- Viis (co) = exp{— [aa)d,./. }» ] . exp{i il } . exp[i 6, (m)] (D.3)

where:

vs 1s the shear-wave velocity,

a is a constant,

Vapp 1S the so-called apparent velocity of waves,

dijL is the distance between supports i and j projected along the direction of propagation
of the waves, and

Gi(w) is a frequency-dependent phase angle.
(3) The factors y;,1(@), yi2(@) and p;3(@) account for the loss of correlation due to
reflections/refractions in the propagation medium, for the finiteness of the propagation

velocity of the waves and their angle of incidence at the surface and for the different
soil conditions at the two supports, respectively. The difference of the soil properties at

122



www.amiralikhalvati.com
BS EN 1998-2:2005+A2:2011

EN 1998-2:2005+A2:2011 (E)

two supports is taken into account in the model by considering two soil columns
representing the two soil profiles acted upon at their base by a stationary white noise of
intensity Go. The soil columns are characterised by transfer functions Hi(w) and Hi( w),
respectively, which are such as to provide the desired spectral content and intensity of
the motion at the upper surface in locations i and j

G, (ca) = GO‘H,. (a)]2 (D.4)
()P The power density spectrum at the site shall be consistent with the elastic
response spectrum as given in EN 1998-1: 2004, 3.2.2.2.

It can also be shown that:

6, (a)) = tan "' { Im[H, ((O)H"’ n a))]} (D.5)

Re [H ; (a))H ; (— a))J

D.2 Generation of samples

(1) For the purposes of structural analysis samples of the vector of random
processes described in D.1 may need to be derived. To this end the matrix G(w) 1s first
decomposed into the product:

G(w)=L(o)L" (o) (D.6)

between matrix L(w) and the transpose of its complex conjugate. If Cholesky
decomposition is employed L(®) is a lower triangular matrix.

According to [3] a sample of the acceleration motion at the generic support 7 is obtained
from the series:

i N
a, (7) = 22 Z {LU (co,\. L/Aa) cos[a),\,t -0, (a)k ) + ¢‘/./\,] (D.7)
j=l k=1
where:
N is the total number of frequencies @ into which the significant bandwidth of
Lij(w) 1s discretised,
A® = @no/N, and the angles @y are, for any j, a set of N independent random variables
uniformly distributed between zero and 2.

Samples generated according to Expression (D.7) are characterised by the desired local
frequency content as well as the assigned degree of correlation.
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D.3 Methods of analysis
D.3.1 General

() Based on D.1 and D.2, the options described in D.3.2 to D.3.4 are available for
determining the structural response to spatially varying ground motions.

D.3.2 Linear random vibration analysis

(1) A linear random vibration analysis is performed, using either modal analysis of
frequency-dependent transfer matrices and input given by the matrix G(®).

(2) The elastic action effects are assumed as the mean values from the probability
distribution of the largest extreme value of the response for the duration consistent with
the seismic event underlying the establishment of a,.
(3) The design values are determined by dividing the elastic effects by the
appropriate behaviour factor ¢ and ductile response is assured by conformity to the
relevant rules of the normative part of this Standard.

D.3.3 Time history analysis with samples of correlated motions

(1) Linear time-history analysis can be performed using sample motions generated
as indicated in D.2, starting from power spectra consistent with the elastic response
spectra at the supports.

(2) The number of samples used should be such as to yield stable estimates of the
mean of the maximum responses of interest. The elastic action effects are assumed as
the mean values of the above maxima. The design values are determined by dividing the
elastic action effects by the appropriate behaviour factor ¢ and ductile response is
assured by conformity to the relevant rules of the normative part of this Standard.

3) Non-linear time-history analysis may be performed using sample motions
generated as indicated in D.2 starting from power spectra consistent with the elastic
response spectra at the supports. The number of samples used should be such as to yield
stable estimates of the mean of the maximum responses of interest.

(4)  The design values of the action effects £y are assumed as the mean values of the
above maxima. The comparison between action effect £4 and design resistance Ry is to
be performed in accordance with EN 1998-1:2004.

D.3.4 Response spectrum for multiple-support input
D.3.4.1 General

(1 A solution for the elastic response of a structure subjected to multiple support
input in terms of response spectra has been derived in [4]. An outline is given here. For
complete information refer to [4].
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D.3.4.2 Linear response to multiple-support input

(1) The equations of motion for a discretised, n-degrees of freedom linear system
subjected to m support motions can be written as:

M M5 [C€ ¢ Tx] [K Ko x] [o D.8
we ol e Lol xR oy

where:

X is the n-vector of the total displacements at the unconstrained degrees of
freedom;

u is the m-vector of prescribed support displacements;

M, C and K are the » x » mass, damping and stiffness matrices associated with the
unconstrained degrees of freedom, respectively;

M,, C,; and K,are the m x m mass, damping and stiffness matrices associated with the
support degrees of freedom, respectively;

M, C. and K, are the » x m coupling matrices; and

F 1s the m-vector of the reacting forces at the support degrees of freedom.
(2) The total response is decomposed as:

x=x"+x‘ (D.9)

where x°, called pseudo-static component, is the solution of expression (D.8) without
the inertia and damping terms, i.e.:

x' =-K"'K u=Ru (D.10)

Substituting expression (D.9) and (D.10) into expression (D.8), the differential equation
for the dynamic component is obtained in the form:

Mx? + Cx” + Kx” = —(MR + M, )ii (D.11)
after eliminating the comparatively negligible term —(CR + C ).

