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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 wark SO collaborates closely with the

International
International
The main ta
adopted by

International

Attention is @
rights. ISO s

ISO 23469 W
SC 3, Loads

Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.
Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part'2.
5k of technical committees is to prepare International Standards. Draft International Stan
the technical committees are circulated to the member bodies for voting. Publication 2

Standard requires approval by at least 75 % of the member bodies casting-a Vote.

rawn to the possibility that some of the elements of this document may be the subject of
pall not be held responsible for identifying any or all such patent rights.

as prepared by Technical Committee ISO/TC 98, Bases for deSign of structures, Subcomr
forces and other actions in collaboration with ISSMGE/TC4.and CEN/TC205/SC8.

jards
s an

atent

nittee

© I1SO 2005 — All rights reserved


https://standardsiso.com/api/?name=b2557347fadd4dafb2ee6e63dc4bdc2b

Intr

ISO 23469:2005(E)

oduction

This International Standard provides guidelines to be observed by experienced practising engineers and code
writers when specifying seismic actions in the design of geotechnical works. Geotechnical works are those
comprised of soil or rock, including buried structures (e.g. buried tunnels, box culverts, pipelines and
underground storage facilities), foundations (e.g. shallow and deep foundations, and underground diaphragm

walls

retaining walls (e g sail retaining and quay walls),_pile-supported wharves and piers_ea

rth structures

(e.0.
desc

The 5
soil-s
This

The
are n
expli

earth and rockfill dams and embankments), gravity dams, landfill and waste sites. The ée
ibed are compatible with ISO 2394.

eismic performance of geotechnical works is significantly affected by ground displacement.
tructure interaction and effects of liquefaction play major roles and pose difficult.problems f
nternational Standard addresses these issues in a systematic manner withima_consistent fra

beismic performance criteria for geotechnical works cover a wide range,-If the consequen
ninor and the geotechnical works are easily repairable, their failurecor-collapse may be ac
it seismic design may not be required. However, geotechnical works that are an essen

facilify handling hazardous materials or a post-earthquake emergency facility shall maintain fu

capa
analy
engir

City during and after an earthquake. This International Standard’presents a full range of me
sis of geotechnical works, ranging from simple to sophisticated, from which experienc
eers can choose the most appropriate one for evaluating'the performance of a geotechnical

smic actions

In particular,
Dr engineers.
mework.

ces of failure
ceptable and
tial part of a
| operational
thods for the
bd practising
work.
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INTERNATIONAL STANDARD ISO 23469:2005(E)

Bases for design of structures — Seismic actions for designing

geotechnical works

1 cope

This [International Standard provides guidelines for specifying seismic actions for designing
works$, including buried structures (e.g. buried tunnels, box culverts, pipelines and-undergrg

geotechnical
und storage

facilijes), foundations (e.g. shallow and deep foundations, and underground diaphragm walls), Ir-i]taining walls

(e.g. |soil retaining and quay walls), pile-supported wharves and piers, earth structures (e.g. ea
damg and embankments), gravity dams, landfill and waste sites.

NOT The guidelines provided in this International Standard are general enough to be applicable for|
existimg geotechnical works. However, for use in practice, procedures more specific to existing geotechnica
needgd, such as those described for existing structures in ISO 13822.

2 ormative references
The ffollowing referenced documents are indispensable for the application of this documen
refergnces, only the edition cited applies. For undated references, the latest edition of th
document (including any amendments) applies.

ISO 2394:1998, General principles on reliability*for structures

ISO 3010:2001, Bases for design of structures — Seismic actions on structures

ISO 13822:2001, Bases for designof structures — Assessment of existing structures

3 Terms and definitions

For tihe purposes of;this document, the terms and definitions given in ISO 2394, 1ISO 3010 and IS
the fallowing apply.

31
array observation

and rockfill

both new and
works can be

t. For dated
b referenced

O 13822 and

simultaneous recording of earthquake ground motions and/or microtremors by an array of seismo

Mmeters

3.2
basin effects

effects on earthquake ground motions caused by the presence of a basin-like geometrical boundary beneath

the site

NOTE Deep basin effects are defined as effects due to the geometry of the interface between the upper crustal rock
and the overlying firm ground or soil deposits. Shallow basin effects are defined as effects due to the geometry of the
interface between the firm ground (or shallow upper crustal rock) and the local soil deposits and may be treated as part of

the local site response.

© 1SO 2005 — All rights reserved
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3.3
coherency function
function describing a degree of correlation between two time histories

3.4
crest
top of a geotechnical structure, typically defined for embankments and dams

3.5

culvert
tunnel-like structure constructed typically in embankments or ground forming a passage or allowing drainage
under a roadrer+airead

3.6
damping
mechanism that dissipates energy of motion

3.7
deep foundltion
foundation having a large depth to width ratio, which transfers applied loads to deep-soil deposits

EXAMPLES Pile foundation, sheet pile foundation, cofferdam foundation, caisson foundation.

3.8
design worKing life
duration of the period for which a structure or a structural elementis’designed to perform as intended with
expected mafintenance, but without major repair being necessary,

3.9
deterministic seismic hazard analysis
seismic hazdrd analysis based on the selection of individual earthquake scenarios

3.10
dynamic analysis
analysis for gomputing the dynamic response of a system based on the equations of motion

3.11
earth pressure
pressure from soil on a wall or an-embedded portion of a structure

3.12
earth structyre
geotechnicallwork consisting primarily of soil or rock

EXAMPLES Earth-and rockfill dams, and embankments.

3.13
earthquake ground motions

transient motions of the ground caused by earthquakes, including those at the ground surface, within the local
soil deposit, and at the interface between the firm ground and the local soil deposit

3.14
effective stress analysis
analysis with consideration of pore pressure changes

3.15

equivalent linear model

linear model incorporating elastic shear moduli and damping factors that are compatible, at various strain
amplitudes, with the non-linear stress-strain relationship under cyclic loading

2 © 1SO 2005 — Al rights reserved
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3.16
equivalent static analysis
static analysis that approximates the dynamic response of the system

3.17
excess pore water pressure
change of water pressure in the soil pores with respect to those at a reference state

3.18
failure mode
pattern of failure defined by distinctive features of the deformed shape after failure

3.19
fault|displacement
permianent tectonic ground displacement associated with fault dislocation

3.20
firm ground
soft rpck or stiff soil layer

3.21
free field
ground not subject to the effect of geotechnical works or structures

3.22
geotechnical characterization
specification of material and geometrical parameters of soilor rock

3.23
geotechnical hazard
hazafd associated with geotechnical phenomena; including ground failure and subsidence

3.24
geotechnical work
work [that includes soil or rock as primary components with or without structural parts made of concrete, steel,
or other materials

EXAMPLES Buried structures™(e.g. buried tunnels, box culverts, pipelines and underground storpge facilities),
foundptions (e.g. shallow and deep foundations, and underground diaphragm walls), retaining walls (e.g. so|l retaining and
quay walls), pile-supported\wharves and piers, earth structures (e.g. earth and rockfill dams and embankments) gravity
dams| landfill and waste-sites.

3.25
ground failure
masg movement of soil including liquefaction-induced ground deformations (settlement, lateral spreading, flow
failurg) and' non-liquefaction-induced ground deformations (seismic compaction, permanent deformations and
landdlides)

3.26

horizontal wave propagation effect

effect causing spatial variation of ground motion in the horizontal direction due to the finite speed of wave
propagation

3.27
hydro-dynamic pressure
transient pressure exerted by a fluid on a structure in a system subject to dynamic motion

3.28

importance of a structure or facility
degree of possible consequences of failure of a structure or facility caused by a reference earthquake motion

© 1SO 2005 — Al rights reserved 3
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3.29

inertial interaction
part of soil-structure interaction arising from the inertia forces acting on the structure

3.30
kinematic in

teraction

part of soil-structure interaction arising from the deformation of the soil relative to that of the structure

3.31

liquefaction
large drop in
significant re
displacemen

3.32
liquefaction
susceptibility]

3.33

soil s

hear strength and/or stiffness caused by an increase in pore water pressure that may

potential
of the soil to the onset of liquefaction under a reference earthquake motion

local site effect

effect of the

3.34

lumped masgs

mass assign

3.35
microtremo
small amplitu

3.36
overstrengt
strength of a
strength

3.37

ocal geological configuration on earthquake ground motions

bd at discrete points of a model representing a continuum

S
de vibration of the ground generated by either human activities or natural phenomena

N
structure or structural element, typically specified by the ratio of actual strength to nominal d

performance criteria

set of condit
engineering
performance

ons for specifying the-response of a geotechnical work to meet the expected state defin
parameters, such @as-acceptable displacements, strains or stresses, that characteriz
objectives of design

3.38
performanc

objective

expression of the expected performance of a facility in order to fulfil its purposes and functions

3.39

phase velocity

cause

ound

Esign

d by
the

velocity at which a monochromatic seismic wave travels along a surface

3.40
pipeline

long tube or a network of tubing used for the transportation of fluid, gas, or solid mixed with fluid or gas

3.4

probabilistic seismic hazard analysis
seismic hazard analysis considering the probability of occurrence of different levels of ground shaking at a site
during the reference period

© 1SO 2005 — All rights reserved
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reference earthquake motions
earthquake motions specified for evaluating seismic performance of a geotechnical work (seismic actions are

speci

3.43
resid

fied, in a subsequent stage, based on the reference earthquake motions)

ual displacement

displacement present after the earthquake, typically due to non-reversible deformation or sliding

3.44
resid

ual response

respg

3.45

noa of o cyuctam
ToCOT O SyotCeT

residual strength

shea

3.46
retai
wall s

3.47

[ strength of the soil after failure including liquefaction

ning wall
upporting backfill soil, embankment soil or a cut slope

scenprio earthquake

earth
haza

3.48

seisH|
loads
after

3.49

seisI
coeff
struc

3.50

seisr
statio
distri

3.51

seisH
analy
charg

quake that is specified for determining earthquake ground/motions typically by determir
'd analysis

hic actions
, deformations, or other actions imposed upon-models of structures and geotechnical work
an earthquake

hic coefficient
cient that represents the dynamic forces on the structure by static forces as a fraction of the
ure

hic coefficient approach
approach in which>the dynamic response of soil-structure system is evaluated by an
puted over the system

hic hazard analysis
sis for.determining earthquake ground motions on the basis of the regional seismic
cteristies of source and wave propagation

istic seismic

s during and

weight of the

inertia force

activity and

3.52

seismic performance
response of a structure or geotechnical work during and after an earthquake compared to specified

perfo

3.53
shall

rmance criteria

ow foundation

foundation having a small depth to width ratio, which is supported directly by soil at or near the ground surface

witho

ut using piles or other structural elements

EXAMPLES Spread foundation, footing foundation.
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3.54

site amplification factor

factor describing the increase in amplitude of earthquake motions in local soil deposit, defined as the ratio of
the peak ground surface motion to the peak earthquake motion input to the local soil deposit

3.55
site classification
differentiation of sites based on soil profile and other parameters

3.56
site response analysis

anal S|S Of trn roacnanan ~Af A oifn tn Anrthainlen v inA At AN taliina Tt AnanL Nt tha IaaAl ond] A~ A~oite
y e-respense-of-a-site-to-carthquake-ground-metion-taking-into-aceount-theJeeal-sei-depesits

3.57
site-specifid
characterizafion of conditions specific to a site

3.58
sliding soil jnass
portion of a geotechnical work, typically defined as that part of the soil or rock expeéted to slide along a fhilure
surface

3.59
soil-structure interaction
effect by whi¢h soil and adjacent structures mutually affect their overallresponse

3.60
spatial varigtion of ground motion
lateral variatipns of ground motion over a given area

3.61
stress resultants
bending moments, shear forces and axial forces in'a structure

3.62
subgrade reaction
resulting strgsses on a surface in the ground (typically a surface of a foundation or retaining wall) due to
external loading

3.63
superstructure
that part of a|structure constructed above the ground surface

NOTE THis definitionvis adopted for the purpose of this International Standard (for further discussion, see H.2).

3.64
surface wave
seismic wave that travels along the ground surface and whose amplitude decreases exponentially in the half
space with depth

3.65
threshold limit
limit beyond which a structure exhibits an irreversible response

EXAMPLES Sliding limit, elastic limit.

6 © 1SO 2005 — Al rights reserved
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total stress analysis
analysis without explicit consideration of pore pressure changes

EXAMPLES Linear analysis, equivalent linear analysis, non-linear total stress analysis.

4

Symbols and abbreviated terms

CPT cone penetration test

FE finite element

LDPT large diameter penetration test; detailed specifications are available for Becker penetratipn test
PSHA  probabilistic seismic hazard analysis

SPT standard penetration test

1-D one-dimensional

2-D two-dimensional

3-D three-dimensional

5 Principles and procedure

5.1 [ Principles

5.1.1| Purposes and functions

In dgsigning geotechnical works, the purposes and functions shall be defined in accordanc
catedories of use such as commercial, public and emergency use.

5.1.2 Performance objectives for seismic design

Perfgrmance objectives\for seismic design of geotechnical works should generally be spe
following basis, depending on the expected functions during and after an earthquake:

The

gerviceability¢ during and after an earthquake: minor impact to social and industrial 3
geotechnical works may experience acceptable residual displacement, with function uni
operations maintained or economically recoverable after temporary disruption;

b with broad

ified on the

ctivities, the
mpaired and

Eafnfy dllring and after an ns\ri‘hqns\l{n' human casualties and dnmngn to prnpnrfy shall

minimized,

geotechnical works that are an essential part of a facility handling hazardous materials or
a post-earthquake emergency facility shall maintain full operational capacity, and geotechnical works

shall not collapse.

performance objectives should also reflect the possible consequences of failure.

Seismic actions on geotechnical works shall be specified, which are compatible with the performance
objectives.

NOTE The collapse of a certain type of geotechnical works such as pipelines might not necessarily
casualties if fail-safe measures such as shutdown valves are provided. In this design situation, the collapse can be
allowed.

© 1SO 2005 — All rights reserved
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5.1.3 Reference earthquake motions

For each performance objective described in 5.1.2, reference earthquake motions shall be specified for
evaluating seismic performance of the geotechnical works as follows:

probabili

ty of occurrence during the design working life;

involve very strong ground shaking at the site.

