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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies
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Introduction

ISO 23469:2005 provides guidelines to be observed by experienced practicing engineers and code writers
when specifying seismic actions in the design of geotechnical works. It might not be so easy for code writers
and practitioners to utilize ISO 23469, because that it offers advanced philosophy and general framework of
seismic design. The purpose of this Technical Report (TR) is to provide seismic design examples based on
ISO 23469 for demonstrating how to utilize 1SO 23469 in actual seismic designs to the code writgrs and the
practitioners. The implementation of ISO 23469 will secure the rationality of seismic safety evalugtion of the
infrastructures in the world, and this TR aims at promoting the implementation.

ISO 23469 is essentially a guideline itself. Therefore, this TR should contain not explicit,guidelines [but design
examples without using the term 'guideline'. Thus, this TR is expected to demonstrate the ufilization of
ISQ 23469 by providing design examples with detailed explanation from the wviewpoint of confermity with
ISO 23469 for a kind of guidance rather than to provide the detailed{ fecommendation ¢f specific
mgthodologies.

Thfough the development of this Technical Report, it is concluded that ISO 23469 has been and is going to be
an|essential and useful guideline of seismic design of geotechnical works for experienced practicing engineers
ang code writers.

© ISO 2014 — Al rights reserved Vi
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Seismic design examples based on ISO 23469

This Technical Report provides seismic design examples for geotechnical works based on 1S0y23469:2005 in
order to demonstrate how to use this ISO standard. The design examples are intended to-provide duidance to

experienced practicing engineers and code writers. Geotechnical works include buried Structures (
turlnels, box culverts, pipelines, and underground storage facilities), foundations(e.g. shallow

E.g. buried
and deep

foyndations, and underground diaphragm walls), retaining walls (e.g. soil retaining”and quay walls), pile-
supported wharves and piers, earth structures (e.g. earth and rock fill dams andembankments), gravity dams,

tanks, landfill and waste sites.

ISO 23469 addresses important issues for seismic actions for designing geotechnical works, incluging effects

of [site-specific response, ground displacement, soil-structure interaction and liquefaction, in a
mgnner within a consistent framework. This International Standard-presents a full range of meth
anglysis of geotechnical works, ranging from simple to sophisticated, from which experienced

systematic
bds for the
practicing

engineers can choose the most appropriate option for evaluating their performance. Therefore, thig Technical
Report includes well-chosen design examples that consider these important issues and covgring in a
balanced way the wide range of the methods of analysis and the types of model which can he used to

evaluate seismic actions of geotechnical works.

2 | Purpose and policy of collecting design examples

2.1 Purpose of collecting well-chosen examples

Th|s Technical Report aims at collecting design examples that are basically conformable with |

5O 23469.

They are expected to be design.examples dealing with important things need to be covered in ISO 23469 from

thg point of view of performance-based design approach. This TR should be well-balanced in inclu
examples;

- Focusing evaluation of reference earthquake ground motions with detailed description as
issue.

- Having«<€ombination of simplified and detailed analyses.

- Based on simplified equivalent static analysis and detailed analysis for retaining walls, buried
or earth structures.

led design

A common

structures

— Focusing consideration of soil displacements for pile foundations and buried structures.

— Focusing evaluation of effects of liquefaction for retaining walls, earth structures, pile foundations.

— Focusing consideration of spatial variation in the ground motions for long bridges, buried str
dams.

— Based on site specific dynamic response by 1-D analysis.

— Based on detailed dynamic analysis by 2-D or 3-D analysis.

© I1SO 2014 — All rights reserved
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2.2 Concept and policy of choosing and composing

To realize the prescribed purpose of this TR, the basic concept of it is targeting to cover major distinguishing
and important issues of 1IS23469 by all the design examples contained in this TR. Thus, the following points
are another requirement for choosing and composing design examples.

— Design examples written with cares for readers in terms of conformity with requirement and
recommendation in ISO 23469

— The TR should consist of several well-chosen design examples which cover the key issues of the
|SO 43469 Vv;til VVU“ IUdidllbU IUUtVVCCII ti ICTTI.

— The TR is anticipated to be well balanced among Japan, Northern America, and Europe.
— For description of manuscript, each design example is requested to

— Be cafed in terms of conformity with requirement and recommendation in ISO 23469

— Have ptress on methodology recommended by WG

— Be within 20 pages for a complete example and 8 pages for a sub-example basically

2.3 Devielopment and result

After disclissing the policy of collecting and choosing design examples, WG10 also had developed [an
expected fable of contents from arguments through three Working Group meetings held in 2006 4nd
correspondlence with consideration of design practice situatior in member’'s countries and regions. After
registratiop of NP12825 in the end of this year, the WG10, repeatedly requested all the WG members and
participants of the meetings to provide possible design-examples for this Technical Report. The tablel of
contents df the TR of design examples was almost fixed and the drafting persons for the examples wegre
assigned ih 2008 through more four WG meetings;(eight examples for the first stage of specifying seismic
action werg expected to be prepared by three persons from Japan and one from Turkey and 28 examples|for
the second were hopefully to be prepared by 17\persons from Japan, three from USA, one from Greece, 4nd
one from Haly.

This NP whs officially approved with the submission, in 2008, of the first Working Draft of TR12825 containjng
six examples, but the NWI was subseguently re-numbered as 12930 from an administrative reason. The third
and final Working Draft of TR12930;"which was developed through another three meetings in two years|for
waiting design examples to becffered from countries other than Japan was submitted to TC98/SC3 in the ¢nd
ts.

Eventually seven examples for the first stage and 15 examples for the second stage were successfully
collected from thirteen persons consisting of eleven from Japan, one from USA, and one from Greece. The
total number of the 22 well-chosen design examples can almost cover major distinguishing and important
issues of 1S23469 as targeting at the beginning. Through the process of preparing and editing the drafts, it
was clarified that 1S23469 is useful for evaluation, assessment and review in the seismic design. Furthermore,
it was demonstrated that assessment for conformity with 1IS23469 in can be conducted in terms of provisional
sentences according to Clause 3 of this TR. Thus, it is concluded that 1IS23469 has been and is going to be an
essential and useful guideline of seismic design of geotechnical works for experienced practicing engineers
and code writers.

2 © ISO 2014 — Al rights reserved
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2.5 Editors, authors and reviewers

0:2014(E)

This Technical Report has general remarks and 22 well-chosen design examples written in over 200 pages
with 60 thousand words. Reviewing and editing all the manuscripts require tremendously hard works as well
as the authors preparing them. Thus, the contributions of editors, authors and reviewers are shown here.

2.5.1 Editors

Prof. Shinichiro Mori, Ehime University, Japan, Convener of ISO/TC98/SC3/WG10

Pr¢TRonji Tchii, Hiroshima University, Japan

Th

authors and added conformity codes corresponding sentences or paragraphs in their ends when

Th
Ja

2.5.2 Authors

Au

Prof. Shinichiro Mori, Ehime University, Japan, mori@ehime-u.ac.jp

Pro¢f. Susumu Nakamura, Nihon University, Japan, s-nak@gcivil.ce.nihon-u.ac.jp

Dr

Prof. Takao Kagawa, Tottori University,)Japan, kagawa@cv.tottori-u.ac.jp

Prof. Koji Ichii, Hiroshima-dniversity, Japan, ichiikoji@hiroshima-u.ac.jp

Dr

Dr

b editors mainly reviewed and checked the conformity with ISO 23469 in all the manuseripts p

b editors also revised hard-to-understand, confusing or complicated English expressions, writte
pbanese authors, by modifying the expressions and covering logical gaps.

thors and Clause(s) or Subclause(s) in their charge are shown as follows;

Author of Clauses 1, 2, 3, and 4, and Subclauses 5.2.2 and.56:3

Author of Clause 4 and Subclauses 4.1.1, 4.2.2,.and 4.3.1
Atsushi Nozu, Port and Airport Research Institute, Japan, nozu@pari.go.jp

Author of Subclauses 4.2.1 and 4.2.4

Author of Subclause 4.2.3

Author of Subclauses 5.1.1 and 5.1.5
Masaaki Yabe,"Chodai Corporation, Japan, yabe-m@chodai.co.jp
Auther-ef Subclauses 5.1.2 and 5.1.3

Shigeru Tani, National Agriculture and Food Research, Japan, stani@affrc.go.jp

epared by
hecessary.
n by some

Dr.

Author of Subclause 5.1.4
Yoshitaka Murono, Railway Technical Research Institute, Japan, murono@rtri.or.jp

Author of Subclause 5.2.1

Prof. Kyriazis Pitilakis, Aristotle University of Thessaloniki, Greece, pitilakis@geo.civil.auth.gr

Dr.

Author of Subclause 5.2.3, Member of ISO/TC98/SC3/WG10

Kiyoshi Fukutake, Shimizu Corporation, Japan, kiyoshi.fukutake@shimz.co.jp
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2.5.3 Reyiewers

The reviewers were basically the members of TC98/SC3/WG10 including. 16 members for developmen{ of
1S23469 from 12 member bodies/countries and additional 24 membersArom 7 member bodies/countries. They
also proviged great contributions throughout the development as well. The members of TC98/SC3 were dlso
potentially[ to be reviewers. The mirror committee of WG10 in.Japan with 34 members had been dso
reviewing @s well as preparing the activity prior to each step in this work item.

3 Assgssment for conformity with ISO 23469

Assessmet of a design with regard to conformityjwith 1ISO23489 is made based on the conformity with each
provisional| sentence in this ISO standard.

In the main text of each sub-sub-clause for a design example, a sentence or a paragraph corresponding tp a
specific rgquirement which is providedtin a sentence using “shall” in ISO 23469, shall be ended with a
correspondling “code” written in parentheses for being checked in terms of conformity with provisional
sentences| in 1SO 23469. A speeific’ recommendation is provided in a sentence using “should” as well.
Therefore,| this Technical Report“adopts a code description in which a code of abbreviation consists| of
numerals gnd an alphabet. nvthe code, consecutive numerals stand for clause, sub-clause, and sub-spb-
clause, regpectively in pringiple. An alphabet in capital letter stands for “shall” and that in lower-case lejter
stands for|“should” in_appearing order. For examples, the third sentence using “shall” in the sub-sub-clayse
6.2.1 in 130 23469 cofresponds to “(621C)” and the first sentence using “should” in sub-sub-clause 8.{1.4
correspondls to “(8144).” Exceptionally, zero is placed in the place for sub-clause like “(520A).”

Provisional sentences using “shall” or “should” are e

main body of 1ISO 23469 with partial
reduction iacceptable and shown in apnearing orde A

4 First stage of specifying seismic actions - Determination of site-specific
earthquake ground motions demonstrated by design examples

For designing geotechnical works, reference earthquake motions are needed to specify as seismic actions at
the first stage. In order to evaluate the reference earthquake ground motions, the motions at the firm ground
are evaluated by a seismic hazard analysis based on probabilistic or deterministic approach. As the reference
earthquake motions, earthquake motions at the surface of the free field or/and at a certain depth within the
subsoil can be evaluated by site response analyses.
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The probabilistic approach is more appropriate for the evaluation of seismic actions at scale a nation or
region. In general, the probabilistic approach in some case could lead to an underestimation of local seismic
action comparing with the deterministic approach.(Grooso S. and Mourgeris M. 2009a and 2009b)

Probabilistic seismic hazard analysis as probabilistic approach shall be used to determine earthquake ground
motion for evaluating serviceability. The earthquake ground motion for evaluating safety shall be determined
by either probabilistic or deterministic analysis is used to determine. The seismic hazard analysis should
capture the characteristics of the ground motion based on the earthquake magnitude, fault type and distance
with or without site parameters. More detail seismic hazard analysis should capture the near source effects
and directivity effects and should be based on seismic source parameters, including the geometry of seismic
faults, propagating of the fault rapture over the seismic fault_attenuation of earthquake mations from the
seismic fault, and deep basin effects. The uncertainties in the model parameters of the_seigmic fault,
attenuation relations, and deep basin effects shall be considered appropriately (621A, 6248, 6P1C 622a,
62Pb, 622c).

The seismic hazard analysis method includes empirical, semi-empirical, and thec¢retical methpd, and a
combination of these methods, and shall be chosen, consistent with the degree jof refinement required for
angllysis of the geotechnical works, based on the importance of structures, and’the available infofmation on
seismic faults and deep basin structures in the vicinity of a site. Results of seismic hazard analysis,|ie NEHAP
in USA etc. may be available over a country or region from relevant authorities giving the repfesentative
values of earthquake ground motion for use in the subsequent analysis. (622A)

>

Some examples to evaluate seismic hazard analyses in term of probabilistic and deterministic approach are
desgcribed in Subclause 4.2. Furthermore, some examples fer\site response analysis are dgscribed in
Supclause 4.3.

4.1 General

411 Methodology for empirical method in deterministic approach and examples

The simplest method among empirical methods is to combine an attenuation equation of an intensity of
eafthquake motions at firm ground with the amplification characteristics of a site of interest. As for fhe indices
of the intensities of the earthquake motions for design, such as maximum acceleration, maximum vglocity and
amplitudes of response spectra, the attenuation equations of the indices are obtained by regression analyses
using earthquake motion records in terms of the magnitude of earthquakes and the hypocentral distance.
Us|ng the attenuation equations;.a designer can estimate the indices of earthquake ground motipns during
scenario earthquakes. Recent) accumulation of observed earthquake motion records led to| upgraded
attenuation equations that can consider the regional peculiarity or the mechanism of earthquake s¢urce. This
mgthodology has advantages: It is easy to evaluate the characteristics of earthquake ground motion. It has
been used for a long.time for probabilistic hazard analysis corresponding estimated values to mean values of
obgerved motions,(622a)

3

An| equation_developed according to a theoretical formula of earthquake ground motion is adopted as an
attenuation.equation. A source spectrum, S(T) consists of the terms representing both the effect of|fault scale
as[the magnitude M and the influence of rock stiffness in the source region, where T is the object frgquency.

S(T) =a(TYM +¢(T) (1)

The term representing the propagation of earthquake motion waves consists that of the non-elasticity
attenuation and that of geometrical damping as the following equation. The hypocentral distance X represents
the minimum distance from fault and the object site. Therefore, the accuracy of the focal location and area is
required for more accurate estimate in focal region. (622a)

P(T)=—-logX - b(T)X 2)

Adding the term associated with the relative amplification to the average ground, the final form of the
attenuation equation becomes as follows.
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log F(T) = S(T) + P(T)+ G(T) = a(T)M + ¢(T) —log X — b(T)X + d(T) (3)

For example, attenuation equations of acceleration response spectra have been developed using earthquake
ground motion records of inland earthquakes observed from 1978 to 2003. Estimated acceleration response
spectra as per the attenuation equations are shown in Figure 1. The equations can clearly express the
difference of amplification characteristics depending on the types of ground.

1000 Fe

Soil Class |

100 ¢

h=0.05

1 5
Natural period (s)

Maximum response of acceleration (cm/s?)
=]

Figure 1 — Acceleration response spectrum obtained by attenuation equation

Further as|variables of the fault parameters such as hypocenter depth and the earthquake type, etc. might|be
added to this equation. The term of the geometrical damping might be assumed 0.5logX instead of logX|by
considering for propagating the surface wave. Thé form of the attenuation equation is assumed includjng
coefficient$ such as a, b, ¢, and d. The coefficients are evaluated by the regression analysis based on fhe
observed $eismic records. The attenuation equation has the characteristics to be applicable to evaluate the
motion on|the specific ground which is the same ground with that observed seismic records by used of the
regression| analysis. If the ground is a‘engineering bedrock, the characteristic value at ground surfacq is
obtained bly magnifying the amplification coefficient to the value at the engineering bedrock. (622a)

4.1.2 Examples

First of all| detail of fault ptane according to fault zone between Ohoita plane and Yufuin is modeled for fwo
planes with east part afd-west part based on the evaluation of the Headquarters for Earthquake Reseafch
Promotion| The fault.length in east part is set to be 27 km, and the length in west part is set to be 14 km|as
shown in FFig.2. Mereover, this fault zone has been evaluated as the normal fault whose plane inclines the
north side{ Thedip angle around ground surface has been known as 70 degrees based on survey. The dip
angle of the-fault plane was assumed to be 60 degrees considering tendency to grow the dip angle of the
normal fadltin the surface ground. Based on the data by the Japan Meteorological Agency, the upper 4nd
lower bound depth among fault parameters in the east part were set to 2km, 15km respectively. Those in the
west part were set to 3km, 15km respectively. Therefore, the fault width in the east part and the west becomes
15km and 13km respectively. Next, fault area S required for determining the magnitude becomes 5.9x102
km2 by use of the specified fault length and width in the east and west part as the mentioned above. Based on
the experimental relationship between the magnitude and the investigated fault plane in the past earthquakes,
the magnitude M was set as 6.8. Minimum distance from fault plane to the design object site is set as 2km
under the assumption that the value is the same with the upper bound depth of the fault plane. (622a)
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Western

132E

Figure 2 — Fault model at the object site

Acgteleration response spectrum among the variable of earthquake ground“motion is chosen to determine the
seismic action on the geotechnical works. The design accelerationcresponse spectrum at the site whose
grqund type is characterized as | kind is evaluated by use of the attenuation equation as mentioned above in
4.1.1. The spectrum is shown in Figure 3. As for the applicabledime of the empirical method, it has|a difficulty
to fake into account of the investigated site-specific characteristics in terms of the fault parametdgrs and the
grqund condition directly. Moreover, it can not apply to evaluate an extremely large-scale earthquake that the
strpng motion record has not been obtained. (623B)

1L - mean
o : standard deviation

Maximuin response of acceleration (cm/s?)

Natural period (s)

Figure 3 — Estimated acceleration response spectrum for M with 6.8, and X with 2kr

-

4.2 Site-specific seismic hazard analysis evaluation

Site-specific seismic hazard analysis evaluation is conducted either by probabilistic approaches or
deterministic ones. In general,
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4.2.1 Probabilistic approach- Probabilistic seismic hazard analysis with focus on Fourier amplitude
and group delay time

4211 Outline

In general, strong ground motions are determined by three effects, namely, the source effect, the path effect
and the site effect as shown in Figure 4. The source effect is defined as the effect of the rupture process of the
earthquake. The path effect is defined as the effect of the materials along the propagation path from the
source to the bedrock beneath the site. The site effect is defined as the effect of sediments below the site
down to the bedrock. Here, the bedrock is defined as a layer with a shear wave velocity over 3000 m/s (In
many casgsitcorrespondstofreshrgramiteimdapan)—(622a)

S Site effect
/ Propagation of Sitéu._

ce wave |

) I
\ E Amplification of . Sediment
- A body wave |

o Bedrock

*" Source effect

Figure 4 — Source, path and site effects

In general] the Fourier amplitude of a ground motion obsefyed at the ground surface O(f) is the product of fhe
source effg¢ct S(f), the path effect P(f) and the site effect.G(f). (622a)

o(s)=5(1)P()G(/) (4)

On the other hand, the group delay time of-a ground motion observed at the ground surface tgro(f) is the spm
of the sourlce effect tgr(f), the path effecttgr (f) and the site effect tgr®(f) (SAWADA et al., 1998).

tel ()=t () + 1" (f)+20°(F) (5)

The group|delay time is definéd as the derivative of the Fourier phase with respect to angular frequency anq it
roughly cofresponds to the.arrival time of each frequency component (COHEN, 1995).

The probapilistic seismic hazard analysis (PSHA) described here (NAGAO et al., 2005) is intended to deal With
the sourcd, path.‘and site effects as strictly as possible by focusing on the Fourier amplitude and the grqup
delay time|of €arthquake ground motions. The analysis uses the records of earthquake ground motions at the
site of intgrést to account for the site effects as accurately as possible. It can generate ground motion time
histories corresponding 10 a given annual probability Of exceedance.
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Figure 5 — Overview of the present PSHA
b overview of the present PSHA is showt in Figure 5 First, all the possible earthquake scenarios have to be

considered. The scenario earthquakes-fall into two categories. One is the scenario earthquakeg randomly
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nario earthquakes that are related to particular faults such as active faults or plate boundaries

“hazard curve’ (relation between the Fourier amplitude and the annual probability of exceedan
ained for eaeh\frequency (Figure 5 (c)) (the detailed procedure will be described later). If

prd

int¢rest can be used. (622c¢)

di{ributed around the site (background earthquakes) (Scenarios 1, 2,...m in Figure 5 (a)). The gther is the

Scenarios

1, m+2,...n in Figure 5 (a)). For each scenario, the annual probability of occurrence has to bg assigned.
bn, for each earthquake ‘scenario, the Fourier amplitude spectrum at the site of interest is evpluated as
pbwn in Figure 5 (b), taking into account the source effect, the path effect and the site effect ag described
br. Based on the Fourier amplitude spectra thus obtained and the relevant annual probability of gccurrence,

Ce) can be
e Fourier

plitude corresponding to a given annual probability of exceedance is plotted as a function of frequency, it is
ed the “dniform hazard Fourier spectrum” (Figure 5 (d)). Finally, if the uniform hazard Fourier gpectrum is
nsforméd back into the time domain, it will give the ground motion time history corresponding to fthe annual
bability of exceedance p, (Figure 5 (e)). For this transformation, the Fourier phase of a record af the site of

4.2.1.2 Evaluation of Site Amplification Factor

In this article, the amplification of Fourier amplitude spectrum caused by the sediment is called “the site

amplification factor”.

The evaluation of the site amplification factor is crucial in the present PSHA. It is

recommended to evaluate the site amplification factor based on the seismograms obtained at the site of
interest. The detailed procedure to evaluate the site amplification factor based on the seismograms is
described in 4.2.2).
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4.21.3 Earthquake scenarios and probability of occurrence

Two kinds of scenario earthquake are considered. One is the scenario earthquakes randomly distributed
around the site (background earthquakes) and the other is the scenario earthquakes that are related to
particular faults such as active faults or plate boundaries. For the former type of the earthquakes, a domain is
assumed in which the seismicity is uniform. It is often assumed that sufficiently large earthquakes can be
attributed to known faults and background earthquakes have smaller magnitudes. In the example described
later, it is assumed that background earthquakes have JMA (Japan Meteorological Agency) magnitudes less
than 7.

Figure 6 +— Scenario earthquakes randomly distributed around the site (background earthquakes; l¢ft)
and those related to particular faults (right)

m b-value model =" characteristic model
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Figure 7 < Probability models for background earthquakes (left) and those for the earthquakes related
to particular faults (right)

For both type of.earthquakes, the annual probability of occurrence should be specified. For the backgroynd
earthquakgs, the earthquake catalogues are used to evaluate the annual probability of occurrence as a
function cﬁ earthquake magnitude. First, the relation between the earthquake magnitude (M) and fhe
occurrence rate of the earthquakes (N) above the magnitude is modelled as

Log (N) = a - bM (6)

The model is called the “b-value model”. Taking the derivative of both sides of the equation (6), it can be
shown that the logarithm of the occurrence rate of the earthquakes in the range (M, M+dM) is also linearly
related to the earthquake magnitude. This relation is shown in Figure 7 (left). The parameters a and b should
be determined based on the earthquake catalogue in the region. The annual probability of occurrence of the
earthquakes can be determined to be consistent with the occurrence rate.

For the scenario earthquakes related to active faults, the earthquake magnitude and the annual probability of
occurrence can be specified based on geological and geomorphological information. The earthquake

10 © ISO 2014 — Al rights reserved


https://standardsiso.com/api/?name=401184f4006b7a0c6959d4ebd88942a9

ISO/TR 12930:2014(E)

magnitude is typically evaluated based on the length of the fault. The annual probability of the earthquake is
typically evaluated based on the length of the fault and the slip rate of the fault. For the scenario earthquake
related to plate boundaries, the earthquake magnitude and the annual probability of occurrence can be
evaluated based on the information on historical earthquakes.

In general, time-dependent annual probability can be incorporated in the analysis. In the example described
later, time-independent annual probability is considered for simplicity, i.e., the occurrence of earthquakes is
assumed to be a Poisson process.

4.2.1.4 Evaluation of Fourier amplitude spectra

For each earthquake scenario, the Fourier amplitude spectrum (either at the outcrop of a firm groufjd or at the
grqund surface) at the site of interest should be evaluated, taking into account the sourcel effect, the path
effect and the site effect (Figure5(b)). (623B)

For the background earthquakes, the Fourier amplitude spectrum can be obtained-as) the sourcg spectrum
myltiplied by the path effect and the site amplification factor. As for the site amplification factor, referf to 1)-2.

The source spectrum can be assumed to follow the ™ model (AKI, 1967).. According to the o model, the
acgeleration Fourier amplitude spectrum of a seismic wave radiated from\a’/fault (source spectrym) can be
expressed as follows.

M, : (27rf)2 . (7)
4mpVs 1+(f/ﬁ)

S(f)=cC

Where

M,: seismic moment,

f.: corner frequency,

p- density in the bedrock,

Vs: shear wave velocity in the bedrock,

C: constant.

The seismic moment is defined as follows (Aki, 1966)
M, = uAD, (8)
Where

4\rigidity in the bedrock,

A o
7. a

Dy: slip on the fault.

The constant C is the product of the radiation coefficient (in the example shown below, 0.63 is used as an
averaged value), the amplification due to free surface (=2) and the coefficient representing the partition of
seismic energy into two horizontal components (in the example shown below, 0.71 is used based on the
assumption that the energy is equally partitioned into two horizontal components). Figure 8 shows the
displacement, velocity and acceleration source spectra following the o model.
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Figure 8 — Source spectra which follow the w? model

As for the|path effect, it is a common practice to take into account both the geometrical spreading and the
inelastic d@dmping as follows:

PUf) T Lexpla/OV;) ©

Where
r: hypocentral distance,
Q: Q value along the propagation path.
For the earthquakes related to particular faults, jt"is”preferable to consider fault finiteness to estimate the
Fourier amplitude spectrum at the site. This carn e achieved by introducing a fault model and applying the

semi empifical approach. In the semi empiricalNapproach, a Green’s function (a ground motion from a small
earthquake) should be prepared, taking into account the source, path and site effects, and then superpoged

Fourier phse for a small to 'medium-sized earthquake. Although the Fourier phase of the Green'’s functjon
does not hiave any effect onthe Fourier amplitude of the calculated ground motion, it will be used to determjne

time history corresponding to a given annual probability of exceedance at the final step.

4.21.5 valuation of uniform hazard Fourier spectrum

Now we have’e
probability of occurrence. Let us conS|der one partlcular frequency for a while. Let n (<n) denote the number
of scenarios for which the Fourier spectrum at the frequency exceeds a given value x. If we sum up the annual
probability of occurrence for the n’ scenarios, then it will give the annual probability that the site experiences a
Fourier spectrum exceeding x at the frequency. This is called the “annual probability of exceedance” and
denoted here as p (x). If p (x) is plotted against x, it is called the “hazard curve” (Figure 5(c)). Then, let us find
x corresponding to a given annual probability of exceedance p, and denote it by x,. If we plot x, as a function
of frequency, it is called the “uniform hazard Fourier spectrum” (Figure 5(d)). (623B)
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4.21.6 Evaluation of ground motion time history

If the uniform hazard Fourier spectrum is transformed back into the time domain, it will give the ground motion

tim

e history corresponding to the given annual probability of exceedance p, (Figure 5(e)). This transformation

can be achieved simply by applying an appropriate Fourier phase. To determine the Fourier phase, it is
recommended to carry out the disaggregation of hazard (Bazzurro and Cornell, 1999), that is, to determine the
most dominant earthquake scenario at a given level of Fourier amplitude. This process is illustrated in Figure
9 In general, the total annual probability of exceedance corresponding to a given level of Fourier amplitude is
the sum of the contributions from several scenarios as shown in Figure 9 In the disaggregation, the scenario
with the largest contribution is selected. The selected scenario may be dependent on the frequency. So far, it

4.2.

In
an
of

otechnical

dominant
the ground
uakes are
of interest
be used for the inverse Fourier transformation, based on the assumption that the\rupture prqcess does
have significant effects on the Fourier phase because of the relatively small size.of the earthquake. (623B)

Hazard Curve

Por + P2 + Pgz =P

given level of
Fourier amplitude

Fourier Spectrum

Por:, Po2 ™. Pos

Annual Probability
of Exceedance

Figure 9 — Source spectra which follow the w? model

1.7 Example of application

this section, an example of the application of the present PSHA (NAGAO et al., 2005) is desqribed. The
blysis is applied to Kanto'region, Japan. The targeted area is shown in Figure 10 Mesh A includg¢s the Port
Tokyo. Mesh B includes)Miura Peninsula. In this example, the site amplification factor for each|mesh was

evaluated as an averagée’for several strong motion stations included in the mesh for demonstrating purpose. In

pra
int
ev
rel

ctice, the site amplification factors should be evaluated based on the seismograms obtained at|the site of
rest. The evaluated site amplification factors are shown in Figure 11. These site amplification fgctors were
luated at the“outcrop of a firm ground. The site amplification factor for Mesh A is charactefrized by a
htively lafge ‘amplification at lower frequencies. This is due to the thick sediments in the Kanto pasin. The

Mi

ra/Reninsula, which is outside the Kanto basin.

sitT amplification factor for Mesh B is relatively small for lower frequencies because Mesh B mainly|covers the
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Figure 11 — Site amplification factors evaluated for Mesh A (left) and Mesh B (right)
As for the| background-earthquakes, two domains were considered. One domain is within 100km from the
mesh (mofe strictly;\from the center of the mesh) and 3-20 km deep. The other domain is within 100km frpm
the mesh and 20-60 km deep. The seismicity was assumed to be uniform within the domains. The parametgrs
for the b-valuesmodel were determined based on relevant earthquake catalogues. For these earthquakes, the
seismic mpments and the corner frequencies were estimated based on empirical relations (NAGAO et @l.,
2005). The Fourier amplitude spectra at the sites for these earthquakes were calculated as a product of the

source, path and site effects.

As for the earthquakes related to known faults, two kinds of earthquake were considered. One is the
recurrence of the 1923 Kanto earthquake, which is a huge subduction earthquake and the other is the
earthquake from active faults. For these earthquakes, fault models were introduced and the ground motions at
the sites were calculated using the semi empirical method.

Approximate source region of the 1923 Kanto earthquake (Wald and Somerville, 1995) is shown in Figure 10
Source parameters shown in Table 1 (NAGAO et al., 2005) were used to account for the recurrence of this
earthquake. Based on the results of the waveform inversion, (Wald and Somerville, 1995), two asperities
(relatively small regions on the fault where the slip and the slip velocity are especially large) were considered.
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The locations of the asperities were determined based on the inversion results. The rupture starting point was
randomly distributed along the bottom of the asperities.

Table 1 — Source parameters for the recurrence of the 1923 Kanto earthquake

As
sh

prg

Total area 9100km?
Strike 290°

Dip 25°

Total moment 107 x10%' Nm
Average slip 3.56m
Average stress drop 3.0MPa

Area of asperity

2002 km? (22%)

Average slip on asperity

7.12m

Return period

162 years

Annual probability of occurrence

6.17x10°

Figure 12 — Active faults considered for the example hazard calculation

for the-earthquakes from active faults, 21 active faults within 100 km from the site were conkidered as
pwhnindFigure 12. The earthquake magnitudes were evaluated based on the length of the fault. The annual
bability of each earthquake was evaluated based on the length of the fault and the slip rate of thele fault. The
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Figure 13 — Uniform hazard spectra for Mesh A (left) and Mesh B {(right)
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Figure 14 — Relative contributions from the scenarios for Mesh A (left) and Mesh B (right)

Uniform hazard spectra evaluated for Mesh A and Mesh B for the annual probability of exceedance of 1/75
and 1/500 Jare shown in Figtre“13. These spectra were evaluated at the outcrop of a firm ground. For MesH A,
frequency |components areund 0.3-0.9 Hz are predominant. For Mesh B, frequency components around 1.0-
4.0 Hz arg predominantiThese characteristics are consistent with the gross characteristics of the subsurface
structure.

Relative cpntributions from the scenarios for Mesh A (left) and Mesh B (right) as functions of the annpual
probability|of-exceedance are shown in Figure 14. At the annual probability of 1/75, the contribution from fhe
deep background earthquakes s domimant at bot MeshAand Mestr B At theanmuat probabitity of 17500, the
contribution from the recurrence of the Kanto earthquake is dominant at both Mesh A and Mesh B. These
results were used to determine the Fourier phase to obtain ground motion time histories.
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Figure 15 — Acceleration (top) and velocity (bottom) time history for Mesh A
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Figure 16 — Acceleration (top) and velocity (bottom) time history for Mesh B

© 1SO 2014 — Al rights reserved 17


https://standardsiso.com/api/?name=401184f4006b7a0c6959d4ebd88942a9

ISO/TR 12930:2014(E)

Acceleration and velocity time histories corresponding to the annual probability of exceedance of 1/75 and
1/500 for Mesh A and Mesh B are shown in Figure 15 and Figure 16, respectively. These time histories were

evaluated at the outcrop of a firm ground. The time histories for Mesh A are characterized by

the

predominance later phases, which can be attributed to the sediments in the Kanto basin. The ground motions

for the annual probability of 1/500 have longer duration than those for the annual probability of 1/75 becau

se,

at the annual probability of 1/500, the contribution from the Kanto earthquake becomes predominant and the
phase characteristics is affected by the rupture process of the Kanto earthquake. Thus, the phase
characteristics of an earthquake ground motion are affected both by the source effect and the site effect. The

present probabilistic seismic hazard analysis can incorporate both of these effects.

4.2.2 Sit
considering a specific active fault

4.2.21 |General procedure and design example

Guideline for Performance-Based Structural Evaluation for LNG Underground Tank was issued-by Commit
on Civil Engineering in Energy and Power Industries in Japan Society of Civil Engineers, in"1999. The outl

lee
ne

to evaluatg the reference earthquake motion shown in the Guideline for using not only a“probabilistic approgch

but also tihe combined method of the deterministic approach with probabilistic approach is described.
considering the required seismic performance for LNG underground tank, twe”or more levels of
earthquaké¢ ground motion are determined. First, the earthquake ground motion\which occurs either once
twice during the service period is defined as Level 1 Earthquake Ground Matignh."(513A)

The strondest earthquake ground motion among the realistic motion whase occurrence possibility at the obj
site during the service period is small is defined as Level 2 Earthquake Ground Motion. Moreover,

By
he
or

ect
he

earthquaké¢ ground motion is specified for a few levels if necessary. As an example, the level of the motion is

defined ag Level 2L in case that a probability of occurrence during the service period is relatively low. T
level of th¢ motion is defined as Level 2H in case that probability of occurrence during the service periog
extremely [low. The design earthquake ground motion is defined at the engineering bedrock. The variable
the motior] is specified as the acceleration response spectrum. The time history is evaluated by simula
earthquak¢ motion consistent with the response spectrum. Here, Level 1 Earthquake Ground Motion
defined bgsed on probability of occurrence in thé.service period. Moreover, Level 2 Earthquake Grod
Motion is |[defined as the evaluated result at, the~object site to specify the scenario earthquake with
possibility [generating strong earthquake groutidd motion by considering the occurrence probability in
service period. As the method to evaluate Level 1 and Level 2 Earthquake Ground Motions, probabili
approach and deterministic approach are ‘adopted.