(3) Let @, @ and & be the matrix of modal shapes, the modal frequencies and
corresponding damping ratios of the fixed base structure. Setting x* =@y in Expression
(D.11), the uncoupled modal equations are obtained as:

Jo+2bmi+ oy, =" B 1) i=1,...,n (D.12)

where the modal participation factor has the form:
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('i/\')

! (Mr, +M

B. = - (D.13)

in which ry is the A-th column of R and 1 is the &-th column of a »# X n identity matrix.

(4) It is convenient to define a normalised modal response si(#), representing the
response of a single-degree-of-freedom oscillator with frequency and damping ratio of
the i-th mode, and subjected to the base acceleration i, (f):

§. 42805, s, =i () (D.14)

Clearly one has:
)=20 Busilt) (D.15)

(5) A generic response quantity of interest z(¢) (nodal displacement, internal force,
etc) can be expressed as a linear function of the nodal displacement x(¢):

z(t):qrx(t):qux‘(z)+ x"(t)] (D.16)

. . . . 3 d .
Substituting for the expressions obtained for x° and x° one arrives at:

m

Za,u, ZZh,,s,, (D.17)

k=l i=l

in which:
a,(t)=q'r, b,=q"9.8, (D.18)

D.3.4.3 Response spectrum solution

(D) Using basic random vibration theory in conjunction with a model such as that
described in D.1 for the support motions u(7), the standard deviation of the response
quantity of interest z(f) can be directly determined in terms of the standard deviations of
the input processes u(f) and of the normalised modal responses s(¢), as well as of the
correlation between input and output quantities.

2) Further, by taking into account the relationship between the power spectral
densities of the input processes, G,,(®)’, and the above standard deviations and

correlations, as well as the relationships between power spectral density of the response

* Gai @) denotes the power specetral densitics matrix of the ground acceleration processes which, for simplicity of notation, is
denoted in D. 1 simply by G(w).
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process and response spectrum, the following expression is derived for the mean value
of the maximum response (i.e. the elastic action effect)’:

momn m_oomnn
ILI:"m = JZ z a/\ alpu,(uj u/«.max“/.nmx + Z Z Z Z bkib//'px“.y,, DA' (CUV ’ égi )D/ (a)j ’ Cj_/‘ ) (D l 9)

k=1 I=] k=l /=1 i=l j=I

where vy max and umqx are the peak ground displacements at supports & and / consistent
with the respective local elastic response spectrum as given in  EN 1998-1:2004,
3.2.2.4; D@, &) and Di(w;, &) are the elastic displacement response spectra values at
supports k and / for frequencies and damping ratios of the considered modes, consistent
with the respective local elastic response spectrum as given in EN 1998-1:2004, 3.2.2.2.

3) The correlation coefficients p, ., between peak ground displacements, and

p,,,, » between normalised modal responses, are given by:

/i

1 .
= G d
p”A“I o _[/w oy (0)) w

Psy = ! J"’ H z(a))H j (_ a))Gu,lu', (a))da)

O-"k, 051/ -
SR
O-u,. - f Gnkuk (a))da)
es)

o-sz, = fTin(a))’z GiiAn'A (a))da)

(D.20)

where G, (a)) is the kl-term of the power spectral densities matrix of the ground
displacement processes, related to the corresponding one for the acceleration processes
by: G(e)=

— G (a)) Hi(w) 1s the frequency transfer function of the normalised
@

modal displacement, given by:

1
2 2, A g
W - +i2éo.w

H(w)= (D.21)

(4) In order to evaluate the integrals in Expression (D.20) the power spectral
densities should be related to the response spectra that represent the information
supposed to be available to the user of the present approach. The following approximate
expression, slightly adjusted from that proposed in [4], can be used to relate response
and power spectrum at any station:

% In Expression (D.19) onc contribution has been omitted, which accounts for the corrclation between the ¢ -terms and the § -

terms, i.c. ,DH/ 5 Numerical analyscs show that this contribution is insignificant and can be disrcgarded.
aly
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G,.(0)=0o’ (ﬁ + i]{?_(w_,@} ®>0 (D.22)
T T 2.5

where 7 is the duration of the stationary part of the ground motion to be taken
consistently with the seismic event underlying the establishment of a,.