NOTE Al
different circu

5.1.4 Perfg
Performance
geotechnical
considering t

The enginee

The importace of the facility differentiates the level of performance objectives. These issues shall be

into account

The seismic

states. Thes¢ limit states are

serviceq
after an

ultimate
after an

More than o
defined as tH
state with a
disruption wi

One may ev

limit states can be satisfied thraugh the evaluation of the one limit state.

NOTE 1 In
coefficient hag
case histories
widely. The ag

:[:stances.

rmance criteria and limit states

criteria shall generally be specified by engineering parameters that characterize the respor
works to the reference earthquake motions. These engineering parameters shall be spe
he design working life.

[ing parameters depend on the process for verifying that the performance criteria have been
n the formulation of the performance criteria.

performance of geotechnical works can be described, with reference to a specified set o
bility limit state during or after an earthquake: a limit state for satisfying serviceability durin
parthquake, and defined by an acceptable stat€’of displacement, deformation, or stress, and
limit state during or after an earthquake: ajimit state for satisfying safety requirements durin

parthquake, and defined by a state withrappropriate margin against collapse.

e state with no residual displacements, another serviceability limit state may be defined g
N acceptable residual displacement and operation of the facility recoverable after min
h reasonable cost for repair.

bluate only one limitZstate, provided that the seismic performance objectives specified by

conventionalyseismic design of geotechnical works based on the equivalent static method, a s
been used to' achieve both serviceability and safety during and after an earthquake. However, as a re|
of seismie damage during the 1990s, limitations of conventional seismic design have been recog
proach’described in this International Standard can be used to overcome these limitations.

for serviceability during or after an earthquake: earthquake ground motions that have a reasonable

for safety during or after an earthquake: earthquake ground motions associated with rare events that may

lity in

se of

cified

met.
aken

limit

) and

j and

he serviceability limit state may. be”introduced. For example, if one serviceability limit state is

s the
mum

other

Pismic
Sult of
nized

NOTE2  TH

I l | - ol H rsS H PO~ H HS tat H H 1P~ I £ £ Ll ] o £
CCONveTTtoTma approaciT i wintiT rargiT O a SPeLmeUTiT e StatC 1S SpelmeUTT IS o teToau—Ta

described in ISO 3010.

5.1.5 Spec

ific issues related to geotechnical works

Seismic actions on geotechnical works shall be specified taking the following factors into account:

seismic

response that involves non-linear behaviour of soil and structural materials;

geotechnical work does not immediately lead to global failure;

performance criteria in terms of residual displacements, deformations, strains and stability;

© 1SO 2005 — All rights re
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soil-structure interaction, including fluid-structure interaction, that is often simplified as actions on a local

system within a global system.

These factors can be sensitive to the details of earthquake ground motions. Improved knowledge shall be
used through the procedures described in Clause 6 for evaluating earthquake ground motions in designing

geot

5.2

Seis

echnical works.

Procedure for determining seismic actions

mic actions on geotechnical works shall be determined as follows:

1st sfage: characterize

2nd

the firm ground (or bedrock) motion at the site through seismic hazard analysis;
the fault displacements if applicable;
the free field earthquake motions by site response analysis; and

the potential for earthquake-induced phenomena such as ground failure and other geotechn
including liquefaction;

gtage: specify, based on the results of the 1st stage, the seismicvactions due to

the earthquake ground motions;
the ground displacements due to fault movement; and

ground failure and other geotechnical hazards, taking due account of the methods of analys|
flor modelling the geotechnical works.

Clauges 7 to 9 describe seismic actions on.various models of analysis.

NOTEH Annex A presents the primary issues for specifying seismic actions. Seismic actions depend o

analy$

6

S.

Evaluation of earthquake ground motions, ground failure, and fault

displacements

6.1

General

6.1.1| Earthquake ground motions and fault displacements

In th

ical hazards,

s to be used

h the model of

1ot ot ol H Ao~ I~} el [l 2l ' Aaof: o o 4 9 o £, [P~ H 1
ot OLGHU UCTOUINUTU 1T V., TAIruiyudnT HIUUIIU MULIUTNTS UTITicu 1t J. 1.9 difu Tault UlopIdUuTTl

ents shall be

evaluated for use as basic variables in subsequent analyses (i.e. in the 2nd stage described in 5.2) for
specifying seismic actions on geotechnical works.

6.1.2 Ground failure and other geotechnical hazards

Liquefaction potential shall also be evaluated in the 1st stage described in 5.2 (see Annex G). If liquefaction is
judged to occur, the effects of liquefaction shall be incorporated in the 2nd stage described in 5.2 either as
seismic actions or effects on the model of the soil-structure system, depending on the models and methods of
analysis used. Ground displacements due to liquefaction, including induced ground displacement, shall be
evaluated in the 1st stage described in 5.2 as basic variables to be used in the subsequent analysis for
specifying seismic actions.

© 1SO 2005 — All rights reserved
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The potential for ground failure in the form of landslides or deformations shall be evaluated.

The potential for flooding or inundation due to subsidence or ground failure may be considered.

6.2 Seismic hazard analysis

6.2.1

Probabilistic and deterministic analyses

The earthquake ground motions, liquefaction potential, ground failure, and fault displacements shall be
determined by either probabilistic or deterministic analyses.

by probabilis

The earthquzlake ground motion for evaluating serviceability during or after an earthquake shall be detérmined
ic analysis.
bke ground motion for evaluating safety during or after an earthquake shall be‘determingd by

The earthqu
either probg
deterministic
earthquake ¢
be determing

NOTE1 A

bilistic or deterministic analysis. This earthquake ground motion can be -determine
analysis when an active seismic fault is assumed to be located nearby.-AS in 1ISO 301(
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Results of seismic hazard analysis may be available over a country or region from the relevant authorities
giving the representative values of earthquake ground motions for use in the subsequent analyses.

6.2.3 Outputs of seismic hazard analysis

Earthquake ground motions at the interface between firm ground and local soil deposits shall be developed
through seismic hazard analysis for use in design of geotechnical works.

10
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The earthquake ground motions can be specified in terms of simple scalar values (e.g. peak acceleration,
peak velocity, peak displacement, Fourier and response spectral values) or time histories of acceleration,
velocity, and displacement. The earthquake ground motions can include spatial variation. An appropriate set
of variables shall be evaluated for specifying the seismic actions depending on the models and the methods of
analysis.

The ground motions at the interface between the firm ground and local soil deposit can be used in a
subsequent analysis for site response analysis, assessment of liquefaction potential and for dynamic analysis
of soil-structure systems.

NOTE Even if the earthquake ground motions at the ground surface are not directly used for seismic design of the
geoter‘hnir\nl works it is advisable to compute these motions in order to confirm the r\nneiefnnr‘y of the seismic design with

the dg¢sign of buildings and other structures constructed above the ground surface.

6.3 | Site response analysis and assessment of liquefaction potential

6.3.1| General
The ¢arthquake motions at the ground surface and within the subsoil shall be\obtained for use in determining
seismic actions on geotechnical works. The assessment of liquefaction potential shall also be performed for
evaldating the effects on performance of geotechnical works.

To thfs end, the methods may be broadly categorized as follows (s€e Figure E.7):

a) ¢gmpirical analysis: based on a site category using prescribéd site amplification factors;

b) site-specific simplified analysis: based on the assumed response mode on a site-specific basis
[lone-dimensional (1-D) lumped mass model];

c) sjte-specific simplified dynamic analysis: based on total or effective stress analysis on a site-g$pecific basis,
typically by 1-D analysis;

d) sjte-specific detailed dynamic apalysis: based on coupled soil-structure interaction | analysis of
geotechnical works on a site-specific’basis. For foundations, 2-D or 3-D analysis should be pgrformed.

From the methods a) through ¢), the computed earthquake motion variables at the ground sufface, ground
displacement in the subsoil, andJliquefaction potential, can be used as input for subsequent simplified analysis
of geotechnical works, as( described in Clauses 8 and 9. The method d) directly computes| the seismic
respanse of geotechnical works.

The methods usedforsite response analysis and assessment of liquefaction potential shall be sefected on the
basiq of

— nequired'seismic behaviour specified by performance criteria, and

— quality of geotechnical data from the site.

Effects of topography and irregular stratigraphy should be considered where applicable.

6.3.2 Empirical analysis

In empirical analysis, local site effects may be evaluated using prescribed site amplification factors that are
based on statistical analysis of field data and associated with specific site categories. In-situ site parameters
such as shear wave velocity, standard penetration test (SPT) N-value, and cone penetration test (CPT) data
over a specified or total depth and the thickness of the local soil deposits above the firm ground can be used
to establish the site classification. Geological data can also be used to establish the site classification. This
site classification leads to the use of specified site amplification factors or site dependent response spectra.
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Geotechnical characterization through microtremor measurements and any available earthquake motion
records obtained nearby would improve the reliability of the evaluation of local site effects.

From the results of the site response analysis, liquefaction potential can be evaluated based on appropriate
in-situ geotechnical tests, including SPT and CPT for sandy or non-plastic silty soil, or large diameter
penetration tests (LDPT) for gravelly soil, using generally accepted empirical correlations.

6.3.3 Site-specific simplified analysis

In the simplified analysis of site response, local site effects may be evaluated with the aid of modal analysis on
a site-specific basis. This type of analysis can determine maximum site responses, including peak ground
displacemenfs, at specified depths in the ground.

From the regults of the site response analysis, the liquefaction potential of sandy or non-plastic silty)soils can
be evaluated using generally accepted liquefaction assessment charts based on results of in-situ géotechnical
tests, includipg SPT, CPT, LDPT or shear wave velocity measurement.

6.3.4 Site-$pecific simplified dynamic analysis

Dynamic site
equivalent lif
1-D analysis|

shear strain at specified locations in the ground.

Shear stress
potential bag
empirical pro
shear wave
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The spatial variation of earthquake ground motions shall be evaluated for the design of a long or a large
structure when the lateral dimension of the structure is large enough compared with the representative
seismic wavelength. Annex F describes this issue in more detail.

Earthquake ground motions can vary spatially due to signifizant variation in topography, soil properties, and
stratigraphy in the lateral direction. Appropriate characterization for lateral variation in these geotechnical
conditions shall be performed. The characterization effort can involve additional field tests, evaluation of
uncertainty through different models of the site profile, or a combination of both.

When the lateral variation in the geotechnical conditions is negligible, the horizontal wave propagation effect
can be the major cause of the spatial variation. Among the seismic waves that cause the horizontal wave
propagation effect are surface waves and inclined shear waves. Parameters such as phase velocity,
wavelength and direction of propagation shall be appropriately defined for evaluating spatial variation. In
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addition to the horizontal wave propagation effect, spatial incoherency, which can be predominant at high
frequencies, may be defined using a coherency function.

Analysis of spatial variation may be broadly categorized as follows:

a)

empirical analysis: based on an assumed distribution of harmonic static ground displacement in the

horizontal direction, or based on the coherency function. Such analysis can be combined with the site
response analysis described in 6.3.2 or 6.3.3;

b)

site-specific simplified analysis: based on the surface wave propagation effect, which is evaluated on a

site-specific basis. Such analysis may be combined with the site response analysis described in 6.3.4;
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evaluation of seismic actions on geotechnical works.

6.4.4

Site-specific simplified dynamic analysis

In site-specific simplified dynamic analysis, spatial variation of earthquake ground motions may be evaluated
based on the site response analysis described in 6.3.4 applied at multiple locations. In this analysis, the
spatial variation such as that due to phase difference at the firm ground should be considered.

6.4.5

Site-specific detailed dynamic analysis

In site-specific detailed dynamic analysis, earthquake ground motions with the effects of spatial variation shall
be evaluated based on the effects of lateral geotechnical heterogeneity. The deep basin effects that depend
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on the heterogeneity below the local soil deposit shall also be considered. The analysis can be done through
appropriate numerical methods, including finite element, finite difference, or boundary element method. A
complete analysis of seismic wave propagation from the source to the site can be performed by incorporating
a fault rupture model in the analysis. The site-specific detailed dynamic analysis may be integrated as a part
of the site response analysis described in 6.3.5.

6.5 Fault displacements, ground failure, and other geotechnical hazards

Construction of geotechnical works at a site on or in the vicinity of a known active fault, or at a site with
potential ground failure or other geotechnical hazards, should be avoided if possible.

Otherwise,
considered i
as follows:

a) evaluate

b) incorpor|

geotech

e effects of fault displacements, ground failure and other geotechnical hazards she
the design of geotechnical works (see Annex L). The basic design procedure can be desq
the location and associated displacements of fault, ground failure or other geotgchnical haz

hte means to allow for fault displacements or to mitigate damage from_ground failure or
nical hazards, through structural or geotechnical design or other options-

6.6 Paraseismic influences

This standafd may be used as a preliminary standard for paraseismiC influences such as those d

underground
influences in

a) activities

b) collapse

explosions and shocks. In the context of this International’ Standard, sources of parase
Clude various sources of vibration, e.g.

related to quarrying and mining, and

of abandoned mines.

7 Procedure for specifying seismic actions

71

711

Following as
geotechnical
following pro

1st step

2nd stef

Typeg and models of analysis

General procedure

sessment of the free’field earthquake motions, fault displacements, ground failure, and
hazards, the seismic actions on the geotechnical works shall be appropriately specified
cedure shall be-used:

select.type of analysis (7.1.2);

: select model and method of analysis (7.1.3);

I be
ribed

ards;

other

e to
ismic

other
The

3rd step

4th step:

: specify performance criteria parameters (7.1.4);

perform geotechnical characterization (7.1.5).

The definition of seismic actions varies according to the nature of the geotechnical works. Provided in 7.2
and 7.3 is guidance on the types of seismic actions for equivalent static and dynamic analysis.

approach.

14

5th step: evaluate the seismic actions based on an equivalent static (Clause 8) or dynamic (Clause 9)
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7.1.2 Types of analysis

The type of analysis to be adopted for evaluating the seismic performance of the geotechnical works shall be
chosen based on

— the available data,
— the importance of the structure and performance objectives,

— the performance criteria parameters, and

— the level of complexity and non-linearity.

