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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

The procedures used to develop this document and e intended for i irther maj
descrfbed in the ISO/IEC Directives, Part 1. In particular the different approval criteria'n¢eded for the

e [SO list of patent declarations received (see www. iso. org/patentsy.

Any tfade name used in this document is information given for the convenience of users
constjtute an endorsement.

htenance are

nce with the

he subject of

rights. ISO shall not be held responsible for identifying any or all such patent rights. Details of
htent rights identified during the development of the document will be'in the Introdyction and/or

and does not

For ajn explanation on the voluntary nature of standards; the meaning of ISO specific terms and

expre

World Trade Organization (WTO) principles in the Techhical Barriers to Trade (TBT) see

URL:

Wwww.iso. org/iso/foreword. html.

This document was prepared by ISO/TC 98, Bases for design of structures, Subcommittee SC
forced and other actions.

This

revisg¢d.

ssions related to conformity assessment, as well as”information about ISO’s adhg¢rence to the

the following

3, Loads,

hird edition cancels and replaces.the second edition (ISO 3010:2001), which has been technically
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Introduction

This document presents basic principles for the evaluation of seismic actions on structures. The seismic
actions described are fundamentally compatible with ISO 2394.

It also includes principles of seismic design, since the evaluation of seismic actions on structures and
the design of the structures are closely related.

Annexes A to P of this document are for information only.

NOTE1 ISO 23469 and ISO 13033 are companion documents to this document. They provide basic design

criteria for ge

NOTE2  IS(
geotechnical
structures th4

NOTE3  IS(
ground motio
on nonstructy
located. Thers
are directly r¢

ptechmicat works amd-for monstructural CompoTents amd SyStenTs,; TeESpectivety:

23469 specifies the procedure to determine the design ground motion for the dynamicanallysis of
vorks. The procedure in ISO 23469 is applicable to the generation of design ground motion for the

t exhibit interaction with the ground or the geotechnical works.

13033 and its annexes use the same terms and definitions that are used in"this documerjt. The
h criteria specified in ISO 13033 are the same criteria that are used in this.document. The d¢mand
ral components and systems is directly related to the response of the\biilding in which thley are
fore, the procedures used to determine the design ground motion anid building seismic regponse

ferenced to this document.

Vi
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Bases for design of structures — Seismic actions on
structures

1 Scope

This document spec1f1es pr1nc1ples of evaluatlng seismic actions for the seismic design of buildings

(including both t

This

tunnsg

This

Inter

In reg
lieu o

This

is uti
struc

NOTE

applic
princi

NOTE
are re
in bui
liquid
plantd,
NOTE
regioy
struct]
from 4

2 N

The

const
undat

locument is not applicable to certain structures, such as bridges, dams, geoteehhic

ocument is not applicable to nuclear power plants, since these are dealtwith separ:
ational Standards.

!

ions where the seismic hazard is low, methods of design for struetural integrity ca
f methods based on a consideration of seismic actions.

document is not a legally binding and enforceable code. It canbe viewed as a source d
ized in the development of codes of practice by the competent authority responsib

fural design regulations.

1  This document has been prepared mainly for new engineered structures. The principleg
hble to developing appropriate prescriptive rules“for non-engineered structures (see A
ples could also be applied to evaluating seismic acfions on existing structures.

2
quired to resist seismic actions. These strictures include seismic force-resisting systems si
dings, such as a trussed tower or a piperack, or systems very different from those in build
storage tank or a chimney. Additionalexamples include structures found at chemical plants
harbours, amusement parks and, civil infrastructure facilities.

3 The level of seismic hazard that would be considered low depends not only on the sei
but also on other factors{including types of construction, traditional practices, etc. Method
ural integrity include peminal design horizontal forces (such as an equivalent static loadir
simplified equivalent-static analysis) which provide a measure of protection against seismi

ormativeteferences

fpllowing documents are referred to in the text in such a way that some or all of
tutes>requirements of this document. For dated references, only the edition cited

ed references, the latest edition of the referenced document (including any amendmg

Is, although some of the principles can be referred to for the seismic design of those $

hl works and
tructures.

itely in other

n be used in

bcument that
e for issuing

are, however,
nnex N). The

Other structures include self-supporting Structures other than buildings that carry grayvity loads and

milar to those
ngs, such as a
mines, power

smicity of the

s of design for
g determined
actions.

their content
applies. For
ents) applies.

ISO 13033, Bases for design of structures — Loads, forces and other actions — Seismic actions on
nonstructural components for building applications

3 Terms and definitions

For the purposes of this document, the following terms and definitions apply.

[SO and IEC maintain terminological databases for use in standardization at the following addresses:

[EC Electropedia: available at http://www.electropedia.org/

ISO Online browsing platform: available at http://www.iso.org/obp
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3.1
base shear

design horizontal force acting at the base of the structure

3.2

complete quadratic combination method

CQC

method to evaluate the maximum response of a structure by the quadratic combination of modal
response values

3.3
ductility

ability to def
or energy ab

34

liquefaction
loss or signi
cohesionless

3.5

brm beyond the elastic limit under cyclic loadings without significant reduction in str
sorption capacity

icant reduction of shear strength and stiffness under cyclic loadings in saturated,
soils

moderate e

ground motipn used for SLS caused by earthquakes which may be expected to occur at the site d
the service life of the structure

Note 1 to entr]

3.6
normalized
spectrum to

Fthquake ground motion

y: See Annex A.

design response spectrum

of the fundammental natural period of the structure

3.7

paraseismig
ground moti
are mainly d

3.8
P-delta effeq
second-orde

39

influences
bn whose characteristics are similar to those of earthquake ground motions, but its sq
1e to industrial, explosivestraffic, and other human activities

ct
" effect which is cabiSed by the action of gravity on the displaced mass

restoring fo

ce

ength

loose,

uring

determine the base shear factor relative te'the maximum ground acceleration as a function

urces

force exerted by the'deformed structure or structural elements which tends to move the structiire or
structural elpments-to the original position

3.10

seismic forc
ki

e distribution factor of the ith level

factor to distribute the seismic base shear to the ith level, which characterizes the distribution of
seismic forces in elevation, where ZkFi =1

Note 1 to entry: See Annex C.

3.11

seismic hazard zoning factor

kz

factor to express the relative seismic hazard of the region

© ISO 2017 - All rights reserved
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3.12

seismic shear factor

factor to give seismic shear of one level, that is defined as the seismic shear of the level divided by the
weight of the structure above the level

3.13

seismic shear distribution factor of the ith level

ke, -

V,i

ratio of the seismic shear factor of the ith level to the seismic shear factor of the base, which
characterizes the distribution of seismic shears in elevation where ky; = 1 at the base and usually
becomes largest at the top

Note 1 to entry: See Annex C.

3.14
severle earthquake ground motion
grourld motion used for ULS caused by an earthquake that could occur at the site

Note 1 to entry: See Annex A.

3.15
soil-gtructure interaction
effec by which structure and surrounding soil mutually affect their overall response

3.16
square root of sum of squares method
meth¢d to evaluate the maximum response of a structure by the square root of the sum of the squares
of mojdal response values

3.17
strudtural design factor
kp
factoy to reduce seismic forces or shears.to levels to be used for design, taking into account ductility,
accepftable deformation, restoring force)characteristics, and overstrength of the structure

4 Symbols and abbreviated terms

FEsi| design lateral sé€ismic force of the ith level of a structure for SLS
Fgu,i| designlatefalSeismic force of the ith level of a structure for ULS

Fq,i gravityload at the ith level of the structure

KE,s representative value of earthquake ground motion intensity for SLS
KEu representative value of earthquake ground mation intensity for LS
kR ordinate of the normalized design response spectrum

ks soil factor

n number of levels above the base

SLS serviceability limit state

SRSS  square root of sum of squares
SSI soil-structure interaction

ULS ultimate limit state

© IS0 2017 - All rights reserved 3
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VE,s,i
VEu,i
YE,s load
YE,u load

design lateral seismic shear of the ith level of a structure for SLS

design lateral seismic shear of the ith level of a structure for ULS

factor as related to reliability of the structure for SLS

factor as related to reliability of the structure for ULS

5 Bases of seismic design

The basic ph

losophy of seismic design of structures is, in the event of earthquakes

to preve

to ensur

to reduc

ht human casualties,
e continuity of vital services, and

e damage to property.

In addition t¢ these, societal goals for the environment should be considered.

It is recognized that to give complete protection against all earthquakes is not-economically feasible for

most types of structures. This document states the following basic principles.

a) The stru
severe e
reliabilit

b) The stry
to occur

[service:

Structural iptegrity should also be examined by considering the behaviour of the structure

exceeding e3
electrical eq
moderate ea

the requirements of ISO 13033. The structure itself should also be verified that essential fun

remain oper

NOTE1l In
to consider adj
from industri
earthquake.

NOTE2 Fo
occupation du
that can be ey

cture should not collapse nor experience other similar forms of structural failure ¢
hrthquake ground motions that could occur at the sitejfultimate limit state (ULS)]. H
y for this limit state should be provided for structures with high consequence of fail

cture should withstand moderate earthquake ground motions which may be exp
at the site during the service life of the structure with damage within accepted
ibility limit state (SLS)].

ch of the limit states (SLS and ULS). If it is essential that services (e.g. mechanicz
uipment including their distribution systems) retain their functions after sevg
rthquake ground motions, then the seismic actions should be evaluated in accordancg

htional under the same level of the motions.

hddition to the seismiedésign and construction of structures stated in this document, itis imp
equate countermeasures against subsequent disasters (such as fire, leakage of hazardous ma
h1 facilities or storage tanks, large-scale landslides and tsunami) which may be triggered

lowing_anvearthquake, earthquake-damaged structures might need to be evaluated fo
ring aperiod of time when aftershocks occur. This document, however, does not address a
pected due to aftershocks. In this case, a model of the damaged structure is required to ey

lue to
igher
Ire.

ected
limits

after
|1 and
re or
b with
ctions

brtant
rerials
by the

r safe
ctions
aluate

seismic action

S.

6 Principles of seismic design

6.1 Site conditions

Conditions of the site under seismic actions should be evaluated, taking into account microzonation
criteria (vicinity to active faults, soil profile, soil behaviour under large strain, liquefaction potential,
topography, subsurface irregularity, and other factors such as interactions between these).

In the case of liquefaction prone sites, appropriate foundations and/or ground improvement should be
introduced to accommodate or control such phenomena (see ISO 23469).

© ISO 2017 - All rights reserved
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In areas prone to tsunami hazard, certain important structures (vertical evacuation refuges, hospitals,
emergency communication facilities, etc.) are required to resist tsunami actions (see Annex 0).

6.2 Structural configuration

For better seismic resistance, it is recommended that structures have regular forms in both plan and
elevation.

6.2.1 Planirregularities

Structural elements to resist horizontal seismic actions should be arranged such that torsional effects
beco}le as small as possible. Irregular shapes in plan causing eccentric distribution ofyf¢rces are not
f

desirgble, since they produce torsional effects which are difficult to assess accuratelysand which may
amplify the dynamic response of the structure (see Annex F).

6.2.2( Vertical irregularities

Changes in mass, stiffness, and capacity along the height of the structure should be minimfized to avoid
damajge concentration (see Annex C).

Wher] a structure with complex formis to be designed, an appropridte dynamic analysis is r¢commended
in order to check the potential behaviour of the structure.

6.3 |Influence of nonstructural elements

The dtructure, including nonstructural as well as structural elements, should be clearly defined as
a seigmic force-resisting system which can be analysed. In computing the earthquake response of a
strucfure, the influence of not only the structu¥al system elements but also nonstructural walls,
partitions, stairs, windows, etc. should be eonsidered when they are significant to the structural
response.