(%) In practical cases, when local soil conditions differ from one support to another,
the effect of this difference tends to dominate over the other two phenomena generating
loss of correlation. Numerical analyses show in addition that the consideration of the
third term y;;3(w) 1n the coherency function has small influence on the results so that it
can be, in approximation, set to zero. Based on these considerations and taking into
account the approximate character of the described response spectrum procedure, a
significant simplification is to consider a diagonal matrix G(w), i.e. to consider the
structure as subjected to a vector of independent ground motion processes, each one
characterised by its own power spectral density function. Correspondingly, Expression
(D.19) simplifies to:

k=l i=l j=I

\/Za S WYY b, D06 )D,0,.2)) (D.23)
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ANNEX E (INFORMATIVE)
PROBABLE MATERIAL PROPERTIES AND PLASTIC HINGE
DEFORMATION CAPACITIES FOR NON-LINEAR ANALYSES

E.1 General

(1) This Annex provides guidance for the selection of the probable material
properties and for the estimation of the deformation capacities of the plastic hinges.
Both are intended for use exclusively for non-linear analyses in accordance with 4.2.4
and 4.2.5.

E.2 Probable material properties
E.2.1 Concrete

(H Mean values fu,, Ecm in accordance with EN 1992-1-1: 2004, Table 3.1 should
be used.

(2)  For unconfined concrete the stress-strain relationship for non-linear analysis
specified in EN 1992-1-1:2004, 3.1.5(1), should be used, with the values of strains &
and &, as specified in Table 3.1 of the same standard.

3) For confined concrete the following procedure may be used, as an alternative to
EN 1992-1-1:2004, 3.1.9 (see Figure E.1):

Eeuc

Key
A — Confined concrete
B — Unconfined concrete

Figure E.1: Stress-strain relationship for confined concrete

NOTE This model of confined concrete properties is compatible with the values for @, and L,
given in expressions (E.18) and (E.19) respectively.
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(a) Concrete stress og:
%e M (E.1)
./cm.c 7= 1+ xr .
where:
x=—=¢ (E.2)
‘(;cl,c
E
7= cm (E'B)
Ecm - Escc

secant modulus to ultimate strength:

g, - Jone (E4)

sce
-

Cele

ultimate strength:

_fcm.c :_fcm/?vc (ES)

2
2254 117947~ =% 1954 (E.6)
fcm fcm

strain at ultimate strength:

fure = o,ooz{ns[f Alﬂ (E.7)

<ZCm

.

(b) Effective confining stress o:

o, is the effective confining stress acting in both transverse directions 2 and 3 (o, =
O = 0Ow3). This stress may be estimated on the basis of the ratio of confining

reinforcement p,, as defined in 6.2.1.2 or 6.2.1.3, and its probable yield stress fym as
follows:

— For circular hoops or spirals:

I .
O = Eapw ./ym (ES)

— For rectangular hoops or ties:

Oc = a/)wfym (E 9)

where « 1s the confinement effectiveness factor (see EN 1998-1: 2004, 5.4.3.2.2)
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For bridge piers confined in accordance with the detailing rules of 6.2.1 and with a
minimum dimension by, = 1,0 m, the value o = 1,0 may be assumed.

NOTE If, in the case of orthogonal hoops, the values of p, in the two transverse directions are

not equal (042 # Pus), the effective confining stress may be estimated as o, = /o0, .

©) Ultimate concrete strain &

This strain should correspond to the first fracture of confining hoop reinforcement.
Unless otherwise substantiated, it may be assumed as follows:

Ladp, fon€
"¥Ps ym® o,

Eeue = 0,004 + (E.10)
</ em,e
where:
ps = py, for circular spirals or hoops
s = 2 py, for orthogonal hoops, and
Eu = Eum is the mean value of the reinforcement steel elongation at maximum

force (see EN 1992-1-1:2004, 3.2.2.2)

E.2.2 Reinforcement steel

(1) In the absence of relevant information on the specific steel for the project, the
following values may be used:

S

o =1,15 (E.11)
(fyk
S _ 1,20 (E.12)
S
Esu = Euk (E.13)

E.2.3 Structural steel

(1) In the absence of relevant information on the specific steel for the project, the
following values may be used:

f m

1,25 (E.14)
Joyn
S _1 39 (E.15)

un
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where fy, and f,, are the nominal values of the yield and ultimate tensile strength
respectively.

E.3 Rotation capacity of plastic hinges
E.3.1 General

(h In general the rotation capacity of plastic hinges, &, (sec 4.2.4.4(2)c) should be
evaluated on the basis of laboratory tests, satistying the conditions of 2.3.5.2(3), that
have been carried out on similar components. This applies for the deformation
capacities of tensile members or of plastic shear mechanisms used in eccentric structural
steel bracings.

(2) The similarity mentioned above refers to the following aspects of the
components where relevant:

— geometry of the component
— loading rate
— ratios between action effects (bending moment, axial force, shear)

— reinforcement configuration (longitudinal and transverse reinforcement, including
confinement), for reinforced concrete components

— local and/or shear buckling conditions for steel components

(3) In the absence of specific justification based on actual data, the reduction factor
7ip of expression (4.21) may be assumed as yi, = 1,40.