The flypes of analysis may be broadly categorized as follows:
1) ¢quivalent static: the peak values or a fraction of the peak values of the dynamic responges, such as

inertia forces and ground displacements, are idealized as static actions_©) ‘'models fof analysis of
eotechnical works. In cases where a fraction of the peak value is adopted, this fragtion may be

%valuated on the basis of relevant case history data, 1 g or centrifuge.model tests, andjor numerical
nalysis and should be determined in accordance with specified limit states;

2) dynamic: the dynamic responses of analytical or computationalr models are directly computed for the
g¢valuation of the seismic performance of geotechnical works,

Each of these categories may be further subdivided basedyon the modelling of the geotechnjcal works as
follows:

A\) simplified: soil-structure interaction is modelled, as an action on a structure model defingd in a global
soil-structure system;

B) detailed: the interaction of a soil-structure’system is included in a global computational mddel.
NOTH Soil-structure interaction can include fluid-structure interaction.
7.1.3] Models for analysis

Modgls for analysis of geotechnical works classified by the type of analysis may be further characterized by
the modelling of

— nmon-linearity,
— ipertial and-kitematic soil-structure interaction, and

— ipteraétion with a superstructure (if applicable),

and by

— the number of dimensions considered in the analysis, 1-D, 2-D or 3-D, boundary conditions and
size/scale of the model, and

— the numerical algorithms and procedures.

The most appropriate model and method of analysis shall be used for evaluating the seismic performance of
the geotechnical work (see Annex H).

NOTE Verification of models for analysis can include comparison with case histories, 1g or centrifuge model tests
depending on the complexity of the soil-structure system.
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7.1.4 Performance criteria parameters
Depending on the type of analysis, the following performance criteria parameters can be evaluated:
1A) simplified equivalent static analysis:

— margins to threshold limit for overall stability,

— margins to structural elastic limits,

— acceptable residual responses based on assumed failure modes;

1B) detailed pquivalent static analysis:
— acceptable peak and/or residual response,
— faildre modes (see Annex H.1);
2A) simplifiedd dynamic analysis:
— acceptable peak and/or residual responses based on assumed failure modes,
— mairgins to structural elastic limits where applicable;
2B) detailed fynamic analysis:
— response modes and acceptable peak response values\from equivalent linear analysis,

— failyre modes and acceptable peak and residual response values from non-linear analysis.

7.1.5 Geotechnical characterisation
Geotechnical and material studies shall be carfied out to determine appropriate input parameters fqr the

selected mogels and types of analyses. Effects of response control and ground improvement shall al$o be
considered where applicable (see Annex-\.

7.2 Seisnjic actions for equivalent static analysis

7.2.1 Simplified equivalent\static analysis (1A)
Seismic actigns for simplified equivalent static analysis of geotechnical works may include the following:

a) seismic pctionsfrom a superstructure: actions such as inertia forces on a superstructure, typically dgfined
for a shgllew"or deep foundation;

b) seismic actions without spatial variation: actions such as those due to ground displacement at a site,
acting on the buried portion of a structure, typically defined for a deep foundation or a transverse section
of a buried structure;

c) seismic actions with spatial variation: actions due to transverse and longitudinal components of seismic
ground displacements with spatial variation resulting from horizontal wave propagation effect or lateral
variation in geotechnical properties, typically defined for a long or large structures;

d) seismic earth and hydro-dynamic pressures: actions from the ground retained by a structure and/or from
the fluid in front or behind it, typically defined for a retaining wall;
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e) seismic actions on soil and structure masses: actions due to the inertia forces on a selected soil block,
typically defined for earth structures.

7.2.2

Detailed equivalent static analysis (1B)

Seismic actions for detailed equivalent static analysis of geotechnical works may be specified in terms of
inertia forces distributed over the domain of analysis of the global system.
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nic actions for simplified dynamic analysis of geotechnical works may be specified(throu
dure as the equivalent static analysis, except that the seismic actions are considered io be
bnd therefore the simplified dynamic analysis is performed in the time domain.

Annex H discusses the differences between simplified equivalent static and simplified dynam
detail.

Detailed dynamic analysis (2B)

nic actions for detailed dynamic analysis of geotechnical worksyare time histories of earthg
ns or forces defined at the bottom and side boundaries of the/global computational model.

pffects of liquefaction and induced ground displacements may be determined directly b
mic analysis (see Annex G).

Beismic actions for equivalent static analysis
Seismic actions for simplified-equivalent static analysis

Seismic actions from a superstructure

mplified equivalent statiC ;analysis of a shallow or deep foundation, the interaction
'structure and a foundation can be idealized in terms of actions from the superstructure.

nic actions from a superstructure may be specified in terms of the horizontal and vertical f
ut a moment at the instance of the peak shear force acting at the base of the superstru

seismic actions may be specified as described in ISO 3010 in terms of loading on the superstry
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linear modelling with reduced stiffness or non-linear modelling. Further non-linear effects, such as P-delta
effects, should be taken into account where appropriate.

Performance criteria for shallow or deep foundations may be specified in terms of the following parameters:

a)

for shallow foundations:

margins to the threshold limits of sliding and bearing capacity,

forces, and axial forces) or stresses,
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— acceptable residual responses specified in terms of displacements, tilting, and uplift based on assumed
failure modes;

b) for deep foundations:
— margins to the threshold limits of bearing capacity, pull-out resistance, and lateral resistance;
— margins to the structural elastic limits specified in terms of stress resultants or stresses;

— acceptable response beyond structural elastic limit characterized by displacements and strains of piles
based on an assumed failure mode.

For deep foundations, actions due to ground displacements, described in 8.1.2, may be combined witL the
actions from| a superstructure (see Annex H). Consideration should be given to the possibility) thgt the
maximum grpund displacements and the maximum acceleration of superstructure may not ocecur at the pame
time (see Anpex I).

NOTE  When part of the structure is below ground level, the actions from that part of the structure on the founfpation
should also bq considered (see H.2).

8.1.2 Seisnic actions without spatial variation

In simplified |equivalent static analysis of geotechnical works, soil-structure’ interaction can be idealiz¢d as
actions on a ptructural model by the surrounding ground.

For foundatigns, the actions of the ground may be specified in terms of the displacement distribution ¢f the
subsoil relative to the base of the foundation at the instant whenh.the maximum relative displacement occurs
between the [top and bottom of the buried portion of the structure (see Annex I).
Non-linear bghaviour of foundations and soils shall be-incorporated in the model for analysis either thfough
linear modelling with a reduced stiffness or non-linear-modelling. Further non-linear effects, such as Pidelta
effects, should be taken into account where appropriate.
Performance criteria for buried portions of a structure may be specified in terms of the following parametgrs:
a) for deep|foundations:

— the pame as 8.1.1 b);

b) for transyerse sections of-butied structures:

— mairgins to the-structural elastic limits specified in terms of stress resultants or stresses.

8.1.3 Seisthic actions with spatial variation

Spatial variatiominthe 9luuuu' motion bUIIIIIIUIIiy affects iung Of ialgu structures—such—=as ialgu dams;tunhnels
or tube-like buried structures. Spatial variation in the ground motions can also affect long bridge structures
and certain forms of embankment.

In simplified equivalent static analysis of a tunnel or long tube-like buried structure or a large geotechnical
work, soil-structure interaction may be represented as actions from the surrounding or adjacent ground on a
structural model.

Seismic actions from the ground may be specified in terms of displacement distribution of the subsoil at the
depth of the buried structure and may be evaluated through the empirical (6.4.2) or site-specific simplified
(6.4.3) analysis. For a large geotechnical work constructed above the ground surface, seismic actions can be
specified in terms of deformation of the ground surface or at the top of the foundation. These actions may be
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taken as the same as the free field displacement with spatial variation or the displacement distribution at the
instant when the maximum deformation occurs across the structure.

Non-linear behaviour of soils shall be considered when large relative displacements are expected. In such
cases, the non-linearity can be modelled approximately by reducing the moduli of the soils based on the
expected magnitude of the induced soil displacements or strains.

Performance criteria for long or large structures may be specified in terms of the following parameters:
— the margins to the structural elastic limits with respect to the stress resultants or stresses;

— acceptable cyclic strains with or without consideration of fatigue.

8.1.4| Seismic earth and hydro-dynamic pressures
In simplified equivalent static analysis of a retaining wall or a transverse section of a shallow of semi-buried
strucjure such as a rigid culvert or semi-buried road, soil-structure interaction can_be simplified to earth
presgures acting on a wall or idealized buried structural model. Soil-structure interaction for a flgxible culvert
may |be modelled as described in 8.2. If a part of the wall or structure is exposed to fluid, fluid-structure
interaction may be simplified to hydro-dynamic pressures.

The ¢arth pressures and hydro-dynamic pressures may be specified based on the peak accelerafion response
of the free field or a fraction thereof at the ground surface (see Annexes H and J).

Non-linear behaviour of soils should be carefully considered as-this can lead to amplification or gttenuation of
the ppak acceleration.

Perfgrmance criteria may be specified in terms of the following parameters:

a) for a gravity wall:

— tnargins to the threshold limits for sliding, overturning, and bearing capacity,
— acceptable residual response specified in terms of displacements based on an assumed failyre mode;
b) for an embedded wall:

— 1nargins to the threshold.limits for overall stability,

— 1nargins to the structural elastic limits of the embedded portion of a wall;
c) for arigid buried-structure:

— 1nargins-ta'the structural elastic limits of a buried structure.

NOTH Simplified equivalent static analysis using the earth and hydro-dynamic pressures has been ghown by case
historles=to be effective for moderate nqrthunln: grnnnd motions. However _case histories of seismic dam ge during the
1990s have demonstrated limitations of this method for intense earthquake ground motions and an improved method of
analysis has been emerging as shown in AnnexJ or other methods of analysis, including the dynamic analysis as
described in Clause 9, has been used.

8.1.5 Seismic actions on soil and structure masses

For simplified equivalent static analysis, a simplified model of the earth structure may be used in which an
inertia force acts on a sliding wall or a sliding soil mass model bounded by an assumed failure surface.

The inertia force should be specified based on the peak acceleration response at the centre of gravity of the

assumed mass of soil or structure. This inertia force may be specified in terms of the peak or a fraction of the
peak acceleration response of the free field at the ground surface if the earth structure is relatively small. If an
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earth structure is relatively large, this inertia force may be specified based on the response accelerations
evaluated by the total stress analysis of the earth structure using an equivalent linear model.

Performance criteria may be specified in terms of the parameters such as margin with respect to the threshold
limit for sliding.

NOTE Simplified equivalent static analysis has been shown by case histories to be effective for moderate earthquake

ground motions. However, case histories of seismic damage during the 1980s and 1990s have demonstrated limitations of
this method for intense earthquake ground motions and an improved method of analysis has been emerging or other
methods of analysis, including the dynamic analysis as described in Clause 9, has been used.

a) immedigtely after the triggering of liquefaction: geotechnical works in the liquefied soil\may be des|gned
against the inertia forces. The effects of liquefaction may be considered through a reduction factor for the
subgradg reaction or the soil stiffness resisting the actions from the superstructurey The effects of gfound
displacements following liquefaction may also be included, if significant;

b) in the later phase of liquefaction: geotechnical works may be designed taking into account the
displacement of liquefied ground with a reduced subgrade reaction, orearth pressures from the liqyefied
ground. [The effects of appropriate inertia forces may also be taken into account, if significant;

c) after reconsolidation of the soil: geotechnical works may be designed for total and differential settlerhents
that may occur across the structure or geotechnical works.

When uplift ¢f buried structures or stability of walls is evaluated, liquefaction effects may be incorporafed in

the analysis @s buoyancy forces, hydro-dynamic pressures,and/or reduction in shear resistance.

NOTE Fqr some types of geotechnical works such, as retaining walls, simplified equivalent static analysis can be

used where rgmedial measures such as ground improvément are being implemented. Alternatively, a more sophistjcated

total or effecti

8.1.7 Effec

When a stru
displacemen

8.2 Seisn

8.21

In detailed e

e stress analysis of liquefaction effect§ may be performed.

ts of fault displacements

ture crosses an active-fault, displacement of the fault may be applied to the structure as a f
(see Annex L).

ic actions for.detailed equivalent static analysis

Detailed equivalent static analysis

uivalent static analysis, the seismic performance of geotechnical works shall be analysed

brced

Lising

a global con

hputational model of the soil-structure system. An appropriate_ model of the superstructy

re, if

applicable, shall also be incorporated in the global model to account for the interaction between the
superstructure and the foundation. The effect of overstrength in the superstructure shall be considered either
in the modelling or in evaluating seismic actions from the structure.

Appropriate types of numerical models, such as finite element or lumped mass models, should be used for the
analysis.

Approximate failure modes and paths may be evaluated by detailed equivalent static analysis.

8.2.2 Seismic actions for a seismic coefficient approach

In detailed equivalent static analysis, seismic actions can be simplified as inertia forces distributed over the
analysis domain of the global soil-structure system.
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The inertia forces applied over the analysis domain may be specified in terms of the acceleration distribution
of free field at the instance when the maximum relative displacement occurs between the top and bottom of
the buried structure. In order to take full advantage of a detailed equivalent static analysis, site-specific
analysis shall be performed to evaluate the free field acceleration.

Alternative procedures may also be used in which the nodal forces over the finite element domain of analysis
are specified based on the strain distribution of free field response. Complimentary shear stresses should also
be applied along the interface between a buried structure and the surrounding ground.

Non-linear behaviour of soils and structures shall be incorporated in the model of analysis either through linear
modelling with reduced moduli or non-linear modelling.

Perfgrmance criteria may be specified in terms of appropriate failure modes and acceptable pegk or residual
respgnses of geotechnical works.

8.2.3| Effects of soil liquefaction and induced ground displacement

Effects of soil liquefaction and induced ground displacement may be analysed by*ihcorporating|the stiffness
and strength reduction in the liquefied soils either through the use of equivalent ishear modulug in the linear
analysis or through the use of reduced stiffness and residual strength in the-non-linear analysis {see G.9 and
Anngx K).

Allowance shall be made for differential settlements caused by sit€ heterogeneity, taking into| account the
chargcteristics of the structure and the simplifications in the analysis,

9 Seismic actions for dynamic analysis
9.1 | Seismic actions for simplified dynamic analysis

9.1.1] Seismic actions from a superstructure

In simplified dynamic analysis of a shallow-or deep foundation, seismic actions from the supersfructure shall
be specified in terms of the dynamig response of the superstructure. The effect of overstrength in the
supefstructure shall be considered in evaluating the seismic actions from the superstructure.