NOTE Nonstructural elements are gfteh neglected in seismic analysis. In many cases, the ponstructural
elemehts can provide additional strength and stiffness to the structure, which may result in favourgble behaviour
during earthquakes which justifies.their being neglected. However, in some cases, the nonstructfural elements
can cquse unfavourable behaviouf. Examples are: spandrel walls that reduce clear height of reinfdrced concrete
columins and cause the brittle shear failure to the columns, and unsymmetrical arrangement of gartition walls
(which are considered to bé honstructural elements) that causes large torsional moments to the structure.
Therefore, it is important te'consider all elements as they behave during earthquakes. If neglecting the stiffness
and sfrength of nonstrdetural elements does not cause any unfavourable behaviour, they need npt be included
in seigmic analysis. ISO 13033 provides additional criteria regarding when nonstructural componeénts should be
included in the building seismic analysis model.

6.4 |Strength and ductility

The structural system and its structural elements (both members and connections) shoyld have both
adequate strength and ductility for the applied seismic actions. Adequate post-elastic performance
should be provided by appropriate choice of the structural system and/or ductile detailing. The
structure should have adequate strength for the applied seismic actions and sufficient ductility to
ensure adequate energy absorption (see Annex D). Special attention should be given to suppressing the
low ductile behaviour of structural elements, such as buckling, bond failure, shear failure, and brittle
fracture. The deterioration of the restoring force under cyclic loadings should be taken into account.

Local capacities of the structure may be higher than that assumed in the analysis. Such overcapacities
should be taken into account in evaluating the behaviour of the structure, including the failure mode of
structural elements, failure mechanism of the structure, and the behaviour of the foundations due to
severe earthquake ground motions.

© IS0 2017 - All rights reserved 5
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6.5 Deformation of the structure

The deformation of the structure under seismic actions should be limited, in order to restrict damage
for moderate earthquake ground motions and to avoid collapse or other similar forms of structural
failure for severe earthquake ground motions.

For long period structures such as high-rise buildings and seismically isolated buildings, effects of
repeated large displacement response should be evaluated for severe ground motions with long period
and long duration and limited to be within the deformation capacity.

NOTE There are two kinds of deformation to control: (1) inter-storey drift to restrict damage to
nonstructural elements and (2) total lateral displacement to avoid damaging contact with adjoining structures
(see Annex L)

6.6 Respdnse control systems

Response coptrol systems for structures, e.g. seismic isolation or energy dissipating,devices, can be
used to ensyre continuous use of the structure for moderate and, in some cases, sévere earthquake
ground motipns and also to prevent collapse during severe earthquake ground jetions (see Anngx M).

6.7 Foundations

The type of foundation should be selected carefully in accordance withthe type of structure and local
soil conditions, e.g. soil profile, subsurface irregularity, groundwaterlevel. Both forces and deformations
transferred through the foundations should be evaluated properly considering the strains indug¢ed to
soils during earthquake ground motions as well as kinematic‘and inertial interactions betweer soils
and foundatipns.

7 Principles of evaluating seismic actions

7.1 Variable and accidental actions
Seismic actidns should be taken either as variable actions or accidental actions.
Structures should be verified against-design values of seismic actions for ULS and SLS.

Accidental s¢ismic actions can be'considered for structures in regions where seismic activity is low to
ensure strucfural integrity.

NOTE The verificationdorthe SLS can be omitted provided that it is satisfied through the verification for the
ULS. The veriffication of the’SLS can also be omitted in low seismicity regions, where the SLS actions are low, and
for stiff structures (e.g.'shear wall buildings) which are designed to remain nearly elastic under ULS actions.

7.2 Dynamnic and equivalent static analyses

The seismic analysis of structures should be performed either by dynamic analysis or by equivalent
static analysis. In both cases, the dynamic properties of the structure should be taken into consideration.

When performing nonlinear analysis, the sequence of nonlinear behaviours of the structure, including
the formation of the collapse mechanism, should be determined when nonlinear behaviour is anticipated
for severe earthquake ground motions.

NOTE Nonlinear static analysis can be used to determine collapse mechanisms (see Annex H and Annex I).

7.2.1 Equivalent static analysis

Ordinary and regular structures may be designed by the equivalent static method using conventional
linear elastic analysis.

6 © IS0 2017 - All rights reserved
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7.2.2 Dynamic analysis

A dynamic analysis should be performed for structures whose seismic response may not be predicted
accurately by an equivalent static analysis. Examples include those structures with irregularities of
geometry, mass distribution or stiffness distribution, or very tall structures at sites with high seismic
hazard (see Annex K). A dynamicanalysis is also recommended for structures with innovative structural
systems [e.g. response control systems (see 6.6)], structures made of new materials, structures built on
special soil conditions, and structures of special importance. Dynamic analysis is classified as either a)
the response spectrum analysis, b) linear response history analysis or ¢) nonlinear response history

analy

sis (see Annex H).

7.2.3

Struc
analy]

7.3

The design seismic actions should be determined based on the followingConsiderations.

7.3.1

The s
seism
value

(incluyding active faults), or on a combination of historical and seismological data. In

exped
futur

NOTE
groun|
accele
energ
hazar
the v4
reach

7.3.2

Dyna
on th
influg

The g

which,

Nonlinear static analysis

fures where nonlinear sequence of behaviour is difficult to predict should utilizé nos
Kis to determine the sequence (see Annex [).

Criteria for determination of seismic actions

Seismicity of the region

pismicity of the region where a structure is to be constructed is usually indicated |
ic zoning parameter [peak ground motion value(s),ox design ground motion spect
(s)], which should be based on either the seismichistory or on seismological data

ted values of the maximum intensity of the earthquake ground motion in the regi
e period of time should be determined on thé&lbasis of the regional seismicity.

There exist many kinds of parameters:which can be used to characterize the intensity
ration and velocity, spectral response.parameters that are related to smoothed response
U, etc. Often, these parameters are determined by a probabilistic seismic hazard analysis td
1 for a range of natural periodstof vibration. In some cases, the hazard analysis is extended

riation in hazard level with-probability level and to integrate that variation with structuj
a consistent reliability against collapse.

Site conditions
mic properties\of the supporting soil layers of the structure should be investigated g

nce of déep'subsurface structure (basin effects) should also be taken into considerat]i

round motion at a particular site during earthquakes has a predominant period
ingeneral, is shorter on firm ground and longer on soft ground. Attention should Y

d motion. These are seismic intensity scales, peak ground acceleration and velocity, “effective’

hlinear static

y mapping a
ral response
bf the region
hddition, the
bn in a given

of earthquake
peak ground
spectra, input
give uniform
to encompass
al fragility to

nd the effect

e ground motion at the site should be considered. Geographical and geological conditions and

101.

of vibration
e paid to the

possi

11Ty of IoCal amplifications oI earthquake ground motions, which may occur (int

alia) in the

presence of soft soils and near the edge of alluvial basins. The possibility of liquefaction should also be
considered, particularly in saturated, loose, cohesionless soils.

NOTE

The properties of earthquake ground motions including intensity, frequency content and duration of

motion are important features as far as the destructiveness of earthquakes is concerned. Furthermore, structures
constructed on soft ground often suffer damage due to uneven or large settlements during earthquakes if not
constructed on deep foundations.

7.3.3 Dynamic properties of the structure

Dynamic properties, such as periods and modes of vibration and damping, should be considered for
the overall soil-structure system. The dynamic properties depend on the shape of the structure, mass
distribution, stiffness distribution, soil properties, and the type of construction. Nonlinear behaviour

© IS0 2017 - All rights reserved
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of the structural elements should also be taken into account (see 8.1.1). A larger value of the seismic
design force should be considered for a structure having less ductility capacity or for a structure where
a structural element failure may lead to complete structural collapse.

7.3.4 Consequence of failure of the structure

Consequence of possible failures as well as expense and effort required to reduce the risk of those
failures should be taken into account. By considering them and minimizing risk, design with a higher
reliability level is appropriate for buildings where large numbers of people assemble, or structures
which are essential for public well-being during and after the earthquakes, such as hospitals, power
stations, fire stations, broadcasting stations, and water supply facilities (see Annex A). For high-rise

Wﬁ——rrl_l_t_l_ﬁfo See Annex K. For national and political ECONOMIC reasons, a nigher 1evel of reliabili
be required in urban areas with a high damage potential and a high concentration of capital invest

buildings, al

NOTE Th
when conseqy

b load factors as related to reliability of the structure yg,y and yg s (see 8.1) are generally inci
ence class is high (see Annex A). For response history analysis, the input ground motions are

amplified or more stringent acceptance criteria are used, consistent with the increase of the,desired reliab

7.3.5 Spat

Usually, the 1
case of long-
come with pl
the ground ¢

8 Evalua

8.1 Equiv

In the seism

ial variation of earthquake ground motion

elative motion between different points of the ground may be disregarded. However,
span or widely spread structures, this action and the effectof a travelling wave whig
nase delay should be taken into account. Spatial variatiofi/of wave due to the differen
pndition and subsurface geological structure should alse be considered.

tion of seismic actions by equivalent static analysis

hlent static loadings

c analysis of structures based on a‘thethod using equivalent static loadings, the va

seismic actions for ULS and for SLS may be evaliuiated as follows.

8.1.1 ULS

The design Iz

F

E,u,i

or the design

%

teral seismic force of theith level of a structure for ULS, FE,y ;, may be determined by

n
2 FGJ
j=1

lateral seismic shear for ULS, Vg, ;, may be used instead of the above seismic force:

k, k

Esu “Z "Eu kg k

kel kg K ;

k, kg, ks kp kg k

y may
ment.

eased
either
ility.

in the
h can
ces of

riable

€y

(2)

E,u,i

Ew “Z XEu R Xv,i

n
2 F,
J=I1

© ISO 2017 - All rights reserved


https://standardsiso.com/api/?name=24eefa5d0ebd0b1b0fd93f26e79e543a

IS0 3010:2017(E)

where
YEu istheload factor as related to reliability of the structure for ULS (see Annex A);
kg  isthe seismic hazard zoning factor to be specified in the national code or other national
documents (see Annex A);
kgu isthe representative value of earthquake ground motion intensity for ULS to be specified in
the national code or other national documents by considering the seismicity (see Annex A);
ks is the ratio of the earthquake ground motion intensity considering the effect of soil con-
ditionstathe carthaualke ground mation intensitv farthe reference site conditi on (See
1 o J
Annex A);
kp  isthe structural design factor to be specified for various structural systéms acdording to
their ductility, acceptable deformation, restoring force characteristicg,"and overstrength
(see Annex D);
kR isthe ordinate of the normalized design response spectrum, as'afunction of thg fundamen-
tal natural period of the structure considering the effect of,soil’conditions (see Annex B) and
damping property of the structure (see Annex G);
kk; is the seismic force distribution factor of the ith levelto'distribute the seismic base shear to
each level, which characterizes the distribution ofs€ismic forces in elevation, where kg ;
satisfies the condition Z kFﬂ. =1 (see Annex €),
kyi isthe seismic shear distribution factor of the ith level which is the ratio of the sgismic shear
factor of the ith level to the seismic shearifactor of the base, and characterizes the distribu-
tion of seismic shears in elevation, wheré ky; = 1 at the base and usually becomgs largest at
the top (see Annex C);
F;j s the gravity load at the jth level of the structure;
n is the number of levels abevé the base.
8.1.2] SLS
The design lateral seismie force of the ith level of a structure for SLS, Fg s ;, may be determjned by
n
Fioi = Ves K RE s ks kg kF,iZFG,j (3)
j=1
or thq desighlateral seismic shear for SLS, Vg s j, may be used instead of the above seismic force:
n
A wal
Vesi = Vis Kz Kps Ks Kp Ky i 2 TG ; (4)
J=i
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where
YE,s is the load factor as related to reliability of the structure for SLS (see Annex A);
kg s is the representative value of earthquake ground motion intensity for SLS to be spec-
ified in the national code or other national documents by considering the seismicity
(see Annex A);
kguand kg s may be replaced by a unique representative kg, as specified in ISO 2394, in the ver-

The values @
imposed loac

NOTE De
combination d

8.2 Seismjic action effects within the seismic force-resisting system

The two hon
variation, led

The torsiona|
following qu
caused main|
in other stor
motions.