E.3.2 Reinforced concrete

(1) In the absence of appropriate laboratory test results, as mentioned in E.3.1, the
plastic rotation capacity #,,, and the total chord rotation &, of plastic hinges (see Figure
2.4) may be estimated on the basis of the ultimate curvature @, and the plastic hinge
length L, (see Figure E.2), as follows:

6, = ey + ‘917,u (El6a)
L]J ‘
0}),&1 = (([)u _ij )Lp(l _ﬁ (El6b)
where:
L is the distance from the end section of the plastic hinge to the point of zero

moment in the pier

D, is the yield curvature
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M, @D, b,
Figure E.2: &, and &,

For linear variation of the bending moment, the yield rotation £, may be assumed as:

g L
b3

(E.17)

2) Both @, and @, should be determined by means of a moment curvature analysis
of the section under the axial load corresponding to the design seismic combination (see
also (4)). When &, > &, only the confined concrete core section should be taken into an
account.

3) @, should be evaluated by idealising the actual M-® diagram by a bilinear
diagram of equal area beyond the first yield of reinforcement, as shown in Figure E.3.

A

M, |eeene LTI
u

Y

A\ 4

Key

Y — Yield of first bar
Figure E.3: Definition of @,

(4) The ultimate curvature @, at the plastic hinge of the member should be taken as:

B =3 (E.18)
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where

d is the effective section depth

& and & are the reinforcement and concrete strains respectively (compressive
strains negative), derived from the condition that either of the two or both have
reached the following ultimate values:

- &l for the compression strain of unconfined concrete (see EN 1992-1-
1:2004, Table 3.1)

Eene for the compression strain of confined concrete (see E.2.1(3)(¢) or EN
1992-1-1: 2004, 3.1.9(2))

- & for the tensile strain of reinforcement (see E.2.1(3)(c))

(5) For a plastic hinge occurring at the top or the bottom junction of a pier with the
deck or the foundation body (footing or pile cap), with longitudinal reinforcement of
characteristic yield stress fy (in MPa) and bar diameter d,, the plastic hinge length L,
may be assumed as follows:

Ly=0,10L + 0,015fxclor (E.19)

where L is the distance from the plastic hinge section to the section of zero moment,
under the seismic action.

(6) The above estimation of the plastic rotation capacity is valid for piers with shear
span ratio

23,0 (E.20)

Q| =~

o. =

N

For 1,0 £ as < 3,0 the plastic rotation capacity should be multiplied by the reduction
factor

Ma, )= \/% (E.21)
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ANNEX F(INFORMATIVE)
ADDED MASS OF ENTRAINED WATER FOR IMMERSED PIERS

(1) Unless otherwise substantiated by calculation, the total effective mass in a
horizontal direction of an immersed pier should be assumed equal to the sum of:

— the actual mass of the pier (without allowance for buoyancy);
— the mass of water possibly enclosed within the pier (for hollow piers);

— the added mass m, of externally entrained water per unit length of immersed pier.
2) For piers of circular cross-section of radius R, 71, may be estimated as:

m, = ,D7ZR2 (F.1)
where p is the water density.

3) For piers of elliptical section (see Figure F1) with axes 2a, and 2a, and

horizontal seismic action at an angle to the x-axis of the section, m, may be estimated
as:

2 2 )
My = a,” cos” @+ ay,"sin" g F.2
y
T - \a}.
v‘"d
\
X
1
rag \\
F IR Sy - \
i \
0,\,/ \
)
\‘ \
Y
A}
\/
ax

k4
f 1

22,
Figure F.2: Definition of dimensions of rectangular pier section

4) For piers of rectangular section with dimensions 2ay by 2ay, and for earthquake
action in the x-direction (see Figure F.2), m, may be estimated as:
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my = /c,orcay2 (F.3)
where the value of & is taken from Table F.1(linear interpolation is permitted).

Table F.1 Dependence of added mass coefficient of rectangular piers on cross-
sectional aspect ratio

ay/ax k
0,1 2,23
0,2 1,98
0,5 1,70
1.0 1,51
2,0 1,36
5,0 1,21
10,0 1,14
oo 1,00
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ANNEX G (NORMATIVE)
CALCULATION OF CAPACITY DESIGN EFFECTS

G.1 General procedure

(1)P  The following procedure shall be applied in general, separately for each of the
two horizontal components of the design seismic action with signs + or —

(2)P  Step 1:

Calculation of the design flexural strengths Mgqy of the sections of the intended plastic
hinges, corresponding to the selected horizontal direction of the seismic action (4:) with
the sign considered (+ or —). The strengths shall be based on the actual dimensions of
the cross-sections and the final amount of longitudinal reinforcement. The calculation
shall consider the interaction with the axial force and possibly with the bending moment
in the orthogonal direction, both resulting from the analysis in the design seismic
situation of expression (5.4) of 5.5.

(3)P  Step 2:

Calculation of the change of action effects 4A¢ of the plastic mechanism, corresponding
to the increase of the moments of the plastic hinges (4M,), from (a) the values due to
the permanent actions (Mg,) to (b) the overstrength moments of the sections.

AM) = 70MRd,h - MG,h (G 1 )
where y, 1s the overstrength factor specified in 5.3.

4) The effects 44¢ may in general be estimated from equilibrium conditions, while
reasonable approximations regarding the compatibility of deformations are acceptable.