Non-linear behaviour of foundations and soils shall be incorporated in the analysis either through linear
modelling with reduced stiffnéss and increased damping or non-linear modelling. Further non-ljnear effects,
suchlas P-delta effects, shauld'be taken into account where appropriate.

Perfgrmance criteria may be specified in terms of the following parameters:

a) for shallow foufndations:

-+ aceeptable residual response specified in terms of displacements due to sliding, soil lyielding, and
uplift;

margins-te-the-structural-elasticlimits-of-the-foeting;
b) for deep foundations:
— margins to the threshold limits of bearing capacity, pull-out resistance, and lateral resistance;

— acceptable response beyond structural elastic limit specified in terms strains or ductility factors of
piles.

For shallow and deep foundations, actions due to ground displacements, described in 9.1.2, may be combined
with the actions from a superstructure.

When part of the structure is below ground level, the actions from that part of the structure on the foundation
should also be considered (see Annex H.2).
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9.1.2 Seismic actions without spatial variation

In simplified dynamic analysis, seismic actions may be specified in the manner described in 8.1.2, except that
the seismic actions are described in terms of time histories of free field motions. These time histories of
ground motions shall be based on the free field response to a reference earthquake motion, input at the
appropriate level in the free field.

Non-linear behaviour of foundations and soils shall be incorporated in the analysis either through linear
modelling with reduced stiffness or non-linear modelling. Further non-linear effects, such as P-delta effects,
should be taken into account where appropriate.
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acceptable residual response defined in terms of crest settlement or displacements at other critical
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9.1.5 Effects of soil liquefaction and induced ground displacement

In simplified dynamic analysis, the effects of liquefaction and induced ground displacement may be
considered as described in 8.1.6 (see G.9 and Annex K).

9.2 Seismic actions for detailed dynamic analysis

9.2.1 Seismic actions for a soil-structure system

Appropriate types of computational models, such as finite element, finite difference or lumped mass models
shall for analysis. In th t f anal ite r n nd liguefaction potential are often not
evaldated independently, but are evaluated as a part of the soil-structure or fluid-structure interaction analysis.
Firm |ground motions or motions at the base of the analysis domain shall be given as seismi¢ aftions for the
globgl computational model. Input motions for analysis shall be determined by a site-specific-studj.

Non-|inear stress-strain behaviour of soils and structures, including damping, shall be-appropria
for the analysis of the soil-structure systems.

ely modelled

Failufe modes and paths can be determined directly by appropriate dynamic-analysis. Performance criteria
may |be specified in terms of appropriate failure modes and acceptable”peak or residual fesponses of
geotegchnical works.

9.2.2| Effects of soil liquefaction and induced ground displacement
In dgtailed dynamic analysis, the effects of soil liquefaction” and induced ground displacenment may be
obtaiped directly from the analysis. Appropriate formulations, constitutive models and numerigal procedure
shall pbe used. Detailed geotechnical characterization should be used for determining the model parameters.

NOTH Inertial and kinematic soil-structure interactions are automatically included in a detailed dynamic{analysis.
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Annex A
(informative)

Primary issues for specifying seismic actions

The primary issues for specifying seismic actions described in this International Standard are shown in
Figure A.1. As shown in this figure, seismic actions are determined through two stages (Clause 5). The first
stage determines basic seismic action variables, including the earthquake ground motion at the site, the
potential for parthquake-associated phenomena such as liquefaction and induced ground displacement| fault
displacemenfs and landslide (Clause 6). These variables are used, in the second stage, for specifying the
seismic actigns for designing geotechnical works (Clauses 7 through 9).

Clause 5

D Seismic actions for designing geotechnical works Clause 6

D Evaluation of earthquake ground motions, ground failure, and fault displacements
O Seismic hazard analysis

O Site response analysis and assessment of liquefaction potential

O Spatial variation

O Fault displacements, ground failure, and other geotechnicakhazards

O Paraseismic influences

Clause 7

'__| Specifying seismic actions Clause 8

] Equivalent static analysis

Simplified equivalent static.analysis
OSeismic actions from.a_superstructure
O Seismic actions without spatial variation
O Seismic actions ‘with spatial variation
O Seismic earth and hydro-dynamic pressures
O Seismic actions on soil and structure masses
OEffects,of-soil liquefaction and induced ground displacement
OEffegts 'of fault displacements

—D Detailed equivalent static analysis
QSeismic actions for a seismic coefficient approach
© Effects of soil liquefaction and induced ground displacement

Clause 9

(] Dynamic analysis

[ | Simplified dynamic analysis

O Seismic actions from a superstructure

OSeismic actions without spatial variation

(OSeismic actions with spatial variation

(OSeismic actions on soil and structure masses

OEffects of soil liquefaction and induced ground displacement

D Detailed dynamic analysis
(OSeismic actions for a soil-structure system
OEffects of soil liqguefaction and induced ground displacement

Figure A.1 — Primary issues for specifying seismic actions
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In the second stage, the soil-structure interaction (an effect of ground motion by which soil and adjacent
structures mutually affect their overall response) plays a major role. Types of analyses are classified based on
a combination of static/dynamic analyses (Clauses 8 and 9) and the procedure for soil-structure, or fluid-
structure, interaction classified as follows:

— simplified: the interaction of a soil-structure system is modelled as an action on a substructure (8.1 and
9.1);

— detailed: the interaction of a soil-structure system is modelled as a coupled system (8.2 and 9.2).

For example, in the simplified equivalent static analysis of a caisson quay wall, the model for analysis is
defin gje] am il - 5 i i inertia force,
seismic earth and hydro-dynamic pressures. Action effects of this model are the margin with rgspect to the
threshold levels beyond which the wall begins to slide, overturn, or lose bearing capacity.

1 2 3
A < |4
.. S .
6
7
$ <+—>
a) Simplified model b) Detailed model
Key
1 hydrodynamic pressure
2 irfertia force
3  eprth pressure
4 sea
5 cpisson
6 seabed
7  fifm ground
8 eprthquake 'motions

Figure A.2 — Examples of models of analysis of a caisson quay wall

In detailed dynamic analysis of a caisson quay wall, a model for analysis is defined for an entire earth
structure system, including caisson, backfill soil, sea water, and foundation soil below the caisson as indicated
by the shaded area in Figure A.2(b). Actions on this soil-structure model are input earthquake motions at the
boundary of the domain of analysis. Action effects of this model for dynamic analysis are responses of the
soil-structure system, including accelerations, velocities, displacements, stresses and strains in various parts
of the soil-structure system. In particular, seismic earth pressures and hydro-dynamic pressures acting on the
caisson wall are action effects and computed from, rather than specified for, the response analysis.

These examples show how actions specified for designing a geotechnical work depend on the model of

analysis. This principle is adopted in the general procedure for evaluating seismic actions described in
Clauses 6 and 7 of this standard, as shown in Figure A.3.
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Examples for other geotechnical works are summarized in Annex H. Effects of liquefaction for various models
of analysis for geotechnical works are described in Annex K.

Stage 1 (Clause 6) Stage 2 (Clause 7)

Select type of analysis

Y
Select model and method of analysis

Y
Specify performance criteria paraméters

'

Perform geotechnical characterization

Reference earthquake motions >‘

/
Evaluate seismic/actions

Figure A.3 — Flowchart for specifying seismic actions
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Annex B
(informative)

Upper crustal rock, firm ground, and local soil deposit

As shown in Figure B.1, seismic waves are generated at a fault rupture and they propagate through upper
crustal rock and bedrock to the site of interest. The seismic waves then propagate through the local soll
deposits, reaching the ground surface and affecting structures.

The
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pbedrock is idealized, in the analysis of seismic wave propagation, as a uniform material-f
. The upper crustal rock having shear wave (S-wave) velocity of 3,5 km/s generally
tion of the bedrock. In engineering practice, however, the bedrock or its equivalent is d
- boundary of rock or soil layer much softer than the upper crustal rock.

Iipper boundary of the bedrock or its equivalent, called “engineering base layer,” may be d
hce between the firm ground and local soil deposit. Although the bedrock.should be the ided
rial filling the half space, there is a geological structure below the engineering base layer. §
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Annex C
(informative)

Design situations for combination of actions

Addressed in 6.2.1 are the circumstances in which it is considered appropriate to compute the earthquake
ground motions either by probabilistic or deterministic analysis. Because this International Standard describes
guidelines for specifying seismic actions only, 6.2.1 addresses these circumstances in a straightforward

manner without classitying actions into variable and accidental actions as described In [SO 2394.

NOTH Variable and accidental actions are defined in ISO 2394 are as follows:

Howgver, when a combination of actions, including the seismic actions) is considered in a gqg
procedure, it may be necessary to specify the design situation\as either variable or acg
specification can be done by classifying the earthquake ground mgtion as follows:

In acgordance with these design situations, an appropriate method of analysis is chosen as follows:

ariable action: action for which the variation in magnitude with time is neither negligible in-relation to t
nor monotonic;

ccidental action: action that is unlikely to occur with a significant value on a given, structure over a g
Ieriod. Note: accidental actions are in most cases of short duration.

n earthquake ground motion for evaluating serviceability~during or after an earthquake: a G
r specifying variable action, and

n earthquake ground motion for evaluating safety during or after an earthquake: a basi
gpecifying either a variable or accidental action:

a basic variable for specifying variable action: determined through a probabilistic analysis;

basic variable for specifying,accidental action: determined through either a deterministic o
nalysis.

e mean value

ven reference

neral design
idental. This

asic variable

variable for

probabilistic
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Annex D
(informative)

Seismic hazard analysis and earthquake ground motions

D.1 Seismic sources

D.1.1 Types of seismic sources

Seismic soufces can be modelled as areal and as fault sources. Areal sources are used-to’ represent
distributed sgismicity that cannot be associated with known faults. Fault sources are characterized by clearly
identified actjve faults or large inter- or intra-plate earthquakes occurring periodically in thespast. All faul{s are
potential seigmic sources. If a fault has no historical record of seismicity, paleoseismic studies are necegsary
to decide whether the fault should be considered active or not. Trenching across(the fault will reveal the
dislocations [of strata by past earthquakes that can be dated. When this infoermation is combined| with
geological orf geodetic data on slip rates, estimates of the magnitude and frequeney of past events outside the
historical regord can be made. Another method of evaluating paleoseismicity’ involves dating features of
paleoliquefagtion such as sand blows and sand intrusions or sand dikes.

In both probabilistic and deterministic seismic hazard analyses, the firststep is to identify earthquake solirces

around the sjte of interest at distances within which they contribute ateast specified minimum hazard vplues
to the site.

D.1.2 Parameters characterizing fault sources

Fault sources are characterized by

— location jand geometry of the fault,

— tectonic [regime and type of faulting,

— history df seismic activities based(on the historical record and/or paleoseismic data from trenching,
— earthqugke magnitude,

— average|and deviation.of pecurrence intervals, and

— location fof asperities; from which stronger seismic waves are generated.

reflection tests-and GPS (Global Positioning System) monitoring.

These paranFeters are evaluated based on geologic, geodetic, and geophysical information such as sdismic

D.1.3 Parameters characterizing areal sources
Areal sources are characterized by

— location and geometry of areal seismic source,

— earthquake recurrence rates, and

— maximum earthquake magnitude.

These parameters are evaluated based on past earthquake data, geological structure, and seismotectonic
features.
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Earthquake ground motions from scenario earthquakes

D.2.1 Modelling scenario earthquakes and parameters of earthquake ground motions

In both probabilistic and deterministic seismic hazard analyses, earthquake ground motions are generated by
scenario earthquakes. Scenario earthquake models vary, from a point source model with a specified location
and magnitude, to a seismic fault model with a detailed rupture process specified. Earthquake ground motions
may be specified in various ways depending on the design procedure: by simple scalar data such as peak
acceleration and velocity, or in more detail by time histories of acceleration, velocity or displacement,
response spectra and Fourier spectra.
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.3 Semi-empirical method

emi-empirical method computes time histories of earthquake ground motions caused by a I
quake by combining the recorded or simulated earthquake ground motions from smaller
pmpirical Green's function method uses the small to moderate earthquake ground motion
ns (i.e. Green's functions). The statistical Green's function method uses simulated ground m

ffects of asperities.
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a8  Assuming that a small earthquake motion is generated from each fault element.
b Superposition of small earthquake motions takingsinto-account rupture process and distance.
€ Scaling relation between the large and small garthquakes is used for determining size and number of fault elements.

d  Small earthquake.

Figure D.1 — Procedure for'determining earthquake ground motions by the semi-empirical method

the interface| between the<firm ground and local soil deposit (B in Figure B.1). The resulting motion at the
interface is then used@as,input for non-linear site response analysis.

D.2.2.4 Theoretical method

The theoretical method computes time histories of earthquake ground motions using both a theoretical
seismic fault model and a computational seismic wave propagation model. This method takes into account the
detailed fault rupture process and the effects of asperities. This method is used to estimate ground motions in
a period range that is long enough not to be significantly affected by the randomness of the fault rupture
process. This method is not appropriate for motions in the shorter period range that are significantly affected
by the randomness of the fault rupture process.

D.2.2.5 Hybrid method

The hybrid method computes time histories of earthquake ground motions by combining a longer period
component determined by the theoretical method and a shorter period component determined by the semi-
empirical method. This method takes into account the detailed fault rupture process and the effects of
asperities. This method is applicable over a wide period range.
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D.2.3 Local Site effects

Earthquake ground motions are affected significantly by both the local soil deposit above the firm ground and
the geological structure below the interface between the firm ground and the local soil deposit. Site response
analysis evaluates the effect of the local soil deposit as defined in 3.56 whereas the effects of both the local
soil deposit and the geological structure below the interface between the firm ground and the local soil deposit
are called “local site effects”, as defined in 3.33.

There are three empirical methods used to estimate local site effects.

a) Ground motion amplification W|th respect to a reference S|te condition may be estimated using empirical

, ifte sttgh a method.
Pome codes uses S|te categones classmed based on the average S-wave velocity ovef)the top 30 m
(Vs30)- These codes also include amplification factors for short and long period(motipns that are
dependent on ground motion intensity in recognition of the non-linear response of sail.

b) If ground motions of the required intensity are available for the site, these should be used firectly since
ey incorporate local site effects.

c) [Peak ground motion parameters or spectral values may be estimated using attenuation felations that
include a term dependent on site conditions.