Modelling of
where pertiy
the frames 1

ification procedure, by which the reliability of the structure and the consequences

of failure, including the significance of the type of failure, are taken into accoun
Y

tto

szl o1 £ 4 | L Toall A
DPULI]y LI 1Udadu 1dCturl o "h,u aliu }’h's LDCC 1dAUIC n-d_}

f the gravity load should be equal to the total permanent load plus a probable ‘va
| (see Annex C). In snowy areas, a probable snow load is also to be considered.

pending on the definition of the seismic actions as variable or accidental,(the values fi
f seismic actions and other actions might be different. For the combination of actions, see ISO

izontal and the vertical components of the earthquake grodnd motion and their s
ding to torsional excitation of structures, should be considered (see Annex F).

[l effects of seismic actions should, in general, be taken‘\into account with due regard
hntities: eccentricity between the centres of mass and stiffness; the dynamic magnifi
ly by the coupling between translational and totsional vibrations; effects of eccentr
by's; inaccuracy of computed eccentricity; and.retational components of earthquake g

the structure should include realistic stiffness of structural elements (including crg
ent, especially at ULS). Where the stiffness of horizontal diaphragm system(s) conn¢
esisting horizontal seismic forgesns very low and transfer of horizontal forces bef

riable

br the
2394.

patial

to the
ration
cities
round

cking
bcting
ween

horizontal liies of seismic resistance is negligible, each line of resistance may be analysed independently

with effectiy
model of the

NOTE 1 Sei

NOTE2 Th
the horizonta
however, in th

In a number
comparable

or three-din1ensional nonlinear dynamic analyses are recommended.

NOTE 3

e mass in its tributary areavinstead of constituting and analysing a three-dimen
total structure (flexible diaphragm assumption).

smic actions in any direction do not always attain their maxima at the same time.
e vertical componentof the earthquake ground motion is characterized by higher frequencie
component. The peak vertical acceleration is usually less than the peak horizontal accelel

e vicinity of.the fault, the vertical peak can be higher than the horizontal.

of struetural forms, the magnitude of structural response from torsional vibration ¢
o or greater than that from translational vibration. For highly irregular structures

5ional

s than

ation;

an be
two-

Corner columns of structures are subjected to large seismic actions because of the combined effects

of torsional response combined with translational response from the two horizontal components of motions.

8.3 Seismic actions on parts of structures

When the seismic actions for the parts of the structure are evaluated by an equivalent static analysis,
appropriate factors for seismic forces or shears should be used, taking into account higher mode effects
of the structure including the parts (see Annex C). Seismic actions larger than those given in 8.1 may act
on parts of structures such as cantilever parapets, structures projecting from the roof, ornamentations,
and appendages. In addition, curtain walls, infill panels, and partitions adjacent to exit ways or facing
streets should be designed for safety using the appropriate values of seismic actions in accordance with
the requirements of ISO 13033.
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9 Evaluation of seismic actions by dynamic analysis

9.1 General
When performing a dynamic analysis, it is important to consider the following items (see Annex H).

a) An appropriate model should be set up, which can represent the dynamic properties of the real
structure.

b) Appropriate earthquake ground motions or design response spectra should be established, taking
into account the seismicity and site conditions.

9.2 [Dynamic analysis procedures
The ulsual dynamic analysis procedures may be classified as
a) t]:e response spectrum analysis for linear or equivalent linear systems, or:

b) the response history analysis for linear or nonlinear systems.

9.3 |Response spectrum analysis

A desjgn response spectrum should be defined as the input t&/pérform a response spectijum analysis.
This $pectrum may either be a) a code specified responsespectrum for the site or b) a site-specific
desigh response spectrum developed considering the proper damping ratio (see Annex Gf). The design
response spectrum should be smoothed.

In th¢ response spectrum analysis, the maximum:;dynamic response is usually obtained py statistical
combjnations, taking the predominant vibration-modes into consideration (see Annex H). Sufficient
numblers of modes should be considered.

NOTE|1  Usually, large amount of post-elastic deformation and effects of duration of seismic actjons cannot be
considered in response spectrum analysis.

NOTE|2  Higher mode effects on equivalent linear system can be evaluated by CQC or SRSS (see Annex H).

9.4 [Response historyanalysis and earthquake ground motions

A set pf earthquake greund motions is required as input in order to perform a response history analysis.
Thes¢ motions are eitheér recorded and/or simulated earthquake ground motions that are(selected and
scaledl to generally¥match the design response spectrum for the site. For both types of grojind motions,
the stochasticnature of earthquake ground motions should be taken into account.

Appropriate-earthquake ground motions should be determined for each limit state, taking into account
the s¢ismicity, local soil conditions, recurrence period of past earthquakes, distance to pctive faults,
: isti i - ainty in dicti j ice life of the

For that purpose, reference ground motion, which is independent of the characteristics of the structures,
should be evaluated using simulated or recorded ground motions as the ground motion at the free
surface of the ground, at bedrock, or at an equivalent bedrock depth. Then seismic action should be
evaluated from the reference ground motion, considering the effect of various factors such as dynamic
behaviour of structures and soil-structure interaction.

9.4.1 Recorded earthquake ground motions

When recorded earthquake ground motions are considered in a dynamic analysis, the following records
may be referred to:

— strong earthquake ground motions recorded at or near the site;
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— strong earthquake ground motions recorded at other sites with similar geological, topographic, and
seismological characteristics.

Recorded earthquake ground motions should be scaled according to the corresponding limit state,

seismicity of

the site, and dynamic linear and nonlinear characteristics of the structure.

9.4.2 Simulated earthquake ground motions

Since it is impossible to predict exactly the earthquake ground motions expected at a site in the future,
it may be appropriate to use simulated earthquake ground motions as design seismic inputs. The
parameters of the 51mulated earthquake ground motlons as well as the number of de51gn 1nputs should

reflect statist
ground moti

— spectral
— fault-rup

stochast

Simulated e4
state, seismi

NOTE1 Th
configuration
structure, etc

NOTE2 Ea
distribution, €
NOTE3 Co

NOTE4 In

NS may be obtalned by technlques as follows

matching techniques;
ture simulations based on earthquake scenarios;
ic representations, e.g. white noise.

irthquake ground motions should be established according to. the corresponding
City of the site, and dynamic linear and nonlinear characteristics’of the structure.

e parameters of the simulated earthquake ground motions_aré predominant periods, sy
time duration (time envelope of the simulated motions), intensity, amount of energy input
rthquake scenarios are based on the information of<tectonic plates, seismic fault paramete
tc.

mponents of simulated ground motions include‘effects of coherence.

terms of classification of ground motign-as design seismic inputs, simulated earthquake g

lated

limit

ectral
to the

s, slip

round

motions that are generated to match the elastic response spectra can be called artificial earthquake ground npotion.

9.5 Mode

The analytic

of the structure

al model of the strucdture should represent the dynamic characteristics of thg

structure, such as the natural peniods and modes of vibration, damping properties, and resf
force charadteristics, taking infé account material ductility and structural ductility. The dy
characteristics can be estimated through analytical procedures and/or experimental rg
Consideratiopn should be given to the following:

a)

the mas$ shouldfinclude the mass of permanent construction and an appropriate portion

imposed|loads;

b)

b real
oring
namic
sults.

bf the

coupling effects of the structure with its foundation and supporting ground;

c)
d)

damping in fundamental and higher modes of vibration (see Annex G);

ductility properties and the effect of cracking in concrete and masonry construction;

e) effectso
f)

g)

f nonstructural elements on the behaviour of the structure;

effects of torsion in linear and nonlinear ranges;

of the structure;

h)

particular storeys);

12

restoring force characteristics of the structural elements in linear and nonlinear ranges including

effects of axial deformation of columns and other vertical elements, or overall bending deformation

effects of irregular distribution of lateral stiffness in elevation (e.g. abrupt change of stiffness in
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effects of floor diaphragm stiffness, including cracking where appropriate.

i)

When soil-structure interaction is considered, it is recommended to establish the model which includes

the structure, foundation, and soil.

9.6 Evaluation of analytical results

When dynamic analysis is carried out, the evaluation of seismic actions and/or action effects may be
possible solely based on the results of dynamic analysis. However, the evaluation of seismic actions by

equivalent static analysis also gives useful information.

Ther

Fnr'n’ it is recommended that the hase shear oghtained fraom the r‘ynamir ana]yc

is should be

hred with the base shear of the equivalent static analysis, and the design base shéaf
limits as a percentage of the base shear of the equivalent static analysis in(case
Kis gives lower base share.

comp
some
analy|

10 Nonlinear static analysis

In noplinear static analysis, a structure is subjected to lateral forces-that are increag
structure may collapse. The forces represent seismic forces induced,by earthquake grog
wher
by th
until
prope

e fundamental mode of the structure. The seismic forces.are’applied incrementally a
b nonlinear state is encountered in a modelled member ‘or connection. The membe
rties are then adjusted to account for the encountered nonlinearity and the
increnental forces applied. The process continues umtil the structural model reach
instability (i.e. collapse) or a target global structural displacement is achieved. The analysi
“pushover analysis” and gives information on the 1ionlinear capacity, deformation, seque
hinge|formation, failure mechanism of the structure, etc.

The gbtained shear vs. deflection curves can-be converted to a single curve for the equiy
degrde-of-freedom (SDOF) of the structure. The curve that plots the shear against defle
equivilent SDOF is called the capacify,spectrum and can be compared with the dema
(Sa — ¥4 spectrum) to verify the seismic performance of the structure (see AnnexI).

11 HEstimation of paraseismic influences
This [document may_be’ used as an introductory approach for paraseismic influe

characteristics are similar to earthquakes, e.g. underground explosions, traffic vibration,
and ofher human agtivities. Some advisory remarks are presented in Annex P.

should have
the dynamic

ed until the
ind motions,

e the configuration of the forces may be proportional to the design seismic forces or forces caused

5 static loads
r/connection
n additional
bs analytical
5 is known as
hce of plastic

ralent single-
ction for the
hd spectrum

nces whose
pile driving,

© IS0 2017 - All rights reserved

13


https://standardsiso.com/api/?name=24eefa5d0ebd0b1b0fd93f26e79e543a

IS0 3010:2017(E)

Annex A
(informative)

Load factors as related to the reliability of the structure, seismic
hazard zoning factor and representative values of earthquake

ground motion intensity

A.1 Load

A.1.1 Geng

YE,u and yg s

factors as related to reliability of the structure, ygy and yg,s

bral

are the load factors (sometimes called importance factors) for ULS@nd SLS, respec

They are pa

determined py means of reliability theory. The factors depend on the répresentative value
earthquake ground motion intensity and are determined for correspondinglimit state by conside

a)

b) the variz
c)
A.1.2 Req

the unce

The require
consequence
and/or after
inconvenieng
the context o
by consideri

For ULS, whg
ground moti
a) High con

stru
lead

stru

the requfired degree of reliability,

tial factors for action according to the partial factor format ifi-JSO 2394 and c

bility of seismic actions,

rtainty associated with idealization of seismic actions and structures.

hired degree of reliability

class should be determined from the viewpoint of possible consequences of failure d
earthquakes in terms of, e.g. loss of lives, human injuries, potential economic losses,
es and environmental impact. The extent and magnitude of the consequence can depg

g consequences for all relevant stakeholders such as owners, suppliers and users.

re design requirements correspond to risk to life during and following severe earth
pns, YE,u should bedetermined according to the following categories of structures.

sequence class:

rtures containing large quantities of hazardous materials whose release to the publi
to seriaUs consequences, e.g. storage tanks of chemical materials;

1 degree of reliability depends mainly on the consequence of possible failured.