(5P Step 3:

The final capacity design effects 4¢ shall be obtained by superimposing the change AAc
to the permanent action effects Ag

AC = AG +AAC (Gz)

G.2 Simplifications

(1) Simplifications of the general procedure specified in G.1 are allowed, as long as
G.1(4) 1s satisfied.

2) When the bending moment due to the permanent actions at the plastic hinge is
negligible compared to the moment overstrength of the section (Mg, << pMran), Step 2
in G.1(3)P may be replaced by a direct estimation of the effects A4¢ from the effects
Ag of the design seismic action. This is usually the case in the transverse direction of the
piers, or in both directions when the piers are hinged to the deck. In such cases the
capacity design shear of pier "i" may be estimated as follows:
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YoM Rd,h,1
_ VE )

Vei=A4V, = ;
My, ’

(G.3)

and the capacity design effects on the deck and on the abutments may be estimated from
the relationship:

Z‘VCi
LA (G.4)
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ANNEXH (INFORMATIVE)
STATIC NON-LINEAR ANALYSIS (PUSHOVER)

H.1 Analysis directions, reference point and target displacements

(1) The non-linear static analysis specified in 4.2.5 should be carried out in the
following two horizontal directions:

— the longitudinal direction x, as defined by the centres of the two end-sections of the
deck.

— the transverse direction y, that should be assumed to be orthogonal to the
longitudinal direction.

(2) The reference point should be the centre of mass of the deformed deck.

(3) In each of the two horizontal directions x and y, defined in (1) above, a static
non-linear analysis in accordance with 4.2.5 should be carried out, until the following
target displacements of the reference point are reached:

— in x-direction (longitudinal):

dT.x = dEx (H 1 )

— in y-direction: (transverse) :
d"r_/y = d}iy (HZ)

where:

dyx is the displacement in the x-direction, at the centre of mass of the deformed
deck, resulting from equivalent linear multi-mode spectrum analysis (in
accordance with 4.2.1.3) assuming ¢ = 1,0 due to £ “+” 0,3Ey. The spectrum
analysis should be carried out using effective stiffness of ductile members as
specified in 2.3.6.1.

dey  1s the displacement in y-direction at the same point calculated similarly to dgx
above.

H.2 Load distribution

(1 The horizontal load increments 4F;; assumed acting on lumped mass A, in the
direction investigated, at each loading step /, should be taken as equal to:

AF =405 g M; (H.3)

where:

deo; s the horizontal force increment, normalized to the weight gM;, applied in step J,
and

G is a shape factor defining the load distribution along the structure.
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(2) Unless a better approximation is used, both of the following distributions should
be investigated:

a) constant along the deck, where
for the deck
G=1 (H.4)

and for the piers connected to the deck

g =2 (H.5)

N

i is the height of point i above the foundation of the individual pier and

zp is the total height of pier P (distance from the ground to the centre line of the
deck).

b) proportional to the first mode shape, where

G is proportional to the component, in the considered horizontal direction, of the

modal displacement at point i, of the first mode, in the same direction. The mode with
the largest participation factor in the considered direction, should be taken as first mode
in this direction. Especially for the piers, the following approximation may be used
alternatively

¢i :gT,P—I (H.6)

where (7p is the value of { corresponding to the joint connecting the deck and pier P.

H.3 Deformation demands

(1) Deformation demands at each plastic hinge should be verified using expression
(4.20) where g, denotes the maximum chord rotation demands, when the target
displacement is reached (see 4.2.4.4(2)c).

(2)  In each direction, the total deformation at the first loading step when the two
sides of expression (4.20) become equal at any plastic hinge, defines the design ultimate
deformation state of the bridge. If, at this state, the displacement of the reference point
is less than the target displacement in the relevant direction, the design should be
considered unsatisfactory and should be modified.

NOTE 1: Increasing the longitudinal reinforcement of the critical plastic hinge sections, within
the limits of constructability, leads primarily to a corresponding increase of the effective
stiffness of the ductile members (in accordance with 2.3.6.1) and consequently to a reduction of
the target displacement in accordance with H.1(3), and of the deformation demands & of
H.3(1). In general increasing the dimensions of the sections of the ductile members leads to a
reduction of the deformation demands, as well as to an increase in the deformation capacities of
the members.
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NOTE 2: A design procedure of the ductile members along these lines involves only
deformation/displacement verifications (no strength verifications). However, non-ductile failure
verifications (shear) of both the ductile and non-ductile members are carried out through
strength verifications, in accordance with 4.2.4.4(2)(e).

(3) In the longitudinal direction of an essentially straight bridge, the displacements
of all pier heads connected to the deck are practically equal to the displacement of the
reference point. In this case the deformation demands of the plastic hinges can be
assessed directly from the target displacement.

H.4 Deck verification

(1) It should be verified that no significant yielding, in accordance with 5.6.3.6(2)
and 5.6.3.6(3), occurs in the deck before the target displacement is reached (see
4.2.4.4(2)d).

(2) Up-lift of all bearings at the same support, before the target displacement is
reached, should be avoided. Up-lift of individual bearings of the same support, before
the target displacement is reached, is acceptable, if it has no detrimental effect on the
bearings.