In the semi-empirical method, local site effects are automatically(taken into account when the earthquake
motign records are used as element motions.

In the theoretical method, local site effects are taken inte”account through a computationpl model. In
partiqular, a 2-D or 3-D finite difference method can.idealize non-uniformity in the horizontal direction,
includling a basin type geological structure.

D.3 [Reference earthquake motions

D.3.1 Introduction

Two peneral approaches are usedito determine ground motions for design; one is probabilistic §nd the other
deterministic. Probabilistic seismic’ hazard analysis (PSHA) is used to determine ground motions for design
that have a specified probability-of exceedance. In deterministic analysis, a design earthquake is|selected and
then |the motions are calculated by any of the methods described earlier. In the current pgractice, it is
recognized that both methods have a lot in common and both have a role to play in establishing ground
motigns, especially foreritical structures.

D.3.2 Probabilistic analysis

Ther¢ are four steps in the process of PSHA 1) identify active seismic sources that affect the site;

curves for the ground motion parameters of interest. These steps are used to determine the ground motion
parameters, including response spectrum, for the specified probability over the reference period.

The probabilistic parameters, such as acceleration, may be used directly in design procedures or in the
scaling of appropriate ground motions. They are also used to scale existing normalized design spectra. The
probabilistic spectral values can be specified as uniform hazard spectra, which have the same probability of
exceedance at all periods. Such spectra may be used as design spectra, although it is more common to use a
simplified bi-linear spectrum based on one short period and one long period (NEHRP, 2001). The spectra may
be also used in the generation of spectrum compatible ground motions. However, one must not forget that no
earthquake can generate such motions. There have not been sufficient studies to ensure that the effects of
spectrum compatible motions are consistent with those of real motions.
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The motion parameters determined by PSHA result from the contributions of the multiple earthquakes
considered in the analysis. To obtain scenario earthquakes for projects that require it, the hazard must be
disaggregated into its component magnitude-distance pairs to determine the significant contributors to hazard.
The scenario earthquake may be used to determine the normalized response spectral shape or the phase
characteristics of the spectrum compatible ground motion.

D.3.3 Deterministic approach

The deterministic approach is applicable and adequate for determining earthquake ground motions for design
especially when uncertainty is small in evaluating the parameters of the scenario earthquake. In this case, the
deterministic approach can be an adequate method for evaluating a low probability event as an alternative to
the probability approach that typically involves a large uncertainty in the tail end of the probability function.

There seems
deterministic
not explicitly

D.3.4 Eval

The distingu
with almost
epistemic. A
accumulated
remains sigr
evaluated by

and interprefed is considered crucial to the final assessment of hazard. Appropriate guidelines shou

established f

An example
about the md
in a PSHA.

Coping with
contributors
rates and ch
widely and a
is often used
tree is showr

approach does include evaluation of uncertainty. It uses the same logic tree approachybut
include the analytical apparatus of the PSHA.

hation of uncertainty

shing characteristic of the modern practice is the formal treatment of the-uncertainty, assoq
every aspect of seismic hazard analysis. There are two kinds of Cuncertainty; aleatory

on ground motions, for example, the standard deviation about the median in attenuation relg
ificant. Epistemic uncertainty is considered to be due to a lack of scientific knowledge 3
processing opinions from a number of experts. The mannep in’which such opinions are el

Dr it.

pf aleatory uncertainty usually considered in seismi¢ hazard analysis is the distribution of v
dian attenuation which is assumed to be a log-narmal distribution. This is effectively incorpo

epistemic uncertainty depends entirely on(éxpert opinions. Source definition is one of the
0 epistemic uncertainty as it involves:\location and geometry, maximum magnitude, recur
oice of attenuation relations. It has\been demonstrated frequently that expert opinions
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Figure D.2 — Logic tree representation of uncertain parameters in PSHA
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Probability level

D.4.1 Probability specified for reference earthquake motions

The overriding concern in establishing the reference level of probability for codes or norms is life safety. Next
is maintaining a desired serviceability level for more frequent earthquakes that do not threaten life safety.
Different probabilities may be developed for different industries and different types of structures. Examples of
structures are high consequence dams, nuclear power stations and structures for offshore oil and gas
development. The probability levels in building codes are based on the recommendations of leading scientists
and engineers and are given authorized status by the adopting authority. Other probability levels may be
recommended for other industries and types of structures such as for nuclear power and offshore oil and gas

deve
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natiopal codes or recommended practice such as CEN/TGC250/SC8 (2003) for Europe and NEHH
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D.4.2 Possible future direction
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Annex E
(informative)

Site response analysis

E.1 Introduction

Site responsie analyses are performed in order to evaluate the effects of local soil deposits above thi firm
ground or upper crustal rock. The input for site response analyses is typically specified based en.thg firm
ground outcfop motion by assuming that this motion is the result of superposition of the se€ismic waves
incident to and reflected at the firm ground outcrop surface as shown in Figure E.1. Time histéries of oltcrop
motion input|to the interface between the firm ground and local soil deposit should be chosen-from site$ with
properties cdnsistent with those of the firm ground (see Annex B for further discussion).

This annex |describes theoretical bases of site response analyses, dimension of models adopted,| data
oriented appfoaches, and application of this knowledge to seismic design.

Key
firm grour|d outcrop
ground surface
local soil deposits
incident wave
outcrop mption

firm ground

O b~ WN -

Figure E.1 — Schematic figure of site response analysis

E.2 Theoretical background

E.2.1 Single- or multi-degree of freedom system

It is assumed that the movement of the free surface of a soil deposit is mainly due to the vertical propagation
of shear waves from the bedrock towards the surface. Generally, a soil deposit consists of multiple layers with
different mechanical properties. When both the bedrock surface and the soil layers are essentially horizontal,
each layer can be modelled by a lumped mass and a linear or non-linear spring. When the linear spring model
is used, modal analysis can be performed as shown Figure E.2 and described in E.2.2. If the rock profile or
the soil layers are inclined, finite element (FE) techniques have to be employed.
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Figure E.2 — Single- or multidegree of freedom analysis of local soil deposit

A sinpplified mechanical model of the soil deposit in Figure E.2 is)shown in Figure E.3. The lumped masses,

m

i

perpgndicular to the paper:

whe

h_ +ph
4 :'017}11 and m, :LZP”’ i=2,3,...,N

re m;is the lumped mass assigned for the ithlayer having a density p; with a thickness #;.

are  computed, using the following equation assumingithat the soil profile has a upit thickness

(E.1)

Key

1 layer 1
2 layer2
3 layer3
4 layer N

Figure E.3 — Model with lumped masses for the seismic analysis of a soil deposit
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The lumped masses are interconnected by springs and viscous damper elements which model the stiffness
and damping of the soil deposit during horizontal displacement. The spring stiffness k; of layer i can be
obtained by considering the shear deformation of this soil layer. With a soil column of unit section area, a
height of 4, and G as the shear modulus, the spring stiffness, linear or non-linear, is equal to

v G0 (E.2)

The equation of motion for all N soil layers in matrix form is given by

[m]{ii} +[c) i+ [ o) = ~diag [l (E.3)

T

with i : accgleration at the bedrock level, u: relative displacement to the base, and

¢ - 0 0
m 0 0
d m 0 - ¢+, G 0
[m] = Nk [c] = 0 —-c, Cytcy; 0 ,
d o o m, v
| 0 0 0 —Cy_y Cyy Oy
R —k, 0 0 |
-t k+k, -k, 0
= - + N
k d ky, ky+k, 0 (E.4)
—k,_,
| 0 0 ky ky,+ky |

E.2.2 Modal analysis of single- or multi-degree-of freedom systems

When the lifear spring model is used, modal(analysis can be performed in order to solve the equatigns of
single- or miiltidegree of freedom systems, By taking the fundamental mode of the solutions of eigenjalue
problem corfesponding to Equation (E.3);\the peak relative displacement u,,,(z) and peak accelefation
amax(2) may be obtained using the acceleration response spectrum by

1

———5{Tg) (E.5)
(2n/Tg)

Umax (Z = /4 (Z)

max (Z :f1(z)'Sa (Tg) (E.6)

where

Sa(Tg) is acceleration response spectrum ordinate at the natural period Ty of the subsoil for a reference
earthquake motion at the firm ground outcrop,

f1(2) is the participation function of the fundamental mode of subsoil at depth z.

As shown in Equations (E.5) and (E.6), the fundamental mode is typically adopted for computing ground
displacements and strains. If response accelerations are required, one may use superposition of multiple
modes.

The natural period of the local soil deposit often plays a significant role in local site response. This period may
be obtained from the eigenvalue solution of Equation (E.3).
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Several simplified equations have also been adopted in practice, such as the basic expression

4h
Ty=— (E.7)

Vs

where / and vg are the thickness and the shear wave velocity of the local soil deposit, respectively. This
formula is based on the assumption that the soil layers are on a rigid base. An approximation for an elastic
base layer is given as follows (Sawada, 2004):

g =— ' ' (E.8)

wherg 1, is the thickness of the ith layer, vy, is the shear wave velocity of)the ith layer, 4 and s; are

coefflcients given by

i 4h

k
1= (E.9)
k=1Vs0k
Ven: = Van:
_ s0i s0i+1
;=S _stist (E.10)
Vs0i T Vs0i+1

If 7y Is an imaginary value, the deepest layer is removed.

E.2.3 Wave propagation theory in frequency domain

Trangfer functions may also be used to pérform site response analysis of linear elastic systems. ;A known time
history at bedrock (input) is transformed._in the frequency domain (usually using FFT algorithmg), where it is
multiplied by the soil deposit transfer, function to produce the Fourier series of the output motion at the surface.
The pround surface motion can-then be transferred to the time domain by inverse FFT algprithms. The
transfer function determines how-each frequency component of the bedrock motion is modified by the soil
depopit. Some special cases-are discussed below.

a) Wniform, undamped.soil on rigid rock
The simplest model~deals with a uniform layer of isotropic, linear elastic soil overlying rigid bedrock. The

harmlonic horizoental motion of the latter produces vertically propagating shear waves in the ovgrlying linear
elastic soil deposit, leading to the transfer function:

U@ _ 1

. (@)
' Uh,w) CoS(@h/vg)

(E.11)

with @ as the circular frequency of ground shaking, # the thickness of the soil layer and v the shear-wave
velocity. 4 and B in Figure E.4 are the amplitudes of waves traveling along the z-axis.
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Figure E.4 — Linear elastic soil deposit underlain by rigid bedrock
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nping ratio and the imaginary unit i.
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k is rigid, its motion will be unaffected by motions inh the overlying soil. Any downward-tra
oil will be reflected back towards the surface hy,the rigid layer, thereby trapping all of the &

yer is an elastic medium. This will introduee a form of radiation damping, and it leads to sn
motion amplitudes than in the case of the-rigid bedrock. The transfer function now reads

1

F3 = N * (
coj(wh/veg) +iar, sin(wh/vsg)
. * * * ogs . .
with o, = 25| 35 and vg, Vs, as complex shear wave velocities of soil and rock, respectively.
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Figure E.5 — Homogeneous elastic soil layer on top of a half-space-of elastic ro¢k

d) layered, damped soil on elastic rock

Finally, real ground response problems usually involve soil depgsits with layers of different ptiffness and
damping characteristics and boundaries at which the elastic waveenergy will be reflected and/of transmitted.
All the layers are usually assumed to be horizontal, with different thickness, so that transfer funcfions of multi-
layergd soil deposits have to be used.

E.3 |Dimensions of model

E.3.1 One-dimensional (1-D) models

The yarious models available for site résponse analysis may be grouped in three categories; ong-dimensional
(1-D), two-dimensional (2-D), and three-dimensional (3-D) models. This clause describes 1-D mogel.

a) linear approach

It is yell known that soil behaviour can be essentially nonlinear, but even in this case linear methods can
provifle useful results. Generally, equivalent linear approximations of the non-linear response pre made by
setting the shear modulus”G equal to the secant shear modulus at the relevant strain level and the viscous
damping ratio & as the-damping ratio that involves the same energy loss per cycle as the actlyial hysteretic
loop.|Since the lin€arapproach requires G and £to be constant for each soil layer, the problem is|to determine
valugs consistentiwith the strain level in each layer. Even though an iterative process using strain-compatible
soil gropertiessmay serve well for approximating nonlinear soil behaviour, it is important to remember that if
the sfrain-compatible soil properties are kept constant throughout the duration of an earthquake, fegardless of
whether.the strains are large or small at a particular time, the method is still a linear method.

b) MNonlinear approach

For solving problems involving some non-linear response of a soil deposit, numerical integration in the time
domain is the method of choice. The system parameters of the non-linear constitutive model are updated at
small time intervals. Most of the currently available nonlinear 1-D ground response analysis computer
programs characterize the stress-strain relationship of the soil by cyclic stress-strain models.

A constitutive model may be selected on the basis of the expected strain level in the soil deposit. The
approximate ranges of strains compatible with different models are shown in Figure E.6. The limit in
applicability of the equivalent linear model is 1 % strain at the maximum; non-linear hysteresis model is
appropriate over the largest strain range.
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Figune E.6 — Compatible strain ranges for linear, equivalent linear and nhon-linear models
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a)

Function approximation

By gathering enough data and performing a fitting process by standard statistical means, one can determine
the effects of different input parameters on the response. This method has, for example, proven useful for the
investigation of topographic effects.

b) Semi-theoretical approach

These methods are not purely data based but also have a theoretical background. Starting point is generally

an appropriate model for describing the system behaviour, the parameters of which are then identified using
the observed data.
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E.4.2 Data mining by soft computing methods

Soft Computing is a general term for methods combining different aspects of such relatively new
computational techniques as Fuzzy Logic, Artificial Neural Networks and Evolutionary Algorithms. Two
examples suitable in site response applications are Artificial Neural Networks and Adaptive Fuzzy Systems;
the former can be trained with an adequate amount of sample information to numerically predict complex
system behaviour albeit in a rather “black box” way, while the latter also yields insights into system causality.