Fively.
hn be
bf the

ring:

The
uring
social
nd on

projects and differ from different perspectives. Thus, these should be carefully deterimined

uake

C may

ctures closely related to the safety of lives of the public, e.g. hospitals, fire stations,

bolice

stat

ons, communication centres, emergency control centres, major racilities 1in water s

upply

systems, electric power supply systems and gas transmission lines, major roads and railroads;

b)
— ordi
c¢) Low con
— stru
14

Normal consequence class:

nary structures, e.g. residential houses and apartments, office buildings;
sequence class:

ctures with low risk to human lives and injuries, e.g. sheds for cattle or plants.

structures with high occupancy, e.g. schools, assembly halls, cultural institutions, theatres.

© ISO 2017 - All rights reserved


https://standardsiso.com/api/?name=24eefa5d0ebd0b1b0fd93f26e79e543a

IS0 3010:2017(E)

For SLS, where design requirements correspond to loss of normal use of the structure during and/or
after moderate earthquake ground motions, yg,s should be determined according to the loss of expected
use, and the cost and disruption due to repair.

A.1.3 Variability of seismic actions and uncertainty associated with idealization of
seismic actions and structures

Because of variability of seismic actions, yg,y and yg s should be determined, taking into account the
stochastic nature of seismic actions. The variability comes from various sources, e.g. seismic activity
at the site, propagation path of seismic waves, local amplification of earthquake ground motion due to
soils and structural response. The uncertainties associated with the idealization of seismic actions and
calculation models of The Structure shoutd be taken INTto account.

A.2 |Seismic hazard zoning factor, kz

The seismic hazard zoning factor, kyz, reflects the relative seismic hazard of,the region. This factor is
evalupted, taking into account historical earthquake data, active fault data and other sefismotectonic
data in and around the construction site. Usually, at the region of the highest seismic hazafd, the factor
is unity and the factor decreases according to the seismic hazard of the respective region. A zoning
factoy larger than unity can be used when the seismic hazard of the fegion is extremely high. A contour
map for the representative value of earthquake ground motion-ifitensity may be provided instead of
specifying the zoning factors. The factor, ky, is typically determined for a rock site conditign.

In practical applications, a set of discrete values may betspecified based on the seismic hazard maps
availgdble. In general, these maps do not reflect modifications caused by the effects of the soil profile
at a specific site or the influences of near-faults. Therefore, for a specific site, kz should e multiplied
by an| additional factor kg, which is determined asia function of the soil profile, mapped value of kyz,
earthguake magnitude of the dominant earthquake source and distance to nearby actiye faults (see
Annex B).

NOTE From the perspective of code making, there is a freedom of choice regarding the wal the relevant
influepces on seismic action effect are cansidered in utilizing kz and kgr. For example, a single factor (instead of
two factors kg and k7 in the formulation above) can be adopted to represent all the relevant influences.

A.3 |Representative values of earthquake ground motion intensity, kg, and Kg,s

The 1lepresentative values kg,y and kg are usually described in terms of horizontal peak ground
accelgration as a ratiofo the acceleration due to gravity. If the peak ground velocity or ofher spectral
ordinptes are given, those values should be transformed into the acceleration.

A seigmic hazatd map which expresses the expected horizontal acceleration as a ratio to thq acceleration
due t¢ gravity'kz kg,u or kz kg s of the respective region may also be used instead of giving kz and kg y
and kf s separately.

A.4 Reference information for determination of factors yg u, Vg,s, kz, Kg,u, kg,s and ks

The results obtained by seismic hazard analysis are used as reference information for determination
of the factors yg,u, YEs, kz, kg,u and kg s (see A.1, A.2, A.3) as well as for determination of design ground
motions. The seismic hazard analysis should be conducted, taking into account the latest findings in
seismology as follows:

— regional seismicity (active faults, diffuse seismicity, etc.);
— propagation path characteristics from the source to the site;
— amplification due to deep subsurface structure;

— amplification due to shallow soil;
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epistemic uncertainty (model uncertainty) in predicted seismicity and in ground motion.

NOTE Effects of amplification of ground motion due to subsurface structure and shallow soil are usually
considered in factor kR (see Annex B).

The factor ks is usually described as the ratio of the peak acceleration (usually at the basement of
structure) considering the effect of soil conditions to the peak ground acceleration for the reference
site condition. It can be modelled as the function of kz kg y or kz kg,s as well as that of the soil condition
(e.g. 30 m average shear wave velocity). Example values of ks are tabulated in Table A.1, considering the
nonlinear characteristics of ground motion amplification. ks is usually assumed to be constant and to
be unity for high seismicity regions.

Table A.1 — Example values of kg

. .. kz kg,u or kz kg s
Soil conditipn
<0,1 0,2 0,3 0,4 >0,5
Rock 1,0 1,0 1,0 1,0 1,0
Stiff soil 1,6 1,4 1,2 1,1 1,0
Soft soil 2,5 1,7 1,2 0,9 0,9

A.5 Examples of load factors associated with representative.values

The load fac
as a functior]

fors yg,y and yg,s and earthquake ground motion intensities kg and kg s are determined
of the reference period and the probability of excéedance in the reference period.|For a
given probability of exceedance in a reference period, a larger@alue of the earthquake ground njotion
intensity resplts in a smaller value of load factor and vice vefsa. Yy and yg s are, as examples, listed in
Tables A.2 and A.3 for a region of relatively high seismic hazard, along with the representative yalues
of earthqualje ground motion intensity kg, and kg s (se€ A.3). Return periods for the corresponding
representatiye values are also shown, where the retusn period is defined as the expected time inferval
between which events greater than a certain magnitude are predicted to occur.

itions
eturn

It is common
have defined

to select a return period of approximately 500 years for the ULS, although some n
longer intervals. In areas where damaging earthquakes occur frequently, the 1

interval sele
nations, this
treated by 4
uncommon, {
motion valud

Cted for the SLS is generalljzno more than the service life of the facility, although in
return interval varies with the consequence class of the facility. SLS may be imp|
ippropriate selection~of“the ULS criteria. In areas where damaging earthquake
he SLS may be ignoeted:. It is also common practice to place judgmental limits on the g
s computed froncprobabilistic seismic hazard analysis. In many nations, these limits

to be applied where the ULS ground motion parameter exceeds a peak ground acceleration of

Another wayj

An example
Table A.2, w
kg,s. In Table

to view is tohave same return period with different load factors for SLS and ULS.

using thevunity load factor for the normal consequence class of structures is sho
here the return period for the corresponding limit state is taken into account by K
Az3,"a common representative value kg is used and the level of consequence is take

some
licitly
s are
found
begin
04 g.

wn in
E’u or
h into

AT Faval

account by y

£ +lao s 1 i et ot 1 Talal +1o 4+ PR | £
,u VI 7E s TUTMUHITLUTT TS PUITUTITE THIIITU STatt TN TdUIC 7. Z, T T TTUl I pti v ur ouuy

ars is

used for the ultimate limit state. Longer return period (e.g. 2 500 years) may be appropriate for the
return period instead of 500 years, if the ground motion for the ultimate limit state is considered as a
collapse ground motion. By adopting a longer return period for design, rare earthquake events caused
by such as active faults are more likely to be included in seismic demand modelling, especially in low- or
medium-seismicity regions. The appropriate return period is evaluated based on the examination of
the safety margin of conventionally designed structures.
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Table A.2 — Example 1 for load factors yg,y and yg,s and representative values kg,, and kg s
(where Kg,y # Kg,s, for normal soils in high seismic area)

Limit state Consequence class Load fac;](;l;s VEu OF kg kg,u or kg,s l;::z;l:l gilzg’(:
a) High 1,5to0 2,0
Ultimate b) Normal 1,0 1,0 0,4 500 years
c) Low 0,4t00,8
a) High 1,5t0 3,0
Serviceability |b) Normal 1,0 1,0 0,08 20 years
c) Low 0,4t00,8

(for normal soils in high seismic area)

Table A.3 — Example 2 for load factors yg,y and yg,s and representative value kg

. Load factors yE,, or _ _ Return period
Linpit state Consequence class YEs kz kg=Kkiu=Kg,s for kg
a) High 3,0to 4,0
Ultimate b) Normal 2,0
c) Low 0,8to 1,6
1,0 0,2 100 years
a) High 0,6 to 1,2
Servjiceability |b) Normal 0,4
c) Low 0,16 to 0,32

© IS0 2017 - All rights reserved
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Annex B
(informative)

Normalized design response spectrum

The normalized design response spectrum can be interpreted as an acceleration response spectrum
normalized by the maximum ground acceleration for design purpose.

It may be of {

kR =1+

kR = kR

kR = kR

kR = kR
where

kr

kro

T

T,, Ty an

The quantiti

earthquake magnitude of thé dominant earthquake source and distance to nearby active faults a
teristics,of\the structure, e.g. the damping of the structure. For a structure with a dajnping

as the charad
ratio of 0,05

he form of Formulae (B.1) to (B.4):

T
(kpo — 1 )T— for0<T<T,
a
forT,<T<Ty
T
- for T, < T< Ty
T
Tv Td
forTq< T
T2

is the ordinate of the acceleration@esponse spectrum normalized by the repre
ative value of earthquake grouhd motion acceleration;

is the ratio of the maximumJacceleration response over a short period range to
representative value of earthquake ground motion acceleration;

is the fundamental natural period of the structure;
1 Tq are the corner-periods of the spectrum, as illustrated in Figure B.1.

bs of kro, Ta, Tgand Ty are dependent on the soil profile, nonlinear characteristics @

Festing ohvthe average quality soil, krg may be taken as 2 to 3.

(B.1)

(B.2)

(B.3)

(B.4)

sent-

the

f soil,
s well
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kRO

~—

0 : : : T
Ta Tv Td
Key
kr acceleration response spectrum normalized by the peak ground acceleration for design purpose
kRro ratio of the maximum acceleration response to the peak ground acceleration
T fundamental natural period of the structure
Ta Ty|Tq corner periods of the spectrum

......... - kg of short period structures for design
- - lower limit of kR for design at long periods

Figure B.1 — Normalized’design response spectrum
Formpila (B.2) shows that kR is constant for T; < T < Ty (acceleration constant range). Forl a sinusoidal
motidn, the velocity amplitude is calculated as the acceleration amplitude divided by|the circular

2
frequency w = 7% Then, Formula\(B.3) implies that the velocity amplitude is constant for T, < T < Ty

(velogity constant range). Simrilarly, Formula (B.4) implies that the displacement amplitude is constant
for Tq < T (displacement constant range). Therefore, T,, Ty and Tq are closely related to th¢ response of
accelgration, velocity and-diSplacement, respectively.

1 1 . .
T, maly be taken as E to E of Ty and Ty for horizontal motions can be taken as follows:

— 0}3 s to 0,5.s for stiff and hard soil conditions;

— 05 s10(0,8 s for intermediate soil conditions;

— 0;8stot;2sfortooseanmd softsoitconditions:

When considering the soil profile effect, deep subsurface structure around the site as well as shallow
soil structure at the site should be considered.