H.5 Verification of non-ductile failure modes and of the foundation soil

(1) All members should be verified against non-ductile failure modes (shear), in
accordance with 4.2.4.4(2)e, using the force distribution corresponding to the target
displacement as design actions. The same applies for the verification of the foundation
soil.

141



BS EN 1998-2:2005+A2:201 qvww.amiralikhalvati.com
EN 1998-2:2005+A2:2011 (E)

ANNEX J (NORMATIVE)
VARIATION OF DESIGN PROPERTIES OF SEISMIC ISOLATOR UNITS

J.1 Factors causing variation of design properties

(1) The assessment of Upper Bound Design Properties and Lower Bound Design
Properties (UBDPs and LBDPs) required for the design of the isolating system in
accordance with 7.5.2.4, should be established by evaluating the influence of the
following factors on each property:

— /i: ageing (including corrosion);

—  f2: temperature (minimum isolator design temperature Tiyinp);

JL

— /3t contamination;

— fa: cumulative travel (wear).

In general the design properties of cyclic response influenced by the above factors are
the following (see Figure 7.1 and Figure 7.3).

— The post elastic stiffness K,
— The force at zero displacement F,.

(2) The minimum isolator temperature for the seismic design situation, Tyinp, Should correspond to the
climatic conditions of the bridge location.

NOTE The method for determining the value of the minimum isolator temperature for use in a country in the seismic
design situation may be found in its National Annex. The recommended method is as follows:

Tmm,b :Txl\ - l//Z(Tzl\' - Tmin ) + 7] /—lTl

where

Toy is the annual average shade air temperature at the location of the bridge. It may be taken as the
average of the characteristic values of the maximum and minimum ambient shade air temperatures at *
bridge location, in accordance with EN 1991-1-5:2003, 6.1.3.2 i.e. T\, = (Tyax + Toin)/2. If N0 specific informatio.,
is available the value T,, = 10°C may be used.

Vs is the combination factor for thermal actions for seismic design situations, in accordance with EN
1990:2002 and EN 1990:2002/A1:2005, Annex A2 and

AT, =T in— Tin I8 the difference between the minimum uniform bridge temperature component T. .., and
the minimum shade air temperature T, . in accordance with EN 1991-1-5: 2003 and EN 1991-1-
5:2003/AC:2009, 6.1.3.1(4). ¢4

J.2 Evaluation of the variation

(1) In general the effect of each of the factors f; (i = 1 to 4) listed in J.1 on each
design property, should be evaluated by comparing: (a) the maximum and minimum
values (maxDPy and minDPyg) of the design property, resulting from the influence of
factor fi,, to (b) the maximum and minimum nominal values (maxDPyon, and minDP,,p,)
respectively, of the same property, as measured by Prototype tests. The following ratios
should be the established for the influence of each factor £ on the investigated design
property.
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. 3 maxDP;
Amax.fi = ([2)
maxDP
nom
. _ minDP;
Amingi = (l3)
minDP

nom

NOTE I: Informative Annex K provides guidance on prototype (or type) tests in cases where
prEN 15129:200X (“Anti-seismic devices”) does not include detailed requirements for such tests

NOTE 2: The values to be ascribed to the A-factors for use in a country may be found in its
National Annex. Recommended values/guidance for commonly used isolators, 1e. special
elastomeric bearings, lead-rubber bearings, sliding isolating units and hydraulic viscous
dampers, is given in Informative Annex JJ.

(2)  The effective UBDP used in the design should be estimated as follows:
UBDP = maxDProm. Aun. Aug ... Auss J1.4)

with modification factors
lU,ﬂ =1+ (/Lnax,ﬁ _I) Wi (IS)

where, the combination factors 4 account for the reduced probability of simultaneous
occurrence of the maximum adverse effects of all factors and should be assumed in
accordance with Table J.2:

Table J.2: Combination factors v

Importance Class Wi
111 0,90
11 0,70
[ 0,60

3) In general, for the effective LBDP (and relevant modification factors A, ) a
similar format as that of expressions (J.4) and (J.5) should be used, in conjunction with

Aminfi. However for the commonly used elastomeric and friction bearings, it may be
assumed in general that:

)Lmin, fi— 1 (.]6)
and therefore
LBDP = minDPuom J.7)

4) For hydraulic dampers and in the absence of specific tests, it may be assumed
that:

UBDP = 7770XDP110m

LBDP = minDPonm
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ANNEX JJ (INFORMATIVE)
A-FACTORS FOR COMMON ISOLATOR TYPES

JJ.1 Anax-values for elastomeric bearings

(1 Unless different values are substantiated by appropriate tests, the A -values
specified in following Tables JJ.1 to JJ.4 may be used for estimation of the UBDP.