Procedure|to evaluate design earthquake ground motion described in the guideline is shown in Figure 17
this procedure, both probabilistic) ‘approach and deterministic approach are required. Furthermore,
observed geismic record around_the object site is requested to be used effectively.

he
is
of
ed
is
nd
he
he
5tic

In
he
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|

Arrangement of information about Seismic activity,
Active faults and Seismic tectonics

Identified seismic activity and active faults around site

Set of the seismic occurrence model for
seismic hazard analysis

Set of the seismic source model |

Estimated by the
empirical method

Estimated by the Semi-
empirical method

Observed Records
at site

Arrangement of the Observed
records at site

Site response collection for the
estimate equation of the

Appropriate
Observed Record

acceleration response spedtrum

Set of the estimaté equation of
the acceleration responsg
spectrum

Estimate of the unique
hazard spectrum for each
return period

Estimate of the
response spectrum for
each seismic source

Estimate of the expected
acceleration time history

Estimate of the response
spectrum for Level 1
earthquake motion

Estimate of the response
spectrum for Level 2
earthquake motion

Estimate of the acceleration
time history for Level 1
earthquake motion

Estimate of the acceleration
time history for Level 2
earthquake motion

Arrangement of the
Observed records

Figure 17 — Procedure of evaluating design earthquake ground motion as per LNG Desigh Code

In prder to evaluate Level 1 earthquake\motion by probabilistic approach, the occurrence probabljlity for the
sefvice period has to be specified\ As an example, 80% probability of occurrence in a 50-ypar period
(cqrresponding to 31 -year returnperiod), or 50% probability of occurrence in a 50-year period (corfesponding
to [ 1-year return period) is usedi;The uniform hazard spectrum of 80% probability of occurrence ir] a 50-year
pefiod is shown in Figure 18-as“an example of Level 1 Earthquake Ground Motion (F site at Tokyq Bay). The
maximal acceleration is about’150 m/s’

© I1SO 2014 — All rights reserved
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Figure 18

The scenario earthquake has to be modelled to evaluate Levelh 2' Earthquake Ground Motion as

determinis
magnitude

Maximun resporjse of acceleration (cm/s2)

—— Shortest distance

Mean distance

L F I T N | 1 1

4

- Equivalent hypocentral distance

10t

— Uniform hazard acceleration response spectrum for the occurrence probability 80% in

Natural period (s)

years

10°

50

he

ic approach. When the South Kanto Earthquake (the magnitude by Japan Meteorological Agency

is 7.9) is taken into account as the scenario earthquake, the projection of the fault plane onto

ground sufface is shown in Figure 19.
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Figure 19 — Projection of the fault plane to the ground surface of the scenario earthquake

-
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m

The acceleration response spectrum evaluated by not only attenuation equation method but also stochastic

Green'’s function method are shown in Figure 20.

20
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Considering the probabilistic approach described later, the response spectrum for Level 2L, ang
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4.2.3- Deterministic approach - Theoretical ground motion estimation based on hypothetica
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igure 20 — Acceleration response spectrum evaluated by not only the attenuation equatior
stochastic green function method

aluated as about 7.2 m/s®.
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but also

Level 2H

rthquake Ground Motion are shown in Figure 21. Level 2L Earthquaké-Ground Motion is evaluated based
on|average Spectrum for scenario earthquake. Level 2H Earthquake ‘Ground Motion is evaluated
average plus standard deviation (u+c) for scenario earthquake. As for'the referred uniform hazarg
for[Level 2L, and 2H Earthquake Ground Motions, probabilitiescof occurrence in a 50-year perio
30% to 15% and from 15% to 5% respectively. The maximal.acceleration of Level 2L Earthqua
Mdtion is evaluated as about 4.5 m/s? and the maximal acceleration of Level 2H Earthquake Groun

based on
spectrum
H are from
ke Ground
 Motion is

L L L | T L R L | T T AL LN | T T T rrrrry T T

N N
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Figure 21 — Response spectrum for Level 2L, and Level 2H earthquake motion

in a 15year period
in a 50 year period
huake

hke

scenario

thquakes

4231 Methodology for theoretical ground motion estimation

It is better to use observed ground motion information for estimating strong ground motion. However, it is rare
case that we have some records with enough information at the target site. Especially for the shake map
project, it is difficult to have plane information from observation records. To solve this problem, we need to
assume sedimentary structure model of target area and theoretically simulate ground motions from the source
fault to the target sites.
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Two-stage calculation technique is popular for the theoretical simulation. First, ground motion is simulated on
the engineering bedrock on which we do not need to care about non-linear site response. And next, surface
ground motion is evaluated considering non-linear site response.

Evaluating ground motion at the engineering bedrock, it is ideal if we can make minute model of seismogenic
zone and sedimentary structure and calculate seismic wave propagation caused by fault rupture process.
However, popular methods we use for simulating wave propagation; i.e. 3-D finite difference method (GRAVES,
1996; PITARKA, 1999), require a grid model as shown in Figure 22. The methods have limitation because of
finiteness of model possible and capacity of computer. At present, limitation of model is about several dozen
meters. It defines limitation of shortest period to calculate around 0.5 to 2 second, depending minimum shear
wave veloci i i ! i i i
section 1)|for short period ground motion estimation. Stochastic Green's function methods with theoretical
site respomse are proposed (ONisHI and HORIKE, 2000; KAGAWA, 2004) that calculate site amplification- fi
sedimentaly structure model assumed at sites. The methods are frequently used for shake map project and
ground motion simulation without observed records. Main disadvantage of Stochastic Green's funct
method with theoretical site response is accuracy in long period range. First, the method)does not trpat
surface wave generation and propagation because it does not consider irregular boundaries-of sedimentary
layers. And it does not take account of near and intermediate terms of ground motion.

o
D

».

=]

To overcome the disadvantage, a hybrid method is popularly employed. The hybfid ‘method uses a 3-D [FE
method fof a longer period range and a stochastic Green's function method for, ‘@“shorter period range. The
hybrid addjition is a sum of both two results weighted with the amplitude of a high-pass or a low-pass filter|for
each frequency. The amplitudes of the two filters are complementary for each’other in order to keep the spm
of the two|values a unity. The filters are called 'a pair of matching filters,» It is preferable to set the cenfral
frequency |of the transition zone of the matching filter, which is considered to be a boundary betwgen
deterministically and stochastically characterized ranges of frequeney in terms of seismic ground motipn.
However, the boundary frequency is currently popular to be set approximately 1 Hz, slightly lower than fhe
transition zone.

VY VY NN

LN W W W W W

\

Figure 22 — Image of 3-D finite difference method
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4.2.3.2 Recipe for strong ground motion estimation
It
rog
ea
ac
ea
the

al.] 2004).

5 difficult to predict complicated fault rupture process of hypothetical earthquake. However, we
d to understanding the general characteristics of fault-rupture process from statistical analys
thquakes. Modelling asperities is a problem in progress. An asperity is the area where tecton
cumulate and then they are released by strong seismic wave radiation through a fault slip dislog
thquake event. It takes important role on generating strong ground motions. Using the inform
analyses, a recipe for strong ground motion gstimation is proposed (IRIKURA and MIYAKE, 2001;
The recipe provides average feature of fault rupture and its parameters with thei

igure 23 — Explanatory diagram of stochastic Green's function method with theoretical siteresponse

are on the
es of past
c stresses
ation in an
ation from
IRIKURA et
variation.

Characteristic Source Model, the model of*an entire fault plane and asperities in the plane as rectangular-

sh
The model has slip distributions as complicated as analysed source slip of real earthquakes.

Chiaracteristic Source Model is popular because the model is more convenient for assuming
Especially it works well in associating

scenario of a future earthquake than a complicated source model.
asperities with large deformation areas along the target active fault and setting worst scenario
considering forward directivity or focusing effect. (621C, 622a, 622b, 622A)

Iti
eafthquake (IRIKURAet al., 2004) is explained as follows:
Step 1: Fault Rupture Area (S = LW)

Fa

pe areas, is employed in the recipe. .On the other hand, Stochastic Source Model is popular in

5 confirmed that the“dominant feature of observed ground motions are simulated by Characteris
Maqdel as well as thé-original complex slip model due to the real earthquake. The recipe for a gen

LIt length, L is assumed as the first variable of a target earthquake. Fault width, W is secondl

the world.
In Japan,
a rupture

to the site
tic Source

pral crustal

assumed
ually, fault

comsidering the maximum width defined by thickness of seismogenic zone and a dip angle. Even

rupture area, S Is calculated by the production of L and W.

Step 2: Seismic Moment (M)

Seismic moment, My is determined from fault rupture area, S using the following three-stage scaling laws.

S (km?) = 2.23 x 107 x Mo?* for My < 7.5 x 10%° dyne*cm: Self Similar
S (km?) = 4.59 x 107" x Mo""? for My >= 7.5 x 10?° dyne*cm: Width W saturates.

S (km?) =5.30 x 10°x My for My >= 7.5 x 10°” dyne*cm: Slip D Saturates.

© I1SO 2014 — All rights reserved
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Step 3: Average Stress Drop (Ao, )

The value is evaluated from the crack theory (Eshelby, 1957).
Tz M,
o.= s (
16 S

Step 4: Combined Area of Asperities (S,)

An empirid
1999; IRIK

S =

a

Step 5: Stiess Drop in Asperity (Ao,)

The value

2001)is a
to satisfy t

Step 6: Nu

Number o
where acc
example, i
GPS netw

Step 7: Av

Average s
asperities
the numbsg
asperities

Step 8: Effective Stresses in Asperity (Ao, ) and Background (Ac,)

Effective s
is assume

Step 9: Sli

Kostrov-ty,

13)

al relationship between seismic moment, My and combined area of asperiies, S, (Somerville et
RA and MIYAKE, 2001) are used. Average ratio of S, to My is approximately 0.22.

0.22M (

50 used for evaluating stress drop in asperity. In the case, area ratie changes from the value 0
ne relationship mentioned in Step 4.

mber of asperities (N) and their location

asperities depends on the number of fault segmentation. The location of the asperities is
umulated surface deformation is large. The location of asperities due to late events might be
the recurrence period of the target earthquake is:short enough. We expect back-slip monitoring
prk for this purpose.

erage Slip Ratio in Asperity (D,)
lip ratio in asperity against average-slip over the fault is evaluated considering the numbern
hssumed in Step 6. According to dynamic fault rupture simulations, the ratio tends to decrease v

r of asperities. Average value. 2:0 is generally used. The value corresponds to the case of {
rom statistical analysis.

resses in asperity-approaches to stress drop in asperity, Step 5. Effective stress in background
| about one fifth-of the effective stresses in asperity from dynamic fault rupture simulations.

b Velocity Function

is evaluated by multiplying average stress drop, Ao, and inverse numper of area ratio deriveq i
Step 4. The treatment is based on the asperity theory. The process introducing.short-period level (Dan et

al.,
22

Set
an
by

of
ith
o)

Blip

ive

stresses.

be-slip’ velocity function is generally employed. Maximum slip velocity is assumed from effect

rupture simulations are also used for the confirmation.

(Other Par

ameters) Rupture Starting Point

ult

Rupture staring and terminating points are assumed from branching feature of target fault system (NAKATA et

al., 1998).

24
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Figure 24 — Extracting a characteristic source model from a complex slip distribution derived from a
source inversion analysis
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Figure 25 — Three-stage scaling models after IRIKURA et al. (2004)

4.2.3.3 [Sedimentary structure model

The accurpcy of sedimentary structure model affects muchxon the simulations of theoretical seismic wave
propagatign. The structure model is divided into two categories depending op the calculation methgds
mentioned| in 2-1). One is shallow structure from surface to engineering bedrock. And the other is degep
structure beneath the engineering bedrock. Physical parameters of body wave velocities, density gnd
attenuation are required for both structure models. “Parameters for non-linear site response; i.e. G-y and |-y
properties [are additionally required for shallow structure model. Irregular layered boundary model is requifed
for calculation of 2-D or 3-D wave propagation in*the deep structure. (623A, 645A, 645B)

Shallow sfructure models are constructed. from borehole information; i.e. soil tests and logging data. If is
desirable [o construct a well-arranged) database of borehole information gathering high quality borehple
information. Howevers, it is difficult to_have homogeneous information with necessary quantity and high qudlity
data. Intefpolation from given data‘is generally employed to cover the wide target area supported by mgsh
information of soil classification_and land utilization. In general borehole exploration, PS-logging of seisinic
waves and soil tests for non<linear site response are rarely conducted. Empirically derived relationships with
standard penetration test\(N-value) are employed to estimate the parameters above. It is better to dise
individual felationships-derived from local data, however, the relationship of neighbouring area or nation wjde
standard r¢lation ship)is popular in practical case. (631A, 641A)

As for deep structure model, spa well drilling is the quite rare example of deep boreholes. Directly obtainjed
information “down to bedrock is lacking. Geophysical explorations are conducted to estimate degep
sedimentary structure model. The most convenient technique o survey underground structure in wide area is
the method using gravity anomaly, however, accuracy of data decreases in sea area. Density structure is
derived from the gravity anomaly survey. Survey technique that gives highest resolution is seismic reflection
survey. It uses large artificial seismic source and costs more than other survey techniques. Therefore, the
area where seismic reflection surveys were conducted is limited. Another application of artificial seismic
source is seismic refraction survey. It can briefly estimate sedimentary boundary structure in wide area.
Using the surveys, pressure wave structure is estimated, since the artificial seismic source generally radiates.
Shear waves, however, are mainly affected on strong ground motion. Shear wave structure is assumed from
microtremor observation. Microtremor consists of surface waves that are sensitive for shear wave structure.
(631A, 641B, 645A, 645B)
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The physical explorations are not conducted to cover the target area, but the information is along a survey line
or at a point. A sedimentary basin model is constructed after interpolating given data. For simulating seismic
wave propagation in irregular sedimentary structure, we need model of not only sediments beneath the target
site but also basin structure with surrounding mountains. The model shall be confirmed through simulations of

observed small earthquake records. The records are published from some organizations at present and we
can easily use them.

Figure 26 — Distribution of boreholes included in thé\ﬁhtabase of Kansai Geo-informatics Network
(2008)
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Figure 27 — Sedimentary basin model used in the project of Osaka Prefecture (2007)
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4.2.3.4 Examples of strong ground motion estimation

In this section, strong ground motion estimation conducted for earthquake disaster prevention (Osaka
Prefecture, 2007; Osaka City, 2007) is shown as an example.

In the Osaka sedimentary basin where Osaka Prefecture and City locate, a lot of geophysical explorations
have been conducted for obtaining active fault and sedimentary structure information after the 1995 Hyogo-
ken Nanbu (Kobe) earthquake. The Osaka sedimentary basin is the one of world most minutely surveyed
area about deep sedimentary structure. Additionally, almost 50,000 high quality borehole data are arranged
as a database (Kansai Geo- |nformat|cs Network 2008). Usmg the ba3|c |nformat|on deep and shallow
sedimentapy—struc S
observed by h|gh quallty IocaI network (KAGAWA et al,,
strong grolind motion estimation technique. (631A)

7 2004) It is one of the most swtable areas for apply ng

Osaka Prgfecture evaluate earthquake hazard in 3 steps (Osaka Prefecture, 2007; Osaka City;»2007). For
first step, ¢mpirical method, attenuation formula and site amplification from soil classification,.isyapplied for{12
active fault systems in and around Osaka Prefecture. Six fault systems are selected as large imppact
earthquak¢ sources. Exposure population of high seismic intensity, summation of simulation meshes where
JMA intengity is 6 high and larger multiplied by population in the mesh, is consideréd to choose the tarpet
earthquakes. As second step, 73 cases of fault rupture scenario are assumed(for the six fault systems.
Simulations by stochastic Green's function method are applied for the scenarios~The scenarios are set from
engineering request without probability of them that there is no area where estimated ground motion is smaljler
enough nqt to consider earthquake disaster prevention. Hybrid simulation technique is applied for steg 3.
Long peridqd components of five major scenarios of crustal earthquake and one subduction zone earthquake
are calculgted by 3-D finite difference method. Through the three-step évaluation, earthquake hazards due
to the worst scenarios for Osaka Prefecture are estimated and used for disaster evaluation and followjng
disaster mjtigation plan. The ground motion waveforms are also used for presuming standard ground mofjon
level for sgismic design of public buildings.

The ground motion estimation above is a pioneering appfodch that provides shake maps and waveformg at
where minute sedimentary structure model has been.constructed, applying hybrid simulation method and
recipe for $trong ground motion that are considered.to"have the highest precision at present stage,.

FHRAIRE (R E)
—\\'3/ ERTHIEH R A

Figure 28 — Distribution of JMA seismic intensity caused by a scenario earthquake, the Uemachi fault
A (Osaka Prefecture, 2007)
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Figure 29 — Example of calculated grand motions in diluvium zones due to the scenario eprthquake
(Osaka Prefecture, 2007) with observed ground motion at Ojiya site due to the 2004 Chuetsu
earthquake.
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4.2.4 Deterministic approach - Grounhd motion estimation based on semi empirical approac

4.2.41 Outline

Generally speaking, strong‘ground motions are determined by three effects, namely, the source|effect, the
path effect and the site-effect as shown in Figure 30 in Subclause 4.2.1 Among these, the site effect can be
defined as the influence-of sediments on strong ground motions and it includes amplification of bqdy waves,
prgpagation of basin-induced surface waves and so on. The existence of sediments below the site has
sighificant effects.on the amplitude, the frequency content and the duration of strong ground motiops. Recent
deyelopment ofthe nation-wide strong motion networks in Japan has greatly contributed to our understanding
of the importance of the site effect. Figure 30 shows a typical example. The left panel of Figure 30|shows the
togography. around the Port of Sakai, western Japan. Two seismometers, namely, SakaiminatotG (Strong
Mqtion\Earthquake Observation in Japanese Ports) and JMA (the Japan Meteorological Agency) are located
in theJplains of Yumigahama Peninsula. Other two seismometers, namely, SMNOO1 of K-NET [Kinoshita,
1998) and SMNH10 of KiK-net (Aoi et al., 2000) are located in mountainous Shimane Peninsula. Observed
peak ground velocities during the 2000 Tottori-ken Seibu earthquake (M,7.3) were approximately four times
larger for the plains of Yumigahama Peninsula than for mountainous Shimane Peninsula (Figure 30). Thus,
evaluation of the site effect is fundamentally important to predict strong ground motions from future large
earthquakes and to determine design ground motions.
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Figure 30 — The topography around the Port of Sakai, western Japan (l€ft)'and the velocity
wavefornisfor the fault-normal component recorded around the port during'‘the 2000 Tottori-ken Sei
earthquaKe (MJ7.3). The peak ground velocities observed in the plains of Yumigahama Peninsula w
approximately four times larger than those observed in mountainous/Shimane Peninsula (Nozu et
2008).

-
< @ €

Figure 31|shows an example of the effect of the sediments on the frequency content of strong groynd
motions. At Hachinohe Port, both of the Fourier spectra from the*1968 Tokachi-oki earthquake (M,=7.9) and
the 1994 $anriku Haruka-oki earthquake (M,=7.5) are charactefized by a peak at 2.5 seconds. On the other
hand, at Kknsai International Airport, both of the Fourier spectra from the 1995 Hyogo-ken Nanbu earthqque

(My=7.3) ahd the 2000 Tottori-ken Seibu earthquake (M,z7:3) are characterized by a peak at 5 seconds. The
difference pf predominant periods can be attributed to the-thickness of sediments down to the bedrock at each
observation station.

—— 1968 TOKAGHI-OK| EARTHQUAKE —— 1995 HYOGO-KEN NANBU EARTHQUAKE
—— 1994 SANRIKU-HARUKA-OK| EARTHQUAKE —— 2000 TOTTORI-KEN SEIBU EARTHQUAKE

Predominant pgfiod of 2.5 s (0.4 Hz) Predominant period of 5 s (0.2 Hz)

it (i

A |

Four-er Spectrum (Galxs)
=3

Fourier Spectrum (Gal*s)
=

i,

HACHINOHE PORT KANSA| INTERNATIONAL AIRPQIH"

0.1 1 10 0.1 1 10
Frequency (Hz) Frequency (Hz)

Figure 31 — Fourier spectra of past major strong motion records obtained at Hachinohe Port (NS
component) and Kansai International Airport (Runway-normal component)

In principle, there are two ways to evaluate the site effect for the prediction of strong ground motions: one is
the numerical evaluation based on the information on subsurface structures and the other is the empirical
evaluation based on earthquake observation at the site of interest. The former type of evaluation is suitable for
the areas with relatively dense information on subsurface structures, while the latter type of evaluation is
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suitable for the areas with relatively high seismicity but relatively sparse information on subsurface structures.
The semi-empirical approach to strong motion prediction described in this section is based on the latter type of
evaluation of the site effect. Descriptions on the former type of evaluation can be found in Subclause 4.2.3.2.
(622A)

The present semi empirical approach begins with the evaluation of the site ampilification factors (defined here
as the amplification of Fourier amplitude spectrum caused by the sediment) based on the seismograms
obtained at the construction site. The approach may include temporary earthquake observations at the
construction site. Because the site for the construction of important geotechnical works is often fixed years
before its deS|gn procedure begins, weII organrzed desrgn program will allow us to conduct temporary
e before the

described
, [faking into
he Fourier
pscribed in
$e 4.24.4.,
both for a shallow crustal earthquake and a huge subduction earthquake. (622A)
4.2.4.2 Evaluation of site amplification factor
Tolevaluate site amplification factors from earthquake records, an earthquake observation station [sufficiently
close to the construction site should be selected. In addition, itAs preferable to conduct microtremor
obsgervations to make sure that the characteristics of ground motions do not differ significantly bg¢tween the

sit¢ of construction and the observation station. If there is no appropriate permanent earthquake dbservation
st%ion, it is recommended to conduct a temporary earthquake observation at the site of congtruction to
evaluate the site amplification factor. The site amplification"factor evaluated from a seismogram usually

ref
at

gra
thg

by
(1)

Th
at

ob
pra

WHh

he ground surface in many cases. The site amplification factor (from the bedrock to the outcrop
und) can be obtained by dividing the site amplification factor (from the bedrock to the ground §
transfer function (from the outcrop of the firmgground to the ground surface), which is typically
the linear multiple reflection theory.

Spectral inversion

parthquake observation stations. Let us assume that the ground motions from M earthquakes

berved at N stations. Then the-Fourier spectra of the observed ground motions can be represern
duct of the source effect(the path effect and the site effect as follows.

0 (f)=S:(IP;(£IG;(f)
ere

Oj(f)sFourier spectrum of the record from the " earthquake at the /" station,

Si(f): Source effect (source spectrum) for the i earthquake,

resents the amplification factor from the bedrock to the ground surface because the seismometef

is located
of the firm
urface) by
evaluated

b spectral inversion (lwata and Irikura, 1986) is one of the methods to evaluate the site amplification factor

have been
ted as the

(15)

P,(f): Path effect from the /" earthquake to the " station,

G|(f): Site effect for the /" station.

The path effect can be represented as follows, taking into account the geometrical spreading and the inelastic

damping.
1
Py(f)=—exp(-ifr /QVs) (16)
ij
Where
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r: distance from the /" earthquake to the /" station,
Q: Q value along the propagation path.

By substituting the equation (2) into the equation (1) and taking the natural logarithm, one obtains
logO; = ~logr; +logS; +10g G; —(loge) 7 fi; | OV (17)

In general, the numbers of the unknowns included in the equation (17) is smaller than the number of the
equations, i.e., the number of the records. Thus one can solve the equation (17) by using the least square
method. It[should be noted, however, that the least square solutions of the equation (17) are not unique. For
instance, if S; and G; are the least square solutions, S; /2 and 2 G; will also be the least square solutionsxThus,
in this analysis, an additional constraint is required. One of the recommended way to give the constraint ig to
select a frequency-dependent reference site for which the site amplification factor is smallest among all the
sites (excluding soft soil sites) and to assume that the site amplification factor is unity for thjs’ reference site
(Nozu and|Nagao, 2005). It is also recommended to make sure that the seismic moments estimated from the
solutions df the equation (17) are in agreement with those of Centroid Moment Tensor (CMT) solutions on the
average. Qther recommendations on the spectral inversion can be summarized as follows:

— It is preferable to avoid records with epicentral distances larger than 150 - 200-Km because the equafjon
(16)[is not applicable to long-distance records.

— It is prieferable to avoid records from large earthquakes (M=6 for example) because it is not appropriatg to
assyme a azimuth-independent source effect S; for large earthquakes.

— It is preferable to avoid records from small earthquakesM<4 for example) because, for small
eartihquakes, the signal-to-noise ratio at low frequencies tends to be insufficient.

— It is preferable to avoid records with large amplitude to-avoid the effects of soil nonlinearity.

Nozu and[Nagao (2005) and Nozu et al. (2006) used the method to evaluate site amplification factors |for
strong-motion sites all over Japan including K-NET sites, KiK-net sites and sites at major ports. Medium-sized
earthquakg¢s were used, whose JMA magnitude.is |n the range from 4.5 to 6.0. To avoid the effects of $oil
nonlinearity, records with PGAs exceeding 100 cm/s? were excluded from the analysis. As for the path effect,
geometrical spreading and nonelastic attenuation were considered. The analysis was conducted in two steps:
In the first[step, O; is calculated from portions of the records with duration of 40 seconds including S wavgs.
Then, basgd on the equation (3), Syis-estimated. In this step, G; is assumed to be unity for the reference sjte.
In the secpnd step, Oy is calculated-from portions of the records with duration of 160 seconds including hot
only S wayes but also later phases. Then, based on the equation (3) and using the S; previously determingd,
G; is estin
(e.g., Beal
shows the
analysis fdq
region is ¢
(0.01-0.1 k
site is adg
Figure 33 . _ )
amplification factors in Japan evaluated in this way are avallable on a CD- ROM (Nozu and Nagao 2005).
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Figure 32 — (left) Location of strong motion sites and hypocenters-of the earthquakes useﬁ‘in the
spectral inversion analysis for Kanto region. (right) Comparison‘between the seismic moments
estimated from the analysis for Kanto region and thoseof the F-net CMT solutions
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gure 33 — Examples of site amplification factors in Kanto region. Large site amplification factors are
limated at-sites located in plains (SIT003, 008, 010, 011), whereas small site amplification factors are
bstimated-at sites located in mountains (SIT004, 005, 012, 014). Medium site amplification flactor is
stimated for Chichibu (SIT006), which is in a small basin surrounded by mountains (after Nozu and
Nagao, 2005).

(1]
(7]

(1]

(2) Temporary earthquake observation

The term for the temporary observation should be determined taking into account the seismicity of the area.
Typically, in Japan’s case, a term of 1-3 years would be required. The seismometers used for the observation
should cover all the frequency range for which strong ground motions should be predicted. If the predicted
ground motion is intended to be used for the design of geotechnical works, the predicted ground motion
should be preferable reliable down to 0.2 Hz. The trigger level should be chosen carefully. In general, a very
small trigger level should be chosen to obtain as many records as possible in a limited term. It might be useful
to adopt a mechanism in which the seismometer is triggered when the velocity, instead of the acceleration,
exceeds certain value. The location of the observation should also be determined carefully. When it is difficult
to install the seismometer just at the construction site, then microtremor observation should be conducted in
and around the construction site and the seismometer should be installed within an area in which the
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characteristics of microtremor can be regarded uniform. As can be seen from Figure 34 in Subclause 4.2.1,
the effect of earthquake magnitude on the Fourier amplitude is especially significant for low frequencies.
Fourier spectra calculated from the records of small earthquakes are often not reliable at low frequencies. To
evaluate reliable site amplification factors down to low frequencies, it is important to obtain the records of
relatively large (M24 for example) earthquakes.

(3) Evaluation of site amplification factors at a temporary station

Based on the known site amplification factors at permanent stations, the site amplification factor at a
temporary station can be evaluated as follows. The first step is to find earthquakes, which are recorded both
at the te porary station-and the currmmrling pnrmnnnnf stations—TFhen,for these n::r'thnnl(nc, the source
spectra shpuld be determined so that the equation (15) is satisfied for the permanent stations. It is a comnjon
practice to|assume that the source spectra follow the w™? model (Aki, 1967):

2
st B 18)
AmpV3 1+(f / £)

Where
My: |seismic moment,
f.: cprner frequency,
f: density in the bedrock,
Vs: shear wave velocity in the bedrock,
C: donstant.

Finally, usjng the source spectra thus obtained and the observed spectra at the temporary station, the sgite
amplificatipn factor at the temporary station can be determined from the equation (15).

A simplifiefl version of this analysis can be applied if the temporary station is very close to a permanent stafjon
for which the site amplification factor is known. In this case, these stations share the same source effect 4nd
the same path effect. Therefore, the Fautier spectral ratio of the records from the same earthquake at thg¢se
stations rgpresents the ratio of the(site amplification factors. Thus, the site amplification factor for the
temporary|station can be easily obtained from the spectral ratios.

4.2.4.3 [Evaluation of strong/ground motion

To evaluafe strong groundvmotions, the rupture process of the target earthquake should be specified. It has
been revegled that therslip on the fault of a large earthquake is not uniform and there is a relatively small
region called “asperities” in which the slip (and the slip velocity) is especially large. It is necessary to take ihto
account thie existence of asperities for the reliable evaluation of strong ground motions. To characterise the
rupture prgcess. of a large earthquake, the “characteristic source model” is often employed. The “characterigtic
source models” is defined as a source model composed of rectangular asperities, within which the slip and the
slip velocity is uniform. In the characteristic source model, the source parameters to be specified fall into three
categories: the macroscopic parameters, the microscopic parameters and the other parameters. The
macroscopic source parameters include the location of the fault, the strike of the fault, the dip of the fault, the
area of the fault and the seismic moment of the fault. The microscopic parameters include the number of the
asperities, the area of the asperities, the seismic moment of the asperities, the rise time of the asperities and
the location of the asperities. The other parameters include the rupture starting point and the rupture velocity.
The meaning of the source parameters are shown in Figure 34.
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Figure 34 — Meaning of the source parameters

To|calculate ground motions for a past earthquake, a source model optimized for the'particular earthquake will

beluseful. To calculate ground motions for a future hypothetical earthquake, the source parameters
determined based on empirical relations.). In the examples shown in Subclause 4.2.3.1.4, optimiz

mddels for individual earthquakes are used.

There are several reliable methods for the synthesis of earthquake gfound motions for a prescril
mddel. In this section, the Kowada’s method (Kowada, 1998; Nozu and Sugano, 2008; Nozu et &

described.

First, a small earthquake should be hypothesized, whose :area is equal to the area of the targ

div

ded by N* and whose seismic moment is equal to the $eismic moment of the target asperity div

should be
red source

ed source
., 2008) is

bt asperitéy
ded by N°.

The ground motion from the small earthquake is calleddhe “Green’s function”. The Fourier amplifjude of the

Green's function is evaluated as a product of the source effect S (f), the path effect P (f) ar

an

WH

plification factor G (f). The source effect and the:path effect can be specified as follows.

M()e (Zﬁf)z
AmpVs 1+ (L7, )

S(f)=RyFS-PRTITN -

Pf) = expl- 71/ OVs)

ere
Moe: seismicmoment of the small event
f.: corner frequency of the small event

ffdensity in the bedrock

d the site

(19)

(20)

Vg shear wave vplnr'i’ry in the bedrack

R:s: radiation coefficient

FS: amplification due to free surface (=2)

PRTITN: coefficient representing the partition of seismic energy into two horizontal components

r. hypocentral distance for the small earthquake

Q: Q value along the propagation path.
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The corner frequency of the small earthquake can be obtained from the area of the small earthquake S, as
follows (Brune, 1970; Brune, 1971).

f.=0.66V/\S.

(21)

As for the Fourier phase, the Fourier phase of a record at the earthquake observation station can be used. If
the site amplification factor from the bedrock to the ground surface is used, the Fourier phase at the ground
surface should be used. If the site amplification factor from the bedrock to the outcrop of a firm ground is used,
the Fourier phase at the outcrop of the firm ground should be used. If several records are available at the site,
it is recommended to choose an event, which has a similar incident angle and a similar back-azimuth with the

target aspgrity. The Green'’s function in the frequency domain can be written as follows.

IS

Where

(typically the band width of 0.05 Hz is used). The time domain Green's function can be obtained-as the invef

Ul
Os

Fourier tra

(e.g., Miyake et al., 1997).

U(1) 7

VAGR

36

U (f): Ground motion from the asperity (designated as “large event” in Figure 35)

small earthquake

ri- distance from the subfault jj to the site

0: Rise time ofthe asperity

ypocentral distance for.the small earthquake

: integerused to remove artificial periodicity

[P (I |G ()] Os (f) /| Os (o (
f) is the Fourier transform of a record at the site and |O; (f)|,, is its Parzen-windowed-amplitude

hsforms of the equation (8). Finally, the time domain Green's function can be superposed as follo

ﬁ:(r r) SO Fu—1,) (

j=1

Mz

i

)+ {1/n/l-e f'[ VN 54y (k1) /(N <))

ro)/VS+fg/Vr

: Green’s function

Function to correct for the difference of slip velocity time functions for the asperity and those for

he

th
T

.

O acita
Ot~ o1ItT

i - distance from the rupture starting point to the subfault j.