E.5 Application to seismic design

E.5.1Generat

The fundamental theories reviewed in E.2 through E.4 can be regarded as background for,'the aTaIyticaI tools
used| for seismic design. The various methods for site response analysis are broadly, 'classified into four
categories as described in 6.3, shown in Figure E.7. Empirical, site-specific simplified, and| site-specific
simplified dynamic analyses are based on 1-D model, whereas site-specific detailed dynamif analysis is

basefl on 2-D or 3-D model.
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4 PGAye 12 dynamic response analysis
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6 structure of shear wave velocity 14 effective input motion to structure
7 modelling 15 modal response of ground

Figure E.7 — Schematic figure of methods for site response analysis
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E.5.2 Empirical analysis

The empirical analysis according to 6.3.2 yields peak response values and response spectra at the ground
surface by using an amplification factor, which is correlated with parameters such as the natural period Ty of
the local soil deposit and/or the average shear wave velocity over 30 m depth (Vg3q). The correlation is
typically derived from statistical analyses for recorded earthquake ground motions, leading to a set of site
categories. The effect of nonlinearity of the local soil deposits may be evaluated through the statistical
analysis by using parameters such as the level of earthquake ground motions.

In the empirical analysis, the site response within the subsoil may also be obtained by a simplified procedure
from the response values at the ground surface, such as those used for the simplified analysis of liquefaction
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Cific simplified dynamic.analysis (6.3.4) computes time history response of local soil deposif
d surface and within’ the local soil deposit. Response parameters such as time histori
velocity, displacement, stresses and strains can be computed.

cific simplified dynamic analysis is accomplished either through total stress analysis
near or_noen-linear model or through effective stress analysis. The total stress analysis
ear models is typically carried out through frequency domain approach. The total stress an
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Local soil deposit used for the analysis are idealized as horizontally layered ground as shown in Figure E.7(c).

While site-specific simplified analyses only yield peak response values, simplified dynamic analyses also yield
corresponding time histories and/or Fourier spectra.

E.5.5 Site-specific detailed dynamic analysis

The site-specific detailed dynamic analysis (6.3.5) computes the entire response of a soil-structure system as
shown in Figure E.7(d). 2-D or 3-D FE method may be used for the analysis. Nonlinear characteristics of soil
and structure including those at the interfaces can be represented by appropriate constitutive models. Total
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stress analysis and effective stress analysis are available for the analysis. Effective stress analysis may be
performed for liquefiable soil deposit (see Annex G).

The actual configurations of local soil deposits may be considered, including curving interfaces between layers
and variation of soil and other parameters. Firm ground outcrop motions are used as input for the rigid base
layer, whereas the in-layer motion is used for the elastic base layer. Differences in arrival times of incident
waves along the base layer may be specified if the horizontal length of the local soil model is large relative to
the wavelength considered. Side boundaries of the model should be modelled with appropriate energy
absorption mechanisms to eliminate or reduce spurious reflected waves from the model boundaries.
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Annex F
(informative)

Spatial variation of earthquake ground motion

F.1 Spatial variation due to lateral variation in geotechnical conditions

As describeq in 6.4.1, it is necessary to evaluate the spatial variation of earthquake ground motions/fgr the
design of a Igng or large structure.

Lateral variafion in the geotechnical conditions within the dimensions of a long or large structure along the
direction of the axis can be a major cause of spatial variations of earthquake ground motiohs-as illustrated in
Figure F.1(a). The amplitude of motion can vary significantly across the boundary of the,fitrm ground outcrop
and the local soil deposit, thereby inducing significant strains in the ground and in the buried structurg that
extends acrdss the boundary. Similar phenomena can occur when the geotechnicabwork is placed aboye the
buried topography as shown in Figure F.1(b). Complicated effects of horizontalcheterogeneity of the ground
can be evalupted by two or three-dimensional response analysis of the ground as)described in 6.4.5.
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Figure F.1 — Examples of the spatial variation of earthquake ground motion induced by lateral
variation in the geotechnical conditions
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F.2 Spatial variation due to horizontal wave propagation effect

Other major causes of the spatial variation in ground motions are the horizontal wave propagation effect and
spatial incoherency. The horizontal wave propagation effect is due to the finite speed and angle of
propagation of the wave front, which ensures that all points in a long or large structure are not simultaneously
exposed to the same level of motion. The slower the wave speed, the more significant is the horizontal wave
propagation effect. The incoherency in the motions between two locations in a long or large structure is due to
scattering and complex 3-D wave propagation. It is a stochastic phenomenon and is represented by empirical
coherency functions derived from array data. The horizontal wave propagation effect often predominates at
low frequencies.

The strain in
particle velod

I 4 o o I . i . ; . 4 " f the

ity v(w) and the apparent wave propagation velocity of seismic waves c(w):

A ) = v{w)/c(w) (F.1)
The particle

seen in Equd

velocity v(w) is typically determined following the procedure described in 6.2cand 6.3. As can be
tion (F.1), & w) becomes larger for smaller c¢(w).

F.3 Surfa
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ce waves affected by the geological structure below the interface between
round and the local soil deposit

F.3.1 Phage velocity of surface waves
The apparent wave propagation velocity c¢(w) in the previous section becomes the phase velocity in the[case
of surface wpves. As noted in the previous section, the strains”in the soil depend on the phase velodity of
surface wave c(w). The phase velocity of surface waves isyin general, smaller than that of shear wavégs for
any angular frequency o. Among surface waves, either the, fundamental-mode Love wave or the fundamental-
mode Rayleigh wave corresponds to the smallest valugof ¢(w) for any angular frequency w.

with
epth.
ad to
ency
c(w)

The phase yelocity of surface waves is frequéncy-dependent. The phase velocity ¢(w) decreases|
increasing angular frequency @ when the S-wave velocity of ground increases with increasing d
Therefore, if pne assumes a value of ¢(w) that does not depend on the angular frequency o, then it will Ig
either undergstimation of the effects of high-frequency waves or overestimation of the effects of low-freqt
waves on the¢ strain in the soil. Therefore; in the Clause 6.4.3, it is recommended that the phase velocit)

which is site-

For example
frequency in
the S-wave
Table F.1 in
surface. Exc
velocity at rg
array obser

specific and frequency=dependent be evaluated.

, Figure F.2 shows,"an example of dependence of the phase velocity of Love waves o
the waterfront.area of Tokyo, Japan. The theoretical phase velocity (solid lines) is computed
velocity structure model shown in Table F.1. The S-wave velocity structure model sho
ludes the~geological structure below the firm ground surface down to the upper crustal
usion of-the deeper part of the ground from the model will result in underestimation of the f
lativelylong periods. The solid rectangles in Figure F.2 indicate the phase velocity obtain
atiens at this particular site. The phase velocity of the fundamental-mode Love wa
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rock
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fore,

using a constant value of 400 m/s will lead to an overestimation of the effects of the components around 3 s.
Use of a constant value of 750 m/s will lead to an underestimation of the effects of the components around
one second.

F.3.2 Passage effect of surface waves

The simplest way to incorporate the horizontal wave propagation effect in the evaluation of the deformation of
the soil is to assume a harmonic ground displacement distribution in the horizontal direction as addressed in
6.4.2, with the assumption that seismic waves with one single frequency almost dominate the deformation of
the ground and the contribution of seismic waves with other frequencies is negligible. Unfortunately, this
assumption is often an oversimplification of the actual situation. In fact, earthquake ground motions specified
through the process described in 6.2 and 6.3 include, in general, multiple frequencies, each of which can give
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rise to the horizontal wave propagation effect. In this case, the incorporation of the frequency-dependent
phase velocity in the evaluation of the strain of the soil can be easily achieved as follows.

YA
3000 / /
2 500

YL L

2000 J J
/|2 /
1 500
/ / /3
1000 / /
— |
. X'r/
500 ——-
L
0 -
1 2 3 4 56 78910 X
Key
X ppriod(s)
Y ppase velocity, m/s
1 2pd higher mode (third mode)
2 1pt higher mode (second mode)
3 fyndamental mode (first mode)
4 Lpve wave

Figure F.2 — An example of dependence of the phase velocity of Love waves
on the frequency in the waterfront area of the city of Tokyo, Japan

Table F.1 — S-wave velacity structure model corresponding to the phase velocity in Figure F.2

Layer | Depth to layer from | Thickness of layer | S-wave velocity Density
the ground surface
(m) (m) (m/s) (t/m3)
1 0 to 50 50 250 1,8
2 50 to 170 120 410 1,9
3 170 to 1750 1580 800 1,9
4 1750 to 3 000 1250 1200 2,1
5 3000 to 6 100 3100 2600 2,6
6 6 100 — 3400 2,6
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Let ag(7) denote the time history of ground motion evaluated through the process described in 6.2 and 6.3 at
one representative point (x=0, y=0) at the depth of interest on the horizontally layered ground. Let c(w)
denote the site-specific frequency-dependent phase velocity. Then, the ground motion a(z) at an arbitrary point
(x,y) at the same depth can be obtained as follows:

1)

2)

Compute Fourier transform of ag(?).

Compute Fourier transform of a(¢) as follows:

A(w) = Ag( ) expl-i(kx + kyy)]

k.= [alc
k,= [alc

where Ag(w)
positive-x dir
3) ¢
Ideally, c(w)
motion ay(?)
motion is off
necessarily €
c(w) in the e
fundamental

c(w) for any gngular frequency .

The angle 4
information i
from one pa
wave propagd
structure.

Main advantages of the procedure described above are

a) frequeng

b) it is not

direction

w)[cOS Y
w)]sing

and A(w) are the Fourier transform of ag(#) and a(), respectively, and @ is the angle betwee
pction and the direction of the seismic wave propagation.

Compute inverse Fourier transform of A(w) to obtain a().

should be determined based on the knowledge of the type of waves involved in the gf
evaluated at one point through the process in 6.2 and 6.3. In, practice, however, the g
en a mixture of many types of waves including surface wavesand shear waves and it
asy to extract surface wave components from the evaluated ground motion. One may add
uations (F.3) and (F.4) the smaller of the phase velocities.of fundamental-mode Love wav
mode Rayleigh wave because either of these two waves corresponds to the smallest val

can be determined based on the information of direction of seismic wave propagation when
5 available. For example, at some locations, -ene might expect significant arrival of surface
ticular direction. A limitation in this method is the great uncertainty in the direction of se
ation. Alternatively, in practice the maost-critical angle may be used for designing a long or

y-dependent phase velocity €an be incorporated, and

necessary to asstmé a harmonic static ground displacement distribution in the horiz
at the depth of interest.
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Annex G
(informative)

Assessment of liquefaction

Introduction

Seisr
earth
is pre
wate
pore
like 4
will r
occu
addit
settlg

nic liquefaction refers to a sudden loss in stiffness and strength of soil due to cyclic loadifig
gquake. The loss arises from a tendency for soil to contract under cyclic loading, and if\suc
vented or curtailed by the presence of pore water that cannot escape, the result is ajrise in
pressure and a subsequent drop in effective stress. If the effective stress drops-to' zero (
water pressure), the strength and stiffness can decrease significantly and, in the’limit, the
heavy liquid. However, unless the soil is very loose, it will exhibit dilative tendency and, 3
bgain some stiffness and strength. If this strength is sufficiently large, it\will prevent a flg
ring, but may still result in excessive displacements commonly referred to as lateral s
on, even for level ground conditions where there is no possibilitynof a flow slide, ve
ments may occur due to dissipation of excess pore water pressure§ during and after the pe

ground shaking.

G.2

Asse

Assessment of liquefaction

5sment of liquefaction involves addressing the following concerns:

effects of an
h contraction
excess pore
100 % rise in
soil behaves
5 it strains, it
w slide from
preading. In
'y significant
fiod of strong

a) for the design earthquake, will liquefaction bé ‘triggered in significant zones of the earth strlicture, and if
30,

b) What ground displacement will be indueed by liquefaction?

Thesg effects can be assessed bywsimplified (G.3) or detailed (G.4) procedures. Depending on the design

situafions, the assessment of liquefaction may be improved by combining additional information

a ge(

morphological approach (G:5) or laboratory and in-situ tests (G.6).

Scregéning procedures are aften adopted prior to the evaluation procedures for a) and b). For ex3

btained from

mple, zoning

by a|geomorphological-approach may precede the evaluation of liquefaction potential for a).|A screening
procedure based onthé geometric data such as distance from face line of bulkheads, or other|geotechnical
data,may precedéd¢he evaluation of liquefaction-induced ground deformation for b).

G.3

Simplified procedure

G.3.1 Assessment of triggering of liquefaction

The simplified procedure involves the steps described in this and the following subclauses.

Compute a factor that represents a margin against triggering of liquefaction by comparing the cyclic resistance
ratio (4,,) of the soil with the cyclic stress ratio (1.,) caused by the design earthquake, i.e.,

_ ACIT

A‘CSI’

ftrig (G' 1 )

The cyclic resistance ratio A, is generally obtained indirectly from penetration tests, or other index properties
including shear wave velocity, and experience with similar soils during past earthquakes. Youd et al. [16]
describes North American practice, Eurocode 8 [2] gives European practice, PIANC [2] describes procedures
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for ports, and Japanese Geotechnical Society [’ describes Japanese practice, among others. Penetration
tests may involve the Standard Penetration Test (SPT), the Cone Penetration Test (CPT), and the Large
Diameter Penetration Test (LDPT) such as Large Penetration Test (LPT) in Japan and Becker Penetration
Test (BPT) in USA. All these methods are based on data from past earthquakes which relate liquefaction
potential to a measure of ground shaking and an index of ground conditions. The methods differ in how they
specify intensity of shaking and ground conditions.

When A, is obtained from standard penetration test values (SPT-N values) corrected for energy and
overburden stress, additional corrections are applied for confining stress, static bias, multi-directional shear,

and a specifi
Aerr =4

where A i

100 kPa, at |

The correctid
included in t

be incorporafed as a correction factor for cyclic stress ratio to be defined in Equation (G.3).