Figure B.1 indicates that kg is unity at T = 0 and linearly increases to krg at T = T,. It is recommended,
however, to use kr = kro for 0 < T' < T,, as the horizontal dotted line of Figure B.1, because of the following
reasons:

— uncertainty of ground motion characteristics in this range;

— low sensitivity of strong motion accelerometers in this range, and therefore a possibility of a higher
value of kgr than the apparent one;
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— possibility of an unconservative estimate of the structural design factor kp for short period
structures.

For determination of seismic forces at longer periods, it is recommended that a lower limit be considered
1 1
as indicated by the horizontal dashed line in Figure B.1. The value of this level may be taken as 3 to m

of kro. For long periods, the response displacement becomes a function of the maximum displacement
of earthquake ground motions. There is uncertainty about the ground displacement close to faults in
very large magnitude earthquakes, therefore extrapolation of data from smaller earthquakes should be
made with care.

The funda be Ca
formulae, frgm Rayleigh’s approximation, or from an eigenvalue formulation. For the estimation of T,
the reduction of stiffness of concrete elements due to cracking should be taken into account.
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General characteristics of seismic force distribution parameters above the base for equ
analyfis are as follows.

a)

b)

IS0 3010:2017(E)

Annex C
(informative)

Seismic force distribution parameters for equivalent static

analysis

Fpr extremely stiff structures, for example, with period less than 0,05 s, whole parts fr
the base move along with the ground motion. Then the distribution of seismi¢forces is
the seismic shears increase linearly from the top to the base. This is called-the uniform
[ seismic forces (see the solid lines of Figure C.1). In Figure C.1, the Mormalized w
brmula (C.5)] is used as the ordinate, instead of height.

1 ©

br low-rise buildings, the distribution of seismic forces becomes.similar to the inver
hen the distribution of seismic shears is assumed to be a parabola whose vertex 1
nse. This is called the inverted triangular distribution of{séismic forces (see the da

igure C.1).

[ o —

pr high-rise buildings, seismic forces at the upper part become larger because of a
ffect. If the structure is assumed to be a uniformrshear type elastic body fixed at th
e subjected to white noise excitation, the distrjbution of seismic shears becomes a pa
brtex locates at the top (see the dotted linesf' Figure C.1). This may be called the dis

w <o o™

hear type structure subjected to white noise excitation or simply “ \/E distribution”

near distribution is proportional to ya. .

1

%)

valent static

bm the top to
uniform and
distribution
eight a; [see

ted triangle.
bcates at the
shed lines of

higher mode
b base and to
rabola whose
tribution for

because the
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a; normalized weight
KEi seismic force distribution factor
kv seismic shear distribution factor
Vi/ V1 normalized seismic shear

v =0in Formula (C.1), or k1 =0, k2 = 0 in Formula (C.4)
v=1inFormula (C.1), or k1 =1, k2 = 0 in Formula (C.4)
k1=0, k2 =1 in Formula (C.4)
v =2 in Formula (C.1)

Figure C.1 — Seismic force distribution parameters

Taking into 4ccount the above-mentioned characteristics of seismic force distribution parameters, the

seismic force

distribution factor, kg,;, may be determined by

FG.i hi
kpi=—1— (C.1H
[ 1%
2 Foh
j=
where
Fg,i isthe gravity load of the structure at the ith level, which includes the probable variable jm-
poded load{0,2 to 0,3 of the total imposed load);
h;  istheheight above the base to the ith level;

n is the number of levels above the base.

The exponent v may be taken as follows (where T is the fundamental period of the structure):

— v=0to 1 for low-rise buildings (up to five-storey buildings), or structures for which T< 0,5 s;

— v =1to 2 for mid-rise buildings, or structures for which 0,5s<T<1,5s;

— v =2 for high-rise buildings (higher than 50 m or more than fifteen-storey buildings), or structures
for which T>1,5s.

Distributions of seismic force parameters given by Formula (C.1) are shown in Figure C.1 as solid lines
for v =0, as dashed lines for v = 1, and as dash-dotted lines for v = 2.
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Formula (C.1) does not give an appropriate distribution for high-rise buildings, even if v = 2 (see dash-
dotted lines in Figure C.1). Then the seismic force distribution factor, kg ;, for high-rise buildings may be

determined by
kgn=p (C.2)
Fg,i hi
kei=(1-p) —— (€3)
2 Fojh)
j=1
where p is the factor to give a concentrated force at the top; approximately p = 0,1.

Since

at thd
that g

Threg
HC" th
(seisn

a) F
Vi

b) F
Vi

c) F

Vi

The diifference d; between “b*and “a” is given by d1 = a; — a;2, and the difference d, betwe

is do

distripution can be expressed as follows:

Vi

Formulae (C.2) and (C.3) do not always give an appropriate distribution and a-¢once
top is not practical for buildings with setbacks, it is preferable using other-types of
an be derived as follows.

of four types of the normalized seismic shear in the right of Figure €1 are denoted 3
At correspond to the above items a), b) and c), respectively. The nérmalized seismic
hic shear of the ith level divided by the base shear) is given as follows:

br the uniform distribution of seismic forces (see the solid Jitte “a” of Figure C.1),

/Vi=ai

pr the inverted triangular distribution of seismigforces (see the dashed line “b” of Fij

/Vi=1-(1-a)?=2a;-ai?
pr the \/; distribution (see the dotted line “c” of Figure C.1),

/V1=\/OT,-

= ,/ai - a;. Therefofe,-adjusting the factors k1 and kp, various types of the norn
/ V1 =a;+ kqdiA kody

i + kalai - a1?) + ko(\Jo; - ai)

htrated force
distribution

S “a"’ “b" and
shear V; / V1

rure C.1),

«_n “«_n

bn “c” and “a
alized shear

© IS0 2017 - All rights reserved

23


https://standardsiso.com/api/?name=24eefa5d0ebd0b1b0fd93f26e79e543a

IS0 3010:2017(E)

Dividing the above formula by a; gives the seismic shear distribution factor kv, that is the seismic shear
factor of the ith level normalized by the base shear factor, as follows.

kv,i:1+k1(1_0‘,~)+kz %—1 (C.4)
(041

where k1 and k; are factors from 0 to 1 and are determined mainly by the height or the fundamental
natural period of the structure, and «; is the normalized weight that is given by

Fgi
— (C.5)

M= [1 M=

FG,j

j=1
The normalized weight «; is used instead of the height h; above the base, because thenprmalized weight
is more convenient and rational to express distributions of seismic force parameters. Because offusing
aj, various tyjpes of seismic force parameter can be compared as Figure C.1.

In the case of|a structure with uniform mass distribution, the normalized weight @; may be approxifated
by the height h; using Formula (C.6):

hn B hi—l
o, ~ —

= (C6)

n

Distribution$ of seismic force parameters given by Formuld (C.4) are shown as solid lines in Figufe C.1
for k1 = 0 andl k2 = 0 (uniform distribution of seismic forces), as dashed lines in Figure C.1 for k1 =[1 and
k2 = 0 (inverted triangular distribution of seismic forces), and as dotted lines in Figure C.1 for k1 =0 and

k=1 (\/E distribution).

Therefore, tHe factors k1 and k may be taken as follows:

— k1= 1and k; = 0 for low-rise buildings; or structures for which T< 0,5 s;

— k1 =0,53and kz = 0,5 for mid-risé buildings, or structures for which 0,5s<T<1,5s;
— k1 =0and kz = 1 for high-rise)buildings, or structures for which T> 1,5 s.

Incidentally, substituting k4 2%k, = 2T / (1 + 3T), Formula (C.4) becomes as shown in Formula (C.7]:

kvi=1f L (C.7)

’ \/Z "11+3T

This is denotled-as A; in the Japanese seismic code that has heen used since 1981

When the seismic actions for the parts of the structure projecting from the roof are evaluated, the
seismic shear factor can be calculated by Formula (C.4) assuming k1 = 0 and k2 = 1, and substituting
the normalized weight of the part. Since the deformation caused by the earthquake ground motions
concentrates at the level which has less stiffness, kg; or ky;j should be adjusted to take account of such
behaviour.
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Annex D
(informative)

Structural design factor for linear analysis

The structural design factor kp is used to reduce seismic forces computed for fixed-base linear elastic
models (equivalent static and modal response spectrum analysis) to account for the beneficial effects

of an
resto

The f:
as giv

k

wher

k
The f3

k

wher

Recer
redud
perio
and v
struc
debat
kpy m

Fcipated IMetastic befraviour and foundation Structure (Mteraction, CoSaering i
ing force characteristics, ductility, damping, and overstrength.

ctor can be divided into two factors: namely kpy and kps and is expressed as-the prq
en in Formula (D.1):

D = kpyu kps

b is related to ductility, foundation structure interactios;restoring force character

hs is related to overstrength.

ictor can also be expressed as given in Formula (D.2):

1 1

D Du " Ds
R RuRs

e R, and Rs are the inverse of kpand kps, respectively.

t studies indicate that kp,, depends on the structure’s natural period of vibration with
tion in strength requiredfemaining minimal for structures having shorter fundam
1s. kps is a function of the difference between the actual strength and calculated des
aries according to the)inherent characteristics of the structural system, the uniqug
fure’s design and th&@method of strength calculation. Quantification of these factors
e, and one generiOterm kp has been adopted in most codes. The structural design f:
ay be, for example, as per the values in Table D.1.

Table D.1 — Example of structural design factor kp and kp,

structure’s

duct of them

(D.1)

stics, includ-

ing damping, and the amount of damage considered atceptable at the ultimate limit state;

(D.2)

| the possible
bntal natural
ign strength
aspects of a
s a matter of
ictor kp with

Structural system with kpp kp
Exvecallant ductility 1/5+51/2 11240 1/6
Excollent ductilis /5 t01/3 142+e-1/6
Medium ductility 1/3to1/2 1/6to1/3

Poor ductility 1/2to1 1/3to1

The difference between kp, and kp is mainly caused by the overstrength.

Calibration from the values in this table shows that kpsis 1 to 2.

kp will be larger where the limit state aims for limited damage rather than near collapse. These ranges
of kp are under continuing investigation (as are the values of kp, and kps) and may take other values in

some

circumstances.

Ductility is defined as the ability to deform beyond the elastic limit under cyclic loadings without serious
reduction in strength. The ductility factor (usually denoted by p) is defined as the total deformation
divided by the elastic limit deformation.
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To achieve levels of ductility kp, stated in Table D.1, the configuration of the structure and all the
details used are important. The ductility factor chosen should be consistent with the expected inelastic
performance of the actual materials, details and configuration of the structural system. Levels of
inelastic material strain implied by the chosen ductility factor and structural configuration should be
able to be reliably achieved at the ULS. Suitably appropriate detailing requirements may be prescribed
in the material design standard being used in conjunction with this document.

The structural systems given below with different ductilities are only typical examples. It should be
noted that detailing of members and joints to get appropriate ductility is important in the assessment
of the structural design factor. Therefore, the structure in one category could be classified in another
category depending on the detailing of structural elements (both members and joints).

tance
bction

a) A structjural system with excellent ductility is a structural system where the lateral reSis
is providled by steel or reinforced concrete moment-resisting frames with adequate €onng¢
details and detailing of structural elements to assure reliable nonlinear response.

b) A structpiral system with medium ductility is a structural system where the lateral resistaphce is
provided by steel-braced frames or reinforced concrete shear walls.

c) A structural system with poor ductility is a structural system where «the lateral resistance is
provided by unreinforced or partially reinforced masonry shear walls.