VsZ

shear wave velocity in the bedrock

V.. Rupture velocity
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faults

he firm ground from the ground motion at the ground surface, the linear multiple reflection the
bn to public from the Port and Airport Research Institute (Nozu and Sugano, 2008).
ally, a recommended procedure to incorporate soil nonlineafity is introduced. Figure 36 shows s

bosit somewhere in the basin before its incidence to the’local soft soil deposit at the site exc|
bct S wave. Therefore, when the soft soil deposit exhibit a nonlinear behaviour during a large
smic waves will be affected by the soil nonlinearity~more than once along the rays, except for t
ve. The phenomenon is referred to as the “multiple nonlinear effects” (Nozu and Morikawa, 2003
rikawa, 2004).

ground surface 7 Site
Local soil deposit

Bedrock

Direct S wave

*

Later phase 1

gure 35 — Division of target fault to be superimposed by using Green’s functiohs from divjded sub-

e ground motion thus obtained is either at the ground surface or at the ‘outcrop of the firm ground,
bending on the site amplification factor used in the equation (8). To obtain the ground motion at the outcrop

Dry can be
] above is

ismic rays
e soft soil
ept for the
event, the
he direct S
Nozu and

Later phase 2

Figure 36 — Multiple nonlinear effects

In the present approach, the nonlinear effect on the seismic wave after its incidence to the local soft soil
deposit is evaluated by an effective stress analysis, while the nonlinear effect on the seismic wave before its
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incidence to the local soft soil deposit is evaluated by a simplified scheme using the “nonlinear parameters”
(Nozu and Morikawa, 2003; Nozu and Morikawa, 2004). The latter procedure can be described as follows.
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Green's function at the outcrop of a firm ground

Hupture
time

*

Figure 37 — Introduction of “nonlinear,parameters”

A key asspmption in the present method is that the delay of(an arbitrary later phase found on the Gregn's
function is|caused by the trapping of the seismic ray within.the sedimentary basin as schematically illustrafed
in Figure 37. Thus the difference of the arrival times of the,direct-S phase and the later phase on the Gregn's
function t-f, is approximately equal to the time for whichthe seismic ray corresponding to the later phasg is
trapped within the sedimentary basin. During a large’event, the materials within the sedimentary basin ¢an
exhibit noplinear behaviour including the reduction in shear wave velocity and the increase in dampjng
(Beresnev|and Wen, 1996). The nonlinear behavior is typically most prominent near the surface of the basin.
Due to thg nonlinear behaviour, the arrival time of the later phase will be delayed and its amplitude will|be
reduced. Tlwo parameters, iy and i,, are introduced to represent the deviation of the material properties of the
sediments|from the linear status due~to-the soil nonlinearity. The parameter i, is defined as the averaged
reduction ih shear wave velocity alangthe ray in the sediments, that is, iy =V/Vy, where V is the shear wave
velocity for a strong motion and Vg, is the shear wave velocity for a weak motion. The parameter i, is defined
as the avgraged increase in damping factor along the ray in the sediments, that is, i,=h-hy, where h is he
damping factor for a strong metion and hy is the damping factor for a weak motion. Then, during a large event,
the seismig¢ ray corresporiding to the later phase will be trapped within the sedimentary basin 1/i; times longer
than the linear case. Af'the same time, the amplitude of the later phase will be reduced by a factor of exq[-i»
u(t-fo)], begause t-tyistapproximately equal to the time for which the seismic ray corresponding to the Igter
phase is frapped-within the sedimentary basin as discussed above. As a result, the Green's function is
modified ap follows:

gn(H)=5tH for-t<tz—and
In(to+(t-to)/v1)=g(t) exp[-v2 w(t-tp)] for t>to, (24)

Where g () is the original Green's function at the outcrop of the firm ground and g,(t) is the Green's function
after modification. The parameters i; and i, are referred to as "the nonlinear parameters". In practice, if the
Green's function is narrow-band, the corresponding angular frequency can be used in equation (10). If the
Green'’s function is broad-band, it is decomposed into components having different frequencies and then each
component sis modified in the same manner as in the narrow-band case. Finally, the modified components
are summed up.
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.4.4 Example of application

Application to the 1995 Hyogo-ken Nanbu, Japan, earthquake (M,7.3)

First, the method is applied to the 1995 Hyogo-ken Nanbu, Japan, earthquake, which is a shallow crustal
earthquake. Using the characteristic source model by Yamada et al. (1999) (Figure 38), ground motions at two
CEORKA (The Committee of Earthquake Observation and Research in the Kansai Area) sites in Kobe, KBU
and MOT, are simulated. Site amplification factors at these sites (Nozu and Nagao, 2005) are shown in Figure
39. Based on the simulation of aftershock ground motions, the seismic moments of the asperities are re-
evaluated as 3.4x10"" Nm, 1.3x10'"® Nm and 2.3x10'® Nm for asperities 1, 2 and 4, respectively. Rise times of

th

nepnrifinc are O Ac, 0.5¢ and 0 68s for the ncpnrifinc 1, 2 and A’ rncpnr‘fi\lnly The westernmost a

perity was

ne
ph
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plected in the simulation because it has little effects on the ground motions in Kobe. To det
hse characteristics of the Green’s functions, the records from an aftershock (1995/2/2 16:19)

pse hypocenter is shown in Figure 38. The synthetic velocity waveforms and the velocity,Four
compared with the observed ones in Figure 40 and 12, respectively. It can be clearly seq

ermine the
vere used,
er spectra
n that the
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Figure 38 — Characteristic source model by Yamada et al.(1999) for the 1995 Hyogo-ken
earthquake, epicenter-of the aftershock used and location of CEORKA sites KBU and MOT|
section shows only the Kobe side of the model.
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Mnaging velocity pulses generated by the asperities can be reproduced with high accuracy with the present
thod. The results also indicate the validity of the characteristic source madel for a shallpw crustal
thquake.
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Figure 39 — Site amplification factors for CEORKA strong motions sites KBU and MOT at the ground
surface estimated by Nozu and Nagao (2005) (thick lines) and those estimated by Tsurugi et al. (2002)
(dotted lines).
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Figure 41 — Recorded (black) and simulated (red) velocity waveforms at KBU and MOT for the 199
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source model and the same.method were applied to the PIS vertical array station, where
pbehaviour of the soft soil deposit was significant. Figure 42 shows the site amplification factor
outcrop of the firm ground. To determine the phase characteristics of the Green’s functions,
m an aftershock (1995/2/18 21:37) were used. The Green’s functions were modified based on
0). The nonlinear-parameters i; = 0.91 and i, = 0.06 were used. Then, the equation (9) was appl
ified Green’s functions to estimate the ground motion at the outcrop of the firm ground during
t. Finally, an/effective stress analysis (lai et al., 1992) was conducted to evaluate the nonlin

| shearmadulus (G,,,) which depends on initial mean effective stress (0n,") and internal fric
r each.layer are shown as well as other parameters. Excess pore water pressure was conside
ant\the 3™ layers. The synthetic velocity waveforms (0.2-2 Hz) at four depths are compared v

of the localsoft soil layers. The parameters listed in Table 2 were used for this analysis. In ﬂhis

he
for
he
he
ed
the
par

on
red
ith

the obsery,

ed-ones in Figure 43. The synthetic waveforms are consistent with the observed ones.
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Table 2 — Parameters used for the effective stress analysis

Layer No. Tglfﬁ;r;/z:S Material (?/%1/?:31) r#r:;gi:ussrje(g:a Inltlals?:ee:srj ce;:jcwe mtzrrr]lgll ef rldc)’flon
(m) (kPa) (kPa) iy
1 3.4 Masado 1.8 79,380 63 36
2 4.6 Masado 1.8 79,380 63 36
3 1.0 Silt 1.7 74,970 143 30
4 8.0 Masado 1.8 79,380 63 36
5 13.0 Clay 1.7 74,970 143 30
6 30.0 Sand 1.8 79,380 63 36
7 23.0 Clay 1.7 74,970 143 30
Note:

1.|Excess pore water pressure generation is considered for Layers 2 and 3.

2.[Coefficient of Rayleigh damping, b=0.002
3.[Masado is the Japanese name of weathered Granite soil.

ai's model parameters for the two layers: fp=28 deg. W1=6.0, P1=0.5, P2=0.8, C1=2.43, S1=0.0p5

Figure 42 — Site amplification factor for PIS at the outcrop of the firm ground

63 (Outcrop of fivm ground)

Frequency (Hz)
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Figure 43 — Observed and synthetic velocity waveforms (0.2-2 Hz) at PIS at four depths during thée

1995 Hyogo-ken Nanbu, Japan, earthquake.

(2) Applicdtion to the 2003 Tokachi-oki, Japan, earthquake (M,8.0)

Secondly,
earthquake. Figure 44 shows the characteristic source model developed for the ‘earthquake. The mode

the method is applied to the 2003 Tokachi-oki, Japan, earthquake, which'is a huge subductjon

is

composed|of three asperities. Ground motions at four KiK-net stations, namely, "\TKCH06, TKCH11, KSRH

Figure 45.|Although the former two stations are located close to each other/ their site amplification factors
quite diffefent. Similarly, although the latter two stations are located close\to each other, their site amplifica
factors arg quite different. The records from the aftershock 1 (2003/9/26 7:20) were in the equation (8) for
former twq stations, because the effect of the asperity 1 is dominan{for these stations and the aftershock

close to the asperity 1. The records from the aftershock 2 (2003/9/27 17:06) were used in the equation (8)
the latter tyvo stations, because the effect of the asperity 2 is dominant for these stations and the aftershoc|
is close to [the asperity 2. The hypocenters of these aftershogks are shown in Figure 44. The synthetic velo
waveformg (0.2-1Hz) are compared with the observed ones in Figure 46. Note the significant difference of
amplitude [and the duration of the observed velocity waveforms. The difference can be attributed to the

effects. Thie synthetic velocities are consistent with the observed ones in terms of the amplitude and durati
Thus, it is |quite important to take into account thereffect of sediments both on the Fourier amplitude and

Fourier phase of strong ground motions. The\results also indicate the validity of the characteristic sou

and TKCHP2 are simulated. The site amplification factors at these sites (Nozu’and Nagao, 2005) are show]\a
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Figure 44 — Characteristic source model developed for the 2003 Tokachi-oki, Japan, earthquake
composed of three asperities (open rectangles). Triangles indicate strong-motion sites. Closed
rectangles indicate small events whose records were used in equation (8).
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Figure 45 — Site amplification factors for TKCH06, TKCH11, KSRH01 and TKCHO02 at the ground
surface (Nozu and Nagao, 2005).
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gure 46 — Observed and synthetic velocity waveforms (0.2-1Hz) at TKCH06, TKCH11, KSRHO01 and
TKCHO02 during the 2003 Tokachi-oki, Japan, earthquake.

4.3 Determination of earthquake ground motion to be used in site response analysis
4.3.1 Empirical and site simplified analysis approach

4.3.1.1  Simplified procedure of Seismic Deformation Method
Seismic Deformation Method, which is an equivalent static analysis method of evaluating the stress and strain

in an underground structure subject to seismic soil displacement due to kinematic interaction, is commonly
used for design of the underground structure. This method needs seismic soil displacements and seismic
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coefficients for the masses of the structure and earth elements behind it. The seismic coefficients are
determined on the basis of an empirical approach by considering the amplification in terms of the natural
period of ground for design, Tg as shown in Table 3. The seismic coefficient for earth pressures acting on the
buried structure is evaluated by calculating the value at the middle depth of the buried structure based on the
linear interpolation technique.

As for the ground displacement, two kinds of methods to evaluate the ground displacement have been used.
One is a dynamic response analysis. The other is a simplified method based on the modal analysis technique.
Both methods can consider the site specific ground characteristics. Detailed explanation can be seen in
Annex E of ISO 23469. In this section, the simplified method is described as follows:

Table 3 —+ Ampilification of seismic coefficient for safety requirement for Seismic Deformation Methpd

Grdund Natural period of Seismic coefficient at Seismic coefficient at.ground
T{oe round fgr desian bedrock for design surface
P 9 9 (limit values: lower-upper) (limit values: lower-upper)
Type-l Ts<0.2 0.6-0.7
Type-Il 0.2=Ts<0.6 04-0.5 0.7-0.8
Type-lll 0.6=Tg 04-0.6

Ground surface

bsurface layer

/ Firm ground
Yy

Figure 47 — Two-layer system consisting of subsurface layer on firm ground

First of al|, the natural peried for the 1st mode of vibration is calculated based on a two-layer system
consisting |of a homogeneols subsurface layer on firm ground regarded as base layer for design in termq of
shear wavg velocity,.as’shown in Figure 47. Here H denotes the thickness of the subsurface layer. Prior to the
calculation, the shear wave velocity of the homogeneous subsurface layer is needed to prepare by the
weighted-gverage-of the shear wave velocities of all of the sub-layers actually composing the subsurfice

layer, havjng”‘equivalence of the natural period for the 1st mode of vibration for the ground 7;. The
displacement.response spectrum S, (7., k) at the design bedrock is assumed to be given, where 4 denofes
damping ratio for the system. Thus, the ground displacement distribution along the depth x in the
homogeneous subsurface layer for the 1st mode of vibration u(x) is induced as shown in Equation (25) on the
basis of the concept of modal analysis. Converting the displacement response spectrum S,(7;,%) to the
pseudo-velocity response spectrum S, (7,, ), one representation of the ground displacement u(x) is shown in
Equation (26). The other one is shown in Equation (27), which can be obtained by replacement with the
product of local seismic coefficient for the ground 4, and normalized pseudo-velocity response spectrum
Sv(T;, h) in Equation (26). See E.2.2 in Annex E of ISO 23469 for reference. In reality, the displacement
response spectrum is often calculated on the assumption of 20% for the damping ratio # considering the non-
linerality of soil. The normalized pseudo-velocity response spectrum is calculated for acceleration time history
with the maximum amplitude normalized to 1m/s?. An example calculation is shown in the following part of this
sub-sub-clause.

44 © 1SO 2014 — All rights reserved


https://standardsiso.com/api/?name=401184f4006b7a0c6959d4ebd88942a9

ISO/TR 12930:2014(E)

4
u(x)=—S,(T..h) cos(@j (25)
T H
2 X
u(x)=—8,(T,;,h)T; cos| — (26)
T H
2 — X
u(x)=—k,1;S,(T;,h)cos| — (27)
T H
4.3.1.2 Natural period of an example ground
The soil profile of an example ground is shown in the left hand side of Figure 48, which,provides g thickness

an

] a shear wave velocity for each sub-layer in the subsurface layer of the example ground. The profile of

shear wave velocity along the depth and the soil profile were obtained based on the results of PS Ipgging and

bo
reg
wit

Th
cal

grg

Depth (m)
0 H.=1.0 m, Vs,= 90 m/s
— subsurface
S layer
— - Ha=1.0 m, Vs,=17Q m/s
L H=16.2m
B H,=1.0 m,\/8,=220 m/s
01— ) * Vs =192 m/s
— (Average)
B Hs=1.0 m, Vs5=270 m/s
15 —
- |
L W44 Base layer 77 Base layer

ing survey. The sandy gravel with a shear wave velocity of 450 m/s exists~below GL -16.2 m and was
arded as bedrock for design. The subsurface layer lying above the base layer composed with [sub-layers
h silty or clayey soils with sand has shear wave velocity varying from 90 m/s\to 270 m/s.

Figure 48 — Soil profile of example ground

e natural period of the ground is needed to calculate for applying to previously mentioned procedure for the
culation of ground displacement. There are two equations for the calculation of the natural period of the
urid as shown in Equation 28 and Equation 29, where the thickness and the shear wave velqcity of i-th

sub-layer are expressed by H; and Vs, respectively. Note the two equations are derived under the assumption
of a rigid base.

" H.
T.=4) L 28
¢ = Vs, 29
H
T.=4— 29
G 7 (29)

,where average shear wave velocity of the subsurface layer denotes % which can be caluculated by
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n
Vs=> HVs;/H (30)
i=1

The results of application of Equation 28 and Equation 29 to the example ground are shown below. Note that
the two different ways for the calculation of natural period of ground differ. See an approximation for an elastic
base layer shown in Equation E.8 in Annex E of ISO 23469 for reference. In this example, 0.4 second was
adopted as the natural period.

B (1 i4,4i2,0L3,6L5,2\_M0

T; = : : ; : 04
¢~T{90 110 170 220 270)
: _ (90-1+110-4,4 +170-2,0 +220-3,6 + 270-5,2
oo _4162 00 g ( ) _192m/s
Vs 192 (1+4,4+2,0+3,6+5,2)

4.3.1.3 [Ground displacement

The pseudo-velocity response spectrum was given as shown in Figure 49 in this design example.

Normarized Velocity Response Spect(cm/s)

Natural Period(s)

Figure(49—pseudo-velocity spectrum for design

The value|of Sv(T; ,h) was determined to be 50 cm/s at 7;=0.4 s from Figure 49. The distribution of groynd
displacemeént, which is relative to the base layer, is shown in Figure 50 according to the following equatjon
derived by|substitution of felevant values into Equation 2. Maximum value of the displacement is 2.03 cm.

2 2 ’1“ ) = 2.03- cos(0.097x)

X
= = T8 (T, h) - cos(—) = —-0.4-50-
B I e T ) 162
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Depth(m)
=

15|
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Relative Displacement(cm)

Figure 50 — Relative ground displacement distribution with depth

5 | Second stage of specifying seismic actions. Seismic evaluation of geotechnical
works demonstrated by design examples

5.1 Demonstrations of seismic evaluation using simplified and detailed analyses
5.1.1 Simplified static and detailed dynamic\analyses in design example of gravity quay wall in port

5.1.1.1  Purpose and functions

A pravity quay wall with a water, depth of 14.5m was proposed for construction. The purpgse of the
comstruction is to increase the capacity of cargo handling. Since the ship-size in commercial use is|increasing
in recent days, the quay wall shall be able to functional for large-scale ships. The front-water depth ¢f the quay
wall should be -14.5 m. Note this example is based on the design example shown in a seisfnic design
guideline proposed by PIANC (2001). (511A)

5.1.1.2 Performance objectives for seismic design

Following a pérformance objective diagram shown in Table 4 and Table 5, which are proposed|by PIANC
(2001), the-performance grade of this quay wall was determined to be Grade A over the life span of 50 years.
The damage level classification shown in Table 4 is based on the possible consequences of failufe for quay
wall, considering both loss of structural stability and loss of serviceability. The concept of the grades is shown
in [Fable 5, defined as the relationship between acceptable damage level and reference earthquake motion
level. Note, the design earthquake level | (L1) is the earthquake for the reference earthquake motion for
serviceability, and the design earthquake level Il (L2) is the earthquake for the reference earthquake motion
for safety during or after an earthquake. ( 512A)

The determined performance grade is based on the economic impact of the functional loss of the quay wall.
Since the cargo transport by large-scale ships is an international matter, the quay wall is expected not to loss
its function for the reference earthquake motion for serviceability (L1), however, limited loss of function is
permissible for the severe earthquake motion (the reference earthquake motion for safety). (512a, 512b)
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Table 4 Acceptable level of damage in performance-based design* (after PIANC, 2001)

Level of damage Structural Operational

Degree | : Minor or no damage Little or no loss of serviceability
Serviceable

Degree Il Controlled damage** Short-term loss of serviceability***
Repairable

Degree IlI: Extensive damage in near | Long-term or complete loss of serviceability
Near collapse collapse

Oegree IV: Complete loss of structure Complete loss of serviceability

Jollapse****

*|Considerations: Protection of human life and property, functions as an emergency base for transportation;
hd protection from spilling hazardous materials, if applicable, should be considered in defining the damage
iteria in addition to those shown in this table.

o Q

*4

With limited inelastic response and/or residual deformation

*4

* Structure out of service for short to moderate time for repairs

*4

** Without significant effects on surroundings

Table 5 Performance grades S, A, B, and C\(after PIANC, 2001)

Herformance Design earthquake

grade Level 1(L1) Level 2(L2)

Grade S Degree I: Serviceable Degree I: Serviceable
Grade A Degree I: Serviceablé Degree II: Repairable
Grade B Degree I: Serviceable Degree lll: Near collapse
Grade C Degree II: Repairable Degree IV: Collapse

5.1.1.3 |Reference earthquake-motions

Based on|seismic hazard™analysis for the quay wall site, reference earthquake motions are specified|as
follows. The reference €arthquake motions for serviceability is specified as the motions with the PGA with a
probability| of exceedance of 50 % during the lifespan, and the reference earthquake motions for safety is
specified gs the motions with the PGA with a probability of exceedance of 10 %. In this case, the former Igvel
is 0.15g and thetlatter level is 0.3g at the bedrock, respectively. ( 513A, 621A, 621B, 621C)

The details_of the seismic hazard analysis are not described in the report due to the restriction of pages.
Please refer to other reports to see the procedure of seismic hazard analysis. (622a, 622b, 622c, 623A)

Fault displacement is not considered in the design since no active fault was observed at the site. (611A, 650a,
650A)

5.1.1.4 Performance criteria and limit states

Performance criteria for this quay wall were determined as shown in Table 6 following PIANC(2001). These
criteria were established based on the relationships between remaining function of the quay wall and damage
level. Performance criteria is specified by residual displacement of the quay wall and residual tilting of the
quay wall, based on the performance objective described above. Thus, the relationships between acceptable
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level of damage described as engineering parameters and reference earthquake motions are summarised in
Figure 51(514A,514C)

These performance criteria is not dependent on the design working life since the requested performance of
the quay wall against earthquake is not dependent on the design working life in this case. However, the level
or reference motion is dependent on the design working life of 50 years. ( 514B)

Residual displacement and residual tilting of the quay wall is somewhat difficult engineering parameters to be
evaluated. However, advanced FEM analysis enables the estimation of these parameters with certain
accuracy (e.g. lai et al., 1998). The advanced FEM method shall utilized in this case since the importance of

th quay wallis V=1.Vi high, and fhne, the level of pnrfnrmnnpa nhjnpfi\/n of the quay wallis also high ( 514A)
Table 6 Performance criteria for a gravity quay wall (after PIANC, 2001)
Extent of damage Degree | Degree Il Degree Il Degree |
Gravity Normalized residual | Less than 1.5 | 1.5~5% 5~10 % Larger than
wall horizontal displacement | % 10%
(d/H)y*
Residual tilting Less than 2| 2~5degrees 5~(8 degrees Larger than 8
towards the sea* degrees degrees
Apron Differential settlement Less than 0.3 | N/A N/A N/A
m
between apron and non-
apron areas*
* d: residual horizontal displacement; H: height of gravity wall
© I1SO 2014 — All rights reserved
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Figure 51 — Limitingcurve for defining wall displacement (after PIANC, 2001)

5.1.1.5 [Specific issues related to geotechnical works

Mode of failure for gravity-type quay wall is very simple. Residual displacement and tilting towards sea i§ a
major damnfage patterny’and other damages such as settlement of the apron are just related consequenceg of
the seaward displacement (Inagaki, 1997). Although seismic response and soil-structure interaction affect fhe
residual displacement and tilting significantly, these effects can be considered in advanced FEM analysis
simultanequsly:. ( 515A)

5.1.1.6  Procedure for determining seismic actions

The proposed cross-section of the gravity quay wall is shown in Figure 52. It was proposed that the clay layer
below the caisson wall will be removed and be replaced with sand backfill in order to attain sufficient bearing
capacity. This cross section is designed empirically.

The 1st stage of determining seismic action is characterizing the firm ground motion. Figure 53 indicates the

geotechnical investigation for design. The free field motion is evaluated by a one-dimensional site response
analysis, and a ground surface acceleration of 0.25g was obtained. (631A, 520A, 623B)
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A seismic coefficient of 0.15 for the pseudo-static analysis was determined using an empirical relation, with
the parameters o = 0.6 and = 1.0 in this case. (PIANC, 2001)

ax(a,, /g) =0.6x025=0.15

(31)

Cross-sections of the structure were proposed by the seismic coefficient. The potential for earthquake-induced
phenomena (liquefaction) is investigated with sampling and laboratory test.

The 2nd stage is an advanced FEM analysis to estimate the residual displacement and residual tilting of the

structure. In_addition to the results of FEM analysis, a stability consideration by a pseudo-static a
shown in this report. (520A)

(re

grq
ori

ite response analysis and FEM analysis, input earthquake motion determined with the considerg
characteristics is necessary. In this example, a recorded motion at the site similar geotechnica
Claimed land on deep alluvial clay layer) was used with modification of amplitude scales. The tim
und motion before the modification of amplitude is shown in Figure 54. Note, this ground motion is not the
jinal recorded motion but the corrected motion as the rock outcrop condition (2E). (623B)
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Figure 52 — Cross section of example (after PIANC, 2001)
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Figure 53 — Geotechnical investigations for design (after PIANC, 2001)
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Figure{54 — Input earthquake ground motion (2E) (after PIANC, 2001)

Ground-failure and other geotechnical hazards

and the area of removal were f|IIed Wlth sand backflll in order to attaln sufﬂment beanng capaC|ty (6120)

The possibility of liquefaction is evaluated. At first, grain-size distribution is checked by the method proposed
by the Ministry of Transport, Japan (PHRI, 1997; Ministry of Transport, 1999). The results shown in Figure 55

indicate the possibility of liquefaction. (612A)

Secondly, the liquefaction potential (safety factor) is assessed by in-situ blow count (N-value). Following the
method proposed by the Ministry of Transport, Japan (PHRI, 1997; Ministry of Transport, 1999), equivalent N-

value, Ngs, is estimated as the index for liquefaction resistance.

52

© ISO 2014 — All rights reserved



https://standardsiso.com/api/?name=401184f4006b7a0c6959d4ebd88942a9

ISO/TR 12930:2014(E)

_ N, —0.019(c,'65)
“0.0041(o,'—65)+1.0

(32)

where N, = measured SPT N-value of a soil layer (obtained with typical energy efficiency in Japan), o¢,” =
effective overburden pressure of a soil layer (kPa). Note that the N65 should be corrected for soils with fines
content, Fc, over 5 %. The details of the correction is not described in the report, however, following results is
based on the corrected values, Ngs = 15. Equivalent accelerations for L1 and L2 design earthquake motion
levels are also estimated as the index of shear stress ratio to cause liquefaction, as follows,

wh

overburden pressure calculated. Based on the site response analysis, a,, =175 galand a,, =35

ob

Fid
ac
po
of

po
for
sh
res

Fo

ere 7, = maximum shear stress in the layer obtained from site response analysis, o'

ained for L1 and L2, respectively.

ure 56 shows the results for the liquefaction assessment. Estimated equivalent N-value and
belerations are plotted in the figure. Zone | shows very high possibility-efliquefaction, zone Il §
Esibility of liquefaction, zone Ill shows low possibility of liquefaction, @nd zone 1V shows very low
iquefaction. Thus, the possibility of liquefaction in case of L1 level motions is low or very low; hg
5sibility of liquefaction is high in case of L2 level motions. Notethis liquefaction assessment shou
all depths where in-situ blow count (N-value) were obtained, and the final conclusion of the a
buld be given from a careful consideration of the whole assessment results for all layers. The a
ults shown in Figure 56 are only an example for one layer.(depth) of the site.(631B)

F an advanced FEM program, laboratory test results for samples were used to evaluate th

(33)

= effective
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b effect of

liquiefaction. Parameters for soil elements in thetanalysis were calibrated based on the resilts of the

ge
Fid

btechnical investigation; in particular, undrainéd cyclic properties of sand were calibrated as
ure 57. (631C, 612B)
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Figure 55 — Liquefaction potential assessment from grain size distribution (after Ministry of

Transport, 1999)
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Figure 57 — Undrained cyclic properties: laboratory test and computed results (after PIANC, 2001)
5.1.1.8 Spatial variation
Sphptial variation of earthquake ground motion is not necessary to be considered since the quay walls are not
firmly .connected along the face line of the quay. Lateral variation of geotechnical conditions are carefully
investigated by some standard penetration tests. The results of the tests indicate that geotechnical structure is
qui i it i ] Tati fons. The deep

basin effects that depend on the heterogeneity below the local soil deposits was considered by utilizing an
detailed technique with recorded motions at the site to synthesize the ground motion for design. (641A, 641B,
641C, 644B, 645A, 645B)

5.1.1.9 Types and models of analysis

A detailed dynamic analysis was performed. The dynamic analysis utilized the effective stress based finite
element method program FLIP (lai et al., 1992), since the applicability of the program FLIP for gravity type
quay walls were confirmed many case histories including 1995 Kobe Port disaster cases. Performance criteria
for design are already mentioned as shown in Table 6. Geotechnical characterization is performed by based
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on geotechnical investigations. Parameters for structures and soil materials are summarized in Table 7 and
Table 8, respectively. (PIANC, 2001)(711A, 711B, 712A, 713A, 715A)

Since occurrence of liquefaction is anticipated, installation of non-liquefiable material is supposed to be used
in the design as geotechnical improvement. To consider the effect of improvement, four design alternatives
shown in Figure 58 is considered. (715B)

Prior to a detailed dynamic analysis, a pseudo static analysis was performed for L1 earthquake motion just for
a reference. Note no liquefaction occurrence is anticipated in L1 level, pseudo static approach have a certain
level of applicability; however, it is not applicable to L2 level since liquefaction is anticipated in L2. (712A)

Table 7 Parameters for concrete caisson and joint elements (after PIANC, 2001)

Parametefs density (t/m3)

Young’s modulus (kPa)

shear modulus (kPa)

Poisson’s ratio

Caisson 2.10

3.0x107

1.3%x107

0.20

Joint elements: Friction angle §=31 degrees (bottom of caisson); 15 degrees (behind caisson)

Table 8 Parameters for soils and rubble (after PIANC, 2001)

Parametefs density | initial shear modulus Poisson’s | internal friction)| phase
ratio angle transformation
(tm® | (kPa)
(degrebs) angle (degrees)
Foundatioh soil* 1.8 5660 X (Gmo’)*° 0.3 37 28
Backfill sofl* 1.8 10000 X (omo’)°° 0.3 36 28
Clay 1.7 6270 X (omo')™° 0.3 30 -
Foundation  rubble 0.5
and rubbld backfill | 20 18200 (omo') N 40 -

* Refer to Jai et al (1992) on the parameters for dilatancy
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Figure 58 — Four désign alternatives (after PIANC, 2001)
5.1.1.10 Simplified equivalent static ‘analysis

The simplified cross section for.pseudo static analysis is shown in Figure 59. Using the L1 accelerafion of 0.15
t bedrock, site-specific simplified dynamic analysis response was performed, and seismic coefficient of
0.15 is obtained as mentioned earlier. Note the site response analysis is conducted by a progrgm SHAKE
comsidering the non-liner-behaviour of soils. (Schnabel et al., 1972) Therefore, seismic earth and hydro-
dypamic pressure caleulated by a seismic coefficient is already based on the consideration of|non-linear
behaviour of soils«(841B, 814a, 815a, 822A, 822B)

In|this designy’no seismic actions from a superstructure must be considered. Spatial variation |of seismic
acfions is dlso’'no necessary to be considered. (811A, 811a, 811b, 812A, 812a, 813A)

(1) Active earth pressures and thrust

The active earth pressure is estimated by the active soil wedge. (Mononobe, 1924; Okabe, 1924) Since
intense earthquake ground motions are not considered in this case, modification of the Mononobe-Okabe
method is not utilized. The numbers with the square marks shown in Figure 60 within the soil wedge are areas
in m? of various portions used in the analysis. Using these areas, a representative unit weight of the material
above the water table, including the capping material and backfill soil, is 18 kN/m® (1 kN =0.1tf)

A representative internal friction angle for the backfill can be determined by direct averaging based on the
corresponding cross-sectional areas.
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Figure 59 — Simplified cross section for pseudo-static analysis (after PIANC, 2001)
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Figure 60 — Diagram for evaluating average values (after PIANC, 2001)
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Assuming that half the operational surcharge is present during the earthquake, the modified seismic
coefficient is derived as Kh’=0.22.

The dynamic active earth pressure coefficient of the Mononobe-Okabe method is found as:

cos’(g—y) =0.356

sin(g+ o)sin(p—y) |
cosy cos(y + 5){1 + \/ cos(0 +y) }

ae

Note the seismic inertia angle, w, is defined by the following equation in the uniform field of horizontal and
(dgwnward) vertical accelerations, kn,g and k,g.

k
=tan"'| —4—
v {l—kv}

The total earth thrust is now
P =K, %h (1—k,)H*=806.6 kN/m

where y, is the unit weight of the dry backfill.
This gives a horizontal force: P, cosd =806.6xcosl5 =779.1kN/m

hbout 0.45%18.50=8.33m above the —14.50m elevation, and a vertical contribution

—_

a
P sind = 806.6xsinl5" =208.8kN/mat the interface between structure and soil.

(2)|Hydrodynamic force

The hydrodynamic force in front of the.wall gives a horizontal force according to Westergaard’s exptession:

Pdw = %kh}/“Hi =187.6kN/m

at 0.4x14.5=5.8mabove the —14.50m elevation.

Note where y, is{th€ unit weight of seawater and H,, is the water depth, and the point of application of this
forfe lies 0.4 H,,above mud-line. (Westergaard, 1933)

(3)|Inertiasand other driving forces

The mvalt inertia forces are estimated as follows:

cap 11.60x2x18%x0.15=62.6kN/m at 17.50m above bed (-14.5m)
caisson 11.60x16.00x21x0.15=584.6kN/m at 8.50m above bed
footing 15.60x0.5%x21x0.15=24.6 kN/m at 0.25m above bed

The backfill inertia force:

2.0x18.0x18x0.15=97.2kN/m at  9.50m above -14.50m
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bollard pull can be taken into account by reducing its value by 50%:

50% x 20 =10 kN/m at  19.0m above -14.50m

(4) Vertica

| forces

The resisting forces and their points of application are determined as follows (Point A is indicated in Figure

61):

cap

caisson 11.60x1.70x21=414.1kN/m at

11.60x2.0x18 =417.6 kN/m at 7.8m from A

11.0X1X1.4U+Z
3 1.40+2.0
11.60x14.30x11=1824.7kN/m at 7.8m from A

+2=7.46m fromA

footinlg 15.60%x0.50x11=_85.8 kN/m at 7.8m from A

Using the

unit weigh

{20%2

backfill stone area above the water table = 1 x0.83(1+2) +2x0.57 = 2.39m?>, the backfill equival
2

above water table is determined as

39+18x(2x3.40-2.39)}/6.80=18.7kN/nt

2.0x340x18.7=127.2kN/m at 14.60m fromA

2.0x1

The hydro
l><0.6
2

14.50 %
Uplift

It is noted
rubble. If t

40x10=268kN/m at 14.60m fromA

static pressure due to the variation of water table gives the)following forces:

x10.2=1.8kN/m at %x 0.60+14.50 =14.70m above — 14.50m

0.60x10.2 =88.7kN/m at 7.25mabove —14.50m

%x 0.60x10.2x15.60 =47.7kN/m at %x 15.60 =10.40m from A

that the hydrostatic pressure distribution depends on the permeability of the foundation and bac
he latter has a much lowerpermeability than the former, then no uplift force is generated and

pressure diagram at the back face dies-off linearly to the foundation level AB.

(5) Force gnd moment balance

The variod
point A ar
calculated

F_29.85

s0

s forces mentioned previously act on the structure. (815a) The stabilizing moments with respec
b able to be_calculated. The overturning moments with respect to the same point are also can
Thus, the~factor of safety against overturning is

8.0 _
/5,927.9 =1.87

()
=]
-

fill
he

to
be

Depending on the definition of this factor of safety and when a non-zero angle of friction between the backfill
and the wall back face is assumed, one can take the overturning moment of the earth thrust before analysing
it into vertical and horizontal components.

The factor

F, =398

where

of safety against sliding is

SX
1,836.2

~tan31° =0.6

Thus, F, =1.08
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Thus, the proposed cross section is likely to satisfy the seismic performance requirements at L1 earthquake
motion. Note, in actual design, performance requirement at L2 earthquake motion should be calculated either,
however, due to the fact that the effect of liquefaction is difficult to be considered in pseudo static approach,
only the L1 earthquake motion cases is shown in this design example.
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Figure 61 — Load assigning.to the structure during earthquake (after PIANC, 2001)

5.1.1.11 Detailed equivalent-static analysis

Detailed equivalent static-analysis is not conducted in this example. (821A, 821B, 821C, 821a, 822A, 822B,
82BA)

5.1.1.12 Simplified dynamic analysis

Simplified equivalent static analysis is not conducted in this example. (911A, 911B, 911C, 911a, 912A, 912B,
91BA, 914a)

5.1.113 Detailed dynamic analysis

The cross section of the gravity quay wall was idealized into plane strain finite elements shown in Figure 62.
Element size was defined small enough to allow seismic wave propagation of up to 2Hz throughout the
analysis, including the liquefaction state. In order to simulate the incoming and outgoing waves through the
boundaries of the analysis domain, equivalent viscous dampers were used at the boundaries. The effect of the
free field motions was also taken into account by performing one dimensional response analysis at the outside
fields, and assigning the free field motion through the viscous dampers. Before the earthquake response
analysis, a static analysis was performed with gravity under drained conditions to simulate the stress
conditions before the earthquake. The results of the static analyses were used for the initial conditions for the
earthquake response analyses. (921A)
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The firm ground motion is given as seismic actions for the global computational model. The ground motion is
determined by a site-specific study as described in the Section 6. In this example, a recorded motion at the
site similar geotechnical condition (reclaimed land on deep alluvial clay layer) was used with modification of
amplitude scales. (921B, 921C)

: +4.0m
+0.9m S__Z +0.6m

-13.5m

| I ‘ ‘ 36.0n1
-50.0m 0.0m +50.0m +100.0m

Figure 62 — Finite element mesh (after PIANC, 2001)

Concrete ¢aisson was modelled by linear elements, with soil-structure interfaces-medelled by joint elemepts
as shown |in Figure 63. The parameters are shown in Table 7. The seawaterin front of the caisson was
modelled gs an incompressible fluid.