When the eg
American de
current Japa
that is specif
based on th

equivalent n@imber of cycles is significantly affected by the source meehanism, path and site effects. T

effects may
hybrid methd

The cyclic st
the site resp|
dynamic ang
maximum dyf
to achieve st

ACSI’ k(

where

Maximum sh
Appropriate
similar soils.

ed number of shear stress cycles through an aggregate correction factor £ as

rO'k

(G.2)

5 the cyclic resistance ratio for the reference state, typically corresponding to a confining stre
bvel ground conditions, and the specified number of load cycles (Youd et al. [16]).

ne correction factor for cyclic resistance ratio in Equation (G.2). Alternativelynthis correctio

uivalent number of shear stress cycles is correlated with an earthquake-magnitude as in
sign practice, the earthquake magnitude may be specified based an the de-aggregation. |

ed for design. Conservative estimate is adopted on the equivalent number of shear stress @
b case histories during earthquakes of a relatively large magnitude (e.g. larger than 7.5)

be evaluated through the seismic hazard analysis based on the semi-empirical, theoretic
ds (see Annex D).

fess ratio A, is usually obtained from a site response analysis described in Clause 6.3.

lysis (6.3.4), the design earthquake motiontis generally applied at the firm ground, an
hamic shear stress, 7,,,, obtained at points within the soil mass from an iteration process
rain compatible moduli and damping. The cyclic stress ratio A, is evaluated as follows:

Tmax
’
%o

qv
correction factor for'equivalent number of seismic loading cycles;
ne effective vertieal stress at the depth.

ear moduli’are generally based on site-specific shear wave velocity and/or penetration te
straincdependent shear moduli and damping values are generally based on cyclic test da

ss of

n for equivalent number of shear stress cycles or one correlated with an earthquake’magnityde is

N can

North
n the

hese design practice, an earthquake magnitude is often not explicitly considered as a parafeter

ycles

The
hese
al, or

Vhen

pnse is obtained through either site-specific simplified analysis (6.3.3) or site-specific simplified

H the
50 as

(G.3)

sting.

ta on

When the site response is obtained from empirical analysis (6.3.2),

level ground

T
max
conditions can be estimated from the peak horizontal ground surface acceleration ag,, as

Tmax = 0 ,asTurf.krd
where
o, s the total vertical stress at the depth;
g is the acceleration of gravity;
k.q is a reduction factor to account for flexibility of the soil.

52

in Equation (G.3) at any depth for

(G.4)

© 1SO 2005 — All rights reserved


https://standardsiso.com/api/?name=b2557347fadd4dafb2ee6e63dc4bdc2b

ISO 23469:2005(E)

A margin against triggering of liquefaction is typically specified by a factor Fiig =Aerr [ Acsr- frrig = > 1,0 typically
implies no liquefaction. The required minimum factor f;, reflects the |mportance of the structure and the
knowledge of the earthquake loading and soil parameters. Sites with a factorftrI between 1,0 and 1,3 can still
involve increase in pore-water pressure although the pore water pressure mcrease may not reach 100 % of
initial confining pressure. The effects of these increases in pore water pressure should be accounted for
during evaluations of stability and settlement.

Additional information on geomorphological and case history data of liquefaction occurrence can be used to
improve the results of assessment of liquefaction potential based on the simplified procedure described above
(see G.5).

G.3.2 Liquefaction-induced ground deformation

G.3.4.1 Evaluation of liquefaction-induced displacements

Ligugfaction-induced displacements, both lateral and vertical, may be estimated as follows:

a) lateral displacement

The lpteral displacement may be estimated by various simplified analyses, including

— an empirical method based on case histories,

— @ sliding block analysis with reduced strain compatible strength in zones predicted to liquefy,
— an equivalent static analysis with reduced stiffness in zenes predicted to liquefy, and

— a simplified dynamic analysis using either reduced-stiffness or viscosity in zones predicted to|liquefy.

NOTE Large lateral displacements induced on nearly level ground can be estimated by Newtonian or] Bingham fluid
modejs.

b) Vertical displacement

The yertical displacement arises from, consolidation (densification) following liquefaction and is egtimated from
field [experience. The vertical strain resulting from reconsolidation in zones triggered to liquefy can be
estimated from charts based(on past case histories and laboratory test data. This strain in|turn can be
integrated to give the settlement profile.

Verti¢al displacement fray also arise from deformation of soils associated with lateral movement,|for example,

behind a retaining wall, below an embankment, or a slope. Vertical displacement at a particular location can
occur due to struettre distortion.

G.3.4.2 Evaluation of flow slide based on residual strength

If residual strength of a liquefied soil (i.e. shear strength of the soil after failure due to liguefagtion) can be
evaluated for the liquefiable zones within the earth structure, the possibility of a flow slide can be estimated
from a static limit equilibrium analysis as follows:

a) Identify the zones of liquefaction.

b) Assign residual strength to those zones predicted to liquefy, and conventional strengths to those not
predicted to liquefy. In North American practice, some reduction in strength may also be considered for
zones having factors of safety less than 1,5.

c) Apply the residual strength to the zones of liquefaction, and modifications to other non-liquefiable zones
as noted above and perform a static stability analysis.

© 1SO 2005 — Al rights reserved 53


https://standardsiso.com/api/?name=b2557347fadd4dafb2ee6e63dc4bdc2b

ISO 23469:2005(E)

In North American practice, if the factor of safety for static slope stability is less than about 1,1, flow failure is
considered probable. If the factor of safety is greater than about 1,1, then deformations can be estimated as
described in G.3.2.1.

This residual strength approach is often adopted in North America for evaluating the seismic safety of dams
with liquefaction potential and in a screening procedure before the evaluation of displacement.

Residual strength is usually determined from correlations between penetration test data such as the SPT-N
values and residual strength based on case histories during past earthquakes. Residual strength can be
measured by laboratory tests on relevant samples. However, the residual strength as determined from case
histories can be the end result of a much more compllcated process than is S|mulated in undramed testmg

ater
yers

judgement. Cautious engineering judgement may be required in order to avoid a problém in the simplified

procedure de¢

large static K
stress pushdq
beyond a lim

G.4 Detailed procedure

scribed here when an excess pore water pressure ratio of 100 % do€s not develop due 1
ias. Even when the excess pore water pressure ratio of 100 % does not develop, cyclic

s the stress path close to the failure line in stress space, inducing a cumulative shear

t, from which the stress path will be directed toward the flow failufe state.

G.4.1 Gen

In detailed p]ocedures, the liquefaction process is simulated by taking into account the increases in pore
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s that may be occurring during the applied time history of base motion. Such changes will

total or effective stress models (6:3.5).

stress analysis

ress analysis, the cyclic,shear stresses are tracked in each element as they occur. Each s
hted according to its_size and when or if sufficient cycles occur, the element liquefies and is
lion stiffness andcstrength. In this way the weaker or more heavily loaded elements liquefy
ftening of the_structure and increasing lateral movement as more and more elements lique
ments liquefy{ and their residual strength is not adequate for static stability, a flow sli
his procedufe uses the same triggering and residual strength as the simplified proced
oes sosina more realistic manner by combining the two analyses described in G.2 and G.3
bsized/approach that allows both the magnitude and pattern of seismic displacements
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characteristics of the structure and-lead to a more realistic prediction of response. This can be
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G.4.3 Effective stress analysis

In effective stress dynamic analysis, pore water pressures are generated in response to the applied
earthquake ground motion, and the stiffness and strength of the soil are modified accordingly. Such an
approach allows coupled dynamic stress-flow analyses to be carried out in which both generation and
dissipation of pore water pressures and their effects are considered for a specific base motion. The calibration
and verification of such models is important and generally involve a 2-step process:

a) simulate and capture the element behaviour as observed in laboratory cyclic tests such as simple shear,
triaxial, and hollow cylinder;

b) simulate and compare predicted and observed dynamic response for an earth structure.
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Ideally, an actual earth structure should be selected. However, even for the best field case histories, such as
the San Fernando dams during the 1971 San Fernando earthquake, neither the input motion nor the soail
conditions are adequately known. For this reason, verification is currently based on centrifuge tests. Fully
coupled effective stress approaches have been developed but further investigations are ongoing. Provided
that appropriate calibrations of the model are performed, effective stress analyses can predict the magnitude
and pattern of seismic displacements and excess pore water pressures.

G.5 Geomorphological approach

Certain geomorphological categories are associated with the occurrence of liquefaction in past earthquakes.
Typiqattategoriesare vattey ptaim, attuviatfam, aturattevee; back Tmarstt,abandomned Tiver thannel, former
pond} marsh and swamp, dry river bed, delta, bar, sand dune, beach, interlevee lowland, reclajmed land by
drainpge, reclaimed land, a site with water spring, and dredged fill. Geomophological classifigation can be
used|to zone for liquefaction. Susceptibility gives a preliminary indication of areas where’morg quantitative
meagures for assessment of liquefaction potential may be required (ISSMGE/TC4, 1999):

G.6 [Laboratory and in-situ tests

In projects where additional data are needed for liquefaction assessment, a direct meastyire of cyclic
resisfance can be obtained from cyclic loading tests of undisturbed samples in the laboratory. Fo[ sandy soils,
this may involve freezing techniques to preserve sample volume and'fabric. In-situ liquefaction tgsts can also
be performed by using either a shaking device or blasting technigue.

The liquefaction process can also be investigated by scaled model tests in the laboratory. Sdich tests are
carrigd out on a shaking table in either 1¢g or centrifugal field.

The limitations in these tests should be taken into.account in interpreting the results from the Igboratory and
in-sity tests.

G.7 |Liquefaction resistance of(coarse and fine soils

Most|liquefaction failures have octurred in sand and silty sand materials, and most research of liquefaction
has heen conducted on these-materials. However, coarse material such as gravel and cobble gize particles
can g
tendsg
cann
com
techni
amoy
layer

Plast
durin
Pore pressure rise is commonly I|m|ted to about 60-80 %, dependlng on the stress history and sensitivity of
the soil, and thus these soils are not considered susceptible to liquefaction. As a simple screening tool for
detecting liquefaction of plastic silts and clays, a criterion commonly referred to as the Chinese criterion
(Chinese Academy of Building Research [3l; Youd et al. [16]) has been developed based on their plastic
properties and on field experience during past earthquakes. For important works, direct testing of undisturbed
samples should be considered.

G.8 Deformations due to reduced stiffness and strength of silts and clays

In addition to failure associated with liquefaction or conventional type of shear failure due to earthquake-
induced forces, soft deposits of silts and clays may develop significant shear strains and deformations during
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earthquake loading if the level and duration of shaking are significant. These deformations are associated with
pore pressure rise in silts and clays due to cyclic loading. Presence of initial shear stresses due to gravity
significantly affects the deformations due to cyclic loading. These deformations can govern the seismic
performance of geotechnical works constructed on soft deposits of silts and clays. A methodology was

developed fo

r evaluating these deformations (Andersen et al. [l: Nadim and Kalsnes [9]).

G.9 Reduced stiffness and strength of soils at post liquefaction state

Upon liquefaction, the shear stiffness may drop to essentially zero, but on straining the soil may regain
significant stiffness and strength due to dilation. The reduced post liquefaction strength has been obtained

from monoto
the strength
causes for th

a) deformation due to the cyclic nature of seismic loading under static shear;

hic undrained tests (steady sfate strength), but as described earlier field experience indicat
available may be much lower than the undrained strength. There are a number of~po
is including the following:

b that
ssible

istribution and water film effects caused by a restriction to migrating |pore water dlie to

b) void reg
permea
c) mixing

As mentiongd earlier, post liquefaction strength derived from back analysis of field case histories s

account for

Olson and S
mobilized at
histories.

ility contrasts arising from the layered nature of soil (stratigraphy);
soil layers producing a layer with soil weaker than its original compenents.
he various causes of strength reduction and are recommended for use (Seed and Hards

tark [11]). Post liquefaction stiffness, defined as secant. modulus of the stress-strain relatio
the strain level used for design, is also evaluated based on the back analysis of field

hould
r [141;
hship
case
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Annex H
(informative)

Seismic actions defined for various models of geotechnical works

General

In Clauses 7 through 9, seismic actions are described based on the types and models of analys

the ty
the s

Type
simp

soil-structure system, whereas classified as detailed if soil-structure interaction~of“a global syste
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When more than two geotechnical works are constructed; adjacent to each other, effects bg
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H.2

pe of geotechnical works. In design, however, the type of geotechnical works is first identif
pismic actions are defined for a specific model for analysis.

5 of analysis are classified based on the modelling of soil-structure interaction’and are
ified if soil-structure interaction is modelled as an action on a structureymodel defined

lobal computational model (7.1.2).

a)
-

simplified equivalent static analysis, inertia forces are often, specified by horizontal a
ic coefficients. For some applications, the effect of vertical ceniponent may not be signifi
ions, it may be neglected. The overall applicability of the méthod of analysis should be val
se history data with appropriate calibration of model parameters.

chnical works should be considered in the analysis«and design.

s is typically preferred to shear failure, and, failure at the pile cap is preferred to the failure
n of piles in the ground. Another example is sliding of a wall; sliding of a wall is typically
urning. In the simplified analysis, a(failure mode is assumed for analysis whereas, in
sis, the failure mode is evaluated(through the analysis and thus considered as an importa
Fmance criteria.

g

J

rding to the performance-objectives for the project, reference earthquake motions are
bnt performance criteria ‘are established in terms of engineering parameters, and seismi
fied for various models of geotechnical works (Clause 5). Seismic performance is then e

K describes the~parameters of reference earthquake motions and structural response, se
fied based on’these parameters, and the performance criteria parameters.

Spread foundations

s rather than
ed, and then

classified as
in a global
M is included

nd/or vertical
cant. In such
dated based

tween these

ation of a failure mode is an important part of\fthe performance evaluation. For example, bgnding failure

ht the deeper
preferred to
the detailed
nt element of

pecified, the
L actions are
aluated with

ct to the specified\performance criteria parameters. For various models of geotechnicgl works, this

smic actions

H.2.