The term kp|is affected significantly by the type of failure mechanisiy The values shown aboye are

adopted with the assumption that the structure would form the failure mechanism considefed in

design, and when the structure fails in a different mechanism, larger ductility would be demanded

of some part
design occur

Results of ng
indicate that

period struct

S.

nlinear dynamic analyses of structures subjected to strong earthquake ground m
kpy (or 1/ Ry) is proportional to 1/u for longer period structures and 1/+/2u -1 for

ures, Where u is the ductility factor. Therefore, the maximum lateral displacement 4,55 exp

of the structure. Care should be taken to ensure that the failure mechanism assigned in

tions
short

ected

in ULS may He estimated by simple formulae as-follows (see Figure D.1):
— — 1 —
A =4y = —Ay = RuAy (D.3)
Du
11 1 1 2
A =AE=E 2+1 Ay =E(R“ +1]Ay (D.4)
kp
n

where 4y is t
shear forces

he lateral displacement calculated by linear analysis for the design lateral seismic for
defined imFormula (1) or (2) in the main text.

Generally, Formulax(D.3) is applicable to structures with a longer natural period (displacement-coj

ces or

1stant

rule) and Farmula (D.4) is to structures with a shorter natural period (energy-constant rule). The
cumulative d Ltlllt_y (un Culuivalcutl_y CHEYEY diooiyatiuu) demandedofthestrueturetsalsoataetornot to

be overlooked in ULS design, because the structure tends to lose its strength under cyclic loadings (such
behaviour is termed cumulative damage). Much research has been conducted to quantify the cumulative
ductility demand, and design procedures to allow for this demand might be provided in the future.
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normalized shear

structural design factor

structural design factor related to ductility

lateral displacement

lateral displacement calculated by linear analysis\for-the design lateral shear
maximum displacement by displacement-constant rule

maximum displacement by energy-constant.rule

actual shear and displacement curve

collapse of the structure

Figure D.1 — Relationship between lateral shear and displacement for ideal
elasto-plastic system
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Annex E
(informative)

Combination of components of seismic action

E.1 Combination of horizontal components

Among the three components of ground motion, combination of the two horizontal components sty

influences t
a) torsiona
b) axial for

Unless orthd
combination
horizontal c
axes x-y, the
of sum of squ
often underg
following qu

:}e total seismic actions on the structure, for example:

moment of the structure with two-directional eccentricity;
Ce of corner columns.

gonal pairs of ground motion are applied simultaneously in respéonse history ang

mponents of the seismic action are designated as Ey and Ejaccording to the orthg
directions of which follow the layout of the structures, sometimes the SRSS (squar
ares) method is applied to obtain the total design seismi€ action, E. The method, hoy
stimates the maximum response. To avoid this problem, it is recommended to uj
hdratic combination:

E=\/E2
X

While the fa
0to0,3.

First-order a

E=E A

E=JE,

The value of

The relations

+2¢E_E +E?
X oy y

Ctor € can be from -1 to 1 (¢ = 0 means:the SRSS method), € may empirically be taK

pproximation of Formula (E.1) leads to the following formulae, which may be used in
AE y
+E y

)l may be takeh-as 0,3 to 0,5.

hips E £E¢1n terms of E), / Ex by Formulae (E.1) and (E.2) are shown in Figure E.1.

ongly

lysis,

of the two horizontal components of seismic actions should be-considered. When the two

gonal
e root
Vever,
e the

(E.1)

(én as

Stead:

(E.2)
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Figurne E.1 — Relationships between E / Ex in terms of Ey, / Ex according to Formulae (E

E.2

The vertical component, E; may be evaluated by using Formula)(E.3):

wher¢

The vlertical component{-if combined with horizontal components, may be multiplied by
whicl) empirically ma$ybe taken as 0,2 to 0,4.

It is 1
cases|where effects of the vertical component are critical. Such cases include but not limitg

a)
b)

A

d)

E

kgyv 1isthe vertical peak ground acceleration expressed by the ratio to gravity acceler

kR z isthe response amplifieation, which may be taken as 2,5;

Fre is the effective gravity loads.

IS0 3010:2017(E)

0,5} Eq. (E2):4=0,3,.=0,5

0 02 04 06 08 10
E JE,

1) and (E.2)

Vertical component

4= Kkey kr,z FGe

may be taken as 1/2 to 2/3 of the herizontal peak ground acceleration. However,
ommended to take 1,0 of the horizontal peak ground acceleration in case that the
caused by faults close to theSite;

hprizontal structural elements with very long clear spans and long cantilever element

(E.3)

htion, which
it is rec-
motion is

the factor, A,

ecommended. to evaluate the vertical component, employing more precise dynamic analysis in

d to:

S;

constructions with high nrr‘hing forces;

concrete columns and shear walls subjected to high shear forces, especially at
interfaces;

isolators of seismic isolating systems.
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Annex F
(informative)

Torsional moments

The torsional moment of the ith level of the structure, M;, which is usually calculated in each direction
of the orthogonal axes x and y of the structure as schematically illustrated in Figure F.1, may be
determined lpy Formuta(F-1)

1

where V;is the seismic shear of the ith level [see Formula (F.2]]:

n
v,=Y F (F.2)
j=i
where
Fj is th[ seismic force of the jth level;
n isthe number of levels above the base;

e; 1is orle of the following two values, whichever is the'most unfavourable for the structural ¢le-
ment under consideration:

— the eccentricity between the centres.of mass and stiffness, multiplied by a dynamic mag-
nifidation factor representing the coupling of transverse and torsional vibrations, plus th
incidental eccentricity of the ith level;

v

— the eccentricity between the centres of mass and stiffness, minus the incidental eccentficity.
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Key

1 shear wall

2 column

G centre of mass

R centre of stiffness

ex, ey leccentricity
Figure F.1 — Centre of mass G, centre of stiffness R and eccentricity ey, e,

For equivalent static analysis, the torsion will require amplification to account for dynajnic response
effects. The dynamic magnification factor will* be specified in the national code or other national
docuinents. For example, this value may be taken as 1 to 2.

The incidental eccentricity which covers'the inaccuracy of estimated eccentricity as well fas rotational
comppnents of ground motion is assumed to be not less than 0,05 of the dimension of the structure
perpdndicular to the direction of.the applied forces.

The strength and ductility of structural elements should be well arranged considering fhe torsional
momént which gives additional seismic action effects to structural elements.
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Dampingint

internal

Annex G
(informative)

Damping ratio

he structure is classified as follows:

muninaofctructiiral Alaymantc th mambhaore and 1ot

(ho
A

hysteret
damping

damping

In general, t
viscous dam
the viscous d
based restor
history analy

The magnit;
Unfortunate
about the da

In principle,
and earthqu
deformation
these data a

This evaluat
structures. |
experiments

Recommend
above-menti

Structures that have fewsources for frictional energy dissipation, such as bare welded steel struc

may require
with wood s
affected by t

The value of]

ra
TIPS O ot attuTr ol CICTreTes I T C IO CT O oI o JOTITeS I

ic damping derived from hysteresis-based restoring force-deformation relations;
due to nonstructural elements;
due to energy dissipation into the ground derived from superstructurévibration.

nese types of damping, except for treating the hysteretic one as,it-is, are represent
ping in dynamic analysis. The hysteretic damping may be takeh into account as a p
amping in equivalent linear models; otherwise, it should be incorporated in the hyste
ng force-deformation relations. The latter option leads to miore refined results in res
rsis, but involves more calculation effort.

ide of the design seismic force is greatly affected by the value of damping
y, there are many unknowns in the nature of damping, thus resulting in large uncer
mping ratio.

values of damping should be evaluated on the basis of vibration tests, shaking table
hke observations of actual structures orfull-scale structure models. The range of mg
5 in the experiments is recommended near to expected deformations by calculati
e not available, the results of similatstructures in the similar conditions may be util

ion method of damping is,appropriate for evaluating directly total damping ¢
h the case of evaluating tofal ' damping by summing up damping values derived fro
of parts of the structurgs;.careful examinations are required.

bd values of damping.may be listed in some codes or similar regulations. In such case
bned principle should be taken into consideration.

lower values-of damping, whereas those with more sources of friction, such as bui
heathingfor example, may increase damping. It should be noted that the damping r
he configuration of the structure as well as the type of construction.

ed by
art of
resis-
bonse

ratio.
fainty

tests,
mber
ns. If
zed.

f the
m the

s, the

tures,
dings
htio is

the fraction of critical damping (damping ratio) is adopted very often between 0,0

1 and

0,10, depend

ing on the material, type of structure, their connections and the relative magnitude

of the deformations produced. The value leads to increase as the frequency increases but with large
fluctuations.

A damping ratio of 0,01 is often employed in wind design, and a similar value is found out at assessing
floors and pedestrian bridges subjected to passage of persons.

In evaluating seismic actions, where a larger amount of deformation is considered, a higher value of the
damping ratio may be employed. For design purposes, the damping ratio for the fundamental mode of
regular structures of steel, concrete or masonry construction is in the range of 0,02 to 0,05 depending
on the type of construction and the intensity of the ground motion considered that implies the stress
level suffered by the structure.
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On modelling of the structures, one of the classical damping matrices is the Rayleigh damping, for which
the damping matrix [C] is given as shown in Formula (G.1):

[C] = ao [M] + a1 [K] (G.1)
where

[M] is the mass matrix;

[K] is the stiffness matrix;

ap and a1 are the coefficients to be determined depending upon the damping ratios of two differ-
ent modes.

The apove damping matrix may not provide appropriate damping ratios for modes other fhan the two
modes considered for determining the coefficients ag and a1. In such cases, other-damping matrices in
whicl) modal damping ratios can be specified individually for multiple modes)may be applied.

Energy dissipation due to inelastic behaviour of the structure and structural’ design factor gre described
in conjjunction of some parameters in Annex D. Normalized design response spectrum in ¢lassified soil
conditions is mentioned in detail, and principle of capacity spectrumm method is also demonstrated in
Annex I. Some parts of them are closely related to damping of the structure or damping |ratio in both
anneyes. If needed, related portions are preferable to be referted:

Effects of viscous damping on the overall response becomefless significant with the increasein hysteretic
dampjing. There are several formulae to obtain some reduction or increment of the accelergtion peak for
dampjing ratio different from 0,05. Then the ordinate kg may be multiplied, for instance, Qy:

o= 1>
P 1+10¢

W = 01 (G.3)
P 0,05+ ¢

wher¢ (is the damping ratio of the structure in linear systems. It is recommended not to educe k¢ less
than ,55.

(G.2)

or

Althopgh most seismic codes utilize a constant damping ratio of 0,05, it varies according to the
strucfural material, construction system and behaviour during earthquakes. Some examples of the
dampjing ratig‘for SLS are as follows.

Reinforced concrete 0,04
Reinforced masonry 0,04
Prestressed concrete 0,03

Welded or bolted (preloaded) steel 0,03
Bolted (non-preloaded) steel 0,05

For ULS, since the inelastic behaviour of structures is significant and hysteretic damping becomes
larger, those effects could be included in Formula (G.2) or Formula (G.3), or should be considered,
choosing appropriate value of kp (see Annex D).
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In case the inelastic behaviour of structures is not very significant, the damping ratio may be as follows.

34

Reinforced concrete

Reinforced masonry

Prestressed concrete

Welded or bolted (preloaded) steel

Bolted (non-preloaded) steel

0,07
0,07
0,05
0,04
0,07
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Annex H
(informative)

Dynamic analysis

H.1 Model of structure for dynamic analysis

Mode]s of structure for dynamic analysis should include spatial representation of the m4
the dynamic characteristics of all elements intended to participate in resistance of €arth
In geperal, sufficient degrees of freedom to capture significant response charaeteris
dimenpsions should be included. Planar models may be permitted only when torsienal res
demopstrated to be insignificant. In addition, if horizontal stiffness of a storey can be 4
repregented by a series of translational and rotational springs, one-dimensional lump
spring models may be useful for simple but practical evaluation of seisnfi¢action.