Concrete cap Joint elements behind caisson
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/
/
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|

_71g...
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Jointelements in bottom of caisson

\\ry

Caisson

s\

N

Figure 63 — Modelling of caisson structures (after PIANC, 2001)

Parametergs for soil elements were calibrated based on the results of the geotechnical investigation. It shopld
be noted that approprlate characterrzatron of pore water pressure burId -up and the mcrease |n shear strgin
amplitude s ect
the degree of deformation of the soil- structure system Damprng characterrstrcs of the soil profile were also
carefully evaluated. The constitutive model for soil can consider the effect of liquefaction phenomena. (lai et
al., 1992)(921D, 922A)

Seismic analysis was performed for the four alternatives shown in Figure 58 over L1 and L2 earthquake
motions. Computed residual deformations of the quay wall for Cases 1 and 4 for L2 earthquake motion are
shown in Figure 64. The results of the analysis are summarized in Figure 65. Although all the alternatives
satisfy the criteria for tilting as shown in Figure 65(b), only Case 1 satisfied the horizontal displacement criteria
as shown in Figure 65(a). The remaining criteria with for differential settlement between apron and non-apron
areas for L1, as shown in Table 6, are also satisfied by Case 1. Consequently, Case 1 was proposed as the
recommended design.
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Figure 64 — Computed-residual deformation (after PIANC, 2001)
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Figure 65 — Seismic response and limiting curve for acceptable damage (after PIANC, 2001)

5.1.2 Highway(bridge pile foundation

5.1.21 Outline of the highway bridge

The highway bridge is composed of two nine-span continuous double plate girder bridges with length of 315m
and 360m (Figure 66). The bridge with parallel up- and down-bound lanes is seismically isolated using seismic
isolation bearings for longitudinal and transverse supports. Bridge piers are composed of an overhanging
single reinforced concrete column of rectangular cross section, which is supported on a foundation of 1200-
mm-diameter cast-in-place concrete piles.

Figure 67 shows the distribution of elastic S-wave velocities at the erection site obtained by elastic wave
inspection, and the characteristics of dynamic deformation of soil materials constituting respective layers.
(715A) There exist soft soils at the erection site. Approximately nine meters of alluvium at the surface overlies
diluvium with an alternation of cohesive and sandy soil layers. Hard ground, at the engineered bedrock
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surface, is found continuously at a depth of 50m or below. Approximately nine meters of alluvium are
composed of approximately 5.5m of sandy soil layer, 1.0m of cohesive soil layer and 2.5m of sandy soil layer.
According to the Specifications for Highway Bridges, liquefaction is likely to occur. (631B)
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Figure 66 — Seismic isolation bridge
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Figure 67 — Soil profile and strain-dependent characteristics
5.1.2.2 [Seismic performance requirements

The bridge is designed in accordance with the Specifications for Highway Bridges (2002). The bridgg
classified gs Class-B in terms of importance based on the Specifications (Table 9). (511A) The seismic grou
motions thiat should be considered in seismic design and the seismic performance requirements for Clas
bridges arg listed in Table 10. Level<1)ground motion is highly likely to occur during the service life of
bridge. A ground motion of medium=size earthquake that are highly likely to occur is assumed. The probab
of Level-2|ground motion occurfing during the service life of the bridges is very low but the intensity of
ground mgtion is high. The grodnd motions induced by great inter-plate earthquakes with low frequency
occurrencg and that caused-by earthquakes in the epicentral area with an extremely low frequency such

is
nd
5-B
the
lity
he
of
as

the Hyogdken-Nambu (Earthquake of January 17, 1995 were taken into consideration. (513A) Seisinic

performange levels 1 and 2 shown in Table 10 are defined as shown in Table 11.

Table 9 — Classification of importance of bridges”

C|$ee Definitions

Class A bridges Bridges other than Class B bridges

Bridges of National expressways, urban expressways, designed city expressways,
Honshu-Shikoku highways, and general national highways.

Class B bridges Double-section bridges and overpasses of prefectural highways and municipal
roads, and other bridges, highway viaducts, etc., especially important in view of
regional disaster prevention plans, traffic strategy, etc.
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Table 10 — Design Earthquake Ground Motions and Seismic Performance of Bridges”

Earthquake Ground Motions

Class A Bridges

Class B Bridges

Level 1 Earthquake Ground Motion
(highly probable during the bridge service life)

Keeping sound functions of bridges

(Seismic Performance Level 1)

Type | earthquake Ground
Motion (an plate boundary type

earthquake with a large | No critical damages

Limited seismic damages and

Se|
vig)

Level 2 Earthquake magnitude) (Seismic capable of recovering bridge
Ground Mofions Type I earthquake Ground Performance foretions—withimashort ’,erlod
Motion (an Inland direct strike | | gyel 3) (Seismic Performance L¢vel 2)
type earthquake like Hyogo-ken
Nambu earthquake)
Table 11 — Seismic Performance of Bridges"
o Seismic Seismic Repairability Design
Seismic Performance Seismic Safety Serviceabilit
Design ' y Emergency. Permanent
Design Repairability Repairability
Seismic Performance
Level 1: To ensure the|To ensure the [No repair work is onlv easv| repair
) safety against girder | normal functions of\|/needed to recover wor{s are rzleedez
Keeping the sound | ynseating bridges the functions
functions of bridges
Seismic Performance Capable of | Capable of | Capable of| easily
Level2: recovering functions | recovering functions | undertaking
Same as above
Limited damages and withinva short period | by emergency | permanent | repair
recovery aftérthe event repair works works
Seismic Performance
Level 3: Same as above — — —
No critical damages
smic performance levels.‘were determined in terms of safety, serviceability and repairability from a
wpoint of seismic design>-Both short- and long-term repairabilities were considered. For ClassiB bridges,
solindness should be maintained against level-1 ground motion, and seismic damage should be limited and
thg bridge should be.‘designed to restore foundations quickly. (512a, 512b) Figure 67 shows lim|t states of
mgmbers of seismic-isolation bridge (Figure 66) that are required to achieve seismic performange Level 2
shown in Table{J1¥Seismic isolation bearings should be designed exclusively to behave nonlinedrly. Bridge
pidrs and foundations should be designed to have secondary plasticity. Seismic isolation bearings| should be
mdde to behave nonlinearly only to absorb the energy of bearings. Secondary plasticity of reinforced concrete
brifige piets means that strain exceeding the yield strain occurs in the plastic hinge region at the hase of the
pigr but. lateral displacements at the locations of bridge piers subjected to the inertia force of supprstructure
below the allowable displacements in _seismic design. In the case of foundations, secondary plasticity

ar

means that no explicit point of inflection should appear in the load-displacement relationship and foundations
should not yield even if a strain exceeding the yield strain occurs in the axial reinforcement in a cross section.
The shear occurring in piles should be less than the shear strength of piles. The yielding of foundations is
defined as one of the following states. (514A, 514B, 514C)

1)
2)

State where all piles yield

State where the reaction of heads of a row of piles reaches the upper limit of resistance to penetration
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Abutments: States that the Bearing Support System: States

kept within the g¢lastic ranges by seismic isolation bearings

Piers: States only allow

mechanical properties could be ensuring reliable energy absorptiyecondary plastic behavior

/

Figure 8 — Combination examples of members with consideration of plasticity or Non-Iinearity1

5.1.2.3 [nput ground motions used in seismic design and analysis model of the entire bridge

Foundations: States only allow secondary plastic behayior

The Specifications for Highway Bridges define design ground motion’ as surface acceleration response

spectrum Wwith a damping factor of 5 %. For the seismic isolation\bridge constructed in soft ground,

possibility

motion, intp the engineered bedrock surface was therefore determined and used as an input ground motion
ace acceleration wave considering the nonlinearity. of surface ground. The surface accelerafjon

obtain sur
wave was
bridge des
Highway E
conditions

Figure 6
shows a g
another cg
frequency
acceleratid
was used
nonlinear
response §

Figure 7
the incide
response s

of response with surface layer was pointed out. An incident wave, equivalent to Level-2 groy

also used in seismic design of the bridge. (633A) A check was made to determine whether
gned to resist design ground motion (defined at'the surface level) specified in the Specifications
ridges could prove to be resistant also to.the ground motion generated based on the geolog
at the erection site and the nonlinear respense of surface ground. (520A, 631A)

9 shows surface ground motions(specified in the Specifications for Highway Bridges. The fig
round motion induced by a great marine earthquake at the boundary between plates (Type |) 3
used by a magnitude-7-class-€arthquake in the epicentral area that occurs with an extremely
like the 1995 Hyogoken-Nambu Earthquake (Type Il). There were tree waves with the sa
n response spectrum both/for Types | and Il. The average of maximum responses of three wa
in seismic design either for Type | or Il. This is because it was taken into consideration {

pectrum was the.same. (623B)
0 shows exaniples of incident waves into the engineered bedrock surface (outcrop wave: 2E).

pectrum were used for different ground motions. (623B)

he
nd
to

he
for
cal

ire
nd
ow
me
es
hat

beismic response varied according to the phase of ground motion even where elastic acceleratjon

For

nt waveinto the engineered bedrock surface, three waves with the same elastic acceleratjon
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Figure 69 — Design earthquake ground motions (Time history acceleration waveform of Lievel2 )
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Figure 70 — Time history acceleration waveform of Level2 (Incident wave, 2E )
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Figure 71 — Transfer function of surface layer

The acceleration waveforms shown in Figures 69 and 70 are simulated ground motions. The ground motions
were obtained by selecting from recorded strong motions such ground motions as had acceleration response
spectrum similar to design ground motion (acceleration response spectrum that should be achieved) and
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adjusting the Fourier amplitude so that the acceleration response spectrum of the observed waveform could
approximate the design ground motion while leaving the phase of observed waveform unchanged.

The incident waves shown in Figure 70 were applied to the surface layer shown in Figure 67 and a nonlinear
dynamic analysis was made of the ground. The nonlinearity of the ground was represented by hyperbolic
model (modified H-D model) using the dynamic deformation characteristics shown in Figure 67. Figure 71
shows frequency response function for the surface layer calculated using the initial stiffness obtained from the
elastic S-wave velocities shown in Figure 67, and the damping factor at shear strain y=10'6. The predominant
period was 0.87 second. It is clear that seismic response of surface layer to level-2 ground motion becomes
nonlinear and the predomlnant perlod becomes Ionger and there is a pOSS|b|I|ty of the ground resonatlng with

nonhnear
expected
waveformg. Total stress analysis was therefore made of the ground without considering the'effects| of
liquefactiop so that large response acceleration waveforms could be obtained at the surface level.
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Figure 73 — Acceleration time history of ground motion at surface
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The surface ground motions shown in Figures 69 and 8 were applied to the sway-rocking spring of a model of
the entire bridge system (Figure 74) to make dynamic analysis. (911A, 911C) A bilinear model and a stiffness-
degrading peak oriented model (Takeda model) were used to represent the seismic isolation bearings and
reinforced concrete bridge piers, respectively to express their nonlinearity (Figure 75).

et
BeamT
F - dcismic Isolation Bearing

o : Lateral Mass

Column /\ : Moment of Inertia Mass
1 :Rigid Body

N | : Elastic Body

Plastic Hinge

; : Nonli Rotati
Region onlinear Rotation spring

Footing M Sway-Rocking spring

Figure 74 — Analytical model of seismic isolation bridge(Global bridge model)

Lateral force Q Bending moment M

Ka=107-Ky

Omax Displacement

25y

a) Seismic(isolation bearing b) RC column

Figure 75 — Analytical model of seismic isolation bridge

5.1.2.4 <Seismic design of foundations
Fidufe, 76 shows a flow of design of pile foundations of the highway bridge. Shown here are the|results for
levet-tand—=2groundmotitns(7+17A; 71 1B, 7124
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+ Shear of Pile Structure
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End

Figure 76 — Design calculation flowchart for pier pile foundations?

5.1.2.4.1 Considerations of the effects of liquefaction in seismic design

Liquefaction was expected to occur during an earthquake in the alluvial sandy layer at the bridge erection site
because the following three conditions were found. The factor of liquefaction ( F; ) was therefore used to

determine whether liquefaction would occur or not.
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The groundwater level was within 10m below the surface ground, and the alluvial sandy layer was a

saturated soil layer within 20m below the ground surface.

The fine particle content ( FC ) was 35 % or less, or the index of plasticity /P was 15 or less even where

FC was higher than 35 %.

The mean diameter of soil particle D5y was 10mm or less and 10% diameter of soil particle D,,was

1mm or less.

Whether liguefaction would occur or not was determined by a simple method using the factor of liquefaction

(F

wh
7d

levi
pre
gra
grg

The

(bg
Liq
by

vafied according to the factor of liquefactiony Fj .

Dj

5.1

In

bo
wel

) expressed by
F - R dynamlc shear strength ratlo cw "Ry
L seismic shear stress ratio Va kig o / o,

‘factor of reduction of seismic shear stress ratio in the vertical direction, ., :design lateral seism

el-2 ground motion at the surface level, o, :total overburden pressure, and av’ -effective ¢
ssure. Repeated triaxial strength ratio R; varied greatly according)to the characteristics of re
und motions, so it was corrected using correction factor ¢;; aeeording to the characteristics of T
und motion.

factor of liquefaction F; (equation 34) of fine sand“deposited at a depth of 5.5m from t

uefaction was determined to occur that could affect the bridge. The soil parameter was thereforg
factor of reduction Dy for seismic design considering the effects of liquefaction. Factor of red
In this study, D, =1/6 for Level-2 ground n
- =1/3 for Level-1 ground motion.

.2.4.2 Seismic design of pile foundations against level-1 ground motion

tom surface of footing by inertia forces k;, - W, .k, - W, and kj, - W, which were obtained by mul

ghts of superstructure, bridge pier and footing to be supported by the foundations by design late
pfficient £, which was uniformly distributed in the vertical direction (Figure 77). In seismic desi

(34)

ere, ¢y :correction factor based on the characteristics of ground motion, R; :répeated triaxial strgngth ratio,

ic factor of

verburden
petition of
ype-l or Il

he surface

rehole log in Figure 67) was 0.32 for Type-lI ground motion or 0.35 for Type-Il ground mofion. Then,

multiplied
uction Dg
hotion and

the seismic design of pile-foundations against Level-1 ground motion, the foundations were suybjected to
latgral force Srp, bending .moment M rpand vertical forces Wy, ,Wp W and Wgthat were indug

ed on the
iplying the
ral seismic
gn against
r than the

he lateral
e 15 mm),

Figure 78
> structural

speC|f|cat|ons for the connectlon between the plle and footlng were determlned so that the plle head could
work as a rigid structure. In design, the larger of the two bending moments in the cases of rigid and hinged
connection at the pile head was used for stress check.
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Figure 78 — Distribution of bending moment

5.1.2.4.3 | Seismic design of pile foundations against level-2 ground motion

In the seigmic design of pile foundations against Level-2 ground motion, a model was used that took the
nonlinearity of pile and of sway-rocking spring into consideration. One of the following two ground motions
was applied to the model based on the results of nonlinear dynamic analysis of the entire bridge system
shown in Figure 74 and Figure 75.

(1) Case where seismic response of reinforced concrete piers reaches the plastic area

The bridge pier and the pile foundation including the footing were considered separately (Figure 77). Lateral
force and bending moment, equivalent to the ultimate lateral strength of bridge pier, were applied to the
footing and underlying pile foundation under a vertical force equivalent to the self weight of the structures
overlying the bottom of the footing (Figure 80). In the seismic design of pile foundation based on the ultimate
lateral strength of the bridge pier, ground motion obtained by incrementing the lateral force and bending
moment, equivalent to the ultimate lateral strength of bridge pier, was used. The measure was taken to control
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damage to pile foundation due to strong ground motions. The Specifications for Highway Bridges adopt a

factor of increment of 1.1. (811B)
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Figure 80 — Loading methods used in pushover analysis
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Figure 81 — Loading methods used in pushover analysis
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Figure 82 — Dynamic response of the analyzed seismic isolation bridge

(2) Case where the seismic response of reinforced concrete bridge pier is less than the yield response

The vertical force, lateral force and bending moment on the bottom surface of footing obtained in dynamic
analysis (Figure82) were used. The vertical force, lateral force and bending moment never reached the
maximum level simultaneously. The time when each of the parameters reached the maximum level was

therefore considered. (911A, 911C)
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Time when vertical force V' reaches the maximum level trlr/lax : V(tgax),H(tgaX),M(tK,aX)

Time when lateral force H reaches the maximum Ieveltr';[aX :V(tgax),H(tgaX),M(tn%X)

Time when bending moment M reaches the maximum level t%x :V(tr]‘rf[ax),H(zﬂ]{ix),M(trﬁx)

The reinforced concrete bridge piers were positioned at the joints between girders (Figure66). As a result of
dynamic analysis of the entire bridge system, it was found that no reinforced concrete bridge piers became
plastic either in the longitudinal or transverse direction. The lateral force and bending moment on the bottom

Su

trapsverse direction while maintaining their relative percentages to check the foundation (Figure8).

face of footing obtained in dynamic analysis were gradually increased either in the londitudinal or

The Specifications for Highway Bridges stipulate that the foundations built in the ground Where ligefaction is

ex
of

bected to occur should be checked for resistance to Level-2 ground motion in both cases where [the effects
iquefaction are considered and ignored.

The results of check at the time when the most critical results were obtained ifi the check while th¢ effects of
liqyiefaction were ignored are described below. The following lateral force~H\and bending moment M were

ob

overlying the bottom surface of footing and above.

Lo

Transverse direction: V =11,043kN, H = 7,405kN, M = 52,924kN- m

ained in dynamic analysis. The vertical force V occurred owing to the-self weight of structurgl elements

ngitudinal direction: V' —11,0434N, H = 6,005kN, M = 38,454kN ;/m

Figure 83 shows the results of gradual increase of vetiical force, lateral force and bending moment by the
logding method shown in Figure81. Figure83 shows the result of checking of foundation using the Igteral load-

be

bring capacity of foundations during an earthguake in the case where the effects of liquefaction were

ignored. The vertical axis indicates the lateral force applied to the foundation, and the horizontal axis indicates

thg lateral displacement §; at the position subject to the inertia force of superstructure expressed by
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Figure 83 — Load-displacement relation obtained from pushover analysis (Disregard liquefaction)

wh

§1=§F+9F'H1 (35)

ere,

o : Lateral displacement of the foundation at the bottom surface of footing
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6r : Angle

of rotation of the foundation at the bottom surface of footing

H;: Distance between the bottom surface of footing and the position subject to the inertia force of
superstructure.

No explicit point of inflection appeared on the load-displacement curve of the foundation. It is therefore evident

that stress

did not reach the yield point in the foundation.

P TRY- | dna a-arae—anadluvalia. ik L

The reinfo

lateral load-bearing capacity of foundations during an earthquake, the vertical force, lateral force and bend
moment dn the bottom surface of footing obtained in dynamic analysis could be used. No effects

liquefactio

Figures 69 and 73, and the analysis model shown in Figure 74. Practical methods availablecare descrik

below.

Method 1:

strength of reinforced concrete pier equivalent to the upper limit of inertia of the structural elements overly
the footing, and the inertia of the footing are applied to check the lateral load-bearing capacity during
earthquak¢. This is because the analysis model shown in Figure 74 is unable to accurately trace

interaction
ground an

analysis has yet to be known.

Method 2:

lateral forde and bending moment on the bottom surface of footing of an analysis model shown in Figure

while condidering no effects of liquefaction. This is becausesitiwas determined that the strength of surface

dcaon t bridaao-niaraendar IWaw- H +t bocoma-nlactic 1n A Lo a-chael
CoCCOMCTrCTC OO g o TS ot T StaTy — UhOoT o C o omCprastuCTT oy rrarno—arary StoT i t oo of

n were taken into consideration in dynamic analysis using the surface ground motions shown

When liquefaction is taken into consideration, the ground motion 1.1 times-the ultimate latg

between the seismic isolation bridge and liquefying ground and because seismic behaviour of
i bridge in the case of liquefaction has not been identified and the reliability of solutions obtaineq

of
ng
of
in
ed

ral
ng
an
he
he

in

Check is made using the seismic lateral load-bearing force method by applying the vertical force,

75

acceleratign wave in the case without liquefaction was higher‘than that in the case with liquefaction and that

the forces
liquefactio

In either dase, the effects of liquefaction are taken into consideration in the lateral load-bearing mode
foundation| during an earthquake. In this study;.the lateral load-bearing capacity during an earthquake W
checked while applying ground motion 1.1\times the ultimate lateral load-bearing capacity of reinforg
concrete bridge pier and the inertia of thexfooting shown in method 1 above.

The result

either in th

bridge req
the case

designed not to yield. Then, specifications were obtained for pile cross section that could prevent foundatig

from beco
from beco

26 D35 bafs.

78

acting on the bottom surface of footing due .testhe ground motion were greater than those dun

—

5 of check are shown in Figure 84. It is evident that stress reached the yield point in pile foundat

ired to achieve seismic performance 2 should have only secondary plasticity (Figure 68). Ever
vhere the effectsCof liquefaction were taken into consideration, therefore, foundations should

ming plastic.even where liquefaction was considered. For preventing foundations shown in Figurg
ing plastic, ‘at the time of liquefaction, 26 D32 axial reinforcing bars (SD345) should be changeq

ng

of
as
ed

on

e longitudinal or in the-transverse direction. In the ultimate state, the foundation of seismic isolatjon

in
be
ns
66
to

© ISO 2014 — All rights reserved


https://standardsiso.com/api/?name=401184f4006b7a0c6959d4ebd88942a9

5.1

5.1.3.1 Bridge outline

This case study focuses the assessment of seismic performance of the foundation a long cable-sta
(1]

The Sutong Bridge over the Yangtze River is a cable-stayed bridge with a length of 8.2 km, the wg
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ble-stayed bridges when completed. It is the main bridge in the project. The cable-stayed bridg
anchorage was adopted over the Yangtze River with a width of several kilo-meters because the
erection site was too soft to support thesfoundations of long bridges. Figure 85 provides a geng
cable-stayed bridge. The bridge has ‘d-steel main girder and reinforced concrete pylons with
proximately 300 m. The multi-pile feundations are of a composite structure consisting of steel
bt-in-place piles.

e natural period of the cablg=stayed bridge is approximately 16 seconds in the longitudinal direc
pje displacement of the main” girder was expected to be caused by longitudinal seismic groun
ducing the displacement .on the main girder was a challenge in seismic design. The reinforce
ons as high as 300Cm~were likely to be subjected not only to their self weight but also to ing
sed by seismic ground motions. Ensuring that pile foundations installed to a great depth in
Id sufficiently resistant to earthquakes was another challenge in seismic design.

208800

Figure 84 — Load-displacement relation obtained from pushover analysis(Liquefactid

n)

.3 Assessment of seismic performance of the Sutong Bridge, a long cable-stayed bridge| (Pile
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Figure 85 — General arrangement of Sutong Bridge !"!
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5.1.3.2 Design seismic ground motion and seismic performance

Table12 lists the design seismic ground motions and seismic performance criteria. Seismic performance was
examined to check whether the seismic performance criteria for the bridge could be met or not against seismic
ground motions with return periods of 1000 and 2500 years.(512a,512b,513A) The seismic performance
criteria shown in Table 12 demand that the response of major members to seismic ground motion with a
return period of 1000 years should be less than allowable stress, but allow damage that causes the strain of
the axial reinforcement to reach the yield strain for members that are greatly affected by seismic ground
motion with a return period of 2500 years such as pylons and
foundations.(514A,514B,514C,621A,621B,621C)

The design seismic ground motion acting on the cable-stayed bridge was assessed using a stochastic
method.

Table 12 — Design seismic ground motion and seismic performance criteria

Design seismic ground motion Seismic performance criteria

Servicepbility Limit State Ground Motions with high | Keeping sound functions of bridges.

probability of occurrence. : Return period 1000 | No repair work is needed to/recover the functions
years.

Damage-Control Limit State Ground Motions with Limited seismic damages and capable of
low recovering

probability of occurrence. : Return period 2500 | bridge functions within a short period

years. Capableof recovering functions by emergency

repair

works.

Investigatipns were made of the activities of earthquakes that occurred inside a radius of 300 m around the
erection sife and an attenuation relationship was_applied.(520A,622a,622A,623A) The design seismic groynd
motion wgs defined as the acceleration response spectrum on the engineered bedrock surface (Vg =
500m/sec)(715A) Figure 86 shows the distribution of elastic S-wave velocities in the ground at the position} of
pylon P4 ¢f the cable-stayed bridge. Aslayer of soft sediment has been deposited for a depth of more than
100m abope the engineered bedroek._surface. Figure 87 shows amplification spectra in the ground at the
positions ¢f foundations of the cable-stayed bridge. The predominant period of the ground is 1.5 to P.0
seconds. If is evident that long-period components are highly likely to be excited in the ground.

For the cpble-stayed bridge; ten acceleration waves were generated for each return period that had
acceleratign response §pectra equivalent to the acceleration response spectra defined on the engineefed
bedrock spirface. The\iacceleration waves were generated artificially using Fourier amplitude and Foufier
phase. The phase\.property of acceleration waves was varied by giving the phase using randpm
numbers.(623B):Surface acceleration waves were obtained through dynamic analysis of ground motionq in
respective| foundations using the artificially generated acceleration waves as input ground motions. The
surface actelerations were made to act on a dynamic analysis model of the entire bridge. (631A)

A one-dimensional nonlinear shearing vibration system model was developed based on the dynamic
properties of the ground shown in Figure 88 (631C, 715A) Surface acceleration waves were obtained through
nonlinear dynamic analysis.
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Figure 88 — Shear modulus ratios and damping ratios !

Figure 89 shows surface acceleration response spectra at the position of pylon P4. "Design" indicates the
spectra used in seismic design of the cable-stayed bridge. "Nonlinear analysis" indicates the surface
acceleration response spectra obtained by assessing the seismic performance of foundations. The cable-
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stayed bridge over the Yangtze River was expected to be subject to scour during the service period. In the
seismic design of the cable-stayed bridge, the effects of scour was considered in the calculation of surface
acceleration waves, in the creation of a sway-rocking spring in a dynamic model, and in the seismic design of
foundations. Surface acceleration waves were obtained in a case in which the effects of scour were
disregarded and in other cases using models with the soils near the ground level removed according to the
scour depth. (631b)
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Figure 89 — Design earthquake ground motion (At the pylon P4 position)"

5.1.3.3 [Seismic performance of foundations

Multi-pile foundations using piles with a length of ‘approximately 120 m were adopted for the cable-stayed
bridge. A §5-m section below the pile head was of,a composite structure with a cast-in-place pile wrapped with
a steel plate. In a 65-m section above the pile"end, there was a 2500-mm-diameter cast-in-place pile. Not gnly
a reinforced concrete pylon but also a footing between the pylon base and pile head had a heavy weighed,[so
135 piles were installed at the positions«of pylons.

As described earlier, the effects of scour on the cable-stayed bridge over the Yangtze River cannot|be
ignored. Flgure 91 shows variations of outstanding pile length due to scour affecting the cable-stayed bridpe.
Five scourl depths were assutmed. When the scour depth reached level 5, the outstanding pile length was
expected {o be approximately 50 m. In the case where substantial scour occurred and the design seisimic
ground mption with acreturn period of 2500 years (Table12 and Figure 89) acted on the bridge, the
foundations would reguired a size larger than currently planned unless certain degree of damage to the
foundations was allowed. The probability of the seismic ground motion with a return period of 2500 years gnd
the maximum secour expected to affect the cable-stayed bridge occurring at the same time was assumed to|be
extremely Jow“The probability of scour was considered higher than the probability of spontaneous phenomegna
such as egrthquakes for the bridge over the Yangtze River, a large river. The effects of scour was therefpre
taken into consideration in the assessment of seismic performance of foundations.(515A)

The seismic loads to be used for assessing the seismic performance of foundations were determined focusing
on the lateral force and bending moment acting on the lateral spring and rotational spring on the bottom
surface of the footing of the sway-rocking model of the entire bridge system (Figure 92).(911A,911C) Seismic

performance was assessed under two seismic loads: one composed of lateral forceHeq(tgax), bending
moment M, (th,) and vertical force N(1/7,,) at the time when the lateral force was highestrr,, , and the
other composed of lateral force (tnj‘fax) , bending moment M, (tnj‘fax) and vertical force N(tr]‘,ﬂlx)at the time

when the moment was highests, _.(711A,711B,712A,911A)

max *
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A pushover analysis was made using an analysis model ! that took the nonlinear properties of piles and
surrounding ground into consideration (Figure 93).(713A,811B)For the nonlinear property of the composite
structure to a depth of 55 m below the pile head, allowance for steel plate corrosion was considered, and
flexural strength was reduced to 80% of strength at the time of complete bond between the steel plate and
cast-in-place pile because the steel plate and pile were not fully bonded to each other. The method for
assessing the seismic performance of foundations has been found to be able to reproduce the damage to pile
foundations during the 1995 Hyogoken-Nambu Earthtiuake and the results of tests using large foundation
models under loading that caused great d|splacements

The foundations were designed so that the damage caused by selsmlc ground motlon with a return perlod of

2500 year vhen
lateral disy Iacements or angle of rotatlon suddenly starts mcreasmg on the top surface of foundatlon (bottm

the axial rg¢inforcement yield in the pile foundation or 2) when the reaction of heads of a row of-piles reaches

the upper |imit of resistance to penetration. For the cable-stayed bridge with composite foundations with cgst-
in-place piles wrapped with steel plates, the yielding of the pile was defined not as the yielding of extemnal
steel plate§ but as the yielding of axial reinforcement in the internal cast-in-place piles.(514A,514B,514C)
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Figure 93 — Analytical model of the pile foundation system
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Figure 94 shows the load-displacement relationship for foundations obtained by a pushover analysis at the
position of pile P4, and the comparison between lateral force and bending moment acting on the foundation
obtained by a dynamic analysis of the entire bridge. The figure shows the relationship between the lateral
force and displacement at the time when the lateral force was greatest, and the relationship between bending
moment and angel of rotation at the time when the bending moment was greatest. Shown are the results
without scour around foundations, and at scour levels 2 and 5 when seismic ground motion with a return
period of 2500 years was applied longitudinally. External steel plates and axial reinforcement in the internal
cast-in-place piles yielded at scour level 2. Yielding, however, occurred not in all the piles at the position of
pylon P4. Only the piles in the outermost row yielded. The pile foundation as a whole did not yield. It is clear
that there remained adequate allowance for the ultimate state of piles.
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A s the cable-

oft layer of sediment deposited above the engineered bedrock surface at the site of erection off

sta
be
str

yed bridge. The effects of displacements of the ground during an earthquake on pile foundation
disregarded.“Inthis study, attention was paid to the damage to piles subject both to the inertia fg
ictures abeve the bottom surface of footing and to the maximum response displacements of s

grg

und during an earthquake. (Figure 95 should be cited; added by the editor.) (811b, 812a)
pares~the bending moment distribution and flexural strength of a pile subject to the greate

5 could not
rces of the
urrounding
Figure 96
5t damage

urrounding
gl structures
above the bottom surface of footlng were predomlnant near the p|Ie head Plles ylelded in some areas in the
ground due to displacement. In the areas, the hardness of the ground (elastic S-wave velocity) varied and the
relative displacement of ground in the upper and lower layers increased. Damage to some piles in the section
below the ground level causing yielding had no effects on the seismic performance of foundations. There
remained adequate allowance for the ultimate state of the pile, so such damage was allowed in seismic
design.

As a result of assessment of the seismic performance of foundations, it was confirmed that the foundations at
the positions of pylons could meet the seismic performance requirements against seismic ground motion with
a return period of 2500 years.
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5.1.4 Earth fill dam

5.1.4.1 Purpose and functions

Fill dams have been until now designed on the basis of specifications in Japan. Dam body materials, structural
calculation method, and detailed construction process are specified in design standards and relevant
documents. In the current design specifications, intense earthquake ground motions which rarely occur, such
as those recorded during the 1995 Hyogo-ken Nanbu Earthquake, are even taken into account in dam design.
Since this earthquake, the concept of performance-based design has been introduced as a kind of
requirement in Japan. The shift of design philosophy from conventional specification-based design to
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performance-based design for earth structures such as levee embankments, road embankments and etc. in
Japan.

Because a fill dam is a water storage structure, the expected performance of the fill dam is to ensure that
water stored by the dam does not flow over the dam body nor breach it during an earthquake. These overflow
or breach may cause severe damage to dam’s downstream area. Thus, settlement at the crest of a fill dam
during an earthquake must not be exceeded a performance criterion. To ensure this required performance in
design, it is essential to apply an analysis method which can accurately evaluate the possible settlement.
(511A, 512a, 512b)

igh concept,
elationship
h Institute
settlement

ecorded at
,] maximum
afety of fill

5.1.4.2 Performance objectives for seismic design

The relationship between the degree of remaining functions aftér an earthquake and the degree pf damage
differs case by case depending on specifications of structuresXThus it is difficult to clarify the relgtionship in
geheral. The safety of earth structures has been conventionally evaluated by an ultimate equilibriym method
for| the ultimate limit state. However, it is impossible to,evaluate the degree of damage by a sgfety factor
calculated by the conventional method for Level 2 Earthquake Ground Motions, which has to be considered in
design.

In the conventional method, when a factor of safety is smaller than 1.0, an embankment is judged to be in a
failure or a kind of instability. On the other hand, when a factor of safety is greater than 1.0, the emibankment
is judged to be safe. In reality, even if a factor of safety is smaller than 1.0, it would not necessarily mean an
immediate failure. Therefore it is necessary to clarify that by what degree it can be judged as safe or not in
terms of the quantity of anticipated displacement.

In the case of a fill dam, to(Keep its function as a water storage structure, the settlement relgted to the
redervoir water level is partiCularly important. To estimate displacement of the dam for ensuring its gafety, it is
negessary to perform a detailed analysis, for example a FE analysis. If accurate residual displacements can
belanalyzed, the detefmination of a performance criterion, “to what degree of residual displacement can be
allpwed”, is important:;The performance criterion is determined in correspondence with an earthquake ground
mgtion for design,(512A)

The settlement of crest is considered to be an index of the performance required to the water storage
strpcture.“‘Considering the perspective of the functions of the dam, the settlement must be kept within a range
thgt permits the maintenance of its function for water storage against Level 2 Earthquake Ground Motions.
Sejsmic deS|gn that stipulates performance crlterla for a fill dam |s started by determlnmg the ¢arthquake
gro ge will not
harm the predetermined functions. (51 3A)

If the function of a fill dam is to maintain stored water safely, the minimum requirements are that the elevation
of the crest after an earthquake is not lower than the level of reservoir water surface. In other words, the
settlement is within the allowed height of the embankment that is defined by the reservoir water level. The
stored water must not overflow the crest of the dam in order to maintain the minimum required water storage
function, and it may be limited to the range of the allowed height of the dam plus the height of the waves
caused by the earthquake. Equations for allowed height are generally set in design standards for dam. A
numerical value obtained by such an equation is the performance criteria defined as an allowable settlement,
and regardless of the dam height, a minimum of 1.0 m is ensured. Note it has been reported that if large
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deformation occurs (Seed, 1979), cracking, sliding, piping or other damage and alteration may occur at
various locations. (514A)

According to the Technical Note by the Public Works Research Institute (2005), for the cases that slippage is
not predicted on a downstream slope, there must be no possibility of piping failure. In fact, there have been
almost no reports of damage to fill dams in which the settlement exceeds 0.5 m, except the cases with
foundation ground liquefaction. Considering the fact, the PWRI sets the performance criterion approximately
1.0 m regardless of dam height, as a safer side judgment. Note that the criterion value was set approximately
1.0 m as the sum of 0.5 m corresponding to a confirmed value as safe settlement in actually damaged dams
and 0.5 m corresponding to a considerable analysis error. (514A, 514B, 514C)

The followings are the general performance objective for a fill dam in Japan.
a) Damagg shall not occur under Level 1 Earthquake Ground Motions.
b) Breachipg shall not occur under Level 2 Earthquake Ground Motions.

hall be limited to that which does not obstruct control of the stored dvater under Leve] 2

c) Damagg s
e Ground Motions (the water level can be reduced before a breach occurs).