Table JJ.1: f; - Ageing

)Lmax. fl for
Component X, F.
LDRB 1,1 1,1
HDRBI1 1,2 1,2
HDRB2 1,3 1,3
Lead core - 1,0

with the following designation for the rubber components:

LDRB: Low damping rubber bearing with shear modulus, at shear deformation of
100%, larger than 0,5 MPa

HDRB1: High damping rubber bearing with S < 0,15 and shear modulus, at shear
deformation of 100%, larger than 0,5 MPa

HDRB2: High damping rubber bearing with & > 0,15 or shear modulus, at shear
deformation of 100%, smaller or equal to 0,5 MPa

Lead core: Lead core for Lead rubber bearings (LRB)

Table JJ.2: f; - Temperature

Design Amax. 2 fOr
Temperature K, F,
Tinp (°C) LDRB | HDRB1 | HDRB2 | LDRB | HDRB1 | HDRB2
20 1,0 1,0 1,0 1,0 1,0 1,0
0 1,1 1,1 1,2 1,3 1,3 1,3
| 10 1,1 1,2 1,4 1,4 1,4 1,4
| -30 1,3 1.4 2,0 1,5 2,0 2,5

Twinp 18 the minimum isolator temperature for the seismic design situation,
corresponding to the bridge location (see (2) of J.1 of Annex J).(]

Table JJ.3: f5 - Contamination
’7 )‘-muxf.% - 110 ‘
Table JJ.4: f; — Cumulative travel

Rubber Jamax.ta= 1,0
Lead core To be established by test
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Unless different values are substantiated by appropriate test results, the An.-

values specified in the following Tables JJ.5 to JJ.8 may be used for the estimation of
the maximum force at zero displacement F, corresponding to the UBDP. The values
given for unlubricated PTFE may be taken to apply also for Friction Pendulum

bearings.
Table JJ.5: f; - Ageing
;'-maxfl
Component Unlubricated Lubricated Bimetallic Interfaces
PTFE PTFE
Environment | Sealed Unsealed Sealed Unsealed Sealed Unsealed
Normal 1,1 1,2 1,3 1.4 2,0 2,2
Severe 1,2 1,5 1,4 1,8 2.2 2,5

The values in Table 11.5 refer to the following conditions:

and salt

Stainless steel sliding plates are assumed

Unsealed conditions are assumed, to allow exposure of the sliding surfaces to water

Severe environment includes marine and industrial conditions

Values for bimetallic interfaces apply to stainless steel and bronze interface.

Table JJ.6: f; - Temperature

Design 1
Temperature max,f2
R Unlubricated | Lubricated Bimetallic
Tinp (7 C) PTFE PTFE Interfaces
20 1,0 1,0
?0 %’é }’z estZl;)lil)sied
30 15 3.0 by test
Table JJ.7: f3 - Contamination
/’Lmax,f”}
Installation Unlubricated | Lubricated | Bimetallic
PTFE PTFE Interfaces
Sealed, with stainless
steel surface facing 1,0 1,0 1,0
down
Sealed, with stainless
L 1,1 1,1 1,1
steel surface facing up
Unsealed, with
stainless steel surface 1,2 3,0 1,1
facing down

The values in Table JJ.7 refer to the following conditions:
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— Sealing of bearings is assumed to offer contamination protection under all
serviceability conditions

Table JJ.8: f; — Cumulative travel

;~max. 4 |
Cumulative Unlubricated Lubricated Bimetallic
Travel (km) PTFE PTFE Interfaces
To be ‘
<1,0 1,0 1,0 established
by test
To be
1,0<and <2 1,2 1,0 established
by test
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ANNEX K (INFORMATIVE)
TESTS FOR VALIDATION OF DESIGN PROPERTIES OF SEISMIC
ISOLATOR UNITS

K.1  Scope

(1) This Informative Annex is intended to provide guidance on prototype (or type)
testing in cases where prEN 15129:200X (“Anti-seismic devices”) does not include
detailed requirements for such testing.

2) The range of values of the deformation characteristics and damping values of the
isolator units used in the design and analysis of seismic-isolated bridges may be
validated by the tests described in this Annex. These tests are not intended for use as
quality control tests.

(3) The prototype tests specified in K.2 aim to establish or validate the range of
nominal design properties of the isolator units assumed in the design. These tests in
general may be project specific. However, available results of tests performed on
specimens of similar type and size and with similar values of design parameters are
acceptable.

4) The purpose of the tests of K.3 is to substantiate properties of the isolators,
which are usually not project specific.

K.2  Prototype tests

K.2.1 General

(1) The tests should be performed on a minimum of two specimens. Specimens
should not be subjected to any lateral or vertical loading prior to prototype testing.

(2) In general, full size specimens should be used. The competent authority may
allow performance of certain tests on reduced scale specimens, only when existing
testing facilities do not have the capacity required for testing full-size specimens.

(3) When reduced scale specimens are used, they should be of the same material and
type, geometrically similar to the full-size specimens, and should be manufactured with
the same process and quality control.

K.2.2 Sequence of tests

(D The following sequence of tests should be performed for the prescribed number
of cycles, at a vertical load equal to the average permanent load, on all isolator units of a
common type and size.

T Three fully reversed cycles at plus and minus the maximum thermal
displacement at a test velocity not less than 0,1 mm/min.
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T Twenty fully reversed cycles of loading at plus and minus the maximum non-
seismic design reaction, at an average test frequency of 0,5 Hz. Following the
cyclic testing, the load should be held on the specimen for | minute.