Advapced numerical methods that can deal with the continuum, methanics should be u
necesgary to consider the detail of material behaviour of structusrg and the effect of soil b
Thesg methods are also useful to consider the spatial variation@nd propagation effect of gr

Mode]s may either be fixed at the base [see Figure H.1 a)j.or represent the compliance d

uake motion is defined at the bedrock.

ss as well as
quake forces.
fics in three
bonse can be
ppropriately
bd mass and

llized if it is
bhaviour, etc.
bund motion.

f supporting
H.1 b). More
n used when
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oo 1 LS |

S %

a) Fixed model b) Sway-rocking (SR) model c) Interaction model of structure with
piles

~
o
<

ground leyvel
sway spring
rocking spring
piles
foundatign/basement
forces caysed by soil
bedrock

ground mlotion acceleration

O N O Ul W N

Figure H.1 — Examples of soil-structure interaction models

H.2 Response spectrum’analysis

H.2.1 Method of analysis

Response spectrumranalysis is conducted for the site-specific response spectrum established fpr the
purpose of the-ahalysis. In the absence of such a spectrum, the normallzed design response spe rtrum
indicated inlAnhex R ' found
motion intensity may be employed. Elastic models of structures w1th same stlffness assumptlons for
linear response history analysis indicated in H.3.2.1 should be employed in response spectrum analysis.
Seismic actions and/or action effects should be evaluated by combining elastic modal response.

When natural frequencies of different modes are not closely spaced to each other, the combination to
estimate the maximum response quantity may generally be performed using the following formula
(SRSS method):

(H.1)
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where

S is the maximum response quantity under consideration;
S; is the maximum response quantity in the ith mode of vibration.

Regardless whether natural frequencies of different modes are closely spaced or not, the combination
may be performed using Formulae (H.2) and (H.3) (CQC method) which is derived from the random
vibration theory:

sl

(F

\E

n
ZSiPi,k S® (H.2)

8¢, ¢, (& +x¢) 2

-2 AAl L (gt AR o

~
Il
[uy
=~
-

Pli k (H.3)

wher¢

{} (x are the damping ratios for the ith and kth mode, respectively;

X is the ratio of the ith mode natural frequency to thekth mode natural frequendy.

All mpdes with a significant contribution to the total structural response should be cgnsidered for
Formplae (H.1) and (H.2).

H.2.2 Seismic action and action effect

The rlesponse from the combination of modes-should be multiplied by an appropriate scaling factor
to relpte the dynamic analysis base shear t0-the equivalent static base shear (described in 8.1). For
checking ULS, the response should be additionally multiplied by the appropriate strudtural design
factor described in Annex D.

H.3 [Response history analysis

H.3.1 Method of analysis

Response history analysis may be classified into linear analysis and nonlinear analysis.| Appropriate
meth¢d should be.chosen based on the purpose of the analysis.

H.3.1}]1 Linear response history analysis

The gurpese of linear response history analysis is to predict the values of element forde and global
structural deformation response values assuming linear response.

Linear response history analysis is often employed in evaluating seismic action effects for SLS
where behaviour of structural elements within elastic limit is assumed. For ULS, however, nonlinear
behaviour of structural elements is basically of importance and the element force obtained by the
analysis should be multiplied by appropriate structural design factor described in Annex D as in the
prescribed response spectrum analysis. The global structural deformation should also be multiplied by
the structural design factor and, in addition, be multiplied by the appropriate deflection amplification
factor, which has to be established for various types of structural systems.

H.3.1.2 Nonlinear response history analysis

The purpose of nonlinear response history analysis is to predict the values of global structural
deformation and individual element strength and deformation demands directly at response levels
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beyond the elastic limit and to demonstrate either implicitly or explicitly that the structure has
sufficient strength, stiffness, damping and deformation capacity to meet the performance goals.

Nonlinear response history analysis is normally employed in evaluating seismic action effects for ULS
as nonlinear global structural deformation can be obtained without relying on prescriptive parameters
such as structural design factors and deflection amplification factors. In addition, cyclic plastic
deformation in each element can be evaluated directly. It should be noted that results of nonlinear
response history analysis are to verify structural performances rather than to determine seismic
demands derived from combination of factored loads. Appropriate acceptance criteria of the response
should be established and applied in the verification.

H.3.2 Restoringforee-charaeteristies

H.3.2.1 Stif

Force-deforn
properties a
in structural

fness assumptions for linear analysis

hation characteristics of structural steel elements should be based ,on.gross s¢

joints. Effects of composite action of concrete may also be consideréd Force-defor

characteristics of masonry and concrete elements should account for the efféctive cracked s¢

stiffness.

H.3.2.2 For

Stiffness ass
linear analy
taken and ng
hysteresis d
on existing
degradation
steel elemen
of hysteretic

Forces in ele
conditions fo

ce-deformation assumptions for nonlinear analysis

umptions of structural elements before effective yield should be basically same
5is. In some cases, however, initial stiffness of goncrete structures without cra
nlinear behaviour after cracks and before yielding is accounted to incorporate effq
hmping in small deformation range. Force-deformation characteristics should be

laboratory testing of similar elements and should account for strength and sti
in concrete elements due to cyclic loadings within the anticipated range of respon
Ls, Bauschinger effects are sometimes taken into account. Figure H.2 illustrates exa
models.

ments of structures due to dead and live loads should be taken into account as
r nonlinear analysis unless.such effects are not significant.

M M

rction

nd should account for the effects of panel zone stiffness and other sourees of deforgtation

ation
ection

as in
Cks is
cts of
based
[fness
se. In
mples

nitial

a) Normal bilinear model b) Degrading trilinear model

Key

M  bending moment

¢ deflection angle

Figure H.2 — Examples of restoring force characteristic models

Elements which are expected to behave within or nearly within elastic limit may be modelled as linear
elements on the condition that such behaviour of the elements is confirmed by the nonlinear analysis.
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H.3.3 Input earthquake ground motions

Basically, input earthquake ground motions should be provided for two orthogonal horizontal and
a vertical directions. In spatial model analysis, simultaneous input of the ground motion in the two
directions may be conducted instead of conducting analyses in the two directions independently
and combining the results. Normally, vertical motions are considered separately by more simplified
procedures as described in Annex E. The following input motions are often employed:

a)

b) artificial motions of which the response spectrum is compatible with the design spectrum;

c)

recorded earthquake ground motions;

simulated motions based on characteristics of source and of the site.

H.3.3|1 Recorded earthquake ground motions

Whern

apprd
with

recorded earthquake ground motions are used as input ground motions, thdy should be
priately selected to represent the magnitude range, fault distance and Site conditionps associated
the structure and its design earthquake. The records should be scaled or modified fin amplitude

so th
consi

ht their linear response spectra match to the site-specific response spectrum es
Hered limit state (e.g. SLS or ULS) within a period range that-€aptures the structu

response modes, considering potential period lengthening. In_the absence of site-spec

spect
the ey

um, the normalized design response spectrum indicatedsin/Annex B may be employz
raluation of the response, it should be borne in mind that\the use of recorded earthdg

tablished for
re’s primary
fic response
bd instead. In
uake ground

motigns sometimes leads to the results that are governed:by the specific characteristics of the records
and that these may not occur at the site or in every future earthquake. Therefore, it is r¢commended
to consider a sufficiently large set of motions to capture a best estimate of mean response and also to
provifle information on potential variability in response.

H.3.3|2 Artificial earthquake ground motions consistent with response spectrum

Artificial earthquake ground motion$oare often developed adopting random ph
characteristics of recorded ground métjons or phase difference models so that their specti
specific or normalized design response spectrum prescribed in H.3.3.1. Durations of the ad
shoulfl be sufficient in the light efthe magnitude and other relevant features of considered
as well as dynamic characterjstics of objective structures.

ases, phase
a fit the site-
celerograms
earthquakes

Artificial ground motions~-may be established either at the ground surface or at the |bedrock but
it is more rational tocestablish them at the bedrock which can be used directly in the spil-structure
intergction model analysis. When artificial earthquake ground motions are set up at the ground surface,
they g§hould reflect’the dynamic characteristics of the soil in the deformation range corregponding the
intengity of considered earthquakes.

H.3.3|3 ASimulated earthquake ground motions

Simulated earthquake ground motions developed based on the design earthquake parameters including
the magnitude, fault location, slip distribution, direction of rupture, etc., and also on the travel path
mechanism and surface soil characteristics may be employed as input earthquake ground motions.
Various simulation methods, some of which are introduced in ISO 23469, have been developed. As
the simulated motions can produce considerably intense actions, it is recommended to evaluate their
hazard level, such as return period, etc.

The simulated ground motions are effective especially in demonstrating peculiar characteristics of
certain types of earthquakes that are critical in some structures. On the contrary, common demands
of ordinary seismic actions may not be incorporated. Consequently, when response history analysis is
conducted for simulated earthquake ground motions, analysis for artificial or recorded ground motions
should also be conducted.
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Annex I
(informative)

Nonlinear static analysis and capacity spectrum method

I.1 Nonli

near static analysis

Nonlinear st
model under
(the ratio of
considering |

Key

—

ctural
shape
5is by
ased.

htic analysis (pushover analysis; see Figure 1.1) gives nonlinear response of the stru
the constant lateral load distribution shape. Generally, the lateral force distribation
the amount of lateral force at each floor) is defined prior to conducting the lanaly
predominant vibration modes. The amount of the lateral force is then gradualy incre

ateral forces

Figure 1.1 — Nonlinear static analysis

storey can
base shear,
development
and restorin

From the nt%inear static analysis, the relationship between storey shear and inter-storey drift o

f each

obtained as shown in Figure 1.2. From this relationship, issues such as the amount of
ost vulnerable storey, and failure mechanism can be discussed. Moreover, the yield hinge
s of the structure at(step by step can be checked as shown in Figure 1.3, and deformation
b force of each meniber can be traced.

Ve

inter-storey drift

Figure 1.2 — Example of the relationship between storey shear and inter-storey drift

Key

VE storey shear

A

1,2,3 storey number
40
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HH

Figure 1.3 — Example of yield hinge development

1.2 |Capacity spectrum method

By cansidering the predominant vibration mode, multi-degree-of-freedom (MPOF) sygtem can be
simplified down to the response of SDOF system as shown in Figure 1.4. The simplified shepar divided by

the equivalent mass, A, is called “representative acceleration” and calculated from Formjula (I.1). The
simpljified displacement, A, is called “representative displacement” and-calculated from Formula (1.2).

—

Simplified

Figure 1.4 — Simplification of MDOF system into equivalent SDOF systeni

2
Azzm—’X'ZZPI (11)
(Zmi'xi)

5
Agm_ 02
> X.

wher¢

m; is the mass at ith storey;
xj isthe relative displacement at ith floor to the base of the structure;

P; is the amount of lateral force acting at ith floor.

If the system is linear, the maximum value of A and A under an earthquake are equal to the values of
the acceleration response spectrum S, and the displacement response spectrum Sq at the predominant
period of the structure as shown in Figure L.5. The curve, of which horizontal axis is A and vertical

axis is A, is called performance curve, and the curve of which horizontal axis is Sq and vertical axis is
Sa is called demand curve. The maximum response point is the intersection between the performance
curve and the demand curve. The demand curve is usually defined from the design spectrum.
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Key
represenftative acceleration

Sa  acceleration response
/A represenftative displacement

Sq displacement response

Figure 1.5 — Maximum response, S; and.Sq

If the performance curve shows nonlinearity, the damping ‘inicreases due to additional epergy
dissipation jl;lring the nonlinear response. The equivalent damping, {eq, should be defined, taking into
account the ghape of the hysteresis cycles of the structural systems and dissipating components.then
specific valugs are not available, Formula (I.3) can be used to compute the equivalent viscous damping,
where a linegr viscous damping of 0,05 is considered.