Earthquak

d) It shall e possible to use the dam as before by performing only minor repair wark after experience of Level
2 Earthqugke Ground Motions (to maintain total reservoir functions).

The significance of the concepts, b) and c) are almost identical. Objective 'd) applies when the fill dam has|an
extremely [important role in society (cases where the dam plays an ‘extremely important role in preventing
disasters downstream from its location, or where its failure to supply-water for irrigation would have extremely
great repefcussions). In the past, this level of seismic performance was almost never demanded. (512b)

Even when the settlement is small, leaking may occur, and piping etc. causes breaching. Because it is hot
easily evaluated analytically, so far, a quantitative performance criterion cannot be incorporated. Thus, setfjng
the allowgble values for settlement or deformation,~and the design to satisfy these values is realigtic
performange-based design for a fill dam. (514A)

In the cas¢ of damage to Kawanishi Dam during-the Niigata Chuetsu Earthquake, the maximum acceleratjon
of earthqupke ground motion was 558 (cm/sz) at the foot of the dam. It can be regarded as one of Levgl 2
Earthquake Ground Motion in contrast tovearthquake ground motions recorded in the past. The displacempnt
of the cregt ranged between 20 and 40-cm. The settlement was within the allowable range, but slight surface
slippage dccurred on the upstream slope in the left of bank. However some work for repairing it neg¢ds
suspensiofn of irrigation water supply for one year, and thus the damage had given severe impact to the
society (Tani et al., 2005). ToCachieve the performance objective d) “It shall be possible to use the dam|as
before by performing only minor repair work after Level 2 Earthquake Ground Motions in order to maintgin
total reseryoir functions”, the required performance criteria should be quite small value of deformation baged
on this facl. (512b)

5.1.4.3 |Procedure for determining seismic actions

As a Level t-Earthquake Ground Motion that corresponds to the reference motion for serviceability, the latgral
seismic coefficient k;, of 0.15 is used in design for a dam in a high-seismicity region. This value is generally
used for the seismic design of fill dams in Japan. The slip surface analysis based on circular slip is usually
conducted, and the seismic performance criterion was assumed to be a slip safety factor of 1.20 or more.
(513A, 514A)

The lateral seismic coefficient ky, = 0.35 is used for Level 2 Earthquake Ground Motion, which corresponds to
the reference motion for safety. This value is given as the seismic inertial force coefficient on ground surface,
and verification of seismic performance is on the basis of the static verification method stipulated in Design
Specifications for Highway Bridges (PART V Seismic Design) (JRA, 2004).
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Safety against Level 2 Earthquake Ground Motions is also considered as the maximum settlement of the dam
body crest is smaller than 0.5 m. This value is given considering precision of the analysis as mentioned
above, and the allowable height from the full water level to the crest is 1 m in reality. (513A, 514A)

The following two kinds of motions were used as the Level 2 Earthquake Ground Motions.

1) Motions to satisfy the lower limit of acceleration response spectrum for design are shown in Figure 97 and
Table 13. The acceleration time history of one of the motions was developed in compatibility with the design
spectrum by using the phase characteristics of the NS component of a motion observed at Hachinohe site
during the 1968 Tokach| OKki Earthquake and so the time hlstory is called here as Hachinohe Wave.
Mare A < W1 sserved-in-ground on
thd Ieft bank of Kawan|sh| Dam wh|ch is a central core type f|II dam W|th a helght of 43 m in Tokammachi City,
dufing the 2004 Niigataken Chuetsu Earthquake. So this is called here Kawanishi Wave.

Acceleration (m/s)

Period (s)

Figure 97 — Lower limit of acceleration response spectrum for serviceability limit stdte

Table 13 — Verification\Use Lower Limit Response Spectrum (damping constant = 5%)

2

~

Range (of jnatural period T (s)

Acceleration response S, (gal)

002 <=T < 0.1 S, =400/0.08* (T-0.02) + 300
0.1<=T<=0.7 S, =700
0.7<T<=4 S,=700* (T /0.7 )64

A motion estimated at a hypothetical site in Sendai City (North latitude 38.4013°, East longitude [141.2117°)

was also taken into account for the design. This motion is developed by the statistical Green’s Function
Method using a fault model of the 1978 Miyagiken-Oki Earthquake shown in Figure 98, and so it is called here

Miyagi Wave.
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39
Assumed fault model based on
data from the 1978 Miyagi-ken—
Oki Earthquake (Case A1)

;@g Case AT

11st asperity

. asperity
¥ Rupture. .
initiation point

Sites where chserved waveform of 1978
Mivagi—ken-(ki Earthquake were recorded
K. Kaihokubashi:

THN: Tohoku University:

38°

141° 142°

Figure 98 — Fault model for 1978 Miyagiken-Oki Earthquake

Figure 99 |shows the acceleration time histories and acceleration response spectra of the three waves. The
Level 2 Earthquake Ground Motion was assumed as an input motion at the bottom of the ground. (61]A,
621A, 621, 623B, 631A)

Acceleration  (m /s”)

0 20 40 60 80
Time  (s) 14 BT T T S
(a) Kawanishi Wave damping constant 5.0% e Kawanishi
12 — : A —~ we= = = Hachinohe |—
| 5.0 ! |
z | |
| 30 ~ | |
~ 1
| 10 ‘ 2 0 | |
2 | |
£[-10 E 8 | w
=|-30 g |
3 ° |
<|-5.0 = |
0 20 40 60 80 % 6 :
Time  (s) E |
(b) Hachinohe Wave < 4
|
|
| 50 2 |
E| 30 |
| o : ‘ ‘ 0 L L Lo
% -1.0 0.01 0.1 1 10
5[0 Period (s)
Z|-50
0 20 40 60 80
Time  (s)
(c) Miyagi Wave (d) Acceleration response spectra

Figure 99 — Acceleration time histories for design input motions and acceleration response spectra of
the motions

5.1.4.4 Soil properties and models for detailed dynamic analysis

The section of a model dam is shown in Figure 100. The dam height is 36.5 m (depth from the dam body crest
is 36.5 m). The crest width is 7.0 m, and gradient of the slope are 1.0:3.0 on the upstream side and 1.0:2.3 on
the downstream side. The water level in design is the full reservoir level (4.0 m below the crest). Below the
dam body, a foundation with N value of 20 was there with thickness of 12.0 m, while the ground below the
foundation is a layer with shear wave velocity Vs = 1,500 m/s.
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Figure 100 — Section of model dam

Figure 101 shows sections of a dam with three options of seismic reinforcement considered in the design. The
defails of the seismically reinforced sections are shown in Table 14: in reinforcément section (3), there is
coyinterweight fill with crest width of 5.0 m, height of 34.5 m, upstream,\slope gradient of 1/0:4.0 and
downstream slope gradient of 1.0:3.3, and in reinforcement section (b), there is counterweight fil| with crest
width of 5.0 m, height of 34.5 m, upstream and downstream slope gradierits of 1.0:4.0, adding sonje flat area
with width of 15 m in midway, and in reinforcement section (c), the, top) centre of the dam body w3gs replaced

with improved soil.

:'F;“““ Counterweight Fill

Counterweight Fill

Improved Soil

4500

(c) Reinforcement Case c

Figure 101 —Sections of a dam with three options of seismic reinforcement
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Table 14 — Specifications of reinforcement sections

Reinforcement section a Reinforcement section b Reinforcement section ¢
Reinforcing method Counterweight fill Counterweight fill Improved soil
Crgst width after 17m 17m 7m
reinforcement

Upstream side slope 1.0:4.0 1.0:4.0 1.0:3.3

gradient
Dol antream side slope 10:33 10:4.0 10:23

gradient

Reinforced location Outside of existing part Outside of existing part Inside of existing-part

The matenals used as the counterweight fills in reinforcement section (a) and reinforcément section (b) gre
the same |material with that of the dam body. The improved soil in reinforcement\section (c) is cohesgive
material with low strength.

Figure 102 shows the 2-D FE model used in the detailed dynamic analysis for design. Initial stresses, which
are necespary in a nonlinear dynamic analysis, were calculated by self-weight analysis using the Mdghr-
Coulomb rhodel. Boundary conditions for the self-weight analysis adopted fixed bases and vertical rollers|on
the both sides. During a dynamic analysis using a model shown inFigure 102, a free field was assumed |for
the both sides of the region, and a viscous boundary for the both<sides of the region was assumed. Another
viscous boundary was also set at the bottom. (921A)

Point A (elevation 36.5m)

Viscous boundary
Free field

Figure 102 — 2-D FE model used in detailed dynamic analysis for design

Table 15 shows the material properties of the dam and its foundation used in the analysis. The density was
set with reference to that of existing dams. A shear wave velocity was empirically evaluated on the basis of N
value, and the N values of the dam body and core were set with reference to boring data from an existing
dam. The internal friction angle is also set with reference to data from the existing dam. The cohesion value
has a big impact on analysis results, but in this design, an empirical value was used. Rigidity was set with
reference to test data in existing dams. Note the properties for dam body material, core, and filter were
dependent on confining pressures, and assumed proportional to the square root of the confining pressure.
The Young’s modulus of the improved soil was set at 500 times the unconfined compressive strength q, of the
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improved soil. Poisson’s ratio was set at 0.41 above the seepage line and at 0.49 below the seepage line, to
be the static coefficient of earth pressure during self-weight analysis ranged from 0.5 to 0.33.

Table 15 — Material properties used in analysis

. Saturated Internal . - Young's
Material N value | Vs (m/s) density friction angle CoheS|02n _R'g'dlty 5 modulus
category (t/md) £() C (kN/m?) (s,=100 kN/m?) (kN/m?)

Dam body 8 170 1.86 32 5 53 754 -
Core 4 133 1.74 28 10 30778 -
Filter - - 217 40 0.1 203 200 S
Foundation 20 237 2.1 323 0.1 117 955 -
Foundation - 1500 22 - - 4950 000 -
ground

Improved soil - - 1.86 10 100 - 100 000

Ralyleigh damping was used in the dynamic analysis. The parameters of Rayleigh damping w
damping of 2.5 % in the primary and secondary natural periods of the model (0.704 seconds
seg¢onds respectively). The constitutive equation of soil was the Mohr:€oulomb type model. In
Coulomb type model, the non-associated flow rule which considers the ‘plastic volume strain to

bre set as
and 0.363
the Mohr-
be zero is

used. Since the plastic volume strain is considered to be zero, volume change such as shaking down is not
mddelled in this analysis. And because the Mohr-Coulomb type niodel is a perfect plastic-elastic mqdel, until a

regtoring stress reach the yield surface, it displays only elasticbehaviour. After reaching the yield
displays totally plastic behaviour. The non-linear numerical analysis algorithm was the initial stiffne

surface, it
5s method.

TimMe integration was done using the Newmark-B method(y=0.5. 6=0.25): and the analysis pefformed at

intervals of 0.001 second. (922A)

5.1.4.5 Simplified equivalent static analysisSlip analysis results;

Earthquake action has been evaluated both*in-circular slip surface analysis and 2-D FE dynamic an
lat
Leyel 2 Earthquake Motions respectiyely: The lateral seismic coefficient was considered as the unif
effect to the dam body.

plysis. The

ral seismic coefficient k, = 0.15 and ki:= 0.35 were used in circular slip surface analyses for Level 1 and

brm inertial

Taple 16 is a summary of thé ‘evaluated safety factors. Figure 103 shows slip surfaces. Slip syrfaces are

foynd on the upstream sidelinjall sections. Although the slope gradients are steeper on the downst

eam sides

thgn on the upstream sides; the slip surfaces appear on the upstream sides because the shear dtrength on

the

upstream sides islower than that of the downstream sides. This is because of the reduced effegtive stress

as|a result of the bueyancy below the water level. In the k;, = 0.15 case, the slip safety factor is gfeater than
1.40. In the case‘where k;, = 0.35, under present conditions, the safety is 0.889, and less than| 1.0. Thus
sligpage is anticipated.
Table 16 — Slip safety factors during earthquakes
Safety factorduringearthquake—
(k,=0.15) (k,=0.35)
Reinforcing material Dam bgdy Improved soil Dam body material Improved soil
material

No countermeasure 1.357 - 0.889 -

Reinforcement section a 1.624 - 1.018 -

Reinforcement section b 1.634 - 1.018 -

Reinforcement section ¢ - 1.438 - 0.954
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Original Reinforcement Case a

Reinforcement Case b Reinforcement Case ¢

Figure 103 — Slip surface with minimum factor of safety during earthquakes

The safety factors of reinforced sections are higher than the safety factors )of the section with
countermeasures. Among the reinforcement sections, the safety factor of reinfofcement section (c) is
lowest. THe safety factors of reinforcement section (a) and reinforcement section (b) with reduced siq
gradients gre large. And the effect of flat area in reinforcement section/(b)-is clearly recognized. The
surface fofms a large arc passing through the dam body from the toe of the*upstream slope to the crest of
dam. But the slip surface of reinforcement section (c) is an arc that passes through the dam body from the

put
he
pe
Slip
he
oe

of the upsfream side slope to the middle of the slope, and the arc does not pass the crest. This difference is

the effect ¢f the cohesiveness of the improved soil. The same tendency is seen in k, = 0.35 cases.

5.1.4.1 etailed dynamic analysis: Results of FEM dynamic analysis;

Table 17 ghows the maximum settlement at the dam body obtained by FE dynamic analysis. The maxim
settlement| appeared near the shoulder of the downstream slope in all cases. The seismic reinforcem
effects arg highest in reinforcement section (c), where the inside of the existing dam body was replaced v
improved §oil. In this case, the maximum settlement reduced to be about 1/3 of that of the dam with
countermeasures. A comparison of reinforcement section (a) and reinforcement section (b) shows that
effect of the reinforcement is higher in\reinforcement section (b). The differences are the gentler slq
gradient o the downstream side, existerice of the flat area of 15m width, and the larger counterweight fill.

Table 17 — Maximum settlement of dam body by FE dynamic analysis

Lm
ent
ith
but
he

pe

Maximum settlement of dam body crest (m)
Earthquake wave Kawanishi Wave Hachinohe Wave Miyagi Wave
No'countermeasure 0.676 0.606 0.268
Reinforcement section a 0.507 0.433 0.146
Reinforcement section b 0.384 0.326 0.073
Reinforcement section c 0.244 0.242 0.102

The settlement by the simulated Kawanishi Wave is greater than that of the simulated Hachinohe Wave
although their acceleration response spectra are identical. It reveals the importance of the phase difference in
the analysis results. The settlement in a case using the simulated Miyagi wave is smaller than that of other
seismic waves. This is because the power near the horizontal primary natural period of 0.704 second is

smaller than that of the simulated Hachinohe Wave and the simulated Kawanishi Wave.
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Figure 104 and Figure 105 show deformation and the y,,.x contour for the case with the simulated Kawanishi
wave. In all cases, deformation is in severe condition on the upstream side, and the peak of y,,.« also appears
on the upstream side. The deformation might be caused by shear in deep parts of the dam body. In
reinforcement section (a) and reinforcement section (b), the value of ynax is high even the in the nearby of the
crest. In reinforcement section (c) where the highest effects of reinforcement were found in the FEM analysis,
the value of ymax around the crest is small because of the effects of cohesiveness of the improved soil. Around
the crest with shallow depth and low confining pressure, cohesiveness plays an important role in counting the
shear strength. Consequently, it would be regarded effective to perform reinforcement with cohesive materials
around the dam body crest. However, in seismic reinforcement section (c), the maximum shear strain was
highest around the upstream side boundary of the improved soil and the dam body material. This is a result of

v & L - GG"‘G""" G ot GaryGtue—to "6“"’ v he-stiffre imprOVed
soil and the dam body material. The dam design must be performed paying close attention to this\pgint.

Original
Displacement scale | — 1.2m

Broken line : Initial dgformation
Solid line  : Residupl deformation

Reinforcement Case b

Reinforcement Case ¢

Figure 104 — Residual deformation diagram in the case of Kawanishi Wave for an input motion
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105 — Maximum shear strain (ymax) diagrams in case of Kawanishi Wave for input motion

shows the relationship between the maximum settlement at the crest in FE analysis and the
or obtained by circular slip surface analysis. No correlation can be found. The FE analyses

Blip
for

ent sections (a) and (b) differ despite they have roughly equal slip-safety-factors. This is becadse

the slip surfaces with minimum safety factors in reinforcement sections (a) and (b) do not pass through the
entire danm body as shown in Figure 103, shear deformation’in the FE model occurs deep in the body|as
shown Figlre 104. In other words, the slip surface analysis;shows no overall shear deformation of dam body.
@) A
2_15
2% © O
<5
52 d o A
-z -§ 10 * -
Lo
S .8 W Original
% U; 05 A Reinforcement Case(D)
< @ Reinforcement Case(2) « Line symbol k,=0.15
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00 ! | * Solid symbaol k;=0.35
00 0.2 04 0.6 08
Maximum Residual Settlement of Crest
by FEM (m)

Figure

106 — Maximum shear strain (ymax) diagrams in case of Kawanishi Wave for input motion

The slip safety factor of reinforcement section (c) is smallest among the reinforcement sections, but the slip
surface with the minimum safety factor does not pass through the dam body crest. When the seismic
performance is evaluated according to the settlement of the dam body crest, it is nonsense to consider this
slip safety factor. FEM analysis considers the effects of shear deformation of the entire dam body that cannot
be represented by slip surface analysis. Because the FEM analysis assumes a continuous body, it cannot
clearly show the slip surface. The evaluations of seismic reinforcement effects vary depending on the failure
modes which can be considered by FEM analysis. The slip surface analysis is different in this way.

96
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Figure 107 shows the time histories of the horizontal response acceleration and the vertical displacement at
the centre of the dam body crest when the simulated Kawanishi wave is used. Approximately 10 seconds later
from the start, the increase of vertical displacement is observed. And it continues until approximately 45
seconds later from the start. The vertical displacement increased continuously. Figure 12 shows the
distribution in depth of the maximum values of the horizontal response acceleration, maximum shear strain
Ymax, @nd vertical displacement at the centre of the dam body. Near the crest, the horizontal response
acceleration without countermeasures is smaller than that of the reinforcement section. This is because the
acceleration cannot be transmitted easily as a consequence of strain increase and plasticization of deep parts
of the dam body. Vertical displacement also observed in deep parts of the dam body on all sections. In

reinforcement section (c), the quantity of vertical displacement near the crest where improved soil was used is
far.smaller than that of the other reinforced sections
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Flgure 107 — Time histories of horizontal acceleration and vertical displacement at crest (Ppint A) of
Model Dam in the'case of Kawanishi Wave for an input motion

As|summarized in Table 17, maximum settlement is less than 1.0 m in all case, and no counterifneasure is

negessary. However, this consideration indicates the reinforcement section (c) might be most [effective if
negessary.

5.1.5 Gravity sea wall-as coastal structure

5.1.5.1  Purpose and functions

A goastal.striiCture was proposed for construction in Hiroshima-Bay. It aims to defend the life and the property
behind, the coast from the coastal disaster such as storm surge, tidal waves, and tsunamis. Fyrthermore,
sidering the danger to the backyard city region, the above-mentioned functions of structurg shall be

In this example, a typical gravity-type sea-wall is introduced.

5.1.5.2 Performance objectives for seismic design

The design working life for the structure was 50 years. The importance degree of the area is categorized as
the highest class, due to the dense population and low elevation of the ground at the backyard. Since the
occurrence of the tsunami is the key factor for coastal protection in earthquake, the performance objectives of
the structure are defined as shown in Table 18. (512A, 512a, 512b)
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Table 18 — Performance objectives

Design earthquake Performance objectives

(The

Stability of structure is secured, and the function of
Level 1 e
coastal protection is not damaged

reference earthquake motion for serviceability) (Serviceability)

(The reference earthquake motion for safety)

The damage is not severe, and the loss of coastal
Level 2 protection function can be recovered within the
anticipated recovery period.

(Safety)

—

The reference earthquake motion for safety) protection is maintained. (Safety)

Earthquake with Tsunami The damage is limited, and the function of coastal

5.1.5.3

The conce
reference
% during

earthquak¢ motion for safety is specified as the motion with a maximum Jevel of shaking intensity, poss

occur at th

earthquak¢ motion for safety. The reference earthquake motion for saféty“considering tsunami is specified

the motion

5.1.5.4

The structdire considered inmthis example is shown in Figure 108. This is a typical type of gravity-type sea w

In case of

history of fecent earthqUake disaster, the concrete retaining wall moved toward sea, and the crest of the

settled. Cd
the most i
by the set

Reference earthquake motions

pt for the specification of the reference earthquake motions are summarized in Table 19. T
parthquake motion for serviceability is specified as the motion with a probability of exceedance of]

he
50

he life span. Therefore, the recurrence interval of the motion is about 75 years. The refere:{ce

e site in future. Note, probability of occurrence is not in considération in specifying the refere

in Tonankai-Nankai earthquake, which is anticipated to ocgur'in near future. (513A)

Table 19 — Reference earthquake motions

Reference earthquake

. Concept
motions
Level 1 75 years in recurrence interval

Maximum level of the earthquake motion possibly occur
Level 2 .
at the site

Tsunami Tonankai-Nankai earthquake

Performance criteria‘and limit states

such as N¢

bly
ce
as

all.
earthquake disaster, the possible deformation is shown schematically in Figure 109. In the case
all
nsidering\the expected function of the structure for coastal structure, the settlement at the crest is
mportant engineering parameters to be evaluated. Therefore, the performance criteria are defin

ed
ds

The reasonable determination of allowable settlement is usually very difficult. In this case, the following
equation is used.

Allowable settlement estimated by the design high tide

= | design high tide level — mean high tide level |

+ necessary height increase against the 10 year probability wave (36)

Here, the recovery of the structure assumed to be started within one month after the disaster, and the
recovery might be completed one year after the disaster. In this case, the probability to encounter the high

98
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wave beyond the 10 year probability wave height is about 10%. Thus, if the recovery can be done more
quickly, the necessary height to be increased is less, and allowable settlement will be increased. Note, the
design high tide level can be dependent on the design working life of the structure, and therefore, the
performance criteria are also dependent on the design working life. (514B)

Wall crest width

Wall crest +8.4 " [T 300

Slope top +6.4

Embankmentclest +7.4

Sea walls Back yard 5.0
HW.L. +3.76 =
Breakwaters
k. T
Mound crest +1.00
L.W.L +0.03

Reclaimed spil

Stone mound la.o

NZAZ

Figure 108 — Cross section of target structure

@Subsmence

Powa | | 3 oo SRS

=

Figure 109 — Typical deformation pattern of sea wall in earthquake disaster and seismic actions
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Table 20 — Performance criteria

Reference garthquake Performance criteria
motions
Level 1 Settlement at the crest is negligible.
Level 2 Settlement at the crest is less than allowable settlement
estimated by the design high tide.
Tsunamis Settlement at the crest is less than allowable settlement
estimated by the tsunami height.

5.1.5.5 pecific issues related to geotechnical works

The structure is constructed on the deep soft clay layer, and the ground shaking involvesithe non-lin
behaviour [of the soft layer. The mode of failure is already shown in Figure 109, and. the possibility
overtopping deformation mode is small unless the front inclination of the wall becomes~ steep. The propos
performange criteria already involve residual displacement. The soil-structure interaction is considered
seismic cogfficient determination and the FEM analysis, both described later. (515A)

5.1.5.6 rocedure for determining seismic actions

In the des|gn process, the firm ground motion is estimated at first. Then, the free field motion is comput|
The fault displacement is no necessary to be considered at the site, since there is no active fault in the vicin
Furthermofe, the deep soft clay layers below the structure dissolveithe effect of the fault movement. As
induced phenomena, the risk of ground liquefaction is evaluated. Then, the seismic action by
ground motions, and the level of ground deformation’ including the possibility of ground failurg
evaluated.| The details will be shown in the following paragraph: (520A, 650A, 650a)

5.1.5.7 [Earthquake ground motions

5.1.5.7.1 | Level 1 Earthquake Ground Motiohn

The Level 1 Earthquake Ground Motion for the site is prepared by the National Institute for Land 4
Infrastructire Management. This is a_Kind of governmental service to save the time and cost of designg
This is be¢ause the level 1 motion shall be specified by a seismic hazard analysis, and the seismic haz
analysis i§ a common process for ‘various types of structures. The time history of the motion is shown
Figure 11Q. Note, the processto-specify the Level 2 Earthquake Ground Motion is usually dependent on

par
of
ed

ed.
ity.
he
the

is

nd
rs.
ard

in
he

type of thel structure. Therefore,-the specification process is not common, and so far, no general governmental

service for|design groundsmotion specification is available. (621A, 621B, 622A)

The propdsed motionyis based on the site amplification characteristics from earthquake base to grou
surface. The site_amplification characteristics is evaluated for the seismic strong motion observation pq
around Hipshima-port, such as Hiroshima-G (Hiroshima Port and Airport Construction Office), HRS013 (K-
Hiroshima] National Research Institute for earth science and disaster prevention) and HRH13 (Kik-

nd
int
het
het

Hiroshima] National Research Institute for earth science and disaster prevention), as shown in Figure 1

11.

Note, these motions are defined at the interface between firm ground and local soil deposit, and already
reflecting the effect of the deep basin effects. And from various viewpoints such as PGA, Fourier and

response spectra, it is recognized as adequate motions without any irregularities. (623A, 623B, 645B)
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Figure 110 — Time history of Level 1 Earthquake Ground Motion
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Figure 111 — Site amplification characteristics around the site
5.1.5.7.2 Level 2 Earthquake Ground Motion

The Level 2 Earthquake Ground Motion is specified by the detailed investigation of the seismic actiyity around
thg site. Here,>an assumed Tonankai-Nankai earthquake and an assumed earthquake on Kdi fault are
spécified as\the earthquakes to specify the Level 2 Earthquake Ground Motions. The time histdries of the
mdtionsare shown in Figure 112. (621C)

Note,-these motions are also defined at the interface between firm ground and local soil deposit, and from
various viewpoints such as PGA, Fourier and response spectrum, they are recognized as adequate motions
without any irregularities. (623A, 623B)
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Figure 112 — Level 2 Earthquake Ground Motion for checking
5.1.5.8 Seismic coefficient determinations

In the subsequent design process, seismic design coefficient is a useful variable to determine the initial cross
section. The following process is used to determine the seismic coefficient. (611A)
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The Fourier spectrum at ground surface obtained from one dimensional seismic response analysis is
multiplied by the filter. It is to evaluate the seismic response effect of soil-structure system. The following filter
is used. This one dimensional seismic response analysis is a non-linear analysis. (822A, 822B)

- )

b
b

of

0<f£<1.0
1.0< f

a(f)= (37)

£-1.0
1/0.34

£-1.0
1/0.34

a :[Aspectrum fitter considering the frequency characteristics of the Solt=structure system

f: frequency (Hz)

H {Height of quay wall (m)

Hpg|: Standard height of quay wall (m)

T, | Primary natural period of behind ground (s)

Ty4 : Standard primary natural period of behind ground (s)

T, | Primary natural period of ground under a quay wall (s)

T.4 : Standard primary natural period of ground under a quay.wall (s)

i : Imaginary

Fiqure 113 shows the filters. The filters are proposed for gravity-type quay wall and piers, but no feasonable

whjch did not affect the deformation of the system but increase the PGA value. Figure 114 shows

sp
Fo

fiItIr is proposed for the sea walls yet. The concept of the filter is to delete the high frequency

ctra obtained by applying the filter. The fime histories are calculated by inverse Fourier transforn
Lirier spectra.

component
he Fourier
m of these
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Figure 113 — Filter to consider the effect of frequency
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Figure 114 — Fourier spectra after filtering

In order tolevaluate the influence of duration time of ground motion, a reduction ratio is calculated by using the
time history of ground motion in Equation 3, which was derived by a regression analysis based on numerical
parametrid studies with nonlinear-2-D FE analyses.

p=0.361n(S/a,)50.29 (8

p : Reduct|on ratio

S : squaretrogt.of sum of squares of ground motion after filtering (cm/sz)

a;: Maximum acceleration after filtering (cm/s®)

Then, the adjusted maximum acceleration for calculation of seismic coefficient is given by the following
equation using the reduction ratio.

a,=p-a (39)

a. : Adjusted maximum acceleration (cm/sz)

p : Reduction ratio
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ar: Maximum acceleration after filtering (cm/s?)

Finally, the seismic coefficient is given as follows;

kMﬂJ{D

Where

-0.55
e 10.04
g

ISO/TR 12930:2014(E)

(40)

Kk
ac

g:
D,
Dy
Noj

thg
dis

: Characteristics value of seismic coefficient
Adjusted maximum acceleration (cm/sz)

Gravity acceleration (=980cm/s?)

: Allowable horizontal displacement at the crest

Standard displacement (=10cm)

te, this seismic coefficient is derived by the regression analysis based on numerical parametric sjudies, and
value is corresponding to the level of allowable displacement in horizontal. Here, the| horizontal
placement of 10 cm is used as the negligible level of deformation, and based on the empirical| relation; it

cofresponds to the 6.0 cm of deformation in vertical. The standard displacement is 10 cm, and it |s used for

the

cofresponding to the variation of tide level and type of filters:

Table 21 — Seismic coefficients for the checking

normalization of the equation. The determined seismic" coefficients are summarized in |[Table 21,

Using the filter for Gravity-type quay wall Using the filter for Pier-type quay wall
Tide LW.L H.W.L LW.L HW.L
ac (cm/s2) 49.507 46.188 79.864 74.51
D, 10.0 10.0 10.0 10.0
Knk 013 0.12 0.19 0.18

5.1

Po

.5.9 Effects of sail liquefaction

icies of countermeasures against soil liquefaction are summarized in Table 22.

Table 22 — Policies of countermeasure against soil liquefaction

Reference
earthquake Basic policy Method for assessment of liquefaction pptential
motions
If susceptibility of soil liquefaction is judged | Evaluate by grain size distribution and N value.
Level 1 to be high, ground shall be treated by | If the results are not clear, apply cyclic triaxial
adequate countermeasures. compression test.
Based on the evaluated deformation in the
Level 2 dynamic  analyses, needs of the . . .
. - : Effective stress-based dynamic analysis
(Tsunami) countermeasure against the soil liquefaction

shall be discussed.
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Evaluation of the susceptibility of liquefaction against Level 1 Earthquake Ground Motion is carried out for
each layer by the method of grain size distribution and N values, as shown in Table 23. The results indicate
that the susceptibility of liquefaction at the site is very low. Therefore, the risk of differential settlement is also
very low. Note, in this method, the earthquake motion at the ground surface and within subsoil is adequately
considered. (631A, 631B, 823A)

Table 23 — Results of evaluation of liquefaction

& %)
£ o )
Z 2 =
é w —_
= o @
E | 8 e 2 s | By
c 3 s % I "‘% g )
g | g |5]2|3g |32 S| EE| enpEs
3 o | B 2 3 | 2| ¢z | 2 ol =1 82 1.8 T 3
%] pd w = = z 6= z it z S = < w.E
Backfill 1 5.00 2.00 18.00 12.30 14 22 1.20 45.73 \Y
above|the 3.00
18.0 9
water 3.00
level 2 197 1.73 51.57 9.79 14 18 3740 45.23 \Y
1.27
3 073 2.00 77.14 8.35 14 15 5.70 50.69 v
Backlfill '0'73
underjthe |, | - 200 [ 180 9 97.14 | 7.41 1% 7 13 7.30 51.55 v
water -2.73
level 273
5 420 1.47 114.49 6.70 14 12 8.90 53.33 \Y
. -4.20
Sil 6 6.50 2.30 | 18.0 7 133.34 4745 25 9 11.00 56.59 11
. -6.50
Silty shnd 7 850 2.00 | 18.0 5 15484 2.41 40 5 12.80 56.71 1]
-8.50
8 -10.50 2.00 170.84 90 12.90 51.80
-10.50
9 12,50 2.00 182.84 90 12.70 47.65
-12.50
10 14.50 2.00 194.84 90 12.50 44.01
-14.50
11 -16.50 2.00 206.84 90 11.00 36.48
. -16.50
Clayey silt | 12 1650 2.00 | 16.0 218.84 90 11.20 35.11
-18.50
13 190.50 2.00 230.84 90 11.90 35.57
-20.50
14 2250 2.00 242.84 90 13.30 37.57
e -22.50 o s =
1o _2450 £Z.UU £O4.04 IuU 4.4V ofl.0Y
-24.50
16 25,50 1.00 263.84 90 14.80 38.48
17 -25.50 2.00 276.84 2.66 40 5 19.40 48.07 v
. -27.50
Silty sand 5750 20.0 9
18 -30.00 2.50 299.34 2.32 40 5 27.70 63.48 1l
I: Liquefiable
[I: High probability of Liquefaction
lll: Low probability of liquefaction
IV: Non-liquefaction
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.5.10 Spatial variation

Spatial variation along the coastal line should be considered as usual design practice. However, parts of the
structures are not firmly connected along the line, and the thickness of walls will work well to prevent the
inundation of waves even when a certain level of irregularity of displacement occurred. Therefore, in this case,
no spatial variation in ground motion and geotechnical conditions is considered (641A, 641B, 641C, 645A)

5.1

.5.11 Procedure for specifying seismic actions

In this example, the seismic performance against Level 1 Earthquake Ground Motion is conducted by the

si
is
meg

conducted by the detailed dynamic analysis. After the selection of the type of analysis, mod
thod are adequately selected, and the specification of performance criteria parameters_and ggq

characterization are follows. In this example, the type of analysis is chosen mainly by the level of

an

In
82

5.1

Stg
sei

wh
Wiy
Py
Ps

PU(

j non-linearity (711A, 711B, 712A)

his example, there is no detailed equivalent static analysis and simplified dynamic”analysis. (82
1C)

.5.11.1 Simplified equivalent static analysis

bility against sliding type deformation, over-turning, insufficient bearing capacity are examir
smic coefficient method. For example, the stability against the slide is checked by the following e

fd(Wd +B, Py +Pud)27a(PHd + B+ P+ Py +Pm1)

ere f, : friction factor between the basement of wall and’foundation
: Weight of materials that composes wall (kN/ry)

: Sum of vertical earth pressure which acts.on the wall (kN/m)

: Buoyancy which acts on the wall{(KN/m)

: Reduction of buoyancy whenithe tide is on the ebb (kN/m) (only during the ebb tide)

P4y : Sum of the horizontal éarth pressure which acts on the wall (kN/m)

Pu
Py
Pr

Pnc

: Sum of the residuahwater pressure which acts on the wall (kN/m)
4 - Sum of thesdyhamic water pressure which acts on the wall (kN/m) (only during the earthquak
: Inertia force which acts on the wall (kN/m) (only during the earthquake)

: SA4m of negative wave force which acts on the wall during the ebb (kN/m) (only during the ebb

nd Motion
el and the
otechnical
complexity

1A, 821B,

ed by the
fuation;

(41)

A\
~

tide)

Ya -

Structural analysis factor

The followings are example calculations for the cross section shown in Figure 108.

In the Level 1 Earthquake Ground Motion at L.W.L.
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f,W,+P,—P,, +P,)=0.600x(251.787 —5.941 - 6.898)=143.369 kN /m*

Vol + Py + Pprg + Py + Py )=1.000x (61.695 +0.376 +0.000 + 47.840)=109.911 kN /m’

left side /r

ight side=1.30421.0 O.K.

In the Level 1 Earthquake Ground Motion at H.W.L.