T3 Five fully reversed cycles at the increased design seismic displacement.
1 Fifteen fully reversed cycles at the increased design displacement, starting at the

offset displacement (7.6.2(2)P). The cycles may be applied in three groups of
five cycles each, with each group separated by idle time to allow for specimen
cooling down.

T Repetition of test 7> but with the number of cycles reduced to three.

Ts [f an isolator unit is also a vertical load-carrying element, then it should also be
tested for one fully reversed cycle at the total design seismic displacement under
the following vertical loads:

1,2 O + |AF k4|
0,8 Og - |4F k4|

where
Oa is the permanent load and

AFg  1s the additional vertical load due to seismic overturning effects, based on peak
response under the design seismic action.

2) Tests 75, Ty and Ty should be performed at a frequency equal to the inverse of the
effective period of the isolating system. Exception from this rule is permitted for isolator
units that are not dependent on the rate of loading (the rate of loading has as primary
effect the viscous or frictional heating of the specimen). The force displacement
characteristics of an isolator unit are considered to be independent of the rate of loading,
when there is less than 15% difference on either of the values of F, and K, defining the
hysteresis loop (see Figure 7.1), when tested for three fully reversed cycles at the design
displacement and frequencies in the range of 0,2 to 2 times the inverse of the effective
period of the isolating system.

K.2.3 Determination of isolators characteristics

K.2.3.1 Force-displacement characteristics

(1) The effective stiffness of an isolator unit should be calculated for each cycle of
loading as follows:

}Tp_ n
K = (K.T)
efl g —d
p n
where:
dy, and d, are the maximum positive and maximum negative test displacement,

respectively, and

148



www.amiralikhalvati.com
BS EN 1998-2:2005+A2:2011

EN 1998-2:2005+A2:2011 (E)

Fpand F, are the maximum positive and negative forces, respectively, for units
with hysteretic and frictional behaviour, or the positive and negative forces
corresponding to o), and d, respectively, for units with viscoelastic behaviour.

A Kcﬁ‘

Figure K1: Force-displacement diagrams of tests (Left: hysteretic or friction
behaviour; right: viscous behaviour)

K.2.3.2 Damping characteristics

(1) The energy dissipated per cycle Ep; of an isolator unit i, should be determined
for each cycle of loading as the area of the relevant hysteresis loop of the five fully
reversed cycles at the total design displacement of test 75 of K.2.2.

K.2.3.3 System adequacy

(1) The performance of the test specimens should be considered as adequate if the
following requirements are satisfied:

Ry except for fluid viscous dampers, the force-displacement plots of all tests specified
in K.2.2 should have a positive incremental force-carrying capacity.

R, in test 7} of K.2.2 the maximum measured force should not exceed the design
value by more than 5%.

R; in tests 7, and 75 of K.2.2 the maximum measured displacement should not
exceed 110% of the design value.

R4 in test T3 of K.2.2, the maximum and minimum values of the effective stiffness
K of isolator unit i (and the corresponding force-displacement diagrams), as
well as of the energy dissipated per cycle, Epi, should be determined as the
maximum and minimum, respectively, of the average of each of the four pairs of
consecutive cycles of the test. These nominal properties should be within the
range of nominal properties, assumed by the design.

Rs In test T4 of K.2.2, the ratio of the minimum to the maximum effective stiffness
measured in each of the 15 cycles should be not less than 0,7.

Rs Intest Ty of K.2.2, the ratio minEp/max£Ep for each of the 15 cycles should not be
less than 0,7.
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R;  All vertical load-carrying units should remain stable (i.e. with positive incremental
stiffness) during the test 76 of K.2.2.

Rg  Following the conclusion of the tests, all test specimens should be inspected for
evidence of significant deterioration, which may constitute cause for rejection,
such as (where relevant):

— Lack of rubber to steel bond

— Laminate placement fault

— Surface rubber cracks wider or deeper than 70% of rubber cover thickness
— Material peeling over more than 5% of the bonded area

— Lack of PTFE to metal bond over more than 5% of the bonded area

— Scoring of stainless steel plate by marks deeper or wider than 0,5 mm and over a
length exceeding 20 mm

—  Permanent deformation

— Leakage

K.3 Other tests

K.3.1 Wear and fatigue tests

(H These tests should account for the influence of cumulative travel due to
displacements caused by thermal and traffic loadings, over a service life to at least 30
years.

(2) For bridges of normal length (up to about 200 m) and unless a different value 1s
substantiated by calculation, the minimum cumulative travel may be taken as 2000 m.

K.3.2 Low temperature tests

(1) If the isolator units are intended to be used in low temperature areas, with
minimum isolator temperature for seismic design Tininp < 0°C (see J.1(2)), then a test
should be performed at this temperature, consisting of five fully reversed cycles at the
design displacement, with the remaining conditions as specified in test 73 of K.2.2. The
specimen should be kept below freezing for at least two days before the test. The results
should be evaluated as specified in R4 of K.2.3.3(1).

2) In the tests of K.3.1, 10% of the travel should be performed under temperature
7_'min,b~
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