Cog =7 |1-—= |+005 (1.3)

i

y  is the coefficient that depends on the structural characteristics. Some recommended valles
are shown in Table I.1;

u  is the ductility facton

Table 1.1 — Example of y value

Strjuctural system Y

Reinforced concrete walls and reinforced masonry walls 0,2

Ductile reinforced concrete frames 0,25

Dual wall-frame systems See Formula (1.4)
Moment resisting steel frames

Braced steel frames avoiding buckling of braces 0,25

Braced steel frames not avoiding buckling of braces Specific studies needed
Unreinforced masonry 0,09

Timber structures with ductile connections 0,09

Timber structures with ordinary connections Specific studies needed
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z:eq,W VW + Ceq,F VF

Viw + Vi

Ceq =

(14)

where (eqw and {eqr are the equivalent viscous damping ratios computed for wall and frame sub-
systems, respectively, and Vy and Vg are the sum of shear force at the base of wall and frames elements,
respectively. Careful evaluation of the floor diagram rigidity is required to apply Formula (1.4).

The demand reduction factor due to the nonlinearity, kg, is calculated according to the equivalent
damping {eq. Some formulae such as Formula (1.5) may be informative.

1,5
k}‘ =
P 14100,
As shown in Figure 1.6, the maximum response can be estimated at the intersection

perfo
state

Key
Sa
Sd

BwWw N R

Fmance curve and reduced demand curve by k. If no structural member reaches th
such as shear failure, bonding failure, or compression failure, the structiire is evalua

N\
N
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~
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Annex ]
(informative)

Soil-structure interaction

J.1 Phenomena of soil-structure interaction (SSI)

For most strjictures, SSI effects are not considered when determining seismic design forces. For|these
structures, the design ground motions are input at their base, assuming a rigid foundation, stiffness
(fixed base assumption). However, for some structures such as low-rise buildings or mid-rise buildings

sited on soft|soil deposits, SSI effects can significantly change the seismic response of.the strudtures
by modifying the dynamic response characteristics (fundamental period and damping) of the soil
structure sy$tem. The phenomena of change of period and damping ratio inducedby soil conditions are
called the dypamic SSI.

‘e are
quake

Due to embgdment of foundation and piles, the input earthquake motions.to the superstructui
changed compared with the earthquake motion defined on a ground-sirface. The input earth

motions, wh
The phenom|
the phenome
interaction.

ch are less with frequency, are dependent on the depth ef’embedment and rigidity of
ena of change of input motion are called the kinematic interaction. On the other
na of change of period and damping ratio by seismie force of structure are the in

The effects of SSI on the structures are summarized as follows:

a)
b)

elongati
change i

c) decreasé

Figure J.1 pr

sway-rockin
For simplicit
foundation,

itself, sway s
The period o
with SSI is eq
period of str
the effects of

n of natural period compared to the base-fixed condition;
h damping ratio from the base-fixed-condition;
of input earthquake motion fromr’'the motion on ground surface.

esents a model of supergtructure, foundation and soil springs under the SSI, so-
b (SR) model, and effects~of sway and rocking springs on displacement of the 1
y, the superstructurgiis set to be one mass. Due to inertial force of superstructur
hree kinds of displacement are combined. There are displacements of superstry
pring (horizontabmode of foundation) and rocking spring (rotation mode of founds
f superstructure’is estimated based on the displacement of superstructure (up). The g
timated based on the total displacement of superstructure, sway (us) and rocking (uj
ucture with SSI is always larger than with base-fixed condition. With soil deposit {
sway.aiid rocking displacements are more significant.

piles.
hand,
ertial

ralled
nodel.
e and
cture
tion).
eriod
). The
ofter,

J.2 Simp

iffed estinmation of period and damping ratio

Under Figure ].1 b), the displacement of the SSI (ue) is defined as three springs connected serially [see
Formula (J.1)]:

_ _F
Uy = Uy U, U, =—

Ky,

F

K

S

FH?
+_
K

r

(.1

where F and H are the equivalent static horizontal force and the equivalent height of superstructure
under fundamental vibration mode, respectively. K}, Ks and K;- are spring constants of superstructure,
sway and rocking, respectively.
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The spring of SSI (K¢) is expressed as Formula (J.2):

2

1 1 1 H

— =+ —+— J.2
v Tk (J.2)

e b S r

The period of SSI system is as Formula (]J.3):

2 2 2
T, = \/Tb +T2+T, (-3)

where T}, Ts and T are natural periods of superstructure, sway and rocking, respectively.

In thd same way, the damping ratio of SSI system is obtained. See Formulae (].4) and (J.5),

r Y ;¥ 3
LA A R
1 % 1 S 1 ¢
I S T R N S 5
b 20, m & 20, m r 20, mH? 0-2)

wher¢ {p, (s and {; are damping ratios of superstructure, swayand rocking, wy, ws and w{ are circular
frequpncies, cp, cs, and ¢y are damping coefficients, respectively. m is equivalent mass of superstructure
with fundamental vibration mode.
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Ky, cp and up
Ks, cs and ug
Ky, cr and uy

Ue
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) K @

kifon
= 5 B

a) SR model
Up F

Inertia force by mass

fotal displacement

Us

bquivalent mass of superstructure with fundamental vibration mode

pquivalent height of superstructure with fundamental vibration mode
pring constant, damping coeffictent and displacement of superstructure

pring constant, damping coefficient and displacement by sway
pring constant, damping coefficient and displacement by rocking

Figure ]J.1 — SR model and displacement distribution

Ue = Up + Us T U,
=F/Ky+F K+ J°H2/ K,
=F(1/Kp+ K+ H2/K)

b) Displacement of SR'model
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Annex K
(informative)

Seismic design of high-rise buildings

K.1 General

Norm
build
low-

ally, large numbers of people assemble in multi-storey high-rise buildings and failure pf a high-rise
ng usually causes more serious impacts in surrounding facilities than those caused py failures of
r mid-rise buildings. In this context, high-rise buildings call for enhanced.reliability in ULS. In

addit
or rej

Howse
factol

on, as their sizes are usually quite large, damage in high-rise buildings isserious in
air cost and long down-time. Therefore, enhanced reliability may also be-wequired in

ver, most of the current seismic design codes do not explicitly require’increase in th
, which is similar to the load factor as related to reliability of thie structure, just

terms of loss
SLS.

b importance
because the

build In the seismic

desig

a)
b)

ngis a high-rise one. Instead, due regards are commonly paid td.the following issues i
h of multi-storey high-rise buildings.

mploy the most advanced methods and models of structures in evaluating seismic adtion effects.

blect appropriate design input ground motions including those that are most critical in the light of

[ynamic characteristics that are distinctive in high>rise buildings.

nforce normal design considerations or intfoduce more stringent acceptance critefria including

ut not limited to:

E

S

d
c) E
b
minimize eccentricity between thé-centres of mass and stiffness;
minimize abrupt variation in‘hérizontal storey stiffness;
introduce additional daiiping or response control system;

assign special margins to critical elements and portions of the structure to maintain ductile

behaviour.

NOTE nificant mass

partic

Typically high-tise buildings are defined as those greater than 50 m in height with sig
ipation and lateral response in higher modes of vibration.

K.2 (Method of evaluation and model of structure

In prip€iple, bases of evaluating seismic actions and action effects are common in all buildipgs including
high-rise ones. Usually, dynamic analysis procedures are employed in the seismic design of high-rise
buildings as the presumptions implicit in equivalent static analysis may not be appropriate for high-rise
buildings.

As itis common in all types of dynamic analysis, spatial or three-dimensional representation of models
of structures is recommended. This principle applies to high-rise buildings because space frames or
other three-dimensional structural systems are commonly employed in them and effects of frames
in the direction orthogonal to the seismic actions are not negligible in evaluating the action effects.
In addition, effects of combination of the two horizontal components indicated in Annex D, which are
more important in high-rise buildings, can be evaluated without introducing empirical factors, € or A, as
it is sufficient just to conduct analysis for simultaneous application of two orthogonal ground motions
to spatial or three-dimensional models.
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In designing large scale structures including high-rise buildings, the influence of soil-structure
interaction should be included in evaluating seismic actions for buildings on soft soil and supported by
deep foundations.

Response history analyses for ULS seismic actions should be conducted with nonlinear models as the
precise information of nonlinear behaviours during earthquakes of each element of the structure is
essential especially in high-rise buildings. Such behaviours include not only element force, but also
maximum nonlinear deformation, number of stress reversals, etc. It should be noted that structural
design factors to assess nonlinear response from elastic response are established for prototype
of mainly low- or mid-rise buildings and may have to be reviewed in applying to various types of

innovative structural systems of high-rise buildings.

K.3 Inputl ground motion

In addition td
critical comy
High-rise bui
design groul
nonlinear re
be importan
along bound
long lasting

providing sif

K.4 Intro

Research ang
types of syst]
the stage of
high-rise bu
vibration du

In employing
that is most
be selected. |
established.
vibration, et
In addition,

other metal lampers.

K.5 Soil-structure interaction (SSI)

|

the considerations for uniform hazard representation of design ground motions, thos
onents in the light of dynamic characteristics of high-rise buildings should be emp
ldings are usually structures with long periods and call for particularatténtion in selg
1d motion history to include ones containing high levels of long-period compone
sponse history analysis, durations and/or numbers of large amplitude motion ma
L. Sometimes, considerations for the ground motions due to mega earthquakes occt
hries of crustal plates, even if they are far from the site, result in unexpectedly larg
response in high-rise buildings. Due consideration should)be made to these phenom
hulated earthquake ground motions based on deterministic scenario.

lucing response control system

| development of response control systems forsstructures are advancing rapidly and v4
ems described in Annex M, particularly passive control or damping systems, have re
ractical application. Consequently, response control is becoming a standard equipm|
dings in high seismic risk regions.te reduce maximum floor response and duration t
P to seismic actions as well as toimprove habitability during frequent wind actions.

response control systems, their characteristics should be fully considered and the s)
effective to control the éffects of expected type and intensity of seismic actions s

For example, dependency of their damping properties, if any, on temperature, amplit
. should be properlyincorporated to avoid overestimation of the response control e
he influence of\fatigue under cyclic deformations should also be considered for st

b with
oyed.
bcting
nt. In
7 also
Irring
e and
bna in

Irious
hched
ent of
me of

ystem
hould

\ppropriate analytical mddels of devices including their specific characteristics shoyld be

ide of
fects.
eel or

Inertia force

i superstructures due to seismic actions is transmitted through foundations t

b and

resisted by the ground causing displacements of foundations and/or basements. As a result, dynamic
properties including natural periods and damping ratios change. If the site soil is soft, the effects are
outstanding also in high-rise buildings. In addition, seismic motion input to the superstructure is not
same as the ground surface motions, which are usually used as earthquake input to fixed-base models
of structures, due to the effects of basements and/or piles. A more detailed description for this issue,
the soil-structural interaction, is given in Annex J.

While the SSI and its influence are seldom considered in the cases of low- or mid-rise buildings, it is
often considered for high-rise buildings constructed on soft soil and supported by deep foundations.
Where the influence of the interaction on seismic response is significant, it should be properly taken
into account by employing the structural models as indicated in H.1 and Annex].
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