£,

+P,—P,, +P,)=0.600x(251.787 —6.077 — 54.288) = 114.853 kN /m*

711 (PH
left side / 1]

The stabili
aW,

Where W

|+ Py + Py + Py + Py )=1.000x (58.063+0.000 +8.078 + 45.322) = 111.463 kN /m’

ghtside =1.03021.0 O.K

y against the over-turning is checked by the following equation;

T0Psy + Py +dby, ZJ’a(ePHd B+ kEy, + 1Py +mPnd) (

Weight of materials that composes wall (kN/m)

Distanc

Q

b : Distan

¢ : Distan

d : Distan

e : Distan

h : Distan

k : Distan

| : Distanc

m : Distan

The forces
109.

The follow

from the line of action of weight of wall to the toe of wall (m)

from the line of action of buoyancy to the toe of wall (m)

from the line of action of sum of the vertical earth pressure to the toe of wall (m)

from the line of action of the reduce of buoyancy to the toe of wall (m)

from the line of action of sum of the horiZontal earth pressure to the bottom of wall (m)
from the line of action of sum of the\residual water pressure to the bottom of wall (m)
from the line of action of suntof the dynamic water pressure to the bottom of wall (m)
from the line of action of’inettia forces to the bottom of wall (m)

ce from the line of aétion of sum of negative water forces to the bottom of wall (m)

and the distances dealt with in Equation 41 and Equation 42 are schematically shown in Fig

ngs are;example calculations for the cross section shown in Figure 108.

In the Levefl FEarthquake Ground Motion at L.W.L.

12)

ire

M, + My, — My, =760.873—24.204—8.623 =728.046 kN /m-m

V(M ppg + Mpy + M pyg + M py )=1.100x(121.349 +0.034 +0.000 +151.315) = 299.968 kN /m-m

left side / right side =2.427>1.0 O.K

In the Level 1 Earthquake Ground Motion at H.W.L.

108
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M, , +Mpy, —Mpg, =760.873-24.296-106.409 = 630.168 kN /m-m

VoM pygy + M g + M pyg + M py ) =1.100% (117.647 +0.000 +8.918 +143.351) = 296.908 kN /m-m

left side / right side =2.122>21.0 O.K.

The bearing capacity is also checked; however, due to the limitation of pages, the detail is not described here.
As a conclusion, the model design satisfies the performance criteria for reference earthquake motion for
serviceability

appropriate for the verification of serviceability. The geotechnical and material studies are "ear

de
im
(81
an

5.1

Th
FE

NoFe, the analysis is carried out by common seismic coefficient method, and this method.id

regarded
ied out to

ermine appropriate parameters such as dynamic earth pressures. Response contrel apd ground

brovement are no necessary in this case. (713A, 715A, 715B) There is no superstructure {0 be g
1A, 811B, 811a, 811b) Non-linear behaviour of soils is considered in the estimation, of seismic
| there is no large relative displacement. (812A, 813A)

.5.11.2 Detailed dynamic analysis

b seismic performance against Level 2 Earthquake Ground Motion is‘evaluated by effective st
analysis. In this example, there is no major superstructure. Therefore, there is no major differe

sinpplified dynamic analysis. (911A, 911B, 921A)

An
effi
ea
stu

Md
dis

Du
reg

Fo

blysis code “FLIP” (lai et al, 19xx) is used here, considering/the non-linear behaviour of soil in
bet of liquefaction. Seismic motions for an assumed Koi fault earthquake and an assumed Tonan
thquake are used as input motions. These motions are-given as firm ground motions, by a s
dy. (911C, 912A, 912B, 921B, 921C, 921D, 922A)

del for numerical analysis is shown in Figure~115. Since the soil layer is uniform, no ma|
placements are expected. (913A)

e to the restriction of pages, parameterlidéentification for the analysis is not described here. The
ults of the dynamic analysis are summarized in Table 24 and Figure 116.

- Koi fault earthquake, the allowable settlement is as follows.
Allowable settlement
=|design high tide £&4méan high tide|
+ necessary height increase against the 10 years probability wave
=|C.D.L~+6.06 —C.D.L+3.76|+1.0

=3.30-m

onsidered.
coefficient,

ess-based
hce from a

Cluding the
kai-Nankai
te-specific

or relative

computed

Th

b estimate settlement is 0.7m, and it is less than the allowable settlement

For the Tonankai-Nankai earthquake, it is necessary that the elevation of the crest should be higher than the
wave height of Tsunami. The estimated Tsunami height in this area is +0.6 m beyond the H.W.L. The height
of the model wall crest is C.D.L. +8.04 m, and the HW.L is C.D.L. +4.64 m. Thus the allowable settlement is

as

follows;
Allowable settlement
=8.04-4.64-0.6

=2.8 m.
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The estimate settlement is 0.43 m, and it is less than the allowable settlement.

As a conclusion, the model design satisfies the performance criteria for reference earthquake motion for
safety.

E+001

Figure 115 — FE Model for numerical analysis

Table 24 — Results of numerical analysis

Earthquake Horizontal-displacement (m) Vertical settlement (m)
Koi fault earthquake 1.36 0.70
onankai-Nankai earthquake 0.53 0.43

HH
.nll
aal
m‘\l\\l\“’l\l L1
HERRETEL] BEREEI

(a) Residual deformation in Koi Fault earthquake
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Time:170.000
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5.2.
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Demonstrations evaluating and designing for ground displacement effects

1

1.1

s example shows the seismic design-procedure of an average railway bridge pier which was

(b) Residual deformation in Tonankai-Nankai earthquake

Figure 116 — Residual deformation

Pile foundations of railway bridges

Outline of railway bridge pier

designed

5ed on The Design Standards, for Railway Structures and Commentary - Seismic Desigp (Railway

chnical Research Institute, 1999).° This design standard has been issued in December 1999 an
is abbreviated as Seismic Design-Standard of Railway Structure or simply Railway Standard.

b bridge pier is composed of an overhanging reinforced concrete column of rectangular cro
ch is supported by, @-foundation of nine 1200-mm-diameter cast-in-place concrete piles (Figure
jge is designed and constructed for the Japanese high-speed bullet train which is called “Sh

1A)

1 hereafter

bS  section,
117). The
inkansen”.

© I1SO 2014 — All rights reserved

111


https://standardsiso.com/api/?name=401184f4006b7a0c6959d4ebd88942a9

ISO/TR 12930:2014(E)

e

ey

1
uga‘ =
— o N B
e == S~ T | o N
21 i _ 8
- 8} ‘ L .
400 1500 1400 B - i =
'7300 i ‘ | ‘—.ﬂ&‘,iqgok, N 13,§p
o
- s 8‘ | 6700 | 3
i I B ® I={R=}
N 3,2,5()*1300 3250 | 8| g3
| 3150 3150 | ‘ ©
[ TV DLO | 2000 2000
i1 H <
17 =L 7 —
ol [ B )
== o
g% L '8
a3 Y EIRS]
. S— [a N

The soil pfofiles and properties of soil layers are summarized in Fable 25. The N-value (Nso) and the sh

|

. Cast-in-place
concrete piles
L=

19.0 m, Dia.=1.0 m

(a) Longitudinal direction

U

3000 1000

1 3000

) 8000

SCUC |

(b) Transverse direction

Figure 117 — Reinforced concrete bridge pier (Unit: mmwhen no unit shown)

ear

velocity V9 have been given on the basis of the results obtainedby in-situ tests. The dynamic properties, sfich

as strain-dependencies of shear modulus and hysteretic damping, have been defined by cyclic loading tri-a

tests. (641C)

Table 25 —Soil properties

Depth (m) Soil Vs (m/s) £ (tm%) Nso
26 Sand 146 1.8 10
76 Sand 167 1.8 15
-13.6 Clay 135 15 4
-18.0 Clay 183 1.6 10
190 Sand 251 2.0 50

5.2.1.2 [Seismicperformance requirements

5.2.1.2.1 | Importance of structure

ial

The importance of a structure is defined with regard to the operating speed and number of trains and the
difficulty of recovery in an event damaging to the structure. According to Railway Standard, structures are
classified to be the important structures as follows: a) structures for the “Shinkansen” railway network and
metropolitan passenger railway networks, and b) cut-and-cover tunnels with difficulties of recovery in an

occurrence of structural damage.

According to the classification rule shown in Table 26, the focused bridge pier was classified to “important

structure”.

112

© ISO 2014 — All rights reserved


https://standardsiso.com/api/?name=401184f4006b7a0c6959d4ebd88942a9

ISO/TR 12930:2014(E)

Table 26 — Classification of importance of bridges (Railway Standard, 1999)

Importance Class Definitions

and metropolitan passenger railway networks.
Important structures

of structural damage.

Structures for the Shin-kansen (high-speed-train) railway network

Cut-and-cover tunnels with difficulties of recovery in an occurrence

Other structures Bridges except important structures

5.2.

As

1.2.2 Seismic performance requirements

shown in Figure 118, the seismic performance of a structure is related to the difficulty of r

anficipated damage to it after an earthquake. For a relationship between reference-éarthquake m

an
Ea
Gr
51

] expected seismic performance (Table 27), the Seismic Performance | is_dpplied to th
rthquake Ground Motion for design. The Seismic Performance Il is applied-to the Level-2 H
pund Motion for the important structures, and Seismic Performance Il is applied to other structu

Ph), (512A)

Seismic Performance of Structures Damage Levels of Members

Seismic Performance I: Damdge I¢vel 1: No damage
Function of structure is retained without Damage level 2: Damage that may require
conducting repair after an earthquake, and repair depending on
no excessive displacement occurs. situation.

Seismic Performance II: Damage level 3: Damage requiring repair.
Repair may be required after an Damage level 4: Damage requiring repair and
carthquake, but function of structure can be replacement of members
restored within a short period. depending on situation.

Seismic Performance I1I:

The entire structure does not collapse
because of an earthquake. Stability Levels of Foundations

Damage level 1: No damage

Damage level 2: Damage requiring repair
depending on situation.

Damage level 3: Damage requiring repair and
offset remediation of
structure depending on
situation.

Figure 118 — Seismic performance of railway structures (Railway Standard, RTRI [1

Table 27 — Performance grades of railway structures (Railway Standard, 1999)

bcovery of
otion level
e Level-1
Farthquake
res. (512a,

~—

Design Earthquake Ground
Motion
Importance of structure Level-1 Level-2
Important structures Seismic Seismic
Performance | Performance Il
Seismic Seismic
Other structures Performance | Performance Il
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According to the performance grades specification shown in Table 27, the bridge pier was required to achieve
Seismic Performance | for the Level-1 Earthquake Ground Motion and Seismic Performance Il for the Level-2
EGM.

5.2.1.2.3 Performance criteria and limit states

The seismic performance of a structure depends on both the degrees of damage to component members of
the structure and the degree of stability of its foundation. The damage degree of each member has to be set in
consideration of its role during an earthquake. As the stability of a foundation relates to the deformation of a
structure, both bearing capacity and displacement are necessary to be taken into account.

The envelppe curve of bending moment-curvature relation in a reinforced concrete member is expressed|as
shown in figure 119. In Figure 119, the damage level 1 is set within the curvature to make the longitudipal
reinforcement steel yield (point B); the damage level 2 is set within the curvature at maximum capacity (p@int
C); the damage level 3 is set within the curvature at which the yield capacity can be sustained{peint D); and
the damage level 4 is set for the curvature beyond the point D. (514A, 514B, 514C)

For the deformation of bridge is strongly affected by the stability level of foundation,/the stability level of
foundation| should by set based on bearing capacity and displacement. Figure 120 ‘illustrates the relatjon
between the stability level and load-displacement curve of the foundation. The stability levels of foundation are
defined in [Table 30. (514A, 514B, 514C)

Table 29 summarizes the relations between the seismic performance of bridge pier and the limit values [for
member damage levels and foundation stability levels.

Moment
A Approximately
maximum. load’sustained
Yield of longitudinal ) )
reinforcement : G Yield load sustained

Occurrence of
cracking

0
1
'
»
PR R Al = L
v
i
1
'
1
1
I

Modeled load-displacement curve

I
'
! H
Actual load-displacement curve H
— .

13

I

t

P Curvature

Figure 119 — Envelope curve of moment-curvature relation of reinforced concrete members

P .
VA Level 1 Level 2 Level 3
. j[e—>= >4

- Py: yield bearing capacity
C Iim: maximum bearing capacity
oy yield displacement
Om: displacement corresponding
to P,
d,: ultimate displacement

Pm
Py

Su ’5

Figure 120 — Load-displacement curve and stability levels of foundation
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Table 28 — Stability level of foundation

Stability Level of Foundation

Stability Level 1 In principle, the load acting on a foundation is smaller than the yielding
point of bearing capacity of the foundation, and large displacement
does not occur. In addition, the resultant forces in component members

of the foundation do not exceed the yielding point of bearing capacity.

Underground supporting members may partially or totally yield but
maintain a sufficient bearing capacity. In addition, harmful residual
displacement potentially reducing the function of structure after an
earthquake does not take place.

Stability Level 2

Stability Level 3 The structure retains the bearing capacity required to prevent\its

collapse due to failure of the underground supporting members.

Table 29 — Relations among seismic performance of bridges, damage level of members and stability
level of foundations (Railway Standard, 1999)

5.2.

Th
ea
se

Th
a
ge
(63

>

5.2.

Seismic Seismic Seismic
Performance | Performance Il Performance Il
Damage level of member 1 3 3
Stability level of foundation 1 2 3

3A)

1.3.1

1.3 Reference earthquake ground motions

*Of the member damage levels, bearing damage level is in‘ascordance with “7.11 Bearings.”

e Railway Standard prescribes the Level-0“and Level-2 Earthquake Ground Motions as
thquake ground motions for design. The)Level-1 EGM is set as a reference earthquake
viceability, and the Level-2 EGM is set.as that for safety. (513A)

bse Level-1 and Level-2 EGMs are_provided at a firm ground (so-called engineering base for inf
 their properties are represented-by acceleration response spectra and time histories. The firmp ground is
nerally set to be the upper-boundary of a layer whose shear wave velocity is greater than 4

reference
motion for

ut motion)

00 m/sec.

Level-1 Earthquake Ground Motion

The intensity of Level-1 EGM is determined as expected value of earthquake ground motion with a return
period of 50 years based on an earthquake risk analysis. (621A, 621B)

5.4.1.3.2 Level-2 Earthquake Ground Motions

Eafthquakes occurred in and around Japanese archipelago are classified to intra-plate and inter-glate types.
The Railway Standard prescribes a principle to take into account both type earthquakes.

The Design Spectrum | is specified in consideration of inter-plate seismic activities involving magnitude 8
class earthquakes. The Design Spectrum Il is prescribed with consideration of anticipated intra-plate
earthquakes beneath a structure in interest. Figure 121 shows the Design Spectrum | and Spectrum I
according to the Railway Standard. These Design Spectra were developed as response spectra with a non-
exceedance probability of 90% on the basis of a statistical analysis using a huge dataset of past earthquake
ground motions recorded on firm ground. Examples of acceleration time histories for design are
demonstrated in Figure 122. These are compatible with the Design Spectrum | and Spectrum II, being
synthesized with consideration of the phase characteristics of earthquake ground motion utilizing a statistical
model of group delay time based on a concept proposed by Sato et al. (2001). (621A, 621C, 622a) Reflecting
a current Japanese situation that methods to simulate strong earthquake motions on the basis of theoretical
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fault models have become popular in civil engineering field, the design spectrum considering theory of fault
mechanism is specified as the Design Spectrum lll. The Design Spectrum Ill may be used instead of the

Spectrum 1.

A flowchart to determine the Level-2 Earthquake Ground Motion is shown in Figure 123. In this example, it
was unknown whether active faults exist near the bridge. The construction site locates in an area with high
possibility of existence of active faults but detection of possible faults is not easy because of thick Holocene
deposits. The site is, therefore, classified as the area with high uncertainty of faults existence. Following the
flowchart shown in Figure 123, the Design Spectrum |l was adopted as the Level-2 Earthquake Ground

Motion. (622A)

o
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Figure 121 — Acceleration response spectrum of .the Design Spectra | and Il
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Figure 122 — Acceleration time histories compatible with the Design Spectra | and Il
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| Investigate active faults and judgment |

No /M Unknown

exist?

Yes
< >
v Yes * }
Determine local Computation of fault Determination,of lpcal
seismic risk factor carthquake motion distribution seismic kisk factpr

A

v Y
Modification O_f Spectrum I by risk Determination of Spectrum Attenuation of Spectrum Modification of Spectfum II by
factor (Modified Spectrum I) 11 from fault model II by distance risk factor

v

omparison with modified
Spectrum I

| Design Spectrum on bedrock |

v

| Creation of artificial wave. |

Figure 123 — Flowchart to determine the Level-2 Earthquake Ground Motion (Railway Standard, 1999)

5.2.1.4 Site response analysis and assessment of liquefaction potential

The reference earthquake ground motions at the ground surface and at a reference depth of grpund were
obfained by a one-dimensional site-specific dynamic response analysis using model propertie§ shown in
Taple 25. The dynamic analysis is a total stress approach, because the potential of liquefaction in|this site is
te low. (631A, 631B({631C)

o]
c

The soil column was divided into multiple layers for calculation and was modelled as a column cqnsisting of
lumped masses connected with non-linear shear springs. Nonlinear stress-strain properties of soil layers were

soil responses along the depth including (a) maX|mum response acceleratlon (b) maximum soil displacement
relative to the firm ground, and (c) maximum shear strain. Relationships of response shear stress and shear
strain in two different depths are shown in Figure 127. Non-linear responses remarkably appear at the
boundary between the third and the fourth layers, so that soil deformation largely increases at this depth as a
result. (623B)

Note Description about the check for the Level-1 Earthquake Ground Motion is omitted here due to page
limitation.
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Figure 124 — Acceleration response spectra at ground surface
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Figure 125 — Acceleration time history at ground surface
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Figure 126 — Distributions of soil responses: maximum response acceleration, maximum soil
displacement relative to firm ground, and maximum shear strain along the depth
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Figure 127 — Relations between response shear stress and shear strain-at two different depths

5.4.1.5 Procedure for specifying seismic actions on piles

The seismic response of a pile-foundation embedded in a soft ground is affected by both kinematic and inertial
intgractions among a superstructure, a foundation and surrounding_soils. In order to evaluate resultant forces
su¢h as bending moment and shear force in piles, effects of these two types of interactions should be taken
intp account. Seismic Deformation Method, a simplified equivalent static analysis of applying spismic soil
deformations to piles through imaginary interaction springs €ennecting piles with a soil column, wags used in
order to evaluate such effects in this example. Figure 128 schematically shows the model of analypis used in
thg design. (711B, 712A)

Lateral load (Inertial force)

—

Ground displacement
relative to the toe'of
the pile

Moment

Beam elements

curvature
Soil springs
-Lateral springs
+Vertical shear spring
-Vertical spring at pile toe
Load A
>

Deformation
— 71

A 4

Figure 128 — Calculating model for Seismic Deformation Method
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5.2.1.6 Simplified equivalent static analysis - Seismic Deformation Method

5.2.1.6.1 Seismic actions on piles
(1) Equivalent static inertia force

In the Seismic Deformation Method, a seismic action on a foundation induced by the inertial interaction
between the superstructure and the foundation-soil system can be modelled as an equivalent static inertia
force of the superstructure. This action is specified on the basis of the strength demand spectra provided by
Railway Standard, which were developed in a set of nonlinear response spectra. The procedure to compute
the equivglent static inertia force of the superstructure using the strength demand spectra is mentioned|as
follows: (711A, 713A)

a) Calculate a set of strength demand spectra for seismic ground motion at ground surface (see-Figure 1R5)
obtained frlom a site response analysis. Figure 129 shows a set of strength demand spectra.

L] L] L] l LI Il L] L] L]
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2 Ductility=1
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I 0.5
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=

01 1 1 ' B | 1 1
0.1 0.5 1 5
Period(sec)

Figure 129 — Strength demand spectra

b) Obtain the value of yielding seismic coefficient Ky, using a push over analysis on the superstructure.
c) Obtain the value of equivalent naturakperiod of the superstructure.

d) Obtain the point of intersection-of the horizontal line of constant value of yielding seismic coefficient
obtained i Step b) and the vertical line of constant value of equivalent natural period obtained in Step|c).
Then, detgrmine a demand yield seismic coefficient spectrum diagram crossing the obtained intersection|by

interpolatign, and accordingly“determine a ductility factor u at the same time.

e) Calculate a peakresponse displacement using an equation of u x 8, where 3, is a yielding displacement.

f)  Obtain the'\seismic coefficient corresponding to the peak response displacement calculated in fhe
previous sfep.in the load-displace
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Figure 130 — Lateral load-displacement curve of bridge pier (for transverse direction)
(2)| Equivalent static soil deformation
The action on piles induced by a kinematic interaction between piles and soils can be mode]led as an
eqyivalent static soil displacement relative to the bottom of the piless This action can be specified op the basis
of B maximum soil displacement distribution obtained as the response of a soil column shown in Figure 126.
(7T11A)

(3)] Combination of equivalent inertial force and equiyvalent static soil displacement
MdJch attention, however, should be paid to combine the inertial force of superstructure and the soil
displacement. It is because that the maximum aceeleration response of the superstructure and thg maximum
displacement response of the soils do not always appear at the same time. (811b)
In general, the characteristics of the soil-pile-structure interaction strongly depend on the relationsh|p between
thg natural periods of structure T, and-soil deposit T,. As the result, phase difference between the response of
superstructure and the response of free field is generated depending upon to the relationship between their
natural periods.

The fundamental characteristics about the phase relation between inertial force and soil displacemgent can be
summarized as follows according to Murono and Nishimura (2000);

a) [ When T<T, theSoil displacement and the inertia force act on the foundation with nearly same phase.
b) | When T,=Fs"the actions of inertia force and soil displacement deviate nearly 90 degree with eafch other.

c) | When\Tg>Ts, the soil displacement and the inertia force act on a foundation with nearly inverse phase.

During an earthquake, a phase relation between the inertial force and the soil displacement may become
more complicated. The combination of two kinds of seismic actions due to inertial and kinematic interactions
with a phase difference can be expressed in a generalized equation as follows:

R, =pxR,+yxR, (43)

,where R; is the seismic action to be considered in design; R, is the inertial force based on the maximum
response of the superstructure (see Section 6.1(1) and Figure 130) and Ry is the soil displacement based on
the maximum displacement distribution of the free field response (see Figure 126), respectively. The
coefficients B and y are the parameters to combine R, and R,;. The combination of B and y changes step by
step during an earthquake. In the seismic design process, the most critical combination for the resultant forces
in piles should be considered as follows;
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Combination A: at the instance that the effects of the inertial force are dominant

R, =1.0xR, +yxR, (44)
Combination B: at the instance that the effects of the soil deformation are dominant

Rt:ﬂxRa+1.0ng (45)

The Combination A expresses the situation that the influence of the inertial force becomes largest and the

b' t' n Ll Y ' il ot anfl £ 4l W alaf, ' | L 4
combDinatignoexXpressesthe-stitaton tnatranmiaenceorne-Ssotderormattonoecomestargest:

Because the phase difference between the inertial and kinemaic interactions strongly depends on the,perjod
ratio o = Q/Tg, as mentioned earlier, the coefficients g and y also vary with o. When. T«&T,, fhe

coefficients S and y are nearly equal to 1.0 because the inertial force and soil deformation act on a
foundation| in the same phase. The coefficients g and y decrease for increasing « = TS/Tg vbecause phase

difference increases. Figure 131 shows the one of the example of combination coefficient,~which is prescriljed
in the Seigmic Design Standard (1999). Parameters used to specify the seismic actions are summarized in
Table 30. (811b)

v

Upper fimit

Lower limit

Combination coefficient

1 . | . |

1
Ratio of period Ts/Tg

Figure 131 — Combination coefficient (Railway Standard, 1999)

Table"30 — Parameters used to specify the seismic actions

Longitudinal direction Transverse direction
Yielding seismic coefficient 0.38 0.64
Response seismic coefficient
0.43 0.73
(Equivalent inertial force)
Equivalent Period of structure Ts 1.063 0.975
(sec)
Period of soil deposit (sec) 0.47 0.47
Period ratio o =1, /1, 1.131 1.037
Coefficients Upper* 1.0 1.0
By =v Lower -0.7 -0.57

* When load-displacement curve bends obviously, the combination factor v for upper limit should be 1.0. It has been confirmed that the
probability that inertia force and the ground deformation take the maximum value at the same time, when the load-displacement curve of
structure bends obviously and the response acceleration of superstructure reaches the ceiling (Murono and Nishimura, 2000).
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.1.6.2  Structural modelling and calculating procedure

The pier, the pile and the footing are modelled by beam elements and pile’s surrounding soils are modelled by
springs, as shown in Figure 128. To express the nonlinearity of reinforced concrete members, a model is
required to take account of the influence of cracking in members, yielding of longitudinal reinforcement,
spalling of cover concrete, and buckling of longitudinal reinforcement. The tetra-linear model, which can take
into consideration the decrease of flexural moment capacity beyond the maximum flexural moment capacity,
is used to express the M-¢ relationship as shown in Figure 119. (811B)

The surrounding soil is modelled into three kinds of springs, such as the lateral springs, vertical shear springs

(sk

n friction) and tha vartical cnrina at nila tna Thao chaar cnrinac howavar ara innarad wwithin th
H—HEHER)—aRe—+tReYeriea-SpHRgatpHet86—He-5Hea—SpPHRGS oW Ye—are1ghRore e W+

e range of

14
no

WH

As
su

defermined from the Young’s modulus of soil and the pile diameter(in accordance with RTRI Desig

for
soi

from the pile head, because the gap between pile and ground would be generated and thelfr
work under an earthquake. The parameter 3 is defined by Equation (4).

|k, D
=4 h
d 4E1

ere, El is flexural stiffness of a pile, kjis the coefficient of subgrade reaction and d is the diametg

pgrade reaction and the displacement is bilinear. The initial values.of stiffness, Ky, Ky and K

Foundation (1997). The upper limit for each spring can be determined from the internal friction
, the cohesion of a soil, and soon. (812A)

ction does

(46)

r of a pile.

shown in Figure 132, the soil resistance for each spring is modelled\so’ that the relationship bg¢tween the

sy, can be
h Standard
angle of a
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P P Effective resistance

4  Bearing capacity 4 earth pressure

K, Compression K,

v

) )
Tension

(a) Vertical spring at pile toe (b) Lateral spring

P The capacity of skin

4 friction

v

(c) Vertical shear spring (skin friction)

Figure 132'— Models soil springs
5.2.1.6.3 | Bending moment and shear.force in pile

The distribution of bending moment-and shear force as results of calculation are shown in Figure 17. When
only the inertial force is considered as the seismic action, the maximum bending moment and the maximpm
shear forcgk were induced in- the top of pile. The magnitudes of the bending moment and the shear for¢es
decrease dlong the depthsHoewever, when the seismic soil deformation is taken into account, the distributipns
of resultant forces are quite different from the previous ones. The bending moment and the shear force gre
largely geperated at. the depths of 7.5 m and 14 m. It is because the boundaries between soil laygrs
correspond to such\depths, and the ground displacement is suddenly magnified here.

It has been confirmed that the design satisfies the required seismic performance.
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Figure 133 — Distribution of bending moment and shear force induced along pile

und

A high structure with a long fundamental natural period of vibration to be constructed in thick soft soils must be
attentively designed for the seismic response of the structure to earthquake ground motions with
predominance of components corresponding to the natural period of vibration of the structure. Thus the effect
of soil-structure interaction onto the response of the structure and its foundation should be accurately
evaluated even when the response of the soil and structure is in a highly nonlinear state, in a region of highly

seismic activity.
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Considering the importance of a structure during and after an earthquake from a consequence point of view,
the design of an important structure should have been performance-based in terms of assuming appropriate
performance criteria for action effects evaluated by an attentively-developed model, against proper seismic
hazards. After construction, the model is sometime evaluated by various kinds of field tests and monitoring.
For its service time, the actual performance of such a soil-structure is often monitored with instruments. Then,
the actual behavior of it is sometime recorded during a severe seismic event for it (Kowada et al., 1998). Here
is demonstrated with an example of seismic design, tests and monitoring of a high smokestack on soft soils
(Mori, 2004, Mori, 2008).

5.2.2.2 Purpose and functions

A 200 m h|gh smokestack for Nanko LNG (liquefied natural gas) thermal power station with a capacity of 1800
MWe by Kansai Electric Power Company had been planned to be newly constructed as a reinforced, concrgte
superstructure, then had been designed two years in 1986 and 1987, checked by a series of vibration tests
immediately after skeleton construction in 1989, and was completed in its construction in 1990('Since August
of 1990 instrumental monitoring of seismic behavior of soils and smokestack has started:“Nanko Power
Station inifiated commercial operation in November of 1990. A bird’'s eye view of the smoKestack is shown in

stack of the thermal power station, which has been providing huge amount of electricity to Kansai
region inclding Japan’s second largest city of Osaka, is essentially categorized\to.commercial use facility put
very impoftant to public, in terms of keeping serviceable functions particularly even during and after [an
earthquak¢. Considering the possible consequence of its failure or setvice disruption, the performamnce
objectives were needed to establish. (511A, 512a)

Figure 134 — Bird’s eye view of the smokestack of a thermal power plant

5.2.2.3 Performance objectives for seismic design and reference earthquake motions

According to Building Laws of Japan, the design of a high rise building whose height is equal to or more than
60 m or a high and large structure like this smokestack has been required to be reviewed and approved by
one of the two officially designated review organizations in Japan. In this case, the General Building Research
Corporation of Japan (GBRC), which is a non-profit foundation established in 1964 in Osaka, was officially
assigned as the review organization and it established a Special Review Committee (SRC) consisting of three
leading professors in structural, earthquake and geotechnical engineering fields for reviewing the design of
this smokestack. Moreover, such a design has been required to follow the document of Recommendations on
Earthquake Motions for Dynamic Response Analysis in Design of High-rise Buildings issued by the Committee
on Structural Evaluation of High-rise Buildings in the Building Center of Japan (BCJ) in 1986. According to the
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BCJ recommendations, the design of such a structure has basically been requested to follow the principle of a
kind of performance-based design policy with description of performance objectives. The performance
objectives of the smokestack include serviceability for keeping it fully operational during and after an
earthquake with a seismic intensity expected 2 to 3 times with a high probability of occurrence in its design
working life, 50 years, and safety for minimizing human casualties and damage to structural capacity within
limited residual deformation during and after an earthquake generating a seismic intensity of a considerable
maximum at an interest site. Eventually, Reference Earthquake Motions (REM) for design are set for two limit
states, i.e. serviceability and safety states, as Level 1 Earthquake Ground Motions (Level1 EGM) and Level 2
EGM, respectively as shown in Table 31 (Kida et al., 1992). (512a, 512b, 512A)

Table-39—Pest bioctives-for-ceicmic-desian-ofemokestach

Reference Earthquake Motions | Annual Return Period Performance objectives

(for reference)

L evel 1 Earthquake Ground 200 year Serviceability: Full sénviceability eveén
Motion immediately after,an‘earthquake
{Level 1EGM) Safety: Little-or no damage to majof structural

and functional elements and almost elastic
behaviors.during and after an earthfguake

L evel 2 Earthquake Ground more than 1300 year, or | Serviceability: Acceptable term losq of
Motion maximum considerable |~serviceability for repair
earthquake ground
{Level 2EGM) motion Safety: Severe damage not leading| collapse
nor harming human lives during andl after an
earthquake

The reference earthquake motions for designing this smokestack were set as summarized in Table 31
ac¢ording to the BCJ Recommendation (513A). The earthquake motions for design determined ag¢cording to
thgse performance objectives will be mentioned later.

Alrhost four years later this structure was actually attacked by a severe earthquake ground motion|equivalent
to [the Level 1 EGM for designing it during the devastating Kobe earthquake on January 17, [1995. The
fadilities of the power station were suffered very minor damage but had been keeping fully operational function
exgept a short period necessary for checking. Therefore, it can be understood as an example showing that the
pefformance objectiveCfor serviceability of the structure was successfully verified overall (Kowgda et al.,
1997a).

5424 Performance criteria and limit states

The site 6f:Nanko Power Plant is located in a southern part of Osaka Port in Japan as shown in Figure 135
and is<characterized as a manmade island newly reclaimed on very soft thick soil deposits overlayi

'nally from
a structural deS|gn point of view, the structure was reqwred to have a robust Iong pile foundatlon for such a
statically determinate, large and heavy structure, with consideration on the consequence of potential damage
to it. Thus the foundation of the smokestack was determined to have a rigid footing and long end-bearing pre-
cast concrete piles for higher safety level considering the importance of the smokestack. (514C)
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Figure 135 — Location of the site and the epicenter of the 1995 Kobe\earthquake

ntly, the smokestack supported by the long piles was expected to have a long fundamental natyral
bration, and the ground of the site was anticipated so as well additionally die to a deep basin effgct.

515A) Follewing above-mentioned policy, performance criteria was specified by ductility factorg in
aximum curvature for the smokestack, by maximum stresses for the concrete and re-bar of piles,

subsufface soils are remedied for no susceptibility to Level 1 EGM (514A, 612B)

As previou
interaction

require hrgher safety for this structure Performance criteria for the structure are determined as

shown in Table 32. (514A, 514B, 514C)
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Table 32 — Performance criteria for reference earthquake ground motions

Reference Earthquake Ground

1.5 for FRP.

, Elements Performance criteria
Motion
Allowable stress: Factors of safety is greater than
Smokestack
1.5 for re-bar and concrete.
S . Allowable stress: Factors of safety is greater than
moke pipe

L¢vel 1 Earthquake Ground Motion
(Uevel 1EGM)

Foundation footing

Allowable stress: Factors of safety is
for re-bar and concrete.

greater 1.5

Pre-cast concrete

pile

Allowable stress: Factors Of safety is
1.5 for re-bar and concrete.

reater than

Subsurface soil

Liquefaction occufrence is not allowe

.

Level 2 Earthquake Ground Motion
(Uevel 2EGM)

Allowable flexural deformation: ductili
less than 2:0:

y factor is

Smokestack Allowable shear stress: A factor of safety is
greater than 1.2.
. Allowable stress: A factor of safety is [greater than
Smoke pipe

=1.05.

Foundation footing

Allowable stress: A factor of safety is
1.05.

greater than

Pre-cast concrete

Allowable stress: N-M combination lo

cates within

pile ultimate limit curve.

Liquefaction is allowed within acceptgble

Subsurface soll . !
influence for upper structure and pileg.

5.2.2.5 Policy of determining seismic actions on superstructure and foundation for design

5.2.2.5.1 General

Reference .earnthquake ground motions were determined through two stages for evaluating servicqability and
salety of.tRe" smokestack during and after an earthquake. (520A) This site is covered by very thick|sediments
anskJ no. active fault was recognized there and in its vicinity. (650a) Therefore, no consideratipn of fault
displdcement was needed in design. (611A)

In principle, the design of this smokestack was requested to follow the BCJ Recommendation that
recommends the magnitude of earthquake ground motions be measured by peak ground velocity, the design
EGM waves include more than three different kinds of earthquake waves, such as a standard wave, i.e. the El
Centro 1940 record, a longer component rich wave, i.e. the Hachinohe 1968 record, and a wave representing
site characteristics, i.e. an earthquake ground motion recorded at a site. However, these kinds of earthquake
waves recorded at other different sites are not realistic for the construction site. Therefore, an incident wave in
an engineering base layer at a recorded site calculated by deconvolution was used in a site response analysis
as the incident wave in an engineering base layer at the Nanko site. In such cases, a total motion wave at
ground surface obtained from the site response analysis is rightly different from the recorded wave. (Kida et
al., 1992) (622A)
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For the first stage, earthquake ground motions were evaluated through the following procedures;
— a seismic hazard analysis of peak velocity on seismic bedrock (granite),
— an evaluation of amplification of seismic bedrock motions to ground surface in terms of peak velocity, and

— determination of earthquake motions at the interface between the firm ground and subsurface soils for
design.