I Simplified equivalent static analysis

A typical model used for simplified equivalent static analysis of spread foundations is a rigid structure model
defined by a sliding plane along the base or by a potential slip surface in the subsoil. For evaluation of
densification of subsoil due to cyclic shear, an alternative model representing the ground below the spread
foundation may be used.
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Depending on the models of analysis, the parameters of reference earthquake motions and response of a
superstructure, the actions on model for analysis, and the performance criteria parameters may be specified
as follows:

1) for a rigid or deformable structure model defined by sliding plane along the base (see Figure H.1) or by a
potential slip surface in the subsoil below the spread foundation:

a) parameters of reference earthquake motions and structural response: peak acceleration at the
ground surface or the bottom of the foundation, or of superstructure response, and total or differential
settlements of subsoil below the spread foundation;

b)

— mairgin with respect to the elastic limit of the spread foundation;
— acceptable residual displacement due to sliding where applicable;

— acceptable response beyond structural elastic limit specified in t€rms of strains or ductility factor of a
footing;

2) for evallating densification of subsoil below the spread foundation due to cyclic shear:

a) parameters of reference earthquake motions and structural response: time history of shear strgss in
the pubsoil below the spread foundation due to response of a superstructure and ground;

b) actipns: amplitude and number of cycles of\equivalent uniform cyclic stress;

c) performance criteria parameters: acceptable total and differential settlements of foundation| and

tilting.
1
—_—

2

+ A

3 —

\ l
5 Vivy

Key
1 actions from superstructure
2 seismic earth pressure
3 pressure due to permanent soil movement
4  spread foundation
5 uniform or differential settlement

Figure H.1 — Seismic actions on spread foundations for simplified equivalent static analysis
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Depending on the embedment depth of the foundation, actions from the superstructure for simplified analysis
may also include the effects of ground displacement. Take an example of a ten storey building with four
underground levels for parking built on either spread or pile foundations. The effects of the superstructure in
these cases should include those from the underground levels. Actions from the superstructure include the
effects of ground displacement on the underground levels of the structure built on top of foundation.
Alternatively the model of the geotechnical work can be defined for the part of the structure constructed below
the ground surface, including the foundation. This approach simplifies the actions from the superstructure but
the model of the geotechnical work becomes more complicated. In those complicated design situations,
detailed analysis may be required.

H.2.2 Simplified dynamic analysis

Simplified dynamic analysis of spread foundations is typically based on elastic spring mod
following parameters and actions:

a)

b)

c)

H.2.3 Detailed dynamic analysis

Detailled dynamic analysis is typically employed for the analysis of coupled soil-structure inte
appr¢priate numerical methods. The reference earthquake maotions are used directly as action
soil-structure model and are acceleration or velocity time history of ground motion at the bottom
the apalysis domain and distribution of displacement or veldcity time histories at the side boundar

Response mode, peak stresses and strains can be_computed if an equivalent linear model is u
failure modes and residual displacements can be computed if a non-linear model is used.

Perfgrmance criteria can be specified in terms’of

-

— 4

For gimplified equivalent static analysis of pile foundations, a beam/frame model is typically y

arameters of reference earthquake motions and structural response: acceleration itime
round surface or of superstructure response;

ctions: time history of inertia force on a superstructure;

el using the

istory at the

erformance criteria parameters: peak response acceleration, velocity, or displacgment of a

uperstructure based on assumed response mode.

ppropriate response/failure mode of\soil-structure system;

cceptable peak or residual response specified in terms of the stress resultants, stress
uctility factor, and

cceptable displacement of'superstructure.

Pile foundations

Simplified-equivalent static analysis

ic actions and gravity as shown in Figure H.2.

raction using
input to the
boundary of
es.

sed whereas

, strain, and

sed with the

Depending on the models of analysis, relevant parameters and actions may be specified as follows:

a) for a spring foundation model:

1

2

3

) parameters of reference earthquake motions and structural response: peak acceleration at the

ground surface or the top of the piles, or of superstructure response;
) actions: inertia forces from a superstructure on pile cap;

) performance criteria parameters:
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— acceptable displacement of pile cap;

— margins to the elastic limits specified in terms of shear force and overturning moment at the
head of pile;

— acceptable response beyond the structural elastic limit of piles;

a) for a beam/frame model (see Figure H.2):

1) parameters of reference earthquake motions and structural response: peak response acceleration of
a superstructure (for pile-supported wharves and piers, the superstructure is defined for the portion of
a structure built on the top of the piles), peak displacement distribution of free field response;

2) actipns: inertia forces and overturning moment from a superstructure on pile cap, deformatior-of free
field imposed on piles;

3) performance criteria parameters:

— | margin with respect to the threshold limits of bearing capacity, pull-out resistance, and lateral
resistance;

— | margins to the elastic limits of piles specified in terms of resultants or siress;

— | acceptable residual response beyond the elastic limit of piles.

N

Key

1 actions frgm superstructure

2 horizontallcomponent of inertia force

3 gravity + Jertical component of inertia force, a

4  overturning-moment

5 ground displacement relative to the toe of the pile

jo)

See H.1.

Figure H.2 — Seismic actions on pile foundations for simplified equivalent static analysis

The remarks on the embedment depth of foundation described in H.2.1 also apply this section. For phase
difference between the inertial and kinematic interactions, see Annex I.
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In detailed equivalent static analysis of pile foundations, a FE or lumped mass model is used based on the
seismic coefficient approach (see H.4.2). Relevant parameters and actions are as follows:

a)

b)

c)

H.3.3 Simplified dynamic analysis

Depgnding on the models of analysis, relevant parameters and actions may be specified as follow

a)

b)

parameters of reference earthquake motions and structural response: peak acceleration of superstructure

response; peak acceleration distribution of free field response;

actions: inertia force of a superstructure on pile cap; distributed inertia force on soil mass of soil-structure

system;

performmance criteria parameters:

-+ acceptable residual response beyond the structural elastic limit specified in terms. ofystrg
factor, and displacement of piles;

— failure modes.

flor a superstructure-spring foundation model:

— acceptable residual response specified in terms of displacement of pile cap;
— acceptable residual respohse specified in terms of shear force and moment at the h
for a beam/frame model:
the bottom boundary of the analysis domain and distribution of displacement or velocity
at the side boundaries;

2) actions: the-same as 1);

3) performance criteria parameters:

in or ductility

1 parameters of reference earthquake motions: acéeleration time history at the ground purface;
2) actions: time history of inertia force of a superstructure on pile cap;
3) performance criteria parameters:

bad of piles;

1) parameters of reference earthquake motions: acceleration or velocity time history of groynd motion at

time history

failures with

— acceptable residual response specified in terms of displacements associated with

nnnnn PN ] 4 = dlataral

racn $ 4o P~V TWE- R | it racictan an PN al racictan -
rocopriiv vedrittyg LAdpdaully, PJUIrrUut TCorowarive, drivd idaicrar roorotarive,

— acceptable residual response beyond the structural elastic limit specified in terms
displacement of the piles based on an assumed failure mode.

H.3.4 Detailed dynamic analysis

of strain and

The model for detailed dynamic analysis is typically based on a FE or lumped mass model. Relevant
parameters and actions are the same as described in H.2.3.

Response mode, peak stresses and strains can be computed if equivalent linear model is used whereas
failure modes and residual displacements can be computed if non-linear model is used.
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Performance

criteria can be specified in terms of

— appropriate response/failure mode of soil-structure system,

— acceptable peak or residual response specified in terms of the stress resultants, stress, strain, ductility

factor of

piles,

— acceptable displacement of superstructure, and

— acceptable axial force of pile (peak values are evaluated through the equivalent linear model whereas
peak and residual values are evaluated through the non-linear model).

H.4 Buried structures (transverse section)

H.4.1 Simg

Buried struc
spring mode
the surround

Depending oh the models of analysis, relevant parameters and actions maybg specified as follows:
a) for a wall model:
1) parameters of reference earthquake motions: peak acceleration at the ground surface;
2) actions: seismic earth pressures;
3) performance criteria parameters:

b) for a frame-spring model (see Figure H3):

1) pargmeters of reference earthquake motions: peak displacement distribution of the free
onse or the displacement distribution at the instant when the maximum relative displacemént or

resy
defd
2) acti
on s
3) pertf

lified equivalent static analysis
ures such as culverts and buried tunnels in transverse section may bg~modelled by a fi

. In more simplified modelling, the both sides of the structure may be modelled as walls res|
ng ground.

margins to structural elastic limits speeified in terms of stress resultants or stress;

rmation occurs between the top and bottom of the buried portion of the structure;

bns: deformation of free field on walls, shear forces at soil-structure interface, and inertia f
tructures;

ormance-cfiteria parameters:

ame-
sting

field

prces

uried

rmargins to structural elastic limits specified in terms of stress resultants or stress of L

structure;

acceptable residual response beyond elastic limit specified in terms of strain or ductility factor of

buried structure.

The overall applicability of the method of analysis should be validated based on case history data with
appropriate calibration of model parameters.
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H.4.2 Detailed equivalent tatic analysis

In detailed equivalent static-analysis of buried structure in horizontally layered ground, a FE n
base
field
then
systgm.

Rele

a)

b)

ISO 23469:2005(E)
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rlterface shear stresses + ground displacement relative to the bottom of the structure
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favity + vertical inertia force of soil on buried structure

rlertia force of structure
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bt gravity (> 0) + vertical inertia force of structure
riterface shear stress
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See H.1.

Figure H.3 — Seismic actions on buried structures (transverse section)
for simplified equivalent static analysis

1 on the seismic ¢oefficient approach as shown in Figure H.4. As shown in this figure, accele
s at first computed through site response analysis such as site-specific simplified dynamic
the distributeéd-inertia force in ground is applied for each node of FE analysis domain of

ant,parameters and actions are as follows:

odel is used
ration of free
hnalysis, and
soil-structure

atarc Af rafAaranan Aorthoaialen mantiana: tha ancalaratiaes Aioteibgdions o the iaato

t when the

maram.
pPaTraCtCro— O TCTCTerCC— CartnmquaitC— T oto ot atTtioatorT—OrotmootoTr— ot oot

maximum relative displacement or deformation occurs between the top and bottom of the buried portion

of the structure;
actions: distributed inertia force on soil mass of soil-structure system;
performance criteria parameters:

appropriate response/failure mode;

acceptable peak response specified in terms of the stress resultants or stresses;

acceptable residual response specified in terms of strain or ductility factor.
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finite element analysis

inertia force in ground applied for each node of finite element analysis domain
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rthquake motions

earthquake motions

Figure H.4 — Seismic actions for detailed equivalent static analysis

1 in 8.2.2, alternative procedures'may also be used in which the nodal forces over the FE dg
e specified based on the strdin‘distribution of free field response (Tateishi, [19]).

led dynamic analysis

as described-in H.2.3.

Response

deformation [of structure can be computed if an equivalent linear model is used. Failure mode, peak
residual values of the stress resultants, stresses and strains in the structure, peak and residual deformat
the structure|can be computed if a non-linear model is used.

ode, peak)'values of the stress resultants, stresses and strains in a structure, and

main

tions

peak
and
on of

Performance

appropri

64

criteria can be specified in terms of

ate response/failure mode of soil-structure system,

acceptable peak response specified in terms of the stress resultants or stress, and

acceptable residual response specified in terms of strain or ductility factor.

© I1SO 2005 — All rights reserved


https://standardsiso.com/api/?name=b2557347fadd4dafb2ee6e63dc4bdc2b

ISO 23469:2005(E)

H.5 Tube-like buried structures (along axis)

H.5.1 Simplified equivalent static analysis

Seismic actions along axis of tube-like buried structures typically used in simplified equivalent static analysis
are shown in Figure H.5.

A beam model is typically used with the following:

a) parameters of reference earthquake motions: displacements in transverse and longitudinal directions with
spatial variation at the elevation of buried structures (see 6.4.2);

b) lctions: deformation of subsoil with spatial variation on buried structure;
c) performance criteria parameters:

+ margin with respect to the structural elastic limits specified in terms of stress r@sultants gr stresses;

— acceptable residual response beyond elastic limit.

a) Transverse actions

b) Longitudinal actions

Key

tunnel- or tube-like underground structure
simplified equivalent static analysis
subgrade reaction spring

transverse seismic ground displacement
interface shear spring

longitudinal seismic ground displacement

o b~ WN -

Figure H.5 — Seismic actions with spatial variation on tunnel- or tube-like structures (along axis)
for simplified equivalent static analysis
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H.5.2 Simplified dynamic analysis

Relevant par

ameters and actions may be specified as follows:

a) parameters of reference earthquake motions: displacement time history of ground in transverse and
longitudinal directions with spatial variation at the elevation of buried structures;
b) actions: the same as a);
c) performance criteria parameters
— the [Stress TesUtants, Stress and strain beyond the efastic fimit-of burfed structure based, on the
asspmed failure mode.
H.5.3 Detajled dynamic analysis
Detailed dynpmic analysis is typically based on a FE or lumped mass model. An example of a FE mofel is
shown in Figure H.6. Actions input to the FE or lumped mass model are ground motion-with spatial variatfon at
the bottom bpundary of the analysis domain and free field motion at the side boundaries.
Response miode, peak displacement, the stress resultants, stress and strain of)the buried structure can be
computed if [an equivalent linear model is used. Failure mode, residual -displacement, peak and regidual
values of thg stress resultants, stress and strain of buried structure can be\eomputed if a non-linear mogdel is
used.
Performance criteria can be specified in terms of
— approprigte response/failure mode of soil-structure system;
— acceptable peak structural response specified in terms of the stress resultants or stresses, and
— acceptable residual structural response specified in terms of strains or ductility factor.
Dimensions in metres
Y
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1 buried tunnel
2 firm ground

Figure H.6 — FE model for tunnel- or tube-like structures (along axis) for detailed dynamic analysis
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H.6 Retaining walls

H.6.1 Simplified equivalent static analysis

Seismic actions and gravity acting on retaining walls typically used in simplified equivalent static analysis are
shown in Figure H.7.

NOTE Static water pressures below sea surface or ground water table are typically treated as buoyant force to soil
and structure, and the effect of a remaining difference between the sea surface level and the ground water table is
typically treated as static residual water pressure acting on the wall.

2

FIANAIAN _! /

T
4 "

AR

Key
ydrodynamic pressure

brizontal component of inertia force
bismic earth pressure

Favity + vertical component of inertia-force
ilure plane

a s WN =
S Q0w T T

©
on

ee H.1.

Figure H.7 — Seismic actions on retaining walls for simplified equivalent static analysis

A rigid or flexible ‘wall model is typically used with the following:

a) paramieters of reference earthquake motions: peak acceleration at the ground surface. Depgnding on the
nalysis method used, peak accelerations at the elevation other than the ground surface may be used; for
i i the centre of

gravity for backfill;

b) actions: seismic earth pressures; hydro-dynamic pressures; inertia force on the wall;
c) performance criteria parameters:
— margin with respect to the threshold limit with respect to assumed failure mode;
— acceptable displacement based on assumed failure mode;

— margin with respect to the structural elastic limits specified in terms of stress resultants or stresses.
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