As the result of a seismic hazard analysis and a 1-D site response analysis, the Level 1 and Level 2 EGMs
are specif fsmmi f its
foundation| with a set of variables including PGV, acceleration time histories, etc. (623A, 623B)

For the sg¢cond stage, the performance of the smokestack and its foundation was verified through two
simplified dynamic analyses and a detailed dynamic analysis using the free field motions at the Surface and at
the bottom of piles within the subsoil, with consideration of types of analyses, methods of analysgs,
performange criteria, and geotechnical characterization. (711A, 711B)

5.2.2.5.2 | Seismic hazard analysis and site response analysis

A seismic hazard analysis (SHA) was carried out in terms of peak bedrock velocity on the basis of statistical
analysis uging Kanai’s formula in combination with three Japanese historical earthquake datasets, which were
covering approximately 1300 years in past. This formula is an attenuation relation that predicts peak velogity
of earthquake ground motion on outcropping seismic bedrock, and<had been frequently used for SHA in
Japan. The uncertainties in parameters applied to this formula were not explicitly considered. (621A, 62{B,
621C, 622p, 622c)

The peak |pbedrock velocity (PBV) with a 200-year annual return period (ARP) is estimated to be 5 cm/q in
round-up njumber for the magnitude of a Level 1 EGM, and the considerably maximum of PBV is evaluated to
be 10 cm/$ for that of a Level 2 EGM as well. Throughithis process, scenario earthquakes were specified to
be a Nankfi subduction zone earthquake as the Levél)1 EGM and a close inland intra-plate earthquake as fhe
Level 2 EGM. (611A, 621A, 621B, 621C)

Local site pmplification to be considered in,design involves both a deep basin effect at the site located in the
center of Qsaka Basin and a nonlinear amplification effect due to softening of subsurface liquefiable sandy $oil
layers and|soft clayey soil layers. For §afer consideration, it was evaluated in two steps.

The first sfep is to evaluate amplification of PBV by a site response analysis with a 1-D model with linear $oil
constants for all the sediments-overlaying seismic bedrock at a depth of approximately 1,500 m. Considering a
deep basin effect, marginal.amplification is adopted to be 5.0 based on amplification factors of PBV and peak
amplificatipn factors in ajower frequency range of a transfer function. Eventually peak ground velocity (PGV)
of Level 1]and Level 2’ EGMs were determined as 25 and 50 cm/s, respectively. These values seemed to|be
proper in fomparisop’ with high-rise buildings in Osaka region of which design PGV are 20 and 40 cnj/s.
(622A, 622b)

The second step to develop the input motions for models of analyses to design smokestack by modification of
the design EGM waves through a 1-D nonlinear local site response analyses using a 450 m deep soil model
overlaying a firm ground with a shear velocity of 550 m/s. It was necessary to consider enough depth to take
account of amplification of 2 to 3 second period of vibration with a limited geologic and geotechnical
information of the site. (623A) Through the local site response analyses for the two different levels of
earthquake ground motions for design, peak stresses in liquefiable soil layers were calculated for judgment of
liquefaction as well as EGMs at the ground surface and within a bearing stratum for input earthquake motions
to soil-structure models mentioned later. (612A, 621A, 623A, 623B, 631A)

The nonlinear site response analyses were performed by equivalent linear total stress approach and the
assessment of liquefaction was performed using the soil responses of the analyses. (631B, 631C)
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Considering the large size of foundation mat, the SRC requested the evaluation of a site-specific spatial
variation of earthquake ground motions. Responded to the request, the spatial variation of EGM due to
oblique incidental angles of a shear wave and propagation of a Rayleigh wave at the site was considered as
an input rotational motion to the base-fixed model of the smokestack. (641A, 641B, 641C) As a result, the
increase of the maximum stresses of smokestack and the foundation piles varies from 2 to 3 percent.

Any special detailed analysis was not performed for evaluation of the deep basin effects and the spatial
variation of EGM. (644a, 645A, 645B) At the time of the design, the settlement due to consolidation of mid
Holocene clay layers at large reclaimed sites in Osaka Bay area was discussed as a serious problem. Thus
the un-uniform settlement before the Level 2 EGM was evaluated as an additional P-delta effect on the
smoKestack and the foundation piles. The evaluation result showed a negligible effect. (0b0A)

5.4.2.6 Features of smokestack and geotechnical characterization

5.4.2.6.1 Features of smokestack and foundation piles
Figure 136 shows the front and side views of the smokestack together with the arrangemgnt of the
acgelerometers on the smokestack as well as the ground. The smokestack cansists of three internal cylinders
mgde of FRP and an external hexagonal reinforced concrete structure supporting the cylinders. The height of
thq internal cylinders is 200m and that of the external structure is 194m.

RC Outer cylmder FRP Inner cylinder
\ +200.0m

/ +193Sin
m] S =
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&
® Vert. comp.
@ 3 comp.
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Figure 136 — Front and side views of smokestack and arrangement of accelerometers on it and in
ground
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The accelerometers, as indicated in Figure 136, consist of two horizontal component accelerometers fixed at
65, 131, and 193.5 m height on the smokestack, and a three component accelerometer on the smokestack
base. This arrangement of accelerometers aims at measuring the third vibration mode of the smokestack. Two
additional vertical accelerometers on the base aim at extracting two-directional rocking modes of the base. A
pair of three component accelerometers was also placed at the depths of 1 m and 70 m below the ground so
as to measure the principle behaviour of the ground100m away from the smokestack as the free field.

S TM-‘ FRP Inner Cylnder

27.02nm

22.17m

Sm \\LRC Outer Cylinder

Smoke Path ]E\’ile ' P CBagement
EI / J
l{! FR
N W lgu
Pile : n=273
Pitch : 2.0m

Figure 137 — Plan and side views of basement and arrangement of 273 piles

The plan gnd elevation of the smokestack basgalong with the arrangement of 273 piles are shown in Figure
137. The piles were arranged to be near the*edges of the basement with at least a 2-meter placing |for
effectively |resisting the rocking of the base. Each pile was made of five pile segments consisting four gre-
stressed hjgh strength concrete (PHC)-pile’ segments and one steel reinforced PHC (SC) pile segment on the
top of a pile. The external diameter ef\the pile segments is 80 cm. Each pile has a length of 65 m and reaches
a base layer for an end-bearing. pile. The bearing base layer is an early Holocene gravelly sand layer
appearing|at a depth of 72 m- All the piles penetrate soft and hard soil layers down to the bearing layer.
Accordingly, seismic ground-displacement may induce stress concentrations at boundaries in between. Thus
the type of analysis and the model of analysis should be selected in terms of capability of evaluation of siich
stress congentration. (74AA, 711B, 712A, 713A) The base of the smokestack measures 6.5 m deep and 51 m
wide having sufficient weight and rigidity against rocking.

5.2.2.6.2 | Soil\profile and geotechnical characterization

The detailed—s 3 h h p d-sh v
velocity profiles. The soil proﬂle consists of different layers, which mclude 6.5m th|ck banked Iayers ‘IO 7m
thick filled layer, 25.5 m thick late Holocene clay-silt-sand layer (Ma13), 8 m thick early Holocene gravel layer
(Temma Layer), 14.5 m thick clayey layer (Ma12), and 11 m thick second gravely sand layer. The last layer
was selected as the bearing layer for end-bearing piles.

Reclamation work for filling and banking had been carried out in 1972 through 1980. The banked layer
consists of composite material with soils exploited at mountains and industrial waste from construction sites
and the filled layer consists of soils dredged in the vicinity of the front sea. The soil properties of the banked
layer were evaluated as a largely uncertain material due to existence of debris. The filled layer has relatively
large N-value in the upper portions and relatively small in the lower because of the effect of sand drains in the
filled layer and underlying alluvial clay layer. Liquefaction judgment was performed especially to these two
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layers for the results of the site response analyses in the first stage. (612A) As a result, liquefaction was
judged to be susceptible under the Level 1 and Level 2 EGMs. The policy for measurement of liquefaction was
that ground improvement was planned and performed for non-susceptibility of liquefaction under the Level 1
EGM and that the effects of susceptible liquefaction under the Level 2 EGM was considered in a site-specific
detailed dynamic analysis for soil-structure. (715B)
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Figure 138 — Soil profile at site including SPT N-value and shear wave velocity profiles
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In geotechnical characterization, the ground was assumed to be a horizontally layered system. The data
provided for the design included several borehole data and various types of laboratory testing data based on
undisturbed and disturbed samples for each layer. The borehole data involved soil profiles, SPT N-values, PS-
logging data, lateral loading test in borehole. The laboratory testing data involved physical properties,
densities, uniaxial and triaxial compression tests for cohesion and internal friction angle, cyclic triaxial tests for
cyclic deformation and resistance characteristics for every layer. Considering such sufficient in-situ and
laboratory geotechnical data, site-specific detailed dynamic analyses and detailed equivalent-linear models
were adopted in design. (712A, 713A, 715A)

5.2.2.6.3 Linear and nonlinear ground models

Correspon}jing to three different degree of non-linearity, small intensity EGM, Level-1 and Level 2 EGMs,
three diffefent ground models were prepared as shown in Figure 138. The basic model assumed lineanelastic
properties [specified mainly by PS logging data and SPT N-valuese site. This model was planned_ ta-be uged
for verification of model using recorded ground motions with small amplitude in present microtremer data and
future earthquake motion records.

The other fwo models have different values of rigidity and damping ratio under the LevelA~and Level 2 EG)Ms.
The value$ were determined as an average of three convergent values in the cases of equivalent dynamic
analyses with El Centro and Taft as the input motions by using SHAKE program. Each analysis was repealed
until the slirface velocity response converged to given amplitudes of Level 1 or 2/motions that are 25 or|50
cm/s, respectively. Figure 139 shows the shear wave velocity and damping. ratio profiles of these thfee
different models of the ground. The magnitudes of predominant strain in_the seismic grounds ranged frpm
0.03 to 0.2 % for the Level 1 motion and from 0.05 to 5 % for the Lével 2 motion. For parameters in the
banked and filled layers, the increase of rigidity and resistance due to 'ground improvement and the reductjon
of them due to liquefaction were evaluated. (612B, 715A, 715B)

Depth ] Shear wave velocity (rm/s) Dar?or;ing ratio
(m) Sail type 1?0 2(30 3?0 400]0 \5 T‘b 1? 20
T
i Banked R\
Banked gravel |
— 10 |
Filled sand |
| |
|
- 20 Clay !

Model for
linear behavior

|
Clay, |
— 30 | gl

- Silt |
— 49 |~JSand Model for -
| Gravel Level 1 motion ‘
_l
=50 |
I/ Clay N :
|
— 60 Silt I
- |
|
— 70 Sand :
- | 2
Cl |
— 80 i |

T
y

|

o <l l I !
= ana Vodetfor

Level 2 motion
— 90 Gravel

|
Clay |
|

— 100

Sand

| Upper Osaka| Basic linear \s=400nTs
[ \—Fornations

Hastic linear \=550ms

Figure 139 — Three different ground models depending on the degree of non-linearity of soil
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5.2.2.7 Models of simplified and detailed dynamic analyses for specifying seismic actions

5.2.2.71 Models of simplified and detailed dynamic analyses for seismic design

The second stage for determining seismic actions is specifying seismic actions through simplified and detailed
dynamic actions. (520A) In general, a fixed base model had been adopted for seismic design when the effect
of soil-structure interaction (SSI) is regarded to be negligible. Even when not negligible, this model was
required as a reference model for designers and reviews as a design convention. When the SSI effect is
necessary to take into account, a swaying and rocking model had been used for the structures with spread or
pile foundations.

It was necessary for the long piles in the soft ground to more carefully take account of the SSI effect on the
strpcture as well as piles with regard to transient resonance due to nonlinear behaviour and stress
comcentration at boundaries in between soft and hard soil layers due to seismic relative displacemgnt. (913A)
Thus soil-pile-structure interaction should be evaluated along the depth of the piles by more’approptiate model
of [analysis. Although a FE model would be powerful in evaluating the SSI effeef-in linear bghaviour, a
nohlinear 2-D model had a problem of evaluating 3-D effect of pile behaviour and a-3“D model was difficult in
terms of nonlinear behaviour. Eventually, a lumped mass-spring-beam model that-is called as a lumped mass
SYI model herein was adopted as an appropriate model for taking account of the 3-D SSI effect as well as the
mdterial non-linearity in the structure and the ground. The lumped mass SSI.model adopted in the design was
deyeloped by Mori et al. (1992) and Mori (2000) following the fundamental’'concept by Penzien et|al. (1964).
(9321A) This lumped mass SSI model was verified by a 2-D FE model-in. terms of transfer functiong at the top
of smokestack and at the basement of foundation. (921A, 921B)

In addition to detailed dynamic model of analysis, the fixed base.model and the sway-rocking mode| were also
requested by SRC to be adopted for reference models. (911A)" Figure 140 shows schematically all {he models
desgcribed previously. Based on the nonlinear properties-dépending on the intensities of Level 1 ahd Level 2
EGM, parameters for spring constants in a soil columnand springs for interaction in the lumped m
beam model were determined and parameters for” spring constants in the sway-rocking
defermined. (911A, 911C, 912B) Soil-related springs are essentially linear elastic but have redu
angl additional damping ratio as shown in Figure 139. (812A, 911C, 921D) Beam elements representing
smokestack was modeled with a fully nonlinear modeling by Takeda Model for a reinforced concrefe element.
Acfordingly, the effect of overstrength in alsmokestack was automatically considered. (812A, 911C(911B) For
thg Level 2 EGM, the effect of liquefaction was considered as reduction of constants for interactipn springs.
(932A)

Structure  Structure Structure PiII-structure system (S)

Free field Ground Adjacent soil system (A)

Spring for Interactior] (I)
Freelfield soil system (F)

- |

Response
A
Sway
Input motion at spring e
ground surface Rocking \AAAS
spring Q%
11117177777777.
] e e
Input motion at base Input motion at base Input motion at base
(a) Fixed base model (b) Sway-rocking model (c) 2-D FE model (d) Lumped mass SSI model

Figure 140 — Models of preliminary analyses as candidates for the seismic design
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The two different levels of earthquake ground motions for design were obtained by site-specific response
analyses at the ground surface and within a bearing stratum for input earthquake motions. The EGMs at the
ground surface are input motions for the fixed base and sway-rocking models (912A) and the EGMs at the
upper boundaries of the bearing layer. (921B, 921C)

5.2.2.7.2

Verification of adopted model for detailed dynamic analyses by 2-D FE model

In order to verify the appropriateness of the models adopted in design, preliminary analyses were conducted
with the ground model for the Level 1 EGM and the results of different models were compared. The actual
models employed in the preliminary analyses are shown in Figure 141.

As basic ir
are shown
the top of]
according

Symmetric boundary.

Adjacent (Horizontal roller). Free field
~ soil system. soil system. |
\l I Free Energy transmitting boundary. — !
field. { = e S & e
| | Interaction * b
L _ spring- Viscous boundary.
Rocking spring.
(a) Lumped mass SSI model (b) 2-D FE\model (c) Fixed base model

Figure 141 — Three actual'models for preliminary analyses

formation, the predominant periods of the smokestack obtained from the above-mentioned mod
in Table 33. In the 2-D FEM model, the predominant periods are specified by its transfer function

els
of

smokestack to the base ofithe ground. In the rest of the models, however they are specified

o the result of eigenvalue-apalysis.

Table 33 — Predominant periods of smokestack

Mdde of smokestaek 1st 2nd 3rd 4th

Mqde of foundation Rocking Sway Rocking Sway
Type of model

Fixed-hase madel 222 049 02 01
Sway-rocking model 2.33 0.54 0.21 0.25 0.13

Lumped mass-spring beam model 2.33 0.54 0.21 0.29 0.12 0.1

2D

-FEM model 2.38 0.58 0.23 0.12

No

te

1: SSI models are based on the soil properties assumed under Level 2 Earthquake Motions.
2: The detail of the smokestack for preliminary analysis was different from the final structure.
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The transfer functions in amplitude, i.e., Fourier spectral ratios, of the top of the smokestack and of its
basement to the ground surface of the free field with regard to horizontal movement are compared between
the lumped mass SSI model and the 2-D FE model in Figure 142 (a) and (b). As for the top of the smokestack,
the predominant periods of these two models match well each other both in the first mode. In spite that the
predominant period of the second mode matches each other, the lumped mass model is much greater than
the FE model in terms of amplification near this period. The 2-D FEM model may overestimate the dissipation
damping of the smokestack and the lumped mass model may overestimate amplification. From an
engineering point of view, the proposed model was considered to be more appropriate in the practical seismic
design.

30 5
25 : 4
5 20 ‘ 1 5 3
= I A‘i Lumped mass SSI model = 3 Lumped mass SSI model
o 15 -1 0 A
EL 10 7 L%D FE model § 2 // 2-D FE mofiel
1 b £ i
< | : < -
5 ™R =v-19 A
0 A M"%M__ = 0 \/i/? e
0 2 4 6 8 10 0 2 4 6 8 10
Frequency (Hz). Frequency (Hz)

(a) Top of smokestack (b) Basement

Figure 142 — Transfer functions in amplitude of the top of the smokestack and of the basement to the
ground surface of the free field:with regard to horizontal movement

As| for the transfer functions of the smokéstack base, they imply the input loss effects due to| kinematic
intgraction. These roughly match well each-other.

The transfer functions in phase differences are shown in Figure 143. The results from both the models are
seén to match well as a whole. As\discussed here, the lumped mass SSI model seems overall appropriate in
terms of transfer function in amplitude and phase difference. (921A)

180 ~[ T~

180

o
) * 2-D | % 90
E) 90 FE ,/'Z l.éh{“\ : [V’l’_—:{ 8 0 Lo A / '2:;:D \
© ~ |7 c T -
S 9 V'J":'*q _J.- \7/ ) BN }"“x .<
s [~ Tt \ | & 90 | Lumped mass S -
o 1 S SSI model N |
Z\-90 i 1 © | -
2 d Lumped mass SSI model v -180
a - 4 £ Q 10

o180 [_L* I 1 I T U Z % A i
ﬁ 0 2 4 6 8 10 o Frequency (Hz)
o Frequency (Hz)

(a) Top of smokestack (b) Basement

Figure 143 — Transfer functions in phase difference of the top of the smokestack and of the basement
to the ground surface of the free field with regard to horizontal movement
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On the other hand, the sway-rocking model for the smokestack was not adopted for the seismic design
analysis, because of great discrepancy with the 2-D FE model near and beyond the second predominant
frequency in the transfer function both in amplitude and phase difference.

5.2.2.7.3 Appropriateness of adopted model with regard to interaction mode of vibration

In order to understand the natural modes of vibration in the lumped mass SSI model, some lower modes are
compared with the fixed base model in Figure 144. As shown in the figure, the modes of sway and rocking of
the foundation are clearly recognized and excited modes and amplitudes of the smokestack in the periods of
predominant or natural ground vibration can be quantitatively understood (Mori, 2000). (921A)

NN

Sway Rocking
Fixed base Fixed base Fixed base
1st mode of ES 4t mode of ES 6th.mode of ES 8t mode of ES
1t mode of structure ~ 2"d mode of structure 3 mode of structure

N

2nd mode of ES 3" mode of ES 5th mode of ES 9th mode of ES

1s8mode of ground 2" mode of grounc 3@ mode of ground 4" mode of ground

Figure 144 — Lower order modes of vibration in the lumped mass SSI model, which can be identified
to the specific modes of the ground, the structure, or the foundation

5.2.2.8 Results of detailed dynamic analyses

The bending moments and shear forces of the piles were obtained directly from the response of beam
elements for the pile, and the axial forces of the piles were derived from the response of the reaction of a
rotation spring for rocking. The seismic action on each pile can be obtained as a combination of such resultant
forces. In the simplified models like the fixed base model and the sway-rocking model, the resultant forces are
obtained only at pile heads. On the other hand, the lumped mass SSI model adopted in design provides the
resultant forces at any depth along the piles. Therefore, other additional analysis is required for evaluation of
piles within the ground in the case of a simplified model. For reference, an equivalent static analysis for
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seismic soil displacement was performed for evaluating pile stress within the soil with the results of the
simplified models.

According to the results of the detailed dynamic analyses, the maximum bending moment and the maximum
shear forces take place at the pile head, but the second maximum of them take place at a depth varying from
40 to 45 m or at a depth varying from 62 to 65 m. These two depths correspond to the upper ends of two
different gravelly layers. The combination of the result of the simplified dynamic model and the result of the
equivalent linear model for seismic displacement can not simulate such a large magnitude of pile response.

In the design of the pile, performance criteria were met even in such large resultant forces in deep portions of
piles

5.2.2.9 Verification of models based on vibration tests
A series of vibration tests including microtremor measurements and manpower excitation’tests were carried
ouf immediately after the completion of the smokestack construction in August 1990y(Kida et al., 1992). The
mgnpower excitation for the first mode of the smokestack was produced by a cyclic"movement of individual

ce
si

smokestack-ground system, array observation of microtremor was also carried out. Figure 145

ters of gravity by 27 persons on the top of smokestack, and for the second,mode, produced by
ultaneous push the wall at the top by 12 persons.

prder to find a point that could be regarded as the free field for discussing the transfer fung

applying a

tion of the
shows the

arrangement of the sensors (velocimeters) for the ground and the stmokestack during the excitation fests.
+194m T _+194m
+163m
No. 6 ————
N240E N6OE N240E  NGOE
+130m
No. 5
- R A + 97m
» Horizontal o Horizontal
e Vertical « Vertical + 64m
. . . . i . . . \ + 35m
Direction of vibration Direction of vibration =~ -2
- - N5 9,10 No. 11,12
- 1} : B . L

Figure 146 shows the Fourier spectra of the ground surface and the base of the smokestack, which indicates
a gradual decrease of the amplitude of the base in higher frequency compared with the ground surface.
Moreover, the spectral ratios of the base to the ground surface obtained from the microtremor measurements
as well as the analysis by the lumped mass SSI model are shown in Figure 147(a). This figure clearly shows
the input loss effect due to kinematic interaction, which can be successfully simulated by the analysis using
the adopted-in-design model. Moreover, the transfer functions with regard to rocking of the smokestack base
to the horizontal ground surface motion, as obtained from the measurement and the analysis are compared in
Figure147(b). This analytical model may underestimate the amplification of the rocking effect due to SSI,
especially around the second predominant period.
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Figure 146 — Fourier spectra of the ground surface and the basement
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ure 147 — Spectral ratios of the basement to'the ground surface both by microtremor
measurement and the analysis by the lumped mass SSI model adopted in design
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Next, the fransfer functions of the top of the smokestack to the ground surface of the free field as obtained

from the
the Level

icrotremor measurement and the(analysis using the adopted model with the soil properties unger
earthquake motions are compared in Figure 148. Two distinctive features can be seen in this

figure. First, the predominant frequencies.of the measurement are obviously greater than those of the analysis

around th
analytical
proportion
analytical
influenced
the smokeptack.

h
2
=

first and the second predominant frequencies, and the ratios of the measured values to
results are almost the same. Second, the shapes of these two transfer functions are almpst
hl. These two features_are considered to be due to the difference in dynamic properties of
model and the actual structure. The first predominant frequency does not seem to be strongly
by the SSI, whiehimeans that the difference may be due to the difference of the flexural rigidity

he

he
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Figure 148 — Transfer functions of the top of the smokestack to the ground surface of the free field by
microtremor measurement and analysis with the proposed model
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Furthermore, a comparison of the first and second vibration modes of the smokestack as obtained from the
measurement and the analysis is made in Figure 149. Both the microtremor measurement and the manpower
excitation test have resulted in the same vibration mode.

o-- 00 - 0---0 0--00-0--L

(3) Microtremor measurement  (b) Manpower excitation

First and second modes  First and second modes

Figure 149 — Comparison of the first and second vibration modes of the smokestack be
measurement and the analysis

een the

Taple 34 shows a summary of the predominant periods of.the first and second modes as obtaingd from the
anglysis and the measurement. There is a big discrepancy of fundamental periods of the smdkestack in

be

kgl
str

ween. This discrepancy is hereinafter going to be“studied from the viewpoint of Young’'s

comcrete. The design value of the Young’'s modulu§ of concrete, Ec used for the smokestack w:
cm?, which was estimated by an empirical 4elationship between Young’s modulus and cg
bngth of concrete, Fc, considered the design strength of concrete, Fc=240 kgf/cmz.

Predominant periods for 1st and 2nd modes of

odulus of
s 2.3x10°
mpression

Tiable 34 — Summary of predominant-periods of the first and second modes by the analysig and the
measurement

smokestack
Top/Free field Top/Basement

Vibrational mode of smokestack 1st 2nd 1st 2nd
Maodel’and measurement

Bixed base model NA NA 2.22 0.49
Mori's model 2.37 0.54 NA NA
Microtremor measurement 1.87 0.46 1.89 0.45
Manpower excitation NA NA 1.92 0.49

Unit: second

The strengths of the actual concrete used in the smokestack are statistically shown in Figure 150. The
average compressive strength of the concrete measured at the construction site was 410 kgf/cmz, and the
average Young’s modulus can be estimated to be E=3.3x10° kgf/cmz, which was to be applied in the analysis
for vibration experiment. The natural periods according to the adopted model with such modification was
almost the same as the measured ones.
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The damp
151 shows

vibration.

measurement varied from 1.1 to 1.5%, which is almost the same as the-yalue estimated from the free damy
vibration after manpower excitation. The design value of the damping*ratio was 2%, which was conside

ng ratio was measured based on the free damped vibration after the qnanpower excitation. Fig
the time history of displacement at the top during the free damped ‘vibration after the excitati
The damping ratio was measured to be approximately 1.1% at all the heights of sensors from the f|
Additionally, the damping ratio estimated by the half power method with the microtremor
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Figure 150 — Histogram of the strength of concrete for the smokestack
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Figure 151 — Time history of displacement at top during free damped vibration

Actual seismic-behaviour of ground and smokestack

Huake .obseérvation for the smokestack and the ground was carried out immediately after
of, €onstruction in March 1990. The arrangement of the seismometers has already bg
Fwelve earthquakes had been observed by the end of 1997. The epicenters of those earthqua

he
en
es

in Figllrn 152 (annrln et al ; 10072) Ten out of these twelve nnr‘thqlmkne were the main ey

ent

are show

and the aftershocks of the 1995 Kobe earthquake (see Figure 135).
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Figure 152 — Location of the epicenters of the earthquakes observed at Nanko site

[ grasping the overall amplification or de-amplification through the>-ground, the foundatior]
okestack, the relationship of the maximum accelerations among atsthe base layer, at the grou
j on the basement and on the top of smokestack will be discussed.on Figure 153. The amplific
bugh the subsurface ground is not so great, varying mostly fromone to two. From the relationsh
ground surface and the basement of smokestack, de-amplification can be found especially in th

amplitude. This de-amplification can be understood as\the effect of input loss due to the
braction between the foundation and the ground, wheréas this effect is negligible in the case d

, and the

d surface,
tion factor

p between
e range of

kinematic

f the main

event of the Kobe earthquake. The amplification throughhe smokestack varies from two to five timgs, and the

fag

M

tor seems to be greater when the amplitude of the ground surface acceleration is smaller.
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gure 153/ Relationship of the maximum accelerations among the base layer, the ground
and the basement and the top of the smokestack

Th

surface,

b predominant frequencies of the ground and the smokestack were determined based on the pedominant

peaks in the spectral ratios of the ground surface to the base layer and in those of the top to the base of the
smokestack, respectively. Figure 154 shows the relationship between the predominant frequencies and the
magnitude of the input in the systems of the ground and the smokestack. The dependency of the predominant
frequency on the input to the systems, such as the ground and the smokestack, can not be clearly seen.
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Figure 154 — Relationship between the predominant frequencies and the magnitude of the input in {

In order to| study the change of the first and second predominant frequencies-along the progress of the tin
of the predominant periods in the order of the occurrence time ‘of earthquakes is shown in Fig
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Figure 155 — Change of the predominant periods in the order of the time of the earthquakes
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As for the predominant periods of the ground, those during the Kobe earthquake are the longest both in the
first and second predominant periods, and those after the Kobe are longer than those before in the first
predominant period, while the reverse relation can be recognized in the second. The second predominant
period can be considered influenced by the soil properties in relatively shallower soils. Accordingly the
excitation by the Kobe earthquake might have densificated shallower sandy soil deposits. On the other hand,
a slight change of the first predominant period toward the longer side can be supposed to be due to the effect
of softening in clayey soil deposits in deeper location. As for the predominant periods of the smokestack, the
first one during the main event was significantly long, and those after the Kobe earthquake are longer than
those before. The averaged values of the first predominant period before and after the Kobe earthquake are
1.94 and 2.09 seconds, respectively. Moreover, the averaged values of the second predominant period before
and_after the Kobe are 048 and 0 56 seconds rpqlnpr*tivply These irreversible r‘hangpq of the lnrndominant
periods are considered to mean that the stresses in the smokestack had gone far beyond the elastic limit or
thg cracking limit (Kowada et al., 1998).

5.4.2.11 Verification of models based on strong motion records

5.2.2.11.1 Features of strong motion records obtained during the 1995 Kobe earthquake

The ground motion observed during the Kobe earthquake is approximately\equal to the magnitide of the

Le
cla
de

el 1 EGM for design in terms of PGV. In addition, the behavior of the ground and the smokestac
rified to be strongly nonlinear as previously described. Therefore, thexnumerical simulation by t
5ign models using the record during the Kobe earthquake can be sditable verification of the seis

has been
he seismic
Mic design

of {he smokestack.
Figure 156 shows the acceleration time histories of the nerth-south components on the grour[d and the
smokestack. Figure 157 shows the displacement time histeries as well. The principal motions of the ground
begin at 16 seconds and end at 28 seconds, which may correspond to the duration time of fallt rupture.
However, the significant amplitude of vibration, in which a four-second component is highly pr¢édominant,
takes place in the later time after the principal mation and continues up to 120 seconds in the[top of the
smokestack. In particular, it is remarkable that theomaximum displacement of the top takes place |n the later
time. This four-second predominant componént is also significant in displacement of the ground. This
component is considered to be a kind of a stitface wave, probably the Love wave due to a deep bagin effect.

Some researchers had pointed outsthat the predominance of components of 3 to 4 seconds|had been
sometime observed in the central partof Osaka City. From an engineering point of view, the predominance of
3 tp 4 period components in Osaka City area was considered in determining reference earthqudke ground
mdtions. However, it might be(necessary to precisely evaluate the deep basin effect on the smokestack before
a Nankai earthquake would ‘attack.

5.2.2.11.2 Verification‘of models adopted in design

A mumerical analysis was conducted by the lumped mass SSI model adopted in the seismic desig
reg
fixq

using the
orded acceleration at the base at a depth of 70 m as the input motion for the model. The analysis by the
bd base model was conducted with the recorded ground surface motion as the input motion. (Kwda et al.,

holught to be

dominated by vertlcally |nC|dent shear wave.

In the response of the ground surface, a good agreement is seen in Figure 158. Accordingly, the difference of
the ground surface motion between the two models may not be so influential to the response of the
smokestack. Comparing the waveform of the basement with that of the ground surface, it is clearly understood
that the short period components are obviously reduced. As for the degree of this reduction, the measured
one is greater than the analytical one, which means the reduction may not be only due to kinematic interaction
along the depth but also due to that in the horizontal plane.

As for the response of the top of the smokestack, both the analytical results roughly match the measured one
in terms of amplitude and phase; however, the phase in the response of the fixed base model slightly
advances more than the measured one, while that of the proposed model well matches the measured one.
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This means that the response of the smokestack from the motion directly transmitted through the pile
foundation is presumably dominant in the entire response of the smokestack and the proposed model is able
to simulate this mechanism.
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Fiqure 160 shows various kinds of the spectral ratios of the proposedymodel and the measurement. That of
thg top of the smokestack to the base layer, which represents ¢he overall dynamic characteristics of the
colipled model, matches the measurement result. That of the ground surface to the base layer, which
regresents the dynamic characteristics of the ground, also matches the measurement result. As for|that of the
basement to the ground surface, which represents the effect.of input loss in the foundation, both the shapes
arg roughly the same, whereas the detailed shapes are different.
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Figure 160 — Spectral ratios of the proposed model and measurement

Figure 161 shows the maximum responses of bending moment and curvature of the smokestack on the
skeleton curves with regard to the direction when the north side of the smokestack is in tension and with
regard to the east-west direction. In this figure, the two breaking points of each skeleton curve correspond to
the cracking and the yielding surfaces. The yielding surface is defined as a situation when the most outer
reinforcement bars start to yield. According to the figure, the response of the smokestack went beyond the
cracking surface in the range of heights from 20 to 120 m in case of the proposed model, while such situation
occurred in a range of heights from 30 to 90 m. The values of residual rigidity of the smokestack estimated
from its changed predominant periods, which was mentioned earlier, might correspond to those in case of the
proposed model.
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Figurg 161 — Maximum responses of bending moment and curvature of the smokestack on the
skeleton curves

Based on the comparison of the results of the analyses using the proposed model and the measurement with
regard to the time histories of accelerations of the ground“and the smokestack, the transfer function of the
smokestadk, and the relationship between the change of the predominant periods and the nonlinear respomse
of stress-gtrain of the smokestack, the appropriateness and effectiveness of the proposed model can |be
verified.

5.2.2.11.3| Confirmation of serviceability and safety of foundation

As previoysly described, the detailed (dynamic model of analysis that is the lumped mass SSI model adopfed
in design ¢an be verified. Based on\the result of the simulation, the response of the piles can be evaluated in
terms of integrity. Also in the_simulation result, large bending moment take place at pile heads and| at
boundarie$ corresponding to«the upper ends of the gravel layers. However, the maximum magnitude of the
bending moment is smaller’than the cracking moment of the piles. Thus the integrity of the pile Was
successfully confirmed./Actually, no settlement has been observed. In addition, no evidence of liquefacton
was obseryed at the site. This result also harmonized with the result of the simulation analysis. (Mori, 2008)

5.2.3 Shallowsimmersed rectangular tunnel in soft soils

Undergrounddinear structures refer to a special type of civil construction that having a significant impaction
the life quality and economy in densely-populated urban environments. Underground transportation facilities
such as metro subways and railway lines, as well as underground road tunnels, , can significantly improve the
traffic conditions in large cities. The particular nature of these structures requires a special design approach,
under static and especially under earthquake loading in earthquake prone areas. (511A, 512a, 512b)

5.2.3.1 Thessaloniki immersed roadway tunnel

The linear morphology and geographical location of Thessaloniki urban area would require a detour crossing
the sea, in order to reduce the traffic and upgrade the life quality in the densely-populated historical centre of
the city. The construction of the immersed roadway tunnel that was decided has not begun till recently, since
several issues of environmental and operational nature have to be first resolved.
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The overall design comprises of a system of cut and cover tunnels (2.9 km length), and underwater immersed
tunnel (1.2km) and conjunction ramps to the local road system (1.2 km). A simplified transversal cross section
of the RC rectangular tunnel is depicted in Figure 162. The cross-section consists of two separate traffic
branches and an escape corridor in the middle. The simplified cross-section geometry used in the present
preliminary design initially may be modified in the final design in particular in sections where high stress
concentration may demand different plate thickness reinforcement and construction details.
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Figure 162 — Simplified tunnel cross-section
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Figure 163 — Simplified tunnel and soil cross-section

A simplified soil~profile is depicted along with the tunnel location in Figure 163. Around the tunnel, the initial
soft —loose soil (silty clay and loose silty sand),, is replaced with compacted gravel,(slope 1:2), to improve the
sojl drainage conditions and confinement. A thin (1 m) layer of compacted gravel is also placed|below the
turjnel"to® improve the foundation strength and deformability. The average seismic bedrock (Vs>[/50m/s) is
esfimated at 110m depth. (715A,715B)

5.2.3.2 Behaviour of longitudinal underground structures under seismic loading

When seismically induced waves propagate across and towards a tunnel, its cross-section is deformed in
various modes, both in the longitudinal and transverse direction. For rectangular tunnels, the main transversal
seismic load is racking deformation of the rectangular cross-sections (Figure 164). There is a strong time
depended interaction effect between the underground structure and the surrounding soil. The soil deformation
in the proximity of the structure imposes a displacement constraint on the tunnel’s cross-section. Yet, due to
the stiffness variation between the two media, the tunnel responds in a different way to the imposed
deformation. The overall seismic behaviour of the tunnel depends both on the properties of the surrounding
soil and the inertial and material properties of the tunnel’'s cross-section. Large and thin-plated tunnels tend to
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‘follow’ the deformation of the surrounding soil, whereas more rigid cross-sections are reacting to the imposed
soil transient deformation leading to higher strains and stresses. (514A, 514B, 514C)

Taking into consideration the numerous parameters regarding the structural behaviour, the seismic loading
and the varying soil properties in the proximity of an underground structure, it is doubtful whether a single,
advanced three-dimensional model could accurately reproduce the actual response of the structure. On the
other hand, the adoption of a simplified cost-effective two-dimensional approach, employing a parametric
investigation of the aforementioned implicated factors, could cover many intrinsic uncertainties of the
examined problem. Bearing also in mind that racking deformation, due to vertically propagating seismic
waves, is the main seismic input load for rectangular tunnel, it is generally accepted that a well constrained
and designedtwo-dimensional approach can capture the key paints of the underground structure’s respaonse.

(712A, 713A)
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Figure 164 — Racking of rectangular tunnel section

5.2.3.3 [Analysis methods

In enginegring practice the conventional design method employs equivalent static analysis of the tunnel,
applying cpde regulations (e.g. Greek Seismic Code or EC8). The dynamic earth pressures can be calculafed
using the Mononobe-Okabe approach,while the inertial forces of the structure are determined after proper
estimation| of the average acceleration’ value evaluated along the structure, at depths where it is located.
Normally for each site, the code, acceleration values are adopted for 500 or 1000y mean return peripd,
disregarding the fact that these-/values are proposed for the surface ground conditions. Soil-structpre
interaction|is also considered through appropriate spring supports at the tunnel-soil interface. (822A, 822B)

A efficient|way to consider the interaction between the tunnel and the surrounding soil, is to model the $oil
behaviour [in the proeximity of the structure, employing an adequate numerical code, either by using plane
strain elements or_by-introducing properly calculated impedance functions (springs) at the interface. The “free-
field” soil deformations are then imposed at the springs-dashpots, introducing at different depths and locatipns
the seismi¢ Jeading imposed by the oscillating ground, to the tunnel’s cross-section. (821A, 821B, 821C, 82[la)

In order to fully capture both the kinematic and the inertial part of the soil-structure interaction effect, a detailed
dynamic analysis would be apriori the most appropriate approach. A 2-D discritization of the soil and the
structure reproduces efficiently the interaction phenomena, whereas seismic loading is applied on the tunnel
through the soil deformation from the propagating upwards seismic SH or SV seismic waves. The input motion
is given at the bedrock. Both horizontal and vertical components of the induced input motion may be taken in
to account. (921A, 921C, 921D). The present case has been studied using the ADINA code.
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5.2.3.4 Determination of input motion

Regardless of the implicated analysis method, an important element in the tunnel’s design process is the
evaluation of the seismic ground shaking imposed on the structure. Seismic Codes offer some guidelines on
the selection of the input motion characteristics, yet those are aimed for above ground structures, and for
different return periods and probabilities of exceedance. A complet and site specific seismic hazard analysis is
more suitable- if not mandatory- to determine the dynamic loading levels in the case of important underground
constructions such as metro lines or underground roadway tunnels, since they specifically address problems
related tp local site conditions. In the case of the Thessloniki’'s immersed tunnel, a full probabilistic seismic
hazard analysis has been conducted and the selsmlc ground motion at outcrop condltlons has been properly
ure 165 to
esfimate the ground motion at the bedrock underlying the tunnels at -110m. The computed ground:motion at -
11Pm has been finally used to make a site specific 1D EQL analysis of the ground response, ima'typical cross
se¢tion along the structure, representative of the soil conditions in the area of the _immersedl tunnels..
(530A,611A,621A,621B,621C,622a,622b,622¢,622A,623A,631A)
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Figure 165 — Deconvolution process (Thessaloniki (1978) seismic scenario): (1) Outcrop|target
acceleration time history,(2) acceleration time history at the bedrock level, (3) acceleratign time
history along the soil column

The simplified equivalent static analysis applies “quasi-static” forces upon the structure (slabs and vertical
walls). These ingeftial forces normally correspond to the average acceleration level observed at|any depth
defined from the{ID free-field ground response analysis. In this case, the simplified equivalent stafic analysis
ignores theskinematic part of soil-tunnel interaction that would normally alter the initial accelergtion time-
histories at-the proximity of the underground structure. If the complete soil profile or the bedrock depth are not
available/an acceleration value at the depth of interest could always be estimated (probably congervatively)
usi g the ground acceleratlon deflned by the natlonal se|sm|c code for the |nvest|gated site. Along with the

} : hinties that

would only lead to a crude estlmatlon of the actual Ioadlng level. (623B)

In the case of detailed equivalent static analysis, the required displacement pattern which will be applied
directly upon or in the proximity of the structure, is calculated through a 1D soil-column non-linear or
equivalent linear (i.e. SHAKE type) analysis, using as input the bedrock motion that was calculated through
the deconvolution process. (623B)

The bedrock motion obtained in the first step of the aforementioned deconvolution procedure can be used for
the detailed dynamic analysis, where the soil deposit is simulated using 2-D plane strain elements. The soil-
structure system in this case is excited by the upwards propagating seismic waves, from the base of the
model towards the surface. (623B)
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Simplified equivalent static analysis

The approach using static forces to model seismic loading is quite common in several recent seismic codes; it
is employed for the study of aboveground structures that meet certain criteria concerning their morphology. It
is rather questionable whether a similar method could be used in the case of underground structures, at least
in its present form, where the equivalent (to the inertial) static forces obtain a distribution profile that conforms
to the dynamic characteristics of an oscillating construction free of lateral supports. Moreover,
determination of the dynamic earth pressures, using methods described in the case of retaining walls, such as
the Mononobe-Okabe approach, may be often proved inadequate for underground structures. Nevertheless,
several studies utilize an “equivalent static approach” to design tunnels, mainly because the use of static

forces is
software.

The soil-s
springs to
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section. T
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ructure model consists of linear frame-type elements for the tunnel’s cross-section ‘and lin
simulate the soil support compliancy. A schematic representation of the model concépt of

distribution) compatible to the first eigen-mode of oscillation of the structure considering the foundation

compliancy.

structure,
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forces due

negligible
approach,

n order to correspond to the racking deformation that causes differentialdisplacement between

and the linear springs used in this analysis work in both directions, the left side wall should not

supported |by horizontal springs, as this would relieve the structurefrom the applied earth pressure. For
same reaspn, the tunnel should not be supported by horizontal springs in both side walls, when hydrodynamic
pressure gppied (Figure 167). The roof-slab is free from shearisprings it was supposed that the cover
loose soil Jayers would move together with the tunnel, rathersthan provide any shear reaction. (811B, 81
815a, 8224\, 822B).
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The calculated static forces are applied at the horizontal diaphragms of the undergrod

bar
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case study is depicted in Figure 166. Equivalent static forces on the structure(due to seismic
loading ar¢ determined, based on the average acceleration level calculated at the depth ofithe tunnel’s cro
he base shear force, a term borrowed from the study of aboveground/structures, follows
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the lower horizontal diaphragms (slabs) of the tunnel (F; and F, in Figure 166). Seismic quasi-static
to inertial loading are not applied on the side walls, since the mass of the vertical diaphragms
compared to the horizontal diaphragm mass. Considering that this is a single-direction load
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smic earth pressures at the tunnel sides are calculated according to the guidelines of the Gre
de (EAK 2003) for retaining wall, applying two methods; (i) the Mononobe-OKabe approach fo

camp moveltilt sufficiently and (ii) a procedure proposed for rigid non-deformable walls (Figure 168).
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4a). Hydrodynamic pressures at the tunnel sides are calculated according to the guidelines of|
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dels (Figures 5 and 6) are companied.
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igure 168 — Geostatic and seismic earth pressures for non-deformable wall (left), and Mo
Okabe approach (right).

A father delicate issue_is’the determination of the impedance factors for the soil spring-properties
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the calculation ‘of horizontal springs on the side walls (K,x in Figure 166 and Figure 167). Al
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the Greek
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B literature
ost all are

pired from surface and deep foundations solutions. Yet, in the case of vertical and horizontal soil
cross-séction slabs (Ks; and K in Figure 166 and Figure 167), as well as for the determin
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ailed discussion of the impedance factor calculation can be found in [78] and [80].

springs for
tion of the

tical (shear) soil-springs on the side walls of the tunnel (K, Figures 166 and Figure 167), few feferences
rotghly compatible to the actual problem configuration and can be applied in this type of stjuctures. A

Several issues, including the concept and distribution of the so called “base shear force” in underground
structures, the validity of the seismic earth pressure calculation based on clauses for retaining walls and the
estimation of the impedance factors values for static and dynamic loading, discredit the accuracy of this
approach. The evaluation of the results in the next few paragraphs confirms the approximate nature and the
important uncertainties involved when applying this method.
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5.2.3.6 Detailed equivalent static analysis

This type of analysis, although inspired by the previous one, attempts to reproduce more accurately the soil-
structure interaction effects during the quasi-static analysis procedure. The calculated “far-field” deformations
are now imposed on the soil next to the tunnel’s cross-section, contrary to the previous analytical approach,
where a “modified deformation profile” was applied directly on the structure. In this case the final imposed
deformations on the tunnel’s side walls, are determined depending on the type of constraint between the
structure and the surrounding soil. The soil compliancy is simulated through a finite element code with
appropriate constitutive law (i.e. Mohr- Coulomb), either by using 2-D elements for the soil, or via proper
springs that correspond to the degree of the support the soil offers to the tunnel’s cross-section. In the
example ap i i fS—st i = f to
account fof the elastic support of the cross-section in the lateral and vertical direction. The deformation, prdfile
is imposed at the side FE mesh boundaries of the soil model. (821A, 821B, 821C, 821a)

The determination of the free-field soil deformation profile, which will be imposed on the model;-boundaijes
can be calfpulated by 1D site response analysis in the same way described in the previous section, supposjng
free-field donditions. In this case though, it is the complete deformation profile at a specificvinstance tha[t is
required rgther than the maximum displacement value at the cross-section’s level. The selected deformatjon
profile corfesponds to the time step, where the maximum differential displacement between the base and the
top of the ¢ross-section is observed.(811b)

This procddure becomes complicated in case of stratified heterogeneous soil;»The presence of the inclijed
gravel beq for instance, in the examined case study, raises also some<modelling questions regarding the
geometry ¢f the 1D soil profile that should be used during the calculation‘of the free-field ground deformatiops.
If the simujated soil area is extended laterally, far away from the gravelbed location, then a single soil column
analysis uging the in situ soil characteristics is accurate enough to provide the deformation profile for the 2-D
analysis (model C in Figure 169 and corresponding simulated area of model C in Figure 170). In the case
though, that the modelled soil area is in the edge or inside the@ravel bed region, the soil column layering that
should be employed in order to obtain a realistic soil deformation profile is not obvious. If, for instance, mogdel
A or B of|Figure 169 are examined, the soil deposit at’this specific location would refer to the initial $oil
layering. Nevertheless, it is quite obvious that the complex soil geometry of this location after the constructjon
of the graVel bed, will affect the free-field responseof.the unmodified soil profile, altering the obtained results.
Therefore,|when the FE model does not extend ldterally in the 2-D analysis (Models A, B, D and E of Figlre
170), both| soil column profiles are employed-for the determination of the soil deformations during the [1D
analysis, serving as lower and upper bound fer'the 2-D analysis that will follow. (713A, 715A, 715B)
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Figure 169 — Soil deformation profile applied in the proximity of the tunnel (at distances d equal to
5m, 27m, 63m).

The 2-D FE models are depicted in Figure 170. The various deformation profiles that were previously
calculated are imposed at the side boundaries of the modelled area. Nevertheless, there are no specific
guidelines for the distance of the imposed deformations to the tunnel’s cross-section. When the deformation
profile is imposed in a long distance from the underground structure, it is possible for the soil elements to
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absorb a great amount of induced ground strain, thus “relieving” the structure and altering the analysis results.
If, on the other hand, the model is laterally reduced, bringing the side boundaries close to the tunnel, it is
doubtful whether the soil-structure interaction mechanisms will deploy to their full extent. (821B, 821a)

Three different models have been proposed, in order to investigate the effect of the side-boundaries distance
to the tunnel. Moreover, in each of the reduced size models, two different imposed deformation profiles are
utilized, to account for the effect of the surface gravel bed on the free-field response as previously explained.
Therefore, in models A and E the imposed seismic equivalent static loading is the seismic displacement profile
obtained from the 1D site response analysis of the initial soil profile. In models B and D on the other hand, the

imposed ground deformations have been calculated for a soil profile where the surface layer is replaced by
p:mh:d gm\/nl material In the case of model C there is no such dilemma _since the mesh houndaries are

co
far| enough to imply any effect of the gravel bed on the ground response. The purpose of this.parametric
anglysis is to form an envelope stress condition for the tunnel, in order to compare the output-with [the results
of the other proposed methods and the detailed full dynamic analysis. (821a)
Be|ng essentially a static analysis, this approach is cost-effective compared to more_etaborate fyll dynamic
time-history analysis. However, it is still lacking guidelines concerning several modelling specifics pf the soil-
stryicture system.
Models A, B e el =
pam LA =
B A =
: :
R
=
=
=
s
: =
Model C
Models D, E =

Figure 170 — Application of imposed free-field soil displacement profile for different soil-structure
models
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5.2.3.7

Detailed full dynamic analysis

The direct consideration of both kinematic and inertial part of the soil-tunnel interaction effects in the time-
domain is expected to better consider and highlight various aspects of the underground structure’s seismic
behaviour that cannot be captured by conventional or improved quasi-static analyses.

Plane strain elements are used to model the soil whereas the tunnel’s cross-section is modelled using frame-
type elements of proper dimensions. The size of the plane strain elements is carefully selected depending on
the soil deposit properties, in order to efficiently reproduce propagation of seismic wave frequencies up to
10~ 15Hz an upper frequency bound con3|dered adequate for civil englneenng purposes Detailed dynamic

The mat
Neverthel
analysis.
efficiently
resulting d
frequency

The final 2

Figure 17(Q.

static load

rial damping of soil materials is normally of hysteretic type~and frequency independe

nt.

ss, employing the frequency dependent Rayleigh-type damping facilitates the detailed dynamic

ndeed, since Rayleigh damping is a linear combination “of mass and stiffness matrices, it
ncorporated into the analysis procedure. Yet, the selection of the damping parameters and

amping curve should be carefully inspected, in order to achieve constant damping properties at
range of interest.

-D model for dynamic time-history analysis, incorporating the tunnel’s cross-section, is presented

The computed dynamic (seismic) stresses-and internal forces are added later to the results of
5; the two computations are performed separately as usual.

RN NN AN NN EENERAERREE AN
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Figure 171 — Numerical FE model
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5.2.3.8 Results and discussion

The results of the equivalent static analysis, where quasi-static seismic ground displacements are imposed at
the side boundaries of the FE model, are compared with the full dynamic analysis which is considered as
apriori being the accurate one. Five different models (A to E) have been used, modifying the lateral boundary
sides of the modelled area. Internal forces at the structure are depicted in the diagrams of Figures 172-174 for
several locations (see Figure 162), of the tunnel's cross-section. Bending moments in models A and D are
almost identical, indicating that a judicious evaluation of the FE mesh dimensions and the seismic ground
displacements may be equally acceptable. Indeed, in model A the ground deformations are imposed at a
d|stance of 27m from the cross-section side walls, while the computed peak 1D ground displacements at the
t are equal
ance from
thg tunnel, On the contrary the with the extended mesh (case C), the computed bending is quite different from
thg other cases and the full dynamic analysis. It is reminded that the input motion at -110m'in-all cgses is the
same. Comparing the results of all models with the results of the full dynamic analysis, if\is observged that the
befter comparison for all internal forces (bending moments, shear and axial forces at several critical sections),
is provided when the ground deformation of the unmodified soil (far-field conditions). are applied qujte close to

Concerning the simplified equivalent static method, the internal forces on the' structure deviate cgnsiderably
fron the results of all other methods, and in particular of the full dynamic.analysis. The conventionalapproach,
wheere seismic earth pressures are simulated by static “inertial” forces,*while the tunnel is being supported on
thg opposite side by linear springs, seems to be rather inaccurate and-inconsistent with the reality. [The actual
dypamic shift between active and passive state of earth pressures cannot be efficiently reproduced in a
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Figure 172 — Bending moments at the cross-section for various analysis cases. Models A to E
correspond to equivalent static analysis with imposed quasi static seismic ground deformations
displacements at the side boundaries of the FE mesh.
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Shear Force results
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Figure 113 — Shear forces at the cross-section for various analysis cases. Models A to E correspo
to equivalent static analysis with imposed quasi static seismic ground deformations displacement

L )
\NJ N OV [EIAY

UMOD ]
dn 1
umop ¢
dngl
umop 21
dnzl
UMop ||
dng
ybu 9d
J18juad 9d
¥ol od
b Gd
J18Juad G4
Yol 6d
W6 +d
J8juad yd
¥al vd
Wb ed
J8juad ¢d
yol ed
6 zd
18juad zd
Yol zd
Wb Ld
J2JuUald |4

ol Ld

Figure 174 — Axial forces at the cross-section for various analysis options cases. Models A to E
correspond to equivalent static analysis with imposed quasi static seismic ground deformations

displacements at the side boundaries of the FE mesh.
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The main conclusion of this parametric study is that the results of the different approaches and methods may
differ significantly under “identical” soil and structure conditions. The detailed full dynamic analysis is
considered more accurate. It can describe accurately the tunnel’s geometry, the details of the surrounding soil
and the seismic loading conditions. Linear, equivalent linear and non-linear analysis may be used according to
the specific features of the problem. Employing a linear elastic analysis scheme, allows for parametric
investigation of uncertainties with low computational cost.

The simplified equivalent static analysis, usually applied in engineering practice, has been proved inadequate
to model problems of this nature. Moreover, the results, in terms of internal forces, to design the tunnel lining,
may not be conservative, leading sometimes to "unsafe“ structures. The main problems are related to the

se

ction _of the nplnrnlnrinh:: impndqnnn factors and the estimation of the seismic Inading cond

tions (e.g.

sei
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smic earth pressures and shear forces round the tunnels cross section).
en these difficulties, the detailed equivalent static analysis consisting of applying statically an

smic ground displacement pattern in close distance to the structure, and to perform)a static
blysis in plane strain conditions, may offer an attractive alternative solution.

Demonstrations evaluating and designing for liquefaction effects

adequate
numerical

ects of soil liquefaction on performance of geotechnical works are assessed as per 6.3.1 of |
thods of the assessment may be broadly categorized and selectéed-on the basis of requir
naviour specified by performance criteria and quality of geotechnical-data of the site. (631B, 631Q

s subclause provides three demonstrations evaluating and-~designing for the liquefaction effe
ndations with importance. All the examples that had.alfeady been judged in terms of |
turrence use site-specific detailed dynamic analyses for.incorporating the effects of liquefaction
ge as seismic actions or effects on the model of the sgil-structure system. (612A, 612B, 712A, 7
1C)

e first example demonstrates three-dimensiofial (3-D) effects of pile arrangement in the cir
ndation of a large LNG tank in a liquefiable™soil on pile stresses in different locations. It compd

di

ensional (2-D) model with a 3-D model-using the same computer code for effective stress

Copsideration of the 3-D effects recognized in this example was reflected into the actual design g

Th

second example demonstrates~3:D effects of lattice-like rectangular arrangement of pil

foyndation of a huge facility of an electrical power plant in the evaluation of liquefaction effect on pil
It includes comparison similar tonthe first example and comparison with a unique model using
system with periodical boundaries for the 3-D effect of the pile foundation. The 3-D effects can be
by [the 2-D model with additional modification, but are evaluated by the unique model with some
The third example demonstrates pile-volume effects of a foundation supported by a huge amount

co
Th
the

Se

pares four cases of-effective stress analyses using the same computer code for effective stress
e four cases involve 2-D and 3-D models wit and without a consideration of pile volume. The resy
efficiency of an.ordinary way modelling a pile to a volume-less beam. (913A, 921A,)

smic actions for detailed dynamic analyses are given as input motion time histories at firm grg

sit¢s. Nonlinear stress-strain behaviour of soils and structures are appropriately modelled for the &

thg

soil-structure systems using appropriate formulations, constitutive models and numerical prg

0O 23469.
d seismic

)

Cts on pile
quefaction
in the 2nd
3A, 911A,

Cular plate
res a two-
analyses.
f the tank.
s for the
P stresses.
a pile-soil
evaluated
difficulties.
of piles. It
analyses.
It supports

und of the
nalyses of
cedure for

evzpluating the effects of soil liquefaction. (921B, 921C, 921D, 922A)

5.3.1

5.3.1.1

Problem description

Evaluation of 3D SSI effects of pile foundation of LNG tank model by detailed dynamic analyses

Various detailed analyses have been done by FEM about dynamic analysis of pile foundations. (921A) But
most of them were conducted under two-dimensional (2-D) condition, and the detailed analyses for examining
the behaviour under three-dimensional (3D) conditions ware few. Especially, it is hard to find the research that
treats liquefiable ground. In this sub-sub-clause, behaviours of pile group foundations under two- and 3D
condition are discussed using effective stress analysis. (921D)
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The ground/foundation/structure system to be analyzed was of a 3D structure composed of piles and walls
with varying physical properties and geometric shapes. Three-dimensional models have conventionally been
approximated by 2-D models frequently in the case where 3D analysis was difficult. Then, piles were modelled
as a sheet pile extending infinitely along the direction of length. Horizontal ground motions have N-S and E-W
components and need to be evaluated using multi-directional input ground motions. Two-dimensional models,
however, can evaluate only unidirectional component. The results of cyclic element tests (simple shear tests)
show that multi-directional shear causes higher dilatancy than unidirectional shear and the resistance to
liquefaction is reduced (Ishihara et al 19801, Fukutake et al. 1989[3]). The deviation from actual phenomena
can be eliminated by 3D analysis. Thus, 2-D analysis has some limitations. Three- dimensional effective
stress analysis, however, requires great efforts and is not generally used in design.

A FE codp developed for 2-D or 3D effective stress analysis (Fukutake 1997[7]) to assess the dynamic
response ¢f structures on liquefiable ground is adopted. (921A) In this method a simplified constitutive, model
is used tq represent the nonlinear behaviour of soil involving liquefaction called “bowl model” .(Fukutake,
19898 arld 1997[71). Those soil parameters are determined by element tests such as Gy -h-y relafjon
obtained by dynamic deformation test, liquefaction strength curves obtained by undrained eyelic test. (91BA,
922A) The] applicability of the method has been examined by comparing computed results wijth observed dpta
(Fukutake |et al., 1992[4], Ohtsuki et all9]., 1994, Fukutake, 2008!8]). Behaviors of pile grédp foundations unfler
two- and 3D condition are discussed using the effective stress analysis.

In the follgwing section, focuses on the structures supported on pile foundatjons-in soft sandy ground, gnd
presents the forces acting on the cross-section of each pile and the percentage of load carried by each pile,
and the bghaviour of the ground around the foundation that were obtained from 3-D analysis (Fukutake ef{al.
1996ald]). A\ comparison was also made with the results of 2-D analysis;\and the limitations in the applicatjon
of 2-D anaysis are described.

5.3.1.2 |Results of analyses and discussion

Figure 175 shows the FE model of the soil-structure system used for the analysis. The model represents a
half of the [symmetrical system. A cylindrical structure is;supported by piles embedded in a Pleistocene sandy
layer. The|arrangement of the piles is shown in Figure 176. (921A, 921D) Loads were applied only in gne
direction.
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gure 175 — FEM model of cylindrical structure/ground.system supported on a pile foundation (half
model)
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Figure 176 — Finite elements representing the structure and piles

The distribution diagram of the maximum bending moment at pile head is shown in Figure 177. The vertical
axis of theidiagram indicates the maximum bending moment. Points from “c” to “f” in this figure correspond to
thqg loCations of piles shown in Figure 176. The shape of the distribution is like a bowl. The smallgst value of
magximum bending moment at pile head appears at Point “d” corresponding to the centre of the foundation.
The largest appears at Point “f” corresponding to the edge of the foundation that is perpendicularly far from
the centre line parallel to excitation direction. If the maximum bending moment is normalized by that of the pile
at Point “d”, the normalized values of piles at Points “c” and Point “f” would be 1.22 and 1.53, respectively.
Considering simultaneous application of two orthogonal seismic loads during an actual earthquake, seismic
forces acting on pile heads along the circle through 3 points corresponding to piles at Points “c”, Point “f” and
Point “e” would be almost the same. Thus, piles near the edge of the foundation carry higher percentage of
the seismic action on the foundation than those near the centre of the foundation. Figure 178 shows time
histories of displacements at Nodes “a” and “b” shown in Figure 175. Both nodes are 40 m distant from the
centre of the structure. The displacement at Node “b” was greater than that at Node “a”. The oscillation was
greater on the far side than on the near side. Permanent deformation also occurred at Node “b”. Deformation
was controlled at a owing to the pile foundation, and the amplitude was also smaller than at Node “b”. Such

information on deformation cannot be obtained by 2-D analysis.
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Figure 177 — Isoline map of maximum bending moment at pile head

Point a (max= 8.1 cm)
- - - -Point b (max=10.4 cm)

Displacement (cm)

Figure 178 — Displacements of ground surface (x-direction)

In order tofidentify the applicability of 2-D analysis, the same structure was also analyzed using a 2-D moq
The soil-structure system was represented by a 2-D model for a plane strain problem. (i) For representing
cylindrical structure with a diameter of 25 m in 3-D werld by a rectangular model for a 2-D analysis, a width
the model|was set to be 22.16 m in order that the\area of foundation contacting with soil of 2-D model
equal to that of 3-D model. (ii) All the piles of the circular foundation were divided by dotted lines into sevq
groups (Figure 176) and then piles in each(group were consolidated into a single model pile equivalen
terms of hprizontal and rotational resistance for using a beam element. (iii) The width of ground region W
adjusted as to express the effects ofithe 3-D analysis as accurately as possible, and the rigidity of
between pjles was adjusted so that the percentages of load carried by the piles might be the same as in the
D model.

Figure 179 shows the isolines-of the maximum excess pore pressure ratios obtained by the 2-D and
analyses. [The both resultssare nearly the same. The liquefied area extends to soils immediately below
basement [and grows thickéer in shallow part in the 3-D analysis. In the 3-D analysis, the ground had
oscillation component'in-the direction of depth (y-direction) although loading was applied in a single directi
On the other handy no y-direction component existed in the 2-D analysis. As a result, the shear strain of
soil was Igrger in3-D analysis. Figure 180 shows the pile stresses in the 2-D and 3-D analyses. There
differenceg near the head of the pile at Point c, indicating the effect of the 2-D model. The both results ag
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at the pilgl of Point “d”. This figure also shows the response of the pile 3-D model at Point “f” with o

en

triangles, which is greater than that of the 2-D model. It is difficult for 2-D analysis to evaluate the response of
the pile at Point “f”. The result of the 2-D analysis is on the dangerous side. Figure 180 (b) shows maximum
bending moments at pile heads. Those of the 3-D analysis are the response of piles on the centre line of the

structure through Point “d” and Point “e”, which coincide with the plane of symmetry. The results of 3-D

analysis are higher at the pile end but there is not such a tendency for the results of 2-D analysis.

As

described before, it is difficult for 2-D analysis to evaluate the response of the pile located far form the centre

of a circular plate foundation.
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(a) Two-dimensional analysis ¢

(b) Three-dimensional analysis

Figure 179 — Isolines of maximum excess pore water pressureratio
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(b) Maximum bending moment at pile head

Figure 180 — Comparison of stresses of piles arranged in circular plate foundations in 2-D and 3-D
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5.3.1.3 Consideration of results into design

Behaviours of pile group foundations under 2-D and 3-D conditions are discussed on the basis of effective
stress analysis results. In a 3-D model, soils can move relatively freely without constraint due to pile existence.
Therefore, larger soil deformation is expected to occur in the 3-D model than in the 2-D model, and
liquefaction is as well. As for bending moment of pile at head, the 2-D has relatively uniform distribution and
the 3-D has non-uniform one due to 3-D SSI effects. In particular, 3-D analysis can represent non-uniform
distribution of load burden ratio of pile in a pile group, which features predominant response at piles located at

the outer edge of a circular plate foundation. On the contrary, it is difficult for 2-D analysis to do that.

5.3.2 Evgluationmrof-3-Deffectsof tatticesarranged mumerouspites by detaited-dymamicanatyses—

5.3.21 [Objectives

pile is influenced by a pile-group effect, a pile spacing, or pile arrangement as a whole. It is ideal to thoroug
examine the behaviour of a pile-group foundation by a 3-D FE analysis with modelling the ‘entire foundati
However, the 3-D FE analysis for a soil-pile-structure system needs very high capability of calculation fo
computer. |Accordingly, a 2-D model is frequently used for the pile group foundation-in general. In the case
a foundatipn with a huge number of piles, a large-scale model is needed even in2-D’FE analysis. In additi
-row, in 2-D analysis, are forced to be modelled as a wall, which haye.complete constraint in ter

Pile foundI;tions with a large number of piles exhibit complicated behaviour. For example, a load’share ratig
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model conkisting of a beam element for a pile.afhd a solid element for its surrounding soil and it applies MPC

ints constraint) condition to each side node for rigidly tying to other nodes in the same level
shown in Rigure 184 for realizing an infinitely arranged in horizontal direction. Cases of analysis are showr
Table 35. In the 2-D pile-group model (Case 3), the physical properties of eleven piles along the pile axis w
integrated| Eleven times of the values.of moment of inertia / and cross sectional area A for a single pile w
assigned tp a beam element.

(multiple

as
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Figure 180 — GIS three-dimensional pile group foundation model (half model)

Table 35 — Analytical cases of pile foundation (4 cases)
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The@naximum bending moment, M.« in all the piles in two rows are shown in Figure 182. Thel maximum
mommentimattthe pitestake ptaceat the same depthcomrespondingtoa bourndary betweernrsoittayers. The
distribution of M, is higher near both ends than at the centre of the foundation. Comparing the distributions
of M.ax in the 3-D model, the piles locating on the ends shows an approximately 25 % larger value in Row F,
whereas almost flat distribution appears in Row A. In the 2-D model, the model for piles arranged in the depth
of plane actually behaves like a wall. As a result, a sum of soil reactions on piles is equivalent to the soll
reaction on the continuous wall. Such overestimate of soil reaction results in larger response of M. This
figure also shows the estimates by the simple models. Comparing with the full models, these estimates are
satisfactory both in 2-D and in 3-D analysis. Thus the effectiveness of the simple model was verified in this
case.
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Figure 483 — Maximum bending moment at pile head (three-dimensional model)

Figure 183 shows the distribution-in-plane of M., at the pile head by the 3-D model. The largest value of Mqax
is generatgdat Pile F1 locating at the corner. This figure can be understood as the in-plane distribution of Igad
share ratio in the pile group.

For applying the simple model to an infinitely continuous pile group, the following points should be kept in
mind. In a pile-group foundation, the load share ratio in a pile group depends on the arrangement of piles and
on the location of a specific pile. In particular, the outer a pile is located, the higher the stress of the pile
becomes. The simple model cannot evaluate such a tendency. The simple model is also unsuitable for the
case of a foundation with rocking predominant behaviour. Such limitations for application of the simple model
should be considered.
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5.3.3 Evaluation of pile-volume effects of a huge number of piles by detailed dynamic analyses

5.3.3.1 Introduction

In general, piles are modelled as beam elements, which are linear and have no volume. If piles are arranged
densely, the volumes of the piles are not negligible. (921A, 921D) The example demonstrates here the effect
of pile volume according to the results of an effective stress analysis. The constitutive equation and FE
analysis program are the same in the previous sub-sub-clause.

5.3.3.2 Results of analyses and discussion

Anklysis of a thermal power plant built in the liquefaction-prone soils and supported on a pile group [foundation
composed of thousands of pilesnote was carried out. A simple analysis model was adopted ag shown in
Fidure 184 (Fukutake et al. 1996bl6]). The piles were installed indefinitely with 2-m spacingiin‘the model. If the
number of piles increases and the spacing of piles D is reduced as compared with the pile diamgter ¢, the
volumes of piles cannot be ignored. A model was also used for analysis in which the volume of the pile was
removed. In the model, space of octagonal cross section circumscribing a 0.6-m diameter 40,6-m deep
cylinder was created in a soil mass 2 m long, 2 m wide and 45.6 m deep to représent the volume removed by
thg pile. The pile was modelled using beam elements, and the node inside\the cylinder of octagonal cross
se¢tion is connected to a node in the beam element at the same depth’ under the same digplacement
condition. The analysis cases are shown in Table 36

Table 36 Pile group model composed of an infinite numbeér of piles using a repetitive boundary a
single beam element (plan view)

Pile=

Pile=beam clm. beam elni;#volume

Spacing factor
=D/d =2.0/0.6 =3.33

2-D

2m 0.6m

3D
PO
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Steel pipe pile
(diameter: 0.6 m)
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(linear material)
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Figure 184 — Consideration of the volume of pile in an infinite pile group model (in the case of thre

Figure 185

dimensional analysis)

shows the time histories of excess pore pressures in a fine sand layer (As1 layer) at a depth of §

below grodind level. The pore pressure increased slightly faster in the case where the volume of the pile v
consideration. (Little difference was found between two- and 3-D analyses. Few variations wg
rding to the location at the same depth. (The soil around a pile behaved nearly like the soil betwg
is because\the soil was deformed like the piles as the piles were installed densely at spacings g
186 shows the maximum bending moments at different depths for comparison. The maxim
omentwas highest at the pile head and second highest at a depth of 21 m below ground level in
S« At a depth of 21 m below ground Ievel there eX|sts a boundary between the A32 (Ilquefled) la

taken into
found accq
piles.) This
m. Figure
bending m
of the case

and Ac1 (n

where the volume of the p|Ie was consrdered No S|gn|f|cant d|fference was, however generally found in aII of

the four ca

5.3.3.3

ses. This is true either for two- or 3-D analysis.

Consideration of results into design

If focus is placed on the stress of the pile in the pile group model, the volume of the pile has a small effect and
a model considering no pile volume is sufficient from an engineering viewpoint. There is little difference in
result between two- and 3-D analyses. Two-dimensional analysis is applicable if piles are installed at a small

spacing.
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Figure 186 — Maximum bending moment of the pile (infinite pile group model)

5.4

5.4.1 Seismic design abstract of road embankment taking account of surface fault rupture

5411 Purpose and functions

A 30m-high road embankment had been planned as a part of community road and was found to cross over
Kaminoyama Fault, which is considered as an active fault. This example is based on “The report on road
structure investigation of Kaminoyama-Yamagata Nishi Tendo line (Yamagata New Town District), 2003".
(511A